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RESUMEN

Se ha evaluado el rendimiento de una red éptica avidnica bajo las exigentes condiciones del entorno que
tipicamente se encuentran en los sistemas aerotransportados. Tasas de error (BER), margenes de potencia
y maximas tasas de transmisidon conseguibles se han obtenido a -40°C, 25°C y 90°C. Las vibraciones y los
impactos han sido estadisticamente analizados a través de desalineaciones radiales, longitudinales y
angulares en los conectores del sistema 6ptico. El test ha sido elaborado para Non-Return-to-Zero (NRZ).
Multiplexacion éptica por divisidon en frecuencias ortogonales (OOFDM) con modulacién en amplitud y
cuadratura (4-QAM, 16-QAM y 32-QAM) se ha propuesto como una opcién factible y fiable para dar
soporte a las futures y crecientes demandas de ancho de banda. Su rendimiento también ha sido evaluado
para cada una de las tres temperaturas.
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1 Introduccion

Durante los ultimos afios, los estandares Ethernet han evolucionado desde 10 y 100 Mbps a 1, 10, 40 e
incluso 100Gbps [1]. El rdpido crecimiento del uso de internet y servicios en la nube (cloud computing
applications) han convertido en convencional el uso de 10 Gigabit Ethernet (10GbE) en muchas redes
principales de acceso (backbone networks) y centros de datos [2]. La misma proliferacion de conexiones de
gran ancho de banda da lugar a la aparicién de aplicaciones web adicionales [3] que, a su vez, aceleran la
necesidad de instalar capacidades de transmision adicionales. Esta situacién también se estd empezando a
dar en sistemas avidnicos donde, por ejemplo, la distribucidon de video de alta calidad a cada pasajero, los
precisos y completos sistemas de guiado en pista (taxiing aids) y el reclamo de visibilidad durante el vuelo
bajo cualquier condicion medioambiental ha precipitado un crecimiento ineficiente de las actuales redes
basadas en cobre. Esto ha desembocado en sistemas nodales de comunicacién extremadamente
complejos, pesados y caros con un amplio abanico de longitudes de cable, anchos de banda y protocolos de
control. Se espera que esta tendencia continte [4].

Este abrumador escenario ha planteado la necesidad de rehacer el concepto que fundamenta el disefio y
despliegue de las redes de comunicacidn en sistemas aerotransportados y la fibra déptica ha sido
sensatamente escogida como la tecnologia mas apropiada para empezar de nuevo. La fibra dptica ofrece
un numero de ventajas sobre los cables de cobre:

e Al menos 10x mas ligera para una sustituciéon de cable 1 a 1. El beneficio crece cuando se utilizan
cables ribbon [5]. ()

e A 1GHz, un cable coaxial de bajas pérdidas especial para redes aéreas (S22089) tiene un ratio
perdida/distancia de alrededor de 121.4dB/km [6]. Por su parte, se ha demostrado que la fibra de
silicio es independiente de la modulacién hasta los 10GHz y el peor caso de atenuacidn ocurre en
primera ventana donde en ningln caso exceden 2.5dB/km (una mejora de mas de 48x) [7]-[9]

e Parcialmente debido a la menor atenuacidn, se pueden alcanzar mayores productos distancia-
ancho de banda. Gbps-km para fibras multimodo (MMF) y hasta Pbps-km para fibras monomodo
(SMF) en contraste con los Mbps-km para cables coaxiales [5]

e Inmunidad ante interferencias electromagnéticas (EMI)

e Elcable de fibra dptica es mas barato que el coaxial (%)

e la flexibilidad de la fibra permite un despliegue fécil incluso por los espacios estrechos e irregulares
tipicos en aviones. Ademas, las pérdidas por curvatura pueden ser contrarrestadas con fibras
anticurvatura (bend-insensitive)

o El cobre tiene un menor limite de tensidon de estiramiento (aproximadamente 25lb contra 100-
200lIb) [10] y [11]

1 . g . . .

Los valores se han calculado para una carga de transmision comparable sobre la misma distancia.
2 , . s, . . . .

Aunque el cable en si es mas barato, la electronica implicada es mas cara. Este compromiso debe ser evaluado en
cada situacion.
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El aprovechamiento del conocimiento acumulado durante la implementacién de redes épticas terrestres y
sus componentes constituyen un buen punto de partida y referencia. Sin embargo, las duras condiciones
ambientales que se encuentran en los aviones (amplios rangos de temperatura, vibraciones, golpes...) junto
con la necesidad critica por la seguridad y la fiabilidad, requieren una adaptacién detallada del disefio de la
red, los componentes y los estandares al entorno avidnico. Se ha alcanzado un notable progreso en relacidn
a conectores, fibras y transceptores [12] y un nuevo estandar para redes locales (LAN) basadas en
multiplexacién por longitud de onda (WDM) estd siendo desarrollado [13].

Otro aspecto importante es la escalabilidad de la red. La tecnologia dptica mas moderna es compatible con
la antigua pero no al contrario [1]. Es crucial disefiar el sistema teniendo en cuenta futuras exigencias de
ancho de banda y seguir ofreciendo una buena calidad de servicio en el tiempo actual. Esto se vuelve una
consideracion ineludible en aviones, donde la sustitucion de los componentes que constituyen la red es
mas dificil y caro que a nivel de tierra. En este aspecto, las simulaciones se usan para explorar como
funcionaran las diferentes opciones y arquitecturas en futuras aplicaciones y establecer limites practicos de
acuerdo con multiples criterios. Por lo tanto, los resultados obtenidos de simulaciones no son simplemente
informacién extra para confirmar estimaciones sino datos clave que deben ser integrados en la fase de
toma de decisiones y disefio del proyecto correspondiente. Las simulaciones deben ser precisas y las
condiciones de frontera deben ser claramente especificadas para que los datos sean Uutiles.

Por ultimo, el precio y la modularidad también son factores influyentes. La construccién de una red de bajo
coste supone un ahorro en el tiempo presente y un futuro beneficio conforme las piezas de hardware
necesiten ser reemplazadas. Una distribucion modular garantiza un facil entendimiento de la red y
proporciona la flexibilidad, reconfigurabilidad, escalabilidad y facilidad de mantenimiento que las redes
avionicas necesitan [4].

El trabajo aqui presentado cubre la simulacién de una red dptica para su uso en medios de transporte
aéreos. La investigacion se ha realizado como parte del proyecto DAPHNE (Developing Aircraft Photonic
Networks), apoyado por el séptimo programa de marco de trabajo de la Comisién Europea (7 framework
programme of the European Comission) (3).

1.1 Establecimiento del problema

El principal objetivo fue evaluar el rendimiento de una red dptica especifica para la que algunos de los
parametros ya habian sido fijados como resultado de las investigaciones llevadas a cabo durante el
desarrollo del proyecto DAPHNE. Por lo tanto, el mayor problema a resolver no fue el disefio de la topologia
o componentes que satisfacian las necesidades, sino analizar cdmo de bien funcionaba dicha red bajo las
exigentes condiciones ambientales.

Las restricciones se presentan a continuacion:

3 www.fp7daphne.eu
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e Trasceptores a 10Gbps de la familia S-light (*). VCSELs integrados a 850nm, chips de fotodiodos PIN
de GaAs y electronica CMOS de bajo consumo. Compatibles con los requisitos ambientales de
sistemas aeroespaciales.

e Fibra multimodo tipo OM4 (ver APENCIDE A para las especificaciones y APENDICE B para la
descripcioén fisica)

e 10 Gigabit Ethernet (10GbE) usando el protocolo de bajo coste 10GBASE-SR.

La conformidad con IEEE 802.3ae (10GBASE-SR) implicaba igualmente una restriccion en la tasa de
transmisidn, longitud de la fibra and diversos rangos de operacion.

Los objetivos de la investigacion son:

e Para realizar un andlisis satisfactorio, la herramienta de simulacién debe ser elegida y su precisién
evaluada. Esto requiere obtener un material de referencia detallado y escoger Unicamente las
pruebas verdaderamente relevantes para nuestro caso.

e Tras seleccionar el simulador, el modelado debe ser realizado. Es necesario transformar los
parametros fisicos y las especificaciones de estandar en variables matematicas que el software
pueda interpretar. Debido a las aproximaciones numéricas, suposiciones y las variadas referencias
utilizadas para el desarrollo de la herramienta, la adaptacidn exacta al formato usado puede llegar
a ser compleja e incluso imposible. Los resultados de la simulacion deben ser comparados con
aquellos obtenidos experimentalmente para diversos casos de modo que el correcto modelado sea
confirmado.

e Finalmente, la red dptica es simulada. La informacién apropiada debe ser recogida y examinada.

1.2 Metodologia

Para conseguir los objetivos previamente mencionados, el trabajo ha sido desarrollado como sigue:

e Dos simuladores comerciales diferentes fueron seleccionados (VPITransmissionmaker™ and
OptSim™ with MoseSYS™). Su precision fue analizada para los dos médulos mas criticos en nuestro
sistema final, es decir, fibra multimodo y diodo laser (VCSEL) a 850nm.

e La fibra OMA4, el VSEL 850nm y el receptor fueron disefiados de acuerdo con sistemas de medicion
estandarizados y si conformidad con IEEE 802.3ae (10GBASE-SR) fue confirmada.

e El enlace punto-a-punto pretendido fue montado y simulado para modulacién NRZ. Se realizaron
mas de 5000 iteraciones estadisticas para asegurar la mayor precisién en la resolucién (~20 horas
en total). Ademas, curvas de tasa de error (BES) vs. potencia dptica recibida, BER vs. distancia, BER
vs. voltaje diferencial de entrada al VCSEL y margenes de potencia fueron estudiados para tres
temperaturas diferentes (-40°C, 25°C and 90°C).

e Adicionalmente, se propuso OFDM como una Buena técnica de modulacidn para copar con la
demanda de ancho de banda y proporcionar la fiabilidad requerida. Su incursién relativamente
reciente en las comunicaciones dpticas motive su estudio y evaluacidn. El enlace fue reanalizado

* http://www.d-lightsys.com/
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para los formatos de modulacién 4-QAM y 16-QAM para cada una de las subportadoras para las
tres temperaturas mencionadas. Los resultados son presentados y comparados con NRZ.

1.3 Organizacion del informe

El resto del informe estd organizado como sigue. En el capitulo 2 se presentan los resultados obtenidos y las
conclusiones en relacidn a la eleccidn de la herramienta de simulacion.

El capitulo 3 recoge una descripcion del proceso de diseio y la comparativa con las especificaciones del
estandar IEEE 802.3 (10GBASE-SR).

El capitulo 4 presenta los resultados obtenidos de la simulacién del enlace.

Finalmente, en el capitulo 5, se extraen las principales conclusiones de la investigacién y se proponen

futuras lineas de trabajo.
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2 Evaluacion de software

Esta seccién describe el procedimiento seguido para elegir la herramienta de simulacién. Entre los varios
aspectos que caracterizan un software de simulacidn, hay dos especialmente importantes y que la mayoria
de las veces suponen un compromiso: precisién y eficiencia. Dada la naturaleza de la red dptica bajo
evaluacidn y las concretas especificaciones eléctricas y dpticas, el hecho de que los resultados se cifieran a
la realidad en la mayor medida posible era especialmente importante incluso a expensas de cierto tiempo
de adicional de calculo. En el contexto del disefo de redes de datos las soluciones exactas son a menudo
imposibles de obtener (en términos de recursos de computacidén) y por consiguiente, todas las suites de
simulacidon usan métodos numéricos elegidos a la discrecidon del desarrollador que efectdan lo que ellos
consideran estimaciones aceptables para, manteniendo la desviacion por debajo de cierto umbral,
proporcionar soluciones aproximadas. La exactitud de los resultados dependera de tales técnicas, y deben
ser analizados para encontrar aquellos que cumplen mejor con nuestros requisitos.

Como se ha comentado, el tiempo de procesado no es tan relevante aqui como la exactitud. Sin embargo,
el tiempo de ejecucion no deberia ser despreciado e incluso menos cuando se pretende hacer una andlisis
estadistico tan amplio. Algoritmos eficientes y estructuras modulares agilizan y facilitan los célculos. El
usuario debe establecer los pardmetros de acuerdo con la simulacién concreta que se pretenda hacer para
evitar que datos innecesarios sean procesados.

Otro punto a considerar es la capacidad y facilidad de interaccidn con productos de terceros
(concretamente MATLAB®) debido a la deseada intencién de tener control total de la modulacion y
demodulacion en el presente estudio. Esto permitiria aplicar ecualizaciones especiales de canal, aplicacion
de sistemas de modulacién complejos, calculo eficiente de BER, gestion inteligente de la potencia y en
general ayuda a alcanzar un entendimiento mas profundo de toda la comunicacion. Esta caracteristica
puede no estar disponible o puede requerir conocimientos de programacion o familiaridad con ellos.

Tres posibilidades han sido estudiadas: VPItransmissionMaker™, OptSim™ junto con el modulo ModeSYS™
y nuestra propia implementacién del link basada en MATLAB®. A pesar de la flexibilidad y el control que
esta Ultima ofrece, se considerd inapropiada como resultado del tiempo necesario solo para crear el
escenario correspondiente. Las dos primeras galardonadas herramientas soportan cosimulacién con
terceros y proporcionan una interfaz gréfica intuitiva y facil de usar. El principal inconveniente en relacién
con el uso de suites tan compactas es que se nos permite un nivel limitado de personalizaciéon y que los
parametros o su formato no siempre encajan con los que el usuario tiene a su disposicion, forzando su
adaptacion. Otra desventaja es que los modulos son “cajas negras”. Esto significa que los procedimientos
matematicos y algoritmos no son editables, hacienda imposible el entendimiento de la obtencidon de unos
resultados inesperados y, consecuentemente, su optimizacién o correccion.

La importancia de realizar test similares para ambas piezas de software es digna de mencién. Es importante
enfatizar que no solo es necesario evaluar cémo de bien los resultados de simulaciéon individuales encajan
con los reales sino también cual de las herramientas lo hace mejor. Nuestro interés recae sobre la fuente
Optica (VCSEL) y el canal (MMF).
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El ancho de banda en una fibra multimodo esta principalmente limitado por efectos dispersivos modales. La
precisién del software en la emulacidn del ancho de banda esta inherentemente ligada a su precisién en la
precisidon o capacidad de simular DMA, MGD y MPD. Las pruebas deben ser realizadas de tal modo que se
permita la comparacion directa con el material de referencia; lo cual no es siempre facil.

El analisis de DMA fue posible gracias a la descripcién exacta de los perfiles de indice de refraccién y las
representaciones gréficas de los resultados en [14]. Con respecto a MGD y MPD, la principal fuente
comparativa de informacién fue el modelo de 108 fibras de la Universidad de Cambridge (Versién 1.2,
Octubre 2004). Dicho modelo considera un set de defectos de indice predeterminados que son
representativos de aquellos que se encuentran en las fibras multimodo actualmente desplegadas. Se eligio
porque es un modelo de canal que plantea un compromiso entre un escenario pesimista y uno optimista
[15] y porque permitia hacer dos test con el mismo paquete de datos.

En lo concerniente a los VCSELs, hay tres importantes graficas que resumen sus caracteristicas de emision:
luz-intensidad-voltaje (LIV), funcién de transferencia/s,; y espectro de emisién [16]. El modelado de un
VCSEL es una ciencia en si mismo ([17], [18] y [19]) vy por ello se requeria una aproximacion inteligente al
problema. La idea fue utilizar valores por defecto para la composiciéon especifica del laser a modelar y
ajustar inicialmente aquellos pardmetros cuyo impacto en las propiedades de emisidn fuera conocido o
deducible (longitud de onda, temperatura, eficiencia de inyeccién ganancia, resistencia térmica, corriente
umbral, Resistencia de entrada, elementos parasites, anchura espectral, método de polarizacion y spotsize
entre otros). A pesar de la simplificacién, debido al gran nivel de interrelaciéon entre todas las variables,
encontrar la combinacidn deseada conllevé un proceso iterativo largo y de gran carga de trabajo.

2.1 Resultados

La Tabla 2-1 muestra los resultados obtenidos para cada uno de los programas y tests realizados. Debido a
su gran precisién, posibilidades de configuracion, facilidad de uso y buenas referencias, el software
finalmente elegido para realizar el disefio y simulacidon de nuestro enlace fue OptSim™ junto con el modulo
ModeSYS™. Un desglose mas detallado de las fuentes de informacion y los procesos de evaluacidon pueden
ser encontrados en el anexo B

Tabla 2-1 Resultados de las pruebas efectuadas a las herramientas de simulacion.

Modulo Test VPItransmissionmaker OptSim (ModeSYS)
Atenuauon(rg:\)/:f)l diferencial No implementado 95%-+ precision

5% precision en factores de

MMF Retraso de grupo modal (MGD) 50% cumplen 10 perct. escala

Distribucion de potencia de . Desviacion 0.36 avg. / 1
modos (MPD) Desviacion 2 avg. / 4 max. max.

VCSEL L-I-V & S21 YCSEL 850nm no o
implementado
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2.2 Conclusion

Las pruebas realizadas muestran que ModeSYS™ ofrece una modelo de MMF considerablemente mas
preciso. A diferencia de VPITransmissionmaker™, ModeSYS™ tiene implementado un algoritmo DMA
basado en la formula empirica encontrada en [20]. Los resultados de la simulacién coinciden con aquellos
en [14].

La diferencia de precisidon en relacién al MPD es abrumadora. El nimero de errores en la excitacion de
grupos de modos degenerados (DMG) es 2 para VPItransmissionmaker™ con una desviacion maxima de 4
DMGs de alto orden. Por su parte, el nimero medio de errores con ModeSYS™ es 0.36 con una desviacién
maxima de 1 DMG de alto orden.

La prueba de MGD fue la mas complicada de realizar. Se ha probado que VPItransmissionmaker™ ofrece un
rendimiento pobre en el cdlculo del retraso relativo de modos cuando se utilizan perfiles de indice de
refraccion particulares. Aproximadamente el 50% de las fibras analizadas no satisfacen el percentil 10. Con
respecto a ModeSYS™, los datos a nuestra disposicidon junto con el formato particular en el que venian
dados en el material de referencia impedia una comparacién fiable y rdpida. Para comprobar el buen
funcionamiento, tres publicaciones que probaban el soporte complete del modelo de 81 fibras de la
Universidad de Cambridge por parte de ModeSYS™ fueron consultadas y analizadas. Se muestra un error en
los factores de escala de los indices de refraccion de menos del 5% para tres tipos de fibra diferentes.
Ademads, se estudiaron dos notas de aplicacién llamadas “CambridgeModel_casel” vy
“CambridgeModel_case2” que investigan el efecto de los defectos en el indice en el ancho de banda de la
fibra y posteriormente en el diagrama de ojo para enlaces de datos con tasas concretas de modulacién.
Dichas notas de aplicacidn trabajan especificamente con el modelo de canal distribuido por la Universidad
de Cambridge y muestran de forma clara la similitud y correspondencia de los resultados.

Las pruebas sobre el modulo de VCSEL confirmaban que ModeSYS™ era la mejor opcién. Mientras que es
imposible emular un VCSEL a 850 con el modulo por defecto proporcionado en VPIltransmissionmaker™,
ModeSYS™ ofrece un modelo matemdtico completo que ademas tiene en cuenta variaciones espaciales de
la distribucién de campo, algo necesario para estudiar el acoplo de modos en una fibra multimodo. Las
propiedades fisicas fueron analizadas (LIV y s,;) asi como su rendimiento en un enlace de comunicacion de
datos.
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3 Diseno

Tras garantizar la precisién de los algoritmos y las aproximaciones numéricas usadas en ModeSYS™ para los
componentes criticos, esos mismos elementos y el resto de bloques fueron disefiados de acuerdo a las
especificaciones y requisitos establecidos dentro del marco de trabajo del proyecto DAPHNE.

En primer lugar se presenta el disefio del transceptor (VCSEL y receptor) y de la fibra multimodo. A
continuacién, se muestra la conformidad con el estandar 10GBASE-SR. Finalmente se explican los
principales aspectos considerados en el modem OFDM.

El anexo C muestra un desarrollo completo de los esquematicos utilizados, las especificaciones y los
procedimientos seguidos para el disefio y comprobacién de la conformidad con IEEE 802.3ae (10GBASE-SR)
de cada uno de los componentes.

3.1 VCSEL

Los transceptores, los cuales integran un VCSEL AlGaAs a 850nm, son producidos por la compaiiia francesa
D-Lightsys™. Son parte del consorcio del proyecto DAPHNE y son los responsables de desarrollar un mdédulo
a 10Gbps que satisfaga los severos requisitos ambientales. El objetivo es cumplir el estandar 10GbE al
tiempo que se logra compatibilidad con las exigentes condiciones aeroespaciales. El producto no es
comercial y por lo tanto solo se mostraran los parametros estrictamente necesarios respetando el acuerdo
de confidencialidad.

A diferencia de la verificacion del modelo de VCSEL llevada a cabo durante la evaluacidn del software, en
este caso disponiamos de los rangos operativos eléctricos y dpticos en lugar de las curvas LIV y funciones de
transferencia. Esas especificaciones proporcionan los valores tipicos y los peores casos para un grupo muy
concreto de parametros tales como longitud de onda de emisidn, anchura espectral, potencia éptica de
salida, voltaje diferencial de entrada, capacidad de entrada, tiempo de subida/caida, amplitud de
modulacion éptica (OMA) y ratio de extincidn (ER) entre los mas relevantes. Sin embargo, y a pesar de la
completa descripcién de funcionamiento proporcionada, los datos eran ligeramente insuficientes para
disefiar el diodo laser con precision suficiente. Por ejemplo, se daba el valor tipico para la potencia dptica
media de salida pero se desconocia el valor exacto de la corriente de polarizacién y la temperatura a la que
ese valor fue tomado. Este tipo de situacidn hizo el proceso de disefio considerablemente complicado y
algunos valores tuvieron que ser asumidos.

3.1.1 Resultados

Las especificaciones para los bloques principales de acuerdo con las hojas de datos se presentan en Tabla 3-
1():

5 . . . .
Los numeros en negrita representan estimaciones.
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Tabla 3-1 Resumen de las especificaciones de los bloques principales en el transmisor.

Parametro i Tipico Unidad
PREBS Longitud . - 21 - -
Tasa de transmisidn 0.5 - 10 Gbps
. Rampa
Generador Tipo de flanco - On/off - -
eléctrico Voltaje diferencial 100 600 950 mV
Tiempo de subida/bajada (°) - 30 45 ul (')
Jitter 0 - 0.6 Ul
Longitud de onda 840 850 860 nm
Maxima anchura espectral - - 0.85 nm
Minimo OMA -4.3 - - dBm
Tipico ratio de extincién 3 5 - dB
VCSEL Potencia de salida media -4 -2 -0.7 dEm
Temperatura -40 25 90 C
Variacion maxima de la potencia éptica de salida
. - 0.5 1 dB
dentro del rango de temperaturas especificado
Corriente de polarizacién - 8 9 mA
Respuesta de modulacion (%) - 11+1 - GHz

No se daba ninguna informacidn sobre el tamafio de haz o la distribucién espacial de los campos en la
apertura, de modo que se asumié absoluta flexibilidad en este aspecto.

Los resultados numéricos para los valores tipicos se recogen en la Tabla 3-2

Tabla 3-2 Valores tipicos para el modulo VCSEL.

Bloque Parametro Valor Unidad \

Longitud de onda 850 nm

Anchura espectral (°) <0.85 nm
Resistencia serie 70 Q

OMA -2.7 dBm

ER 3.6 dB

VCSEL Potencia 6ptica de salida media -1.5 dBm
Temperatura 25 °C

Variacién maxima de la potencia dptica de salida
dentro del rango de tem;)eraturas eF;pecificado *) 0.25/0.995 dB
Corriente de polarizacién 8
Voltaje diferencial de entrada 600 mV

®Los tiempos de subida/bajada y el jitter se especifican como caracteristicas dpticas. Debido a la imposibilidad de
realizar su ajuste en el dominio éptico, estos dos parametros son aplicados en el generador de sefial eléctrico.

7 Unit Interval. Tiempo normalizado al periodo de la tasa de transmisién.

® Ancho de banda para Corrientes de polarizacién dentro del intervalo predefinido [8mA, 9mA].

° La anchura espectral no ha sido especificada porque es completamente ajustable con médulos incluidos en el

software
1% para -40°C y 90°C respectivamente
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| Respuesta de modulacion | 102 | GHz

Notese que 10Gbps es al maximo flujo de datos nominal conseguible. Esto significa que no es posible lograr
el valor tipico de ER (5dB) debido a la elevada corriente de polarizacidon necesaria para situar la respuesta
de modulacién del laser por encima de los 10GHz. Esto, a su vez, es la razén por la ligeramente elevada
potencia media de salida. La curva LI resultante para 25°C, -40°C y 90°C y el s,; (25°C and 8mA) son
mostrados en llustracion 3-1.
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llustracidn 3-1 Curva LI simulada y respuesta de modulacion de pequena senal.

La variacidon de potencia con la temperatura ha sido calculada para una corriente fija de polarizacion de
8mA,; sin embargo, dichas diferencias pueden variar dependiendo de la intensidad de corriente utilizada. A
pesar de que se observa en llustracién 3-1 que las diferencias se reducen claramente para menores
corrientes, también se muestra que la corriente umbral aumenta y el ancho de banda disminuye para 90°C
y -40°C. La consecuencia es que aparece un compromiso ente estabilidad térmica ratio de extincion y ancho
de banda de modulacién.

La variaciéon de la respuesta de modulacién para 7mA, 8mA y 9mA a 25°C asi como el diagrama de ojo
Optico con jitter desactivado se muestra en llustracion 3-2.
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llustracion 3-2 Respuesta de modulacion de pequeiia sefal a a 250C para 7mA, 8mA y 9mA de corriente de bias (izquierda).
Diagrama de ojo dptico con jitter desactivado (derecha).
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Se observa que se necesita 8mA o mas para conseguir mas de 10GHz de ancho de banda. Dado que uno de
los retos del proyecto DAPHNE es crear un sistema que pueda soportar tasas desde los kbps hasta los Gbps,
se deberia considerar la posibilidad de implementar un sistema inteligente para adaptar la corriente de bias
dependiendo del flujo de datos requerido. Esto también seria beneficioso para reducir el estrés del diodo
laser.

3.2 Receptor

El transceptor incluye fotodiodos PIN GaAs y electrénica CMOS de bajo consume para la conversién de
corriente. El filtro paso bajo después del amplificador no esta integrado y debe ser acoplado externamente.
La tarea de disefio comprende la determinacion de la responsividad, potencia de ruido, ganancia y la
frecuencia de corte y orden del filtro.

Los rangos de operacién opticos y eléctricos fueros proporcionados en la hoja de datos. EI VCSEL
previamente disefiado fue utilizado para el disefio del propio receptor.

3.2.1 Resultados

Las especificaciones se recogen en la Tabla 3-3 (*).

Tabla 3-3 Especificaciones del receptor.

Parametro
Longitud de onda 760 850 860 nm
Maxima anchura espectral - - 1 nm
Maxima potencia optica media -5 -3 0 dBm
Sensibilidad optica a 10Gbps - -15 -12 dB
Voltaje diferencial de salida 200 400 700 dBm

Tabla 3-4 Valores de configuracion del receptor.

Parametro Tipico Unidad

Eficiencia cudntica 0.98 %

Transimpedancia 1600 Q
Potencia de ruido 9.5E-23 | A’/Hz
Frecuencia de corte 12.3 GHz

Orden del filtro Bessel 5 0

La eficiencia cuantica fue fijada de acuerdo a las indicaciones en [21], donde se declara el excelente
rendimiento (cerca del 100% de eficiencia) de los fotodetectores PIN de GaAs en el entorno de los 600nm a
los 900nm. El valor fue ajustado para coincidir con la respuesta querida

11 . . . .
Los numeros en negrita representan estimaciones.
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Para la determinacién de la transimpedancia, los valores tipicos de funcionamiento fueron cargados en el
modulo VCSEL y la potencia de salida regulada con un modulo software especifico. Los valores tipicos y
minimos de la potencia dptica fueron igualados con potencia de salida media del VCSEL menos 1dB. Tras la
comprobacién de los resultados para todo el rango de voltajes, la mejor respuesta se observé para 1600Q).

La potencia de ruido viene representada por el primer coeficiente (y el Unico contemplado) de la
aproximacién polindmica de su densidad espectral de potencia. Su célculo fue realizado para una potencia
de entrada de -15dBm con una modulacién NRZ a 10Gbps. Aquel valor para el que el BER igualaba 10™ era
el resultado buscado.

3.3 MMF

Se requeria que la fibra multimodo fuera del tipo OM4 de acuerdo a ISO/IEC 11801. Tal fibra es la fibra
multimodo optimizada para laser (LOMMF) con el mayor producto ancho de banda por kildmetro
comercialmente disponible. Su disefio necesita la mayor exactitud en el ajuste de variables y métodos de
medicién muy especificos.

La informacién sobre los pardmetros generales fue obtenida a través de la pagina web de Draka
Communication, donde se pueden encontrar hojas de datos para fibras anticurvatura
OM2/0M2+/0M3/0M4, OM1/OM?2 y estandar OM2+/0OM3/0M4 (MaxCap-OMx). La fibra anticurvatura
fue elegida como la mas apropiada para nuestro caso. La informacidn en la hoja de datos de Draka fue
contrastada con la de Corning para asegurar la conformidad y completar campos. Los datos obtenidos
sirvieron como un ajuste grueso al modelo deseado. Los rangos de valores tipicos para pardmetros como el
coeficiente de atenuacién, apertura numérica (NA), pendiente en el punto de dispersion cero e indice de
refraccion de grupo fueron encontrados.

En lo concerniente a la validacion del tipo de fibra, se utilizé el método retraso diferencial de modos (DMD).
La maxima tasa de datos de 10Gbps y la simplicidad de la técnica, situé a DMD por encima de ancho de
banda modal efectivo computado (EMBc); que es mucho mas complejo y abierto a interpretacion [22].

3.3.1 Resultados

La gran flexibilidad que el software ofrece permite incluso la creacion de perfiles de indice que cancelen
totalmente la interferencia intersimbdlica (ISI), es decir, guias de onda perfectas sin ninguna distorsién.
Debido a ello, se eligié un set no ideal que generara valores de DMD dentro del rango de lo marcado en las
especificaciones y no Ops/m. Era importante lograr un perfil realista debido a su posterior utilizacién en la
simulaciéon de un enlace real. Para OM4, los retrasos particulares estdn todavia bajo discusién pero un
primer borrador ha sido lanzado (Tabla 3-5).

Tabla 3-5 Especificaciones DMD para fibra OM4.

Especificacion DMD interno (ps/m) DMD externo (ps/m)  DMD intermedio (ps/m)
1 <0.10 <0.30 <0.11
2 <0.11 <0.17 <0.11
3 <0.14 <0.14 <0.11
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La grafica DMD externa resultante, la extensién acumulada y el ancho de pulso sin DMA se muestran en la
llustracion 3-3.
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llustracion 3-3 Grafico DMD (izquierda), extension de retraso acumulada (derecha, rojo) y anchura de pulso (derecha, azul) para
la fibra OM4 simulada.

Se puede ver en el grafico DMD que el retraso acorre para desplazamientos en la inyeccién iguales o
mayores de 13um. Esto significa que el problema esta principalmente causado por los DMGs de alto orden.
En este caso, la activacién de DMA podria mejorar el ancho de banda de la fibra considerablemente. A
pesar de la distorsion, se puede observar que la extensidon de retraso acumulado que nunca supera
0.12ps/m por lo tanto cumpliendo con los requisitos establecidos para DMD externo para fibras OM4. Un
efecto interesante que se puede nota es el decremento y el repentino incremento del ancho de pulso que
tiene lugar a partir de 18um en adelante y que, a su vez, se puede ver en el grafico DMD. Conforme el rayo
se aproxima la intercara nucleo-cubierta, parte de la luz se radia y no contribuye al ensanchamiento de
pulso. SI el efecto es muy severo, el nivel de potencia se reduce drasticamente y de ahi el nivel de
referencia (establecido en la cuarta parte del maximo), que al seguir siendo calculado por el software,
genera anchuras de pulso extremadamente grandes. La recomendacién es descartar aquellos valores y, en
general, aquellos para puntos de inyeccién cercanos a la cubierta.

El mismo analisis se realice para cada una de las secciones de la fibra. Los retrasos resultantes y los
parametros finales de la fibra disefada se recogen en Tabla 3-6 y Tabla 3-7.

Tabla 3-6 Resultados DMD del modelo OMA4.

DMD interno (ps/m) DMD externo (ps/m) Max. DMD intermedio (ps/m)
0.117 0.121 0.066
Tabla 3-7 Lista de parametros del modelo OM4.
Parametro Valor Unidad
Atenuacion (850nm) 2.1 dB/km
Longitud de onda de dispersién 1315 nm
cero
Pendu?nte eT\’eI punto de 0102 ps/nm>km
dispersion cero
indice de refraccién de grupo 1.480 -
Diferencia en el indice de 1 %
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refraccion
indice de refraccién del nicleo 1.481 -
Exponente del perfil 2.065 -
Parametro de d!spersmn del 0.07 i
perfil

De acuerdo a la recomendacidon IEC 60793-1-49, la fibra disefiada cumple con los requisitos de una fibra
multimodo OM4.

3.4 10GBASE-SR

La seguridad se vuelve especialmente importante cuando nos hablamos de sistemas aerotransportados. En
este aspecto, construir una red en conformidad con un determinado estandar garantiza un riesgo funcional
cero cuando el peor caso de componentes es conectado. Por esta razdn, muchos fabricantes de aviones
establecen como prerrequisito para sus componentes la certificacion de un determinado estandar
internacional.

Actualmente, un estandar basado en Ethernet y de seguridad critica lamado Avionics Full-Duplex Switched
Ethernet (AFDX) estd siendo satisfactoriamente utilizado por compafiias como Airbus y Boeing para
transmisiones hasta 100Mbps; sin embargo, no existe ninguna regulacién para enlaces a 10Gbps
trabajando en el amplio rango de temperaturas y entorno agresivo que se encuentra en aviones; aunque
SAE International ha empezado a desarrollar un numero de estandares WDM-LAN [23]. Sin embargo, y
dado que la mayor parte de los sistemas dpticos avidnicos desplegados son enlaces MMF punto-a-punto a
850nm [24], parecia razonable pensar en IEEE 802.3ae con 10GBASE-SR como una buena primera
aproximacién

IEEE 802.3ae proporciona apoyo para extender el protocolo convencional IEEE 802.3 (Ethernet) y las
especificaciones MAC para su operacién a 10Gbps sobre fibra dptica. Dentro de la descripcidn del estandar,
se proponen varias implementaciones para la capa fisica pero nuestro interés recae exclusivamente en
transmision LAN serializada a 850nm (10GBASE-SR).

(CONTINUA EN LA SIGUIENTE PAGINA)
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llustracion 3-4 Relacion de 10GBASE-S, -L, y -E PMDs con el modelo de referencia ISO/IEC Open Systemsinterconnection (OSl) y el
modelo IEEE 802.3 CSMA/CD LAN [25].

Una de las subcapas de la capa fisica se llama dependiente del medio fisico (PMD) y establece las
especificaciones eléctricas y dpticas para el transceptor asi como los margenes de potencia y distancias de
operacion minimas. Esos valores son recogidos y presentados en el anexo C.4 con aquellos generados en la
simulacién para probar la complete conformidad con el estandar. La verificacion del resto de subcapas e
intercaras se ha considerado fuera del alcance de esta investigacién. Los resultados muestran la total
conformidad con el mencionado estandar.

3.5 Optical Orthogonal Frequency-Division Multiplexing (OOFDM)

Con la intencién de tener completo control sobre la modulacién/demodulacidn y permitir adaptabilidad y
futuras modificaciones, la implementacién de OFDM fue hecha en MATLAB®.

3.5.1 Modulador

La determinacion de los parametros de disefio de OFDM esta directamente influenciada por, la mayor parte
de las veces, requisitos encontrados. Por lo tanto, antes de disefiar el modulador es necesario determinar
valores especificos o rangos para al menos el ancho de banda disponible, la tasa de transmisién deseada y
el ensanchamiento acumulado de pulso.

El ancho de banda disponible en nuestro sistema esta principalmente por el VCSEL, que ha sido modelado
para ofrecer una respuesta de modulacién a 3dB de 11+1GHz. La limitacidn del receptor estd causada por el
filtro paso bajo, cuyo maximo ancho de banda ha sido establecido a 12.3GHz de acuerdo a las
especificaciones de 10GBASE-SR.
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Por su parte, la mdxima variacién de tasa de transmision que 10GBASE-SR puede soportar es £100ppm, lo
que fija la velocidad nominal de sefial entre 10.3135Gbps y 10.3115Gbps.

Finalmente, el maximo ensanchamiento de pulso acumulado viene determinado por el DMD. De acuerdo a
los célculos en la seccion 3.3.1, el peor caso es 0.121ps/m. Para prevenir la ocurrencia de interferencia
intersimbdlica e interportadoras, se amplié hasta los 0.14ps/m. Por definicidn, la longitud del prefijo ciclico
se elige de modo que iguale o exceda la dispersion maxima del canal | a menudo se expresa como un
porcentaje de la duracidn total del simbolo.

En concordancia con los requisitos de crear una red de bajo coste, se eligié la modulacion directa del laser
como el método mads apropiado. Sin embargo, esto implicaba la adaptacién del modulador para crear una
sefial unipolar. Ademas, se implemento modulacion discreta multitono (DMT) para eliminar el modulador
I/Qy reducir el coste todavia mas.

3.5.2 Demodulador

La simetria inversa mostrada por el demodulador con respecto al modulador clarifica la eleccidon de los
parametros mas generales. Por otro lado, hay algunos aspectos como el método de célculo del BER o la
estimacion delo punto de muestreo que son inherentes a esta parte.

Es comun incluir la recepcién de la sefial (captacién de la luz, down-conversion cuando sea necesaria y
filtrado) en el disefio del demodulador, pero en nuestro caso fue realizado a través de ModeSYS™. Este
hecho simplificé la codificacion notablemente. Los Unicos bloques que debian ser implementados eran la
conversidn analégico-digital, FFT, ecualizacién y el calculo del BER.

3.6 Conclusion

Se ha conseguido una gran similitud con los valores deseados y especificaciones en el disefio de MMF,
VCSEL y receptor. Para el transceptor, valores muy concretos para la mayor parte de los parametros fueron
proporcionados en las hojas de datos. Los resultados fueron comparados y la conformidad probada. El
grado de libertad en las variables de disefio de la MMF era total con la condicién de que los rangos se
mantuvieran dentro de limites realistas y que el rendimiento cumpliera con los requisitos del tipo OM4. Los
resultados muestran que las especificaciones DMD son cumplidas.

Los componentes disefiados muestran un complete cumplimiento de los requerimientos en |IEEE 802.3ae
(10GBASE-SR).

Los parametros OOFDM fueron adaptados consistentemente de acuerdo a los rangos I/O de los
componentes del enlace. Los valores que exclusivamente afectaban a OOFDM fueron ajustados en base a
los rangos convencionales observados en diversas publicaciones
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4Simulaci6n y resultados

En esta seccion se muestran y desarrollan los resultados obtenidos en la simulacidn final del enlace. Estd
subdividida en dos partes de acuerdo al formato de modulacién. La primera corresponde a NRZ, donde las
peores situaciones son presentadas asi como un completo anadlisis estadistico para tres temperaturas
diferentes (25°C, -40°C y 90°C) y margenes de potencia. El estdndar 10GBASE-SR se utiliz6 como referencia
a lo largo de todo el proceso para establecer limites practicos para la simulacién y asegurar la conformidad
en los casos mds exigentes. La segunda parte introduce el modem OOFDM en el enlace.

4.1 Non-Return-to-Zero (NRZ)

El test con NRZ tiene dos objetivos principales: asegurar el buen funcionamiento del sistema para el caso
mads bdsico de modulacidon en amplitud y servir como comparacion para el posterior estudio de OOFDM.
Ademas, hacer un analisis amplio y preciso consolida las bases para futuras implementaciones o pruebasy
simulaciones adicionales. Por lo tanto, contemplar los peores casos, margenes de potencia y realizar un
intenso estudio estadistico era muy importante.

4.1.1 Esquematico

PRBS ElecGen OPMeter OPEye Receiver ELEye BER Spectrum

T z y ~ @, BER

0II0]~— %—- v %@\/*}DC DT e ‘, NI
OPRegulator MSBZ2 OPMeter2

= AR

Coupler mmfi Coupler2 MSB3  OPMeterd

e [ e P

llustracién 4-1 Esquematico de la simulacién NRZ final.

El primer bloque del sistema es un generador de secuencias pseudoaleatorioas que lanza una sefial binaria
de longitud 2™-1. El convertidor binario-eléctrico viene a continuacion. La sefial eléctrica se inyecta en el
VCSEL a través de un modelo ideal de bias-T para generar la sefal éptica. El “OPRegulator” emula el control
de la potencia de salida integrado en el transceptor. La sefial puede ir al receptor directamente para similar
B2B o a un acoplador especial que le da una dimensidn especial a la potencia dptica de entrada para, de ese
modo, realizar un acoplo de los modos a la fibra OM4. El acoplador especial a la salida de la fibra sirve para
tener en cuenta la influencia de la distribucién especial de los campos en la recepcién de la luz dada una
apertura circular concreta en el fotodiodo. Finalmente, la luz se transforma en sefial eléctrica, se amplificay
se filtra.
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4.1.2 Resultados

La evaluacion se ha dividido en dos partes. En la primera se muestra y discute el BER para corrientes de
polarizacién del VCSEL de 7mA, 8mA y 9mA asi como el BER en funcién de la longitud de fibra utilizada. Esto
permite el establecimiento de los peores escenarios que se analizan estadisticamente en la segunda parte.

4.1.2.1 25°c

Los pardmetros de transmision son fijados a los valores tipicos recogidos en Tabla 3-1 y Tabla 3-2. La
llustracién 4-2 muestra el BER vs. potencia dptica de entrada y el BER vs. voltaje diferencial de entrada al

laser.
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llustracion 4-2 BER vs. Potencia 6ptica de entrada (izquierda). BER vs. Voltaje diferencial de entrada al VCSEL. 25°C.

A pesar de haber fijado 8mA como valor tipico de corriente de bias, se observa en llustracién 4-2 como el
ratio de error disminuye conforme la intensidad decrece. Esta tendencia se mantiene hasta
aproximadamente 6mA pero por razones de seguridad se fij6 7mA como la minima considerable. Para
confirmar que la reduccidn de la corriente de polarizacién no producia saturacion en el VCSEL para ningun
valor de voltaje de entrada, se realizd un test de BER en funcién de dicho voltaje diferencial para la
potencia de sensibilidad. Los resultados muestran que la curva decrece monotdnicamente sin aparentes
puntos de inflexion. Estos Buenos resultados permiten establecer 7mA como la corriente de polarizacion
optima para 25°C. Con 7maA, la sensibilidad queda fijada alrededor de los -16dBm lo que ofrece un margen
de potencia de 9.9dB para 700m de OM4 y 0.3dB de perdidas por conector de acuerdo a dos tipos
diferentes conectores aeroespaciales comerciales (MC5 y la familia AVIO/AVIM).
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llustracion 4-3 BER vs. Longitud de fibra MMF. 25°C.

En el siguiente test se comprobd el BER en funcién de la longitud de la MMF y minima potencia de salida en
el laser (-4dBm). La llustracion 4-3 muestra los resultados donde se observa que el ratio de error es cero.

Andlisis estadistico

En un primer lugar se evaluaron los efectos de la variabilidad de los pardmetros mas importantes del
sistema, no dandoles un valor fijo sino un rango de valores determinado por las hojas de datos o por
investigaciones y consultas previas. Posteriormente, con el fin de evaluar la influencia de las vibraciones e
impactos en la calidad de la comunicacién, el estudio se centrd en la desalineacién en los conectores al ser
los puntos mas criticos/débiles de la transmision. En todos los casos se utilizé distribucidn gaussiana para la
con una desviacion tipica notablemente exagerada para descartar cualquier caso que pudiera tener lugar
en un montaje real.

RANGOS DE OPERACION

La Tabla 4-1 muestra las variables estudiadas organizadas por médulos. Se presenta la media de la
distribucién gaussiana y la desviacidn tipica utilizada.

Tabla 4-1 Media y desviacion tipica de la distribucion gaussiana de las variables analizadas.

Descripcion Desviacion
estandar
VCSEL Longitud de onda 850 10 nm
Resistencia serie 70 10 Q
Pardsitos 1.1 0.1 pF
Tamafio de haz 12 1 pum
om4 Radio 25 1 pum
Atenuacion 2.1 0.1 dB/km
Pendiente en el 0.102 0.001 ps/nm?-km
punto de dispersion
cero
Longitud de onda de 1315 5 nm
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dispersion cero
indice 1.481 0.002 -
Exponente de perfil 2.065 0.002 -
Receptor Ganancia 1600 100 Q
Ancho de banda del 10 0.5 GHz
LPF

El barrido después de 1200 iteraciones se muestra en llustracidén 4-4. Se observa que ninguna muestra
supera un ratio de error de 102 El menor margen de potencia obtenido es 7.5dB.
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llustracion 4-4 BER después de 1200 muestras estadisticas. Rangos de operacién. 25°C.

CONECTORES

Los valores medios de desalineacidn y las desviaciones tipicas de la distribucidn gaussiana se muestran en
Tabla 4-2. Para el resto de parametros que no involucraban a los conectores, su valor fue fijado al tipico.

Tabla 4-2 Media y desviacion tipica de la distribucion gaussiana de las desalineaciones analizadas.

X-axis offset 0 5 pum
Y-axis offset 0 5 pum
Z-axis offset 0 5 pum

X angular 0 3 grados

Y angular 0 3 grados
Pérdidas de insercion 0.3 0.05 dB

La llustracion 4-5 muestras los resultados después de 600 iteraciones. A pesar de que el valor medio es
bastante parecido al de FIGURE, el valor maximo es sensiblemente mayor (1.54-10®). Con el objetivo de
averiguar cual de las desalineaciones tenia mayor influencia, se realizaron tests independientes que
demostraron que se necesita una desafortunada combinacion de los tres tipos de desalineacion para
producir BER mayores de 10"
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llustracion 4-5 BER después de 600 muestras estadisticas. Conectores. 25°C.

4.1.2.2 -40°c

La llustracién 4-6 muestra el BER vs. potencia dptica de entrada y el BER vs. voltaje diferencial de entrada al

laser.
-2 2
v 7mA
®* 8mA
» amA
v
: vy v
ol . . : 3 AR 4 Yy . N e |
E 0:=. "Vvvvvvvvv'v‘, E 4
»
LIJ 3 LIJ
m 5 ’::H, rrrrrrrrrrr 4 m
»
Q » L =)
= , ce., = -6 =
j=)] 8L > . tea,, o
5 N 5
N
10| s 1 -8
4 []
-2 L ] -10
>
141
| ]
16 -12 WL
_18F -14
g -18 17 16 15 14 13 300 400 500 600 700 800 900
Input Power [dBm] Differential input voltage [mV]

llustracién 4-6 BER vs. Potencia éptica de entrada (izquierda). BER vs. Voltaje diferencial de entrada al VCSEL. -40°C.

La variaciéon de temperatura a -40°C tiene varios influyentes efectos en el comportamiento del VCSEL:
reduce la respuesta de modulacidn, aumenta la corriente umbral y reduce la resistividad. La dos primeras
general la necesidad de elevar la corriente de polarizacién a 9mA para alcanzar los anchos de banda
necesarios para transmitir a 10.3125Gbps y para alejar el punto de trabajo del umbral, de forma que se
aumente el factor de amortiguamiento y se reduzcan los overshootings e irregularidades en el diagrama de
ojo. El ultimo efecto hace que para un mismo rango de tensién diferencial de entrada, la corriente
inyectada sea sensiblemente mayor vy, por lo tanto, se llegue a situaciones de saturacién con mucha mas
facilidad. Esto se muestra en el grafica BER vs. Voltaje diferencial de entrada (a -14dBm y 9mA) en FIGURE,
donde se aprecia que a partir de los 650mV la tasa de error se estabiliza e incluso empeora.
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llustracion 4-7 BER vs. Longitud de fibra MMF. -40°C.

Siguiendo las mismas pautas que para 25°C, se realizd el test a minima potencia de salida del VCSEL para

diversos puntos entre la minima y mdaxima distancia de MMF permitida por 10GBASE-SR. Los resultados

muestran una transmision libre de error y con un margen de potencia minimo de 7.9dB.

Andlisis estadistico

RANGOS DE OPERACION

El mismo proceso se realizé para -40°C y los valores de las medias y desviaciones tipicas se mantuvieron.

llustracién 4-8 muestra el barrido estadistico y el correspondiente histograma para -4dBm de potencia
salida del laser, 700m de MMF, 9mA de bias y 600mV de voltaje diferencial de entrada.
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llustracion 4-8 BER después de 1200 muestras estadisticas. Rangos de operacién. -40°C.

La
de

9/, DAIRINLLND

La maxima tasa de error es 4-10™. El histograma muestra que mas del 94% de las muestras estdn por

debajo de 10’ siendo solo cuatro las que superan 10™.
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llustracién 4-9 BER después de 600 muestras estadisticas. Conectores. -40°C.

Sélo el 2% de las muestras son peores de 10™°. El peor caso es 4-10°,

4.1.2.3 90°c

La llustracién 4-10 muestra el BER vs. potencia dptica de entrada y el BER vs. voltaje diferencial de entrada

al laser.
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llustracion 4-10 BER vs. Potencia éptica de entrada (izquierda). BER vs. Voltaje diferencial de entrada al VCSEL. 90°C.

A 90°C se produce una reduccidén de la méxima potencia dptica de salida, un aumento de la corriente
umbral, una reduccién del ancho de banda de modulacién y un incremento de la Resistencia de entrada. Al
igual que en el caso anterior, con el fin de alejar el punto de trabajo de la corriente umbral y elevar el ancho
de banda de modulacidn hasta los valores deseados, se utiliza una corriente de polarizacion de 9mA. A
diferencia del caso anterior y a pesar de la gran compresién de rango dinamico (reflejado en la curva LIV), el
hecho de que la resistencia serie haya aumentado hace que todo el rango posible de voltaje diferencial de
entrada sea soportado por nuestro modelos de VCSEL sin aparente saturacion y que la diferencia entre las
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curvas BER en funciéon del bias sean menos acusadas para potencias por encima de la sensibilidad. Esto se

muestra en la curva BER vs voltaje diferencial de entrada en llustracion 4-10.
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llustracién 4-11 BER vs. Longitud de fibra MMF. 90°C.

Por ultimo se realizd el calculo de la variacidn del BER en funcidon de la longitud de fibra. La llustracion 4-11

muestra que se consigue una transmision libre de error con un margen de potencia minimo de 8.7dB.

Andlisis estadistico

RANGO DE OPERACION
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llustracion 4-12 BER después de 1200 muestras estadisticas. Rangos de operacién. 90°C.

El barrido de 1200 muestras indica que en ningun caso se mejoran los 10™*
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90% de las muestras es menor de 2.10°° y que todas ellas son menores de 10”°. El minimo margen de

potencia es 7.8dB.
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llustracion 4-13 BER después de 600 muestras estadisticas. Conectores. 90°C.

El mayor BER realista registrado es 2-10™. El histograma muestra que alrededor del 96% de las muestras
tienen un BER menor de 10°*° con solo un 1.3% superior a 10™.

4.1.2.4 Conclusion

Se obtuvieron muy buenos resultados para la simulacion con NRZ. Las Corrientes éptimas de bias se
calcularon para cada temperatura en base al BER. Para dichas corrientes y 600mV de voltaje diferencial de
entrada, la peor tasa de error en funcién de la distancia de fibra se registro a 90°C y no excedia los 107,
Para 25°C el maximo BER era 107*y para -40°C alrededor de 10™. El minimo margen de potencia es 7.9dB a
-40°C y el maximo 9.9dB a 25°C. Estos resultados prueban que el enlace puede operar con BER por debajo
de los 10" cuando se utilizan valores tipicos. Se debe mencionar que se ha sido asumido la
implementacion de un sistema de polarizacion adaptativo. Tal algoritmo debe ser cuidadosamente
elaborado vy no linealmente interpolado en funcidon de la minima, maxima y temperatura ambiente. Su
calculo se ha considerado fuera del alcance del presente trabajo.

El analisis estadistico mostré que solo cuatro de las 3600 iteraciones superan los 10 y ninguna es peor de
10™. Esto significa que incluso para la peor combinacidn posible de valores el enlace puede seguir
funcionando sobre todo el rango de temperaturas con un BER no peor de 4-10™ (obtenido a -40°C). La
evaluacién de los conectores mostré que a menos que los tres tipos de desalineacidn (radial, longitudinal y
angular) fueran activados, el BER siempre se mantenia por debajo de 10%°. Ademas, un BER de 10™ sélo
era superado por un 1.1% del nimero total de muestras (1800). Esto demuestra que a condicion de que los
parametros del VCSEL, OM4 y receptor se mantuvieran estables y el link estuviera optimizado para NRZ, el
impacto de las desalineaciones es despreciable en nuestro caso. Esto se confirma debido a las
notablemente exageradas desviaciones tipicas que en cualquiera de los casos serian consideradas
inaceptables para un conector dptico orientado a redes avidnicas. Sin embargo, mds estudios estadisticos
deberian realizarse sobre el impacto de los rangos de operacién y desalineaciones como efecto conjunto.
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4.2 Optical Orthogonal Frequency-Division Multiplexing (OOFDM)

El test comprende dos partes. En la primera los peores escenarios de transmisidon para cada temperatura
son evaluados para modulaciones por portadora 4-QAM y 16-QAM. En primer lugar, las Corrientes de
polarizacién usadas para NRZ son usadas con el fin de contemplar una posible combinacién NRZ/OOFDM o
una futura substitucién (**). En segundo lugar, se lleva a cabo la optimizacién especifica del sistema para
OOFDM. No se contempla limite de tasa de transmisidn y se considera el uso de codificacién FEC. Los
resultados y sus implicaciones son discutidos.

El anexo D presenta el desarrollo de cada uno de los casos, constelaciones y espectros.

4.2.1 Esquematico y parametros

Para todos los casos, el esquematico utilizado se muestra en llustracion 4-14.

PRBS OFDMmod VCSEL OPRegulator Receiver SaveSignal
L] 4 =],
T | |

ollol 1 \ Tl g !

Coupler oma Coupler2

o e e

llustracion 4-14 Esquematico del enlace final para OOFDM.

El médulo PRBS genera una sefial pseudoaleatoria de longitud 2’-1. El “OOFDMmod” inicia MATLAB®,
ejecuta el cédigo de modulacién y proporciona una sefial OOFDM con el formato aceptado por ModeSYS™.
La sefial de salida es una sefal bipolar eléctrica que pasa por un bias-T ideal para hacerla unipolar e
inyectdrsela al VCSEL. La sefial dptica generada por el laser se propaga por la OM4 y es recibida igual que en
caso NRZ. La sefial eléctrica es guardada en un fichero de extension SGD que se importa a MATLAB® para su
demodulacion y calculo de la tasa de error.

Los parametros mas relevantes de la simulacidn se presentan en Tabla 4-3.

Tabla 4-3 Parametros eléctricos y 6pticos de la simulacion.

Descripcion Unidad
Bias (NRZ) 7 9 9 mA
Voltaje diferencial 600
mV
de entrada
Potencia de salida -4 dBm
Longitud del 700 m

2 Se asume que el sistema adaptativo de corriente estd implementado e integrado en el transceptor, es decir,
completamente independiente del modulador.
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enlace
Pérdidas/conector 0.3 dB/Nconnectors
Ancho de banda .
del LPF <10 (Variable) GHz

Se observé una especial influencia del disefio del filtro paso baso en los resultados. EI BER era
extremadamente sensible a la frecuencia de corte y unas caidas bruscas de las faldas del filtro mejoraban
los resultados ostensiblemente. Se eligié un tipo Butterworth para el filtro eléctrico ya que tiene una caida
abrupta pero manteniendo una amplitud constante en la banda de paso. La variacion constante de fase que
el propio filtro introduce se contrarrestaba con el propio ecualizador implementado en el demodulador
OOFDM.

Debido a la limitacidon impuesta por 10GBASE-SR en lo relativo a la tasa de transmision, la velocidad de
muestreo necesito ser ajustada en funcién del formato de modulaciéon para obtener unos constantes
10.3125Gbps. Los parametros especificos OOFDM se presentan en Tabla 4-4.

Tabla 4-4 Parametros OOFDM.

| Descripcion 4QAM 16-QAM Unit
Numero de subportadoras 256 256 -
Secuencias de 5 5 i
entrenamiento
Prefijo ciclico 1 1 %
Sobremuestreo 2 2
Modo de modulacion en DCO-00FDM DCO-O0FDM
intensidad
Gestion de PAPR Clipping >90 Clipping >90 %
Tasa de muestreo 20.86 10.43 GS/s

Una de las principales prioridades era mantener la tasa de muestreo lo mas baja posible. Aunque en ningun
caso excedia los 25GS/s y que DACs a mas de 30GS/s ya estan comercialmente disponibles [26], [27] y [28],
se considerd recomendable operar el sistema holgadamente dentro de los limites especificados por la
imperiosa necesidad de garantizar la seguridad y fiabilidad de nuestro sistema. Ademas el coste se reduce
considerablemente.

En relacién al PAPR, se observaron Buenos resultados cuando la sefial se truncaba por encima del 90% de la
amplitud maxima. La eliminacion del ruido fuera de banda generado por el truncamiento y el filtrado de
reconstruccion se realizaron con un filtro Hamming apropiadamente disefiado.
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A.1.1 Resultadosy conclusion (configuracion NRZ)

Tabla 4-5 Resumen de los resultados OOFDM para el link optimizado para transmisiéon NRZ.

Temperatura
Modulacién (M-
QAM)

-40°C

16

25°C

16

90°C

Unidad

Cuenta de errores

0

BER estimado

<10

810"

<10

5-10™

<10%®

Sensibilidad
(OOFDM)

-12

-7.5

-14

-7.5

-14

dBm

Sensibilidad (NRZ)

-14

dBm

Minimo margen
de potencia
(OOFDM)

5.9

1.5

7.9

1.5

7.9

dB

Minimo margen

7.9

9.9

8.7

dB

de potencia (NRZ)

Para un enlace de transmision de datos a 10.3125Gbps con el modelo de VCSEL, OM4 y receptor disefiados
en la seccién 4, la modulacién 4-QAM ofrece mas margen medio de potencia, mayor sensibilidad y menor
BER que 16-QAM. En comparacion con NRZ, OOFDM ofrece una trasmision libre de errores para la misma
corriente de bias, temperatura y voltaje diferencial de entrada pero con mucho menos ancho de banda (la
mitad para 4-QAM vy un cuarto para 16-QAM). Por otro lado, NRZ proporciona margenes de potencia
minimos 1.93dB menores que 4-QAM y 6.83dB mayores que 16-QAM (en media) y sensibilidad mejorada.

Si finalmente se elige IEEE 802.3ae con 10GBASE-SR como el estandar para gobernar la operacién de la red,
NRZ ofrece transmision libre de errores sobre todo el rango de temperaturas considerado con un margen
de potencia medio de 8.8dB. Ademas, es mas barato y menos complicado de implementar que OOFDM.

Para transmisiones mas rapidas de 10.3125Gbps, la alta eficiencia espectral mostrada por OOFDM
permitiria conseguir tasas de transmisidon considerablemente mayores que NRZ. Dado que la escalabilidad
de la red es uno de los aspectos importantes, esta opcion deberia ser cuidadosamente estudiada. Ademas,
OOFDM es especialmente robusta contra ISI e interferencias selectivas (como por ejemplo, defectos locales
en la fibra). Esto se puede ver reforzado por la utilizacion de modulaciones adaptativas y los ya
mencionados cddigos FEC.

A.1.2 Resultadosy conclusion (optimizacion)

Una reconfiguracion de las Corrientes de bias y de los voltajes diferenciales de entrada se realizd
especialmente para OOFDM. La adaptacidn tuvo tres fases. En la primera, la corriente de polarizacién fue
regulada hasta que el BER se minimizd (configuracion en Tabla 4-3). Durante la segunda fase, el voltaje
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diferencial fue ajustado. Finalmente la tasa de transmision (**) fue incrementada hasta que el BER alcanzd
10™2. La Tabla 4-6 recoge los resultados obtenidos.

Tabla 4-6 Resumen de los resultados OOFDM para el link optimizado para transmision OOFDM.

Temperatura -40°C 25°C 90°C Unidad
Modulacién (M-

4 16 4 16 4 16 -
QAM)

Corriente de Bias 9 9 7 7 9 9 -

Voltaje diferencial

900 900 900 900 900 900 -
de entrada

Maxima tasa de
transmision libre 13.8 23.2 16.8 24.7 12.0 21.2 Gbps
de error (OOFDM)

Ancho de banda 6.918 5.806 8.401 6.301 6.054 5.312 GHz

Maxima tasa de
transmision por
debajo del limite
7%-FEC (BER<107%)

15.3 26.2 17.8 30.1 12.8 23.2 Gbps

Ancho de banda 7.660 6.548 8.895 7.536 6.424 5.559 GHz

Maxima tasa de
transmision libre 12 13.6 12 Gbps
de error (NRZ)

Maxima tasa de

transmision por

debajo del limite 16 15.3 14.5 Gbps

7%-FEC (BER<107)
(NR2)

Las corrientes dptimas de polarizacidn no han cambiado con respecto a aquellas usadas para NRZ. Esto
tiene sentido para -40°C y 90°C donde el uso de las altas corrientes favorece el aumento del ancho de
banda de modulacién. Para 25°C, los resultados con 9mA son ligeramente mejores que con 7mA pero se
decidié mantener 7mA como corriente optima debido al considerable ahorro energético (alrededor de 40%
menos) y a la reduccion del estrés al que se sometia al laser. Por su parte, se observe que un aumento del
voltaje diferencial de entrada mejoraba el BER para todas las configuraciones y por lo tanto se establecio el
valor por defecto a casi el maximo (900mV), de tal forma que se considerara un cierto margen de seguridad

Los resultados muestran que 16-QAM es el formato de modulacion mds apropiado para mayores
velocidades de transmisién. La diferencia entre 4-QAM y 16-QAM en lo concerniente a la maxima tasa de
transmisidn es mas del 60% mayor en favor de la segunda. Ademas, Es necesario un DAC operando a
30GS/s para lograr mas de 14.8Gbps con 4QAM y solo 15GS/s para 16-QAM. Un DAC tan rapido
incrementaria el coste global substancialmente.

Se puede observar en la llustracion 3-2 que el ancho de banda (3dB) a 8mA es 8GHz, 9Ghz y 10.2GHz para
90°C, -40°C y 25°C respectivamente (ndtese que para 90°C y -40°C se estdn usando 9mA y

13 . ey . - T . .
Tasa de transmisién nominal (prefijo ciclico incluido)
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consecuentemente el ancho de banda es mayor). Esto significa que el ancho de banda usado para 4-QAM y
16-QAM no esta limitado por la respuesta de modulacién del VCSEL sino por ISl y potencia de ruido en el
receptor. La frecuencia de corte del LPF es ajustada a lo largo de toda la simulacidn con un maximo de
12.3GHz.

Son dignos de mencidn los dos casos particulares encontrados durante el analisis. El primero es para NRZ a
-40°C, donde la méaxima tasa de transmisidn por debajo del limite FEC es la mds alta de last res
temperaturas. El segundo se observa a 90°C, donde el rendimiento de NRZ mejora los resultados obtenidos
para 4-QAM.

La conclusion es que OOFDM 16-QAM puede cubrir sobradamente con las futures demandas de ancho de
banda con apenas ajustes en el sistema (frecuencia de corte del LPF y voltaje diferencial de entrada al
VCSEL). Sin embargo, su rendimiento es pobre cuando se desea trabajar con tasas menores de 15Gbps. En
tal caso, NRZ seria la mejor opcién dado que ofrece unos resultados muy préoximos a un menor coste,
menor complejidad y mayores margenes de potencia.

Debido a los Buenos resultados conseguidos con 16-QAM una ultima prueba fue realizada. En este caso, se
utilizé un formato 32-QAM para la mejor situacién posible, es decir, todo el sistema fue optimizado
exclusivamente para este caso. La Tabla 4-7 resume los resultados.

Tabla 4-7 Parametros y resultados para OOFDM/32-QAM.

Descripcion Valor Unidad
Temperatura 25 °C
Corriente de bias 7 mA
Voltaje diferencial
d(je entrada 900 mv
Maxima tasa de
transmision 33.35 Gbps
nominal
Ancho de banda 6.671 GHz
BER 1.6-10° -

La constelacidn recibida y el espectro del la sefial recibida y enviada se muestran en la llustracidn 4-15.

(CONTINUA EN LA PAGINA SIGUIENTE)
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llustracion 4-15 Constelacion 32-QAM recibida (izquierda). Espectro de la sefal recibida después del LPF (azul, derecha) y dela
sefial enviada antes de la propagacion (rojo, derecha).

Los resultados muestran que la mejora estd claramente limitada por la potencia de ruido en el receptor.
Mientras que el ancho de banda utilizado apenas supera los 6.5GHz, Unicamente se obtienen un
incremento en la tasa de transmisién de 3Gbps en comparacion con 16-QAM. Esto confirma lo apropiado
de OOFDM/16-QAM para nuestro sistema especifico para transmisiones mas rapidas de 15Gbps.
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5 Conclusion

Una red dptica predefinida para entornos avidnicos ha sido evaluada. La topologia de la red asi como el
transceptor, canal y estandares de regulacidon fueron proporcionados y acordados como resultado de la
investigaciones llevadas a cabo durante el desarrollo del proyecto DAPHNE, apoyado por la Comisidn
Europea bajo el FP7. Cinco publicaciones se han presentado durante el desarrollo de la investigacién. Una
de ellas ha sido aceptada para exposicion oral en ECOC'12 y otra fue aceptada y presentada como
postdeadline en la pasada OFC/NFOEC"12.

Un intense andlisis ha sido realizado en lo relativo a la validaciéon de la herramienta de simulacién. Dos
softwares comercialmente disponibles fueron probados. Para ambos, la precision de los algoritmos para la
emulacion de efectos dispersivos modales y la exactitud del modelo de VCSEL a 850nm fueron contrastados
resultados experimentales publicados. Se concluyé que ModeSYS™ era la mejor solucidn para el modelado
del sistema pretendido.

Las descripciones técnicas y las especificaciones de los componentes deseados para el enlace éptico fueron
interpretadas, reformateadas e importadas a ModeSYS™. El buen funcionamiento de los modelos
resultantes fue continuamente validado con las hojas de datos proporcionadas y requisitos de rendimiento
hasta que un alto nivel de similitud fue conseguido. Posteriormente, se realizd una verificacidon de la
conformidad con IEEE 802.3ae (10GBASE-SR) para el transmisor, canal y receptor. Se concluyd que el
modelado era satisfactorio.

El enlace fue simulado para NRZ y OOFDM a -40°C, 25°C y 90°C, cubriendo asi todo el rango de temperature
alcanzado en entornos avidénicos. Ademas, se llevd a cabo un anadlisis estadistico para el caso NRZ que
comprendia dos fases. La primera consideraba la posibilidad de variaciones en los valores de los
parametros mas influyentes en el sistema dentro del rango de operacién establecido. La segunda parte
evaluaba el rendimiento del sistema cuando desalineaciones radiales, longitudinales y angulares altamente
exageradas tenian lugar.

Con respecto a NRZ, se obtuvieron excelentes resultados en términos de BER y margenes de potencia
cuando se usaba la configuracion tipica. El maximo registrado fue 10" a 90°C lo cual todavia permitia 8.7dB
de pérdidas. La evaluacidn estadistica mostré que dentro de los rangos de operacion, solo 4 muestras de
3600 (0.11%) eran peor de 10, siendo 4-10™ el méaximo y todas ellas a -40°C. En lo concerniente a las
desalineaciones en los conectores, se requeria una fortuita combinacién de los tres tipos de desviacion para
producir BERs peores que, al menos, 10™. Se comprobé que si uno de ellos era desactivado, los resultados
nunca superaban los 10°%°.

Los resultados para OOFDM mostraron que se pueden conseguir tasas de hasta 20Gbps con modulacién 16-
QAM por subportadora y mantener el BER por debajo de 10™** en un sistema optimizado para OOFDM. Por
otro lado se concluyé que para velocidades de transmisién menores de 15Gbps NRZ ofrecia resultados
comparables con OOFDM/4-QAM con margenes de potencia considerablemente mayores y simplicidad
para todas las temperaturas. Un ultimo test fue desarrollado para OOFDM/32-QAM para demostrar que la
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ISl y la potencia de ruido en el receptor no permiten incrementar la tasa maxima de transmisién en relacién
a 16-QAM proporcionalmente al coste técnico y econémico implicado.

5.1 Trabajo Futuro

Algunas de las posibilidades:

e Ejercicios experimentales deben ser desarrollados para confirmar las conclusiones y resultados
aqui presentados asi como para proporcionar nuevos datos como feedback para posteriores
investigaciones.

e Una mayor variedad de componentes pueden ser modelados e incluidos en la simulacidn

e Un andlisis estadistico combinado de desalineaciones en los conectores y rangos de operacion debe
ser llevado a cabo.

e Una barrido de temperaturas mds detallado proporcionaria un conocimiento completo del
comportamiento del enlace en las peores condiciones.

e OOFDM deberia ser analizado estadisticamente.

e WDM también podria copar con las necesidades futuras de ancho de banda y proporcionar
flexibilidad. EI mismo test de rendimiento y comportamiento deberia hacerse para dicha
tecnologia.
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A Theoretical background

A.1 Transmitter
A.1.1 VCSEL

Vertical Cavity Surface-Emitting LASERs are semiconductor Laser Diodes (LDs) whose radiated power, unlike
conventional edge-emitting LASERs, is perpendicular to the top surface. The first idea and the initial
demonstrations appeared in 1977 [29]. Several investigations in 80s showed some of the good properties
and proved diverse advantages of this type of source, boasting the interest and encouraging later research
that extended their applications and production [29]. Today, VCSELs are used in computer mice, chip-to-
chip, laser printers, high-density optical disks, fiber-in-the-car and of course, short-reach single-channel
gigabit-per-second datacom links or parallel transceiver modules on optical fiber ribbons amongst others
[30]. A typical layout is shown in Figure A-1.
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Figure A-1 VCSEL layout [16].

The setting out of the surface-emitting LASERs was motivated by the fully monolithic fabrication of the
cavity [29]. This structure itself offers a number of interesting advantages that is increased with the
introduction of the vertical cavity. The main advantages of VCSELs are [29]:

e The small cavity volume brings the threshold current down to microamperes.

e Single-mode operation is possible

e large relaxation frequency allows for high-speed modulation

e Passivated surfaces and embedded active region lengthens their lifetime

e High power conversion efficiency

e Easy coupling to optical fibers due to good mode matching and small nearly circular spot size
e VCSELs can be manufactured by monolithic processes reducing the manufacturing cost

e The test can be done before dicing
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e Easy bonding and mounting

e Cheap modules and package cost

e Stacking of micromachining technology can be done without affecting the LASER’s resonator. This
allows for polarization separation.

On the other hand, the size of the resonance cavity of VCSELs is 1-3 wavelengths of the emitted field.
Consequently, it is very unlikely that a photon generates lasing in a single pass of the cavity. In order to
increase the number sweeps, it is necessary a very high reflectivity (99.9% for low threshold currents) that
cannot be achieved with metallic reflectors. Instead, Distributed Bragg Reflectors (DBR) are used. However,
the high reflectance leads to a lower quantum efficiency that, in turn, causes low output power; which is
one of the main problems in VCSELs [31].

Apart from the low output power, these LDs suffer from very high thermal dependence. Different
temperatures make the semiconductor layers expand/contract and the average refractive index vary so
that the physical properties of the resonance cavity are different, creating a noticeable wavelength shift
[16]. Internal heating owed to simple laser working has also impact on the performance. It can be observed
in the Light-to-Current (LI) curve where, from a certain current on, the output power decays. This is called
“rollover” effect [16]. Another characteristic drawback in VCSELs is the polarization switching which
happens when the injected current is increased above the threshold. Right before, the laser emits in one
linear polarization but as the current is brought beyond the “switching current”, the field changes to the
orthogonal polarization. This would not be more than steady polarization instability, but it has been
observed that the switching current varies with the temperature [32] and [33].

Initially, VCSELs based on GaAs (780nm, 850nm and 980nm) were deeply studied and were the first ones to
be commercialized [29]. However, their good properties have motivated the investigation of what is called
“long-wavelength” VCSELs based on different material compositions (see Table A-1).

Table A-1 Application and wavelength for different VCSEL compositions.

_ GaN AlGaAs/GaAs InGaAsP/InP AlGaAsSb/GaSb
Wavelength [nm] 420 - 520 780 —-980 1300 - 1550 1700 - 5000
Datacom Data Short-Reach (SR) Long-Reach (LR) optical Under
application storage Optical interconnects interconnects investigation

A.1.2 Optical source modulation

The election of the proper modulation scheme for an optical laser is not difficult, but it is not immediate
either. It depends on factors like the type of laser, power needed, the overall pursued system complexity
and price, system application and modulation speed. Despite the moderate number of influencing
parameters there are only two ways to modulate the laser intensity: “directly” or “externally”.

This section has been based on [34].
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A.1.2.1 Direct modulation

It consists of making the light intensity vary directly with the analogue or digital driving current. Since LDs
have a certain threshold current, it is often used a “bias-T” to force the population inversion (**) through a
continuous DC-source instead of using a biased RF signal. This way, the RF signal can be bipolar simplifying
the modulation. Nevertheless, there is a problem inherent to the variation of the current flowing through
the laser that has a severe impact on the reachable modulation speeds. It is caused by the strong carrier
density variations that produce a frequency oscillation when an abrupt change of intensity takes place. If
the period is very long the modulation speed will drop significantly.

Furthermore, it is known that the refractive index of any semiconductor depends on the carrier
concentration. If it varies so does the refractive index and hence, the phase of the electromagnetic waves in
the cavity through their propagation constant. The consequence is a spectrum spreading that ends up with
a pulse spreading. This is called “chirp” effect. A graphical example is shown in Figure A-2.
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Figure A-2 Up-chirped pulse with Gaussianenvelope.

Figure A-2 should only be regarded as qualitative representation of a random Gaussian exponentially-
chirped pulse. Direct modulation is used in communication links where price and complexity need to be
minimized.

Y If this operation is not done, a gain delay happens. By keeping a constant bias current above the threshold, the
spontaneous emission period is skipped and the lasing gain variation drastically speeds up.
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Figure A-3 Direct modulation shcematic.

A.1.2.2 External modulation

External modulation needs an external device to act as a “shutter” and change the optical intensity
according to the input information. The laser is set in Continuous Wave (CW) mode hence there is no
carrier density variation and consequently none of the problem derived from it. The advantages are the
higher modulation speed compared to direct modulation and the possibility of using high-power laser
sources. This option is commonly used in high-speed long-haul communication systems.

The most typical apparatus to accomplish external modulation is the Match-Zehnder interferometer [35]. It
basically consists of a beam splitter and a pair of electrodes in one of the paths that, based on the RF input,
change the refractive index of that stretch producing a phase change. After this, both paths are summed up
to create constructive and destructive interferences that result in an intensity modulation. The main
problems related to this are the high price and the complex circuitry necessary to manipulate it.

CW LASER IM output

RF signal

Figure A-4 External modulation schematic.

A.2 Channel

A.2.1 Optics

The first idea of light propagation through glass fiber was introduced in the 50s [36]. However, it was not
until two decades later that the fiber-optic transmission was considered feasible and advantageous. This
was due to the introduction of efficient light sources called LASERs and the refinement of the existing fibers
to low-loss glass fibers [36]. Nevertheless, the price of a fiber-based communication system was too
expensive compared to the electric-based systems. Nowadays, investigation and improvements in the
fabrication of fibers, transmitters and receivers have decreased the overall price sufficiently to regard a
possible incursion of this type of transmission in our daily life. Fiber optics clearly exceeds the performance
of coaxial-based systems and sets out a number of overwhelming advantages such as:
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e Attenuation
Losses in a fiber are due to absorption, scattering and radiation. These factors in turn, depend
mainly on the fabrication, the material and the wavelength. From last statement it can be inferred
that an improvement on the manufacturing process will significantly reduce the losses [37].
Furthermore, the attenuation has been proved to be much lower for fibers and independent of the
modulation frequency up to approximately 10GHz [38], [39] and [7]. On the other hand, optical
communications require E/Os and O/Es whose efficiency should also be regarded.

e Bandwidth
The bandwidth of a fiber-based transmission used to be termed “unlimited”. The reason is that the
usable range in terms of analogue bandwidth is around 45 THz (**) with an attenuation that in the
worst case (short wavelength window) never exceeds 2.5-3dB/km and in the best case (long
wavelength band) reaches 0.2 dB/km [40].
The real limitation is the electronics used for both transmission and reception which currently rate
up to 100Gbps. Some investigations have demonstrated the feasibility and shown the baselines for
100Gbps links [41] and [42]. IEEE released the standard governing Ethernet 40Gbps and 100Gbps
operations in June 2010 (IEEE 802.3ba).

e Electromagnetic Interference (EMI) immunity
Since fibers transmit light instead of current, though there are magnetic fields cutting across the
fiber, they will never generate a variation on a non-existing charge flow. This makes fiber a
complete EMI-immune transmission medium. Because of the not electric nature of the optic
transmission, there are not either ground loops or parasitics that cause dangerous potential
unbalance and power coupling between very close lines [43].

e Material
Optical wires are known to be up to 10 times lighter and much cheaper than state-of-art coaxial
cables for a comparable transmission capacity [5].

A.2.1.1 Types and packaging

From the maximum abstraction level, optical fibers are classified according to application (communication,
illumination, sensing or thermal insulation), material (PMMA or silica) and size/wavelength relation
(multimode, singlemode) [44]. In our case, the attention lies on glass multimode fibers for communication
systems.

Physically, fibers consist of several concentric layers with two essential components: core and cladding. The
core is the inner cylinder and it is the medium that mostly carries the light signals. The cladding is the
surrounding layer which is used to assure total internal reflection. Depending on the application and the
severity of the environment, different outer protections are used (submarine cables are not of interest
here) [45]:

 calculated by reckoning the widths of the 1% window, 2" window and C-band in wavelengths and transforming
those to frequency using 850nm, 1300nm and 1550nm respectively. Visible range (where the POF work) has been
disregarded.

61



e Indoor
Surrounding the cladding, a protection layer called “coating” can be found. It is often 250um in
diameter and it is also used to strip out any ray travelling over the cladding.
If further protection is intended, a “buffer” is installed. Its diameter range goes from 500um to
900um.

e Outdoor
Besides all the protections for indoor, either kevlar and a jacket (1.8mm to 3mm) or plastic tube
and jacket (for groups of 2 to 24 fibers).

A.2.1.2 Physical working

The principle behind the guidance of electromagnetic waves over optical fibers is the concept of total
internal reflection [44]. It is known that every medium has an associated refractive index. This number is a
ratio between the speed of light in vacuum over the speed of light in the medium. The fact that the speed
of any electromagnetic wave changes for diverse media, has a consequence on its trajectory when passing
through the boundary that separates them (Snell’s law).

Usually, electromagnetic optics and Fresnel’s laws are used to describe the characteristics of such type of
transmission instead of Snell’s law given that the latter just offers a geometrical view of the problem
whereas the first one provides phase and magnitude information. This geometrical approach to the light
confinement is exclusively valid when the diameter of the core is much larger than that the wavelength
(multimode condition).

A.2.1.3 Refractive index

Defined above as a ratio between the speed of light in the vacuum and the speed of light in the material,
the refractive indices and its relation core-cladding have a strong influence on the propagation
characteristics including the distribution of the optical power [46] and it has been shown that the
bandwidth of any fiber entirely depends on how these factors are designed [47]. Its variation over the
radius draws a shape which can be 2D-plotted. It is named “index profile”.

Two aspects must be clarified before developing on the types of profiles: diameter and doping. The first
one is often used to distinguish between SingleMode (SMF) and MultiMode Fibers (MMF). These “single”
and “multi” prefixes refer to the amount of rays that travel through the corresponding fiber at the same
time. Even though this is not strictly correct due to the fact that the actual amount also depends on the
wavelength and the medium, it is a fair approximation for the usual frequency bands, glass composition
and sizes. Today’s standard MMFs have a core diameter of either 62.5um or 50um with an overall cladding
diameter in either case of 125um. For its part, SMFs range within 8um and 10um for the core (though
special purpose SMFs may reach 4um [48]) with a cladding of 125um in diameter. Concerning the doping, it
is what establishes the refractive index variation with respect to the radius between cladding and core.
Taking fused silica (Si0,) as starting point, its index can be either raised by doping with germanium dioxide
(Ge0,) or lowered with fluoride [48]. However, because dopants always increase the attenuation per
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kilometer (differently for each substance), it is not immediate to find the optimum amounts that make the
fiber meet certain requirements.

Regardless of the diameters, two main types of profiles exist. The second arose as a solution for the
distortion introduced by the disparate propagation of modes within the same core:

e Step index
It has a step-like shape. It has constant index in the core without any variation with respect to the
radial position. It follows the next equation:

Neore r=a

Al
ncladding r>a ( )

n(r) = {

with a being the core radius. Needless to say that the refractive index on the cladding must be the
lowest to guarantee total reflection. Every fiber (MMF and SMF) can be found in this fashion.

e Graded/Grade index
Most MMFs are designed this way. It shows generally a power-law equation [40]:

n?(r) = {ncore 2 [1 — 24 (g)a] r<a

A2
ncladding r>a ( )

with a [integer] being the profile exponent, and A [percentage] the profile height that describes the
relative index difference of the core and cladding. According to this, we can express N.qqqing as:

Ncladding = Mcore 2 [1—24] (A3)

Note that the step index is a particular case of the power-law equation for a equal to infinity.

In Figure A-5, four ideal profiles for a 50um multimode fiber are shown. The blue, red and green traces
correspond to a equal to 2, 2.3 and 1.7 respectively. Usual values for the alpha coefficient fall well within
this interval. A pseudo-optimum profile exponent exists (*°), and it depends on the refractive indices, the
wavelength and the material properties. In black, we observe the step index case. The refractive indices for
this example have been randomly but sensibly chosen according to commercial fibers from different
manufacturers (anexo F).

*The optimum profile would cancel completely the intermodal interference. This cannot be done completely because
it is not possible to counter the dispersion caused by “meridional” and “skew” rays with a power-law profile.
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Figure A-5 Grade-index profiles of 2 (blue), 2.3 (green) and 1.7 (red) profile exponents. Step-index profile (black).

A.2.1.4 Propagation

In compliance with geometrical optics, rays propagate by bouncing on the core-cladding interface with
different incident angles. Only those for which its phase shift is multiple of 2rt will interfere constructively
after two reflections and consequently will be guided. This would perfectly explain the propagation over
plane waveguides and multimode fibers. But, as the core size becomes comparable to the wavelength
(singlemode fibers), a wave-propagation theory is necessary [40]. Besides, despite the inherent complexity
of such analysis, it can be extended to multimode fibers as well.

In the same way that electromagnetic fields propagate through air or vacuum because they comply with
the “wave equation”, those electromagnetic fields coupled into the fiber which are intended to propagate
power (V) variations (information) must also fulfill it in our particular medium. All the solutions to the wave
equation that satisfy certain boundary conditions and whose special distribution does not change with
propagation are known as “modes” (up to now called “rays”) [40] and these can be guided, leaky or
irradiative; being the guided ones the responsible for the real transmission.

Given the cylindrical shape of the medium, the wave equation is written in the corresponding coordinates
as:

9%°E, 10E, N 1 9%E, N 0%E,
or?2 r or r?2o¢p?  0z2

+n(r)*k3E, =0 (A4)

Notice that the z-component of the electric field has been used. This is because Maxwell’s equations allow
us to obtain the rest of the components from only one, hence it is not necessary to solve it for all of them.
Usually, the z-component is reckoned [44].

Y see Poynting Vector.
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One important thing about using the correct coordinate system is that the solutions are separable
simplifying the calculations drastically. Therefore, applying separation of variables, E, can be expressed
[40]:

E,(r,¢,2,t) = KF(r)G(¢)Z(z) (A5)
Substituting in (A.4) and evaluating the equation:

G(¢p) = e/P? (A6)
Z(z) = e JP2 (A7)
0°F 10F 2

el 212 _p2 P \p _
6r2+r6r+<n(r) ko —F r2>EZ_0 (A.8)

with 8 being the propagation constant of the modes and p restricted to integer values since the field must
be 2m-periodic in ¢. It can be seen that Equation (A.8) is directly dependent on the index profile. In the case
of step index, the problem is easily separable into two with constant refractive index: core and cladding.
The equation is thereby rewritable as two separate Bessel’s differential equations. After applying boundary
conditions, we discard the non-concurrent solutions and take the Bessel function of the first kind of order
m (J,,) for the core and the Bessel function of the modified Bessel function of the second king of order m
(M) for the cladding. The last step to find out the modes is to evaluate both solutions at the core edge and
force the continuity of the fields. This yields the “characteristic equation” whose evaluation generates the
propagation constant associated to every mode. For grade index fibers no analytical solution exists and the
equation needs to be numerically solved. There are some well-known methods of approximation such us
“finite differences” that can be used in this context.

Modes are uniquely described by its propagation constant:

B = Neffective ko (A.9)

the effective index or nyrrecrive is the refractive index that a given mode sees along its overall propagation.
It is inherently associated with the phase velocity and it is affected by the modes trajectory, medium and
wavelength for multimode propagation and exclusively medium and wavelength for singlemode.

Guided modes are those for which nq44ing ko < B < Ncore ko and can be classified according to their field
components:

e Transverse-Electric (TE, »): the electric field component in the direction of propagation equals zero.

e Transverse-Magnetic (TM,,,): the magnetic field component in the direction of propagation equals
zero.

e Hybrid (EH, ,, HE, »): electric and magnetic field components in the direction of propagations differ
from zero. The first letter indicates the dominant field.
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Under the assumption of weakly-guided modes (*®), the field components in the direction of propagation
are negligible compared to the transversal ones, giving rise to a new sensible nomenclature for the modes:
Linearly Polarized modes (LP,,,). Each of them is characterized by the radial (m) [0 up to infinity] and
azimuthal (n) [1 up to infinity] orders whose combinations provide every mode with different spatial
distribution.
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Figure A-6 Normalized field intensity of the mode LP, (left) and LP3, (right) for a 50um fiber.

The mode LPy; corresponds to the HE;; which is the mode that always propagate (multimode and
monomode). Its shape (for step index fibers) is very similar to a Gaussian function and if such
approximation is used, the deviance is negligible for single mode fibers. The LP3, in Figure A-6 is shown as
an example of the symmetry generated by the mode orders.

In the refractive index description it is mentioned that although the usual operating windows, indices and
sizes allow saying that a 50um fiber is multimode and a 5um one is singlemode, this is not strictly correct.
The number of modes that propagate depends on the material, the wavelength and its size with respect to
such wavelength. Concerning this, there are two parameters that play an important role in determining the
total guided modes named “normalized refractive index” and “normalized frequency”. The first one
expresses in a range from 0 to 1 any effective refractive index. Those with a value of 0 are those whose
value equals the one of the cladding (therefore not guided) and 1 those that equal the core index. The
second can be thought of as a figure of merit of the fiber. Its value gives information mainly about the
number of propagating modes (*°) and how much energy is confined within the core (Marcusse’s
approximation to the mode radius for singlemode fibers with 1.2< V<2.4 [49]). Concerning MMFs, several
approximations exist to estimate the number of propagating modes for certain VV [50]:

2
e Stepindex: M = VT, withV > 10

. a \V?
e Graded/Grade index: M = (—) —
a+2/ 2
18 . Ncore 2_ncladaling Ncore ~Mcla dding . . L
Mathematically expressed as = , With neore and Nngaqaing being the refractive indices of

2
2ncore Ncore

the core and cladding respectively.
1 Any fiber whose normalized frequency is less than 2.405 is singlemode
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A.2.1.5 Launch conditions

In the context of optic communication for MMF-based transmissions, launch conditions correspond to how
the optical source illuminates the fiber facet. The way it is done restrict the number of modes that are
actually excited and it is crucial to fully understand the performance of the fiber. The measurement of fiber
losses and bandwidth is inseparably related to light launching which in turn, depends on the type of optical
source. The most conventional sources are light-emitting diodes Light-Emitting Diodes (LEDs) and laser
diodes LDs (VCSELs and Fabry-Perot). This section develops on the types of launch scenarios:

e OverFilled Launch (OFL)
The core is fully and uniformly illuminated. This is produced by most Light Emitting Diodes (LEDs),
whose radiation pattern is wide and Lambertian (*°). Under these conditions, all the modes that the
fiber can support (see section A.2.1.4) are excited.

e Radially OverFilled Launch (ROFL)
Similarly to OFL, the whole core is illuminated. The difference is that the source is a LD or a SMF
ending sufficiently separated from the MMF’s facet. Given this situation, only the modes with
cylindrical symmetry (radial modes) are effectively excited hence its name.

e Restricted Mode Launch (RML)
A small part of the core is illuminated. It arose due to the emergence of VCSELs in 90s, whose spot
size was significantly smaller than the cores of the commercial MMFs. This kind is also known as
underfilled launch and it allows for selective mode excitation.

Quantitatively, the power transmitted from an incoming field to every mode is known as Modal Power
Distribution (MPD) and it accounts for the percentage of the input field power that is transmitted to every
mode supported in a given fiber. Mathematically, it is the normalized overlap integral of both incident field
and mode field [14]:
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with E; the incident electric field and E;;, ,, the modal distribution of the mode LP, .

A.2.1.6 Distortions

Distortions are those undesired mechanisms that keep our link far from ideal. In general, the ideality
measurement of a MMF-based communication link such as ours is given by the system’s information
transmission capacity or bandwidth (*!), which ranges from 0 (no transmission capacity) to infinity. All the
distortions have a negative impact on the bandwidth (directly or indirectly) and thereby on the system’s
throughput that sometimes can be countered, some other reduced and in the rest just assumed. It is also
worthy of mention that some of the impairments are very closely related (attenuation/power-

2% Constant emitted power per area unit and solid angle.
*! This bandwidth should not be mistaken for the optical bandwidth.
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nonlinearities, chromatic dispersion-Four Wave Mixing (FWM), Self Phase Modulation (SPM)-laser chirp)
and its individual treatment is not always simple, implying trade-offs and pragmatic choices.

This section describes the main impairments of our channel that affect the bandwidth, how they do it and
their best cancelation approach if any.

Attenuation

Attenuation itself does not limit the bandwidth of the fiber, however, it does affect the total amount of
power that reaches the end of the fiber. Since receivers need a minimum amount of power to perform
accurately or even work, the losses per meter really represent a factor to consider.

Measured in decibels per kilometer (dB/km), the attenuation coefficient depends mainly on the material
used for the fabrication of the fiber. Because electromagnetic waves at different frequencies behave
differently when they impinge or propagate over certain and given the huge spectrum used for optic
communication, it is sensible to measure the attenuation subjected by the light on silica with respect to the
wavelength (see Figure A-7).
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Figure A-7 Loss spectrum of typical singlemode and multimode fibers.

Attenuation in fiber is caused by absorption, scattering and radiation ([40], [48]). The improvement of the
manufacturing techniques has permitted to lower the attenuation in general, and to create some
interesting types of fiber that offer a solution for some individual aspects (“dry fibers” or “bend-insensitive
fibers”). Notice in Figure A-7 that MMFs have greater losses than SMFs. This is because the amount of
dopants used to make the profiles is lower for SMFs (see section A.2.1.3).

Intermodal Dispersion

It has been explained that certain types of fibers support more than one mode depending on physical and
operational parameters (see section A.2.1.4). It is also known that every single mode is uniquely
characterized by its propagation constant (A.9), whose effective index can be expressed as:
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Neffective — M ° COS 6 (A.11)

with 8 being the angle formed by the mode trajectory with respect to the rotational symmetry axis of the
fiber. For step fibers the refractive index remains constant throughout the core and therefore, all the
modes propagate at the same speed (see section A.2.1.2) but following different paths. Such modes will
reach the end of the fiber at different moments (with different delays) generating a multipath situation that
causes “pulse spreading”. Simply sticking to Fourier Transform rules, if a signal spreads in time shrinks in
frequency; said in other words, our bandwidth decays.

In order to address this distortion:

e Grade/Graded index fibers:
This profile was specifically devised to solve this impairment. Since multimode fibers will
unavoidably support more than one mode, this solution gradually changes the refractive index of
the core to equalize the channel and force outer modes (longer paths) to propagate faster than the
inner ones. This profile is described by a power-law equation whose key parameter is the power
coefficient a which, if correctly designed, can totally compensate the delays of meridional rays (*%).
Such optimum value depends on the index variation with the wavelength (P, profile dispersion
parameter), the frequency itself (A) and the index difference (A). Several proposals have been
found for the specific formula ([51], [52]) and two situations are distinguished:

o No wavelength dependence
aoptimum = 2(1 - A) (A.12)
o Wavelength dependence

Aoptimum = 2(1 —P) + F(A,P) (A.13)

The profile dispersion parameter is defined as:

_ Neore AdA
 Ngeore AdA (A14)

with n, or core group index:

Ngcore = Ncore — A

22 Meridional rays are those that propagate within the plane that that contains the fiber’s rotational symmetry axis.
On contrary, skew rays are those which propagate describing a spiral as they bounce on the core-cladding interface.
Most of the skew rays end up being radiated thus they hardly contribute to the pulse spreading.
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Although the ideal a exists in theory, in practice it is complicated to build. Within the most common
deviations we find axial dips/peaks, inner profile coefficient variation, outer profile coefficient
variation and core-cladding interface problems [53]. Notice that some skew rays will not be
radiated and although at least one specific profile make the delays independent from such rays
[52], they will also have some impact on the pulse spreading.

e Singlemode fiber
Another more intuitive solution is to force the normalized frequency to be lower than 2.405 by
tuning the fiber’s size, wavelength and refractive index. This way, the fiber becomes singlemode
and the intermodal dispersion is completely eliminated at the price small tolerances during the
fabrication that increase the overall cost of any singlemode-based system. Conventional fibers are
usually 8um to 10um in diameter for the core and are operated down to ~1100nm.

e Restricted Mode Launch (RML) and Offset Launch (OL)

As the multipath problem that intermodal dispersion is, reducing the number of paths will result in
a better performance. If only those that exhibit lowest relative delay are excited, the improvement
would be even greater. This is exactly what RML+OL technique does. While RML helps couple light
into a restricted number of modes, the radial displacement of the VCSEL’s spotsize allows selecting
those that give better response. If fine enough adjustments are done, it is possible to excite the LPy,
mode exclusively having then, virtual singlemode propagation (). However, that would require
precise alignments that would increase the price and make it comparable to the one of a true
singlemode set which offers better performance.

The real benefit of the RML+OL technique is that, together with grade indices, it provides up to 4-
fold bandwidth gain with respect to OFL with much more relaxed alignment constraints than for
center launch situations (x5um of radial offset and 6 degrees in angle) and great stability against
environmental influences such as temperature, connector misalignments and mechanical
vibrations [8]. The OL technique became feasible in late 90s and its benefits have been widely
proved and tested.

Group Velocity Dispersion (GVD)

This type of distortion is usually negligible compared to intermodal. Notwithstanding, as the fabrication
precision of the graded profiles improves and so does the light injection processes, the chromatic or
intramodal dispersion has more and more impact on the pulse spreading. Notice that because there is no
intermodal dispersion in singlemode fibers, this type mostly becomes the dominant [54].

Zn general, modal power coupling due to connector misalignment, local bends, scattering or nonlinearities will make
the propagation not be purely singlemode.
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Intramodal dispersion is caused by frequency-dependent variations in the refractive index of the medium.
The variations in frequency are due to the unavoidable linewidth that any optical source has (*). Two main
subtypes are observed [40]:

e Material
The physical properties of silica, namely the refractive index, change as it is iluminated with diverse
frequencies. This contribution cannot be disregarded either for multimode or singlemode fibers.

e Waveguide
It has been shown that the propagation constant is a function of the wavelength amongst other
parameters. Given the spectral width of the source, every mode may have not only a characteristic
refractive index but also a particular wavenumber.

The total coefficient is calculated by summing both contributions. The Figure A-8 shows an example of
chromatic parameter calculation and representation for standard singlemode fiber. The blue trace
corresponds to the material dispersion. The green curve represents the waveguide dispersion and it can be
locally changed by varying the fiber’s core radius. The red curve represents the total chromatic dispersion.
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Figure A-8 Total chromatic dispersion (red) and relative contribution of material dispersion (blue) and waveguide dispersion
(green) for a conventional singlemode fiber.

It can be observed that there is a wavelength for which the dispersion equals zero. It is usual to work as
close to this point as possible though its usage has some drawbacks that need to be evaluated (FWM).
Another interesting point is the fact that the waveguide dispersion can be tuned. It allows the creation of
the so called “dispersion-shifted fibers” which move the zero dispersion point (around 1.32um in
Figure A-8) up to the third window.

> Atoms’ energy levels become energy bands when they constitute molecules. Direct modulation causes chirp that in
turn enlarges the linewidth. Finally, when the modulation bandwidth becomes proportional to the laser’s linewidth,
the latter may expand.
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Polarization Mode Dispersion (PMD)

Although it is the least dominant factor, it cannot be fully compensated. It should only be consider when
there is neither intermodal distortion nor GVD and working with high bit rates [40]. It is caused by
symmetry variations along the core that make both polarizations be affected differently generating a
completely random polarization at the final end of the fiber. The consequence is also a pulse widening that
limits the system performance.

A.3 Receiver

A.3.1 Photodetector

Photodetectors or photodiodes (PD) convert light into electric current by exploiting the photoelectric
effect. The most conventional semiconductor PDs for data-communication links are PIN and Avalanche
(ADPs) however, there are several types that constitute a present alternative for specific applications or a
future general-purpose replacement. Some of these are: Schottky-Barrier, Hetero-Interface, Travelling-
Wave and Resonant-Cavity [48]. Schottky-Barrier and Hetero-Interface PDs are not often installed but they
are being subject of deep research due to the promising properties they have shown so far, Resonant-
Cavity show very high quantum efficiency at high bit rates at the price of being wavelength specific and
difficult to build and Travelling-Wave exhibit high quantum efficiency at extremely high bit rates compared
to PINs (double or triple).

A.3.1.1 PIN

The p-n junction, generally used as a light emitter, can be used as a light absorber if it is inversely polarized.
On contrary to what is done when used as emitter, the already existing electric field in the depletion layer is
made thicker by applying an inverse current. This has three main advantages [52]:

o As the electric field increases, the carriers leave the depletion layer faster. Higher bit rates
supported.

e Because the depletion layer gets thicker, the number of absorbed photons is higher. Increased
efficiency

e The widening of the active region with respect to the material extension reduces the parasitics.
Improved electric bandwidth.

Nonetheless, p-n PDs have a great disadvantage that makes them unsuitable for >1Gbps datacom systems
[55]. Some electron-hole pairs that are created outside the active region end up entering because of their
intrinsic mobility. This generates current that drastically limits the systems bandwidth. PINs come to solve
that problem.

By adding a slightly n-doped intrinsic layer between the p-doped and n-doped silicon (P-I-N), the depletion
layer is made much thicker in comparison with the p/n zones. This solution, which is adjustable, keeps or
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augments the advantages of the p-n junction and reduces noticeably the diffusion current given that p/n
zones can be much thinner.

To characterize a PIN diode, there are two important parameters: Quantum Efficiency (QE) and
responsivity. They are very closely related and they give information about the number of electrons per
photon generated (ideally 1). These parameters are usually accompanied with the wavelength since they
directly depend on it. Responsivity can be seen as a QE that besides, accounts for the energy variation at
different wavelengths.

A.3.1.2 Avalanche PhotoDiode (APD)

Avalanche PDs are PINs subjected to a very high reverse polarization. The aim is to create strong enough
electric field so that the electrons generated by the photoelectric effect collide with other electrons
transmitting the necessary energy to push them up to the conductive level thereby creating an electron-
hole pair [55]. This is called “impact ionization” which results in “avalanche breakdowns”, hence their
name. This gain of this type of photodiodes ranges between 10 and 100 what means that a single electron
can produce from 10 to 100 electron hole pairs [55].

The structural difference with respect to PIN is the addition of a lightly p-doped segment between the n-
doped and the intrinsic layer. This is where the gain generation takes place. Exactly as for PINs, the alloys
and materials used for their fabrication restrict their wavelength range.

This type of laser is more complex to use and more expensive than PIN but it offers a very high sensitivity.
The first window is conventionally used for SR communications whose attenuation is not big enough to
need of such high sensitivity. However, they are commonly used for long-haul or link length measurements
[48].

A.3.2 Translmpedance Amplifier (TIA)

TransImpedance Amplifiers are devices installed right after the PDs. They convert current into voltage and
avoid the two principal problems that arise when dumping all the output current into a simple resistor.
Because the PDs usually have non-negligible capacitance, if the load resistor is very high, the RC transient
will increase and the electrical bandwidth will drop accordingly. On contrary, if the resistance is very low,
there will be low gain and the Signal-to-Noise Ratio (SNR) will be insufficient. TIAs provide considerably
faster RC transient and very high gain (tunable if necessary) [56]. Schematic shown in Figure A-9.

Figure A-9 Transimpedance amplifier schematic.
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The ideally infinite input impedance of the operational amplifier guarantees that its negative pin’s voltage
equals ground. The capacitance “C” is used to reduce the oscillations produced by the amplifiers circuitry
when working on negative feedback [56]. The resistor in parallel with the capacitor resistance constitutes
the gain of the circuit (Vo = —Igjp4e * (Rgam //C)).

A.3.3 Filter

The last element of the front end is the low pass filter. It removes the harmonics created at the photodiode
and the Out-Of-Band (OOB) noise. The accurate and correct election of the type, the order and the cut-off
frequency is crucial to improve the SNR. The analogue filters may have non-linear ranges of operation, they
are made up of electronic components that have a certain tolerance which moreover changes with
temperature and high filter orders require more electronics with the subsequent increase of complexity
and price.

If the insertion loss method is used for the design, the filter type is determined by the function used to
define the power loss ratio. Depending on such function, the properties of the filter response will vary and
they have to be assessed in order to choose the ones that adapt the best to the concrete system
specifications [57].

Table A-2 Common eletrical filters and their representative characteristics.

Filter type Cheracteristics

Butterworth Flattest possible passband response.
Chebyshev | Steeper roll-off than Butterworth but constant ripple in the passband.
Chebyshev Il Steeper roll-off than Butterworth but constant ripple in the stopband.

Constant but independent ripples in the passband and stopband. Sharper roll-off

Elliptical or Cauer than Chebyshev.

Bessel or linear

phase Flat passband. Linear phase response. Long roll-off.

For instance, if an amplitude modulation is being used, it is very important that the filter does not have
ripple in the passband. Besides, the linear phase would not be a key requirement in that case. The proper
choice would be a Butterworth filter. In the particular case of OFDM, constant phase variations rotate the
received constellation proportionally to the relative phase shit. This distortion is easily corrected in the
equalizer, thereby allowing us to discard the usage of Bessel filter. Albeit random amplitude variations
could ruin the reconstruction, constant ripple do not represent a real problem because the narrowness of
the subcarriers make them suffer flat fading that, again, is easily correctable with the 1-tap equalizer. All
these means that the proper choice for OFDM would be a brickwall filter such as Cauer or high order
Butterworth. The same type of analysis should be done for every system in order to find the cheapest and
most suitable option.
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A4 OFDM

Orthogonal frequency division multiplexing can be seen either as a parallel transmission scheme or as a
modaulation technique itself. The concept behind OFDM is to divide a serial bit stream into a set of parallel
streams each of which is transmitted on a separate frequency. As a result, the data rate of each individual
channel is reduced proportionally to the number of subcarriers used for the transmission [58]. This
bandwidth reduction makes ISI affect at most one symbol [59] since the symbol period is made long
compared to the delay spread undergone in time-dispersive channels. This makes OFDM especially suitable
for multipath scenarios such as wireless, MMFs or Plastic Optical Fibers (POF). Another advantage of having
narrowband subcarriers is that they subject flat fading; this allows using simple 1-tap frequency domain
equalizers instead of time domain ones, whose complexity scales-up quickly with the data rate and the
channel dispersion [59].

Similarly to FDM, OFDM symbols can be regarded as ideally windowed sine functions. In the frequency
domain this is represented as a sinc function centered at the sine’s frequency. This is illustrated by Figure A-
10, where a 1 Hz tone is windowed in the time domain with a 10 sec ideal rectangular filter. Nonetheless,
unlike FDM or WDM, in OFDM the adjacent subcarriers are positioned at their respective “first zeros” of
the sinc function. It is a well-known result that for a sinc function, these zeros are 1/T displaced from the
center frequency and with respect to each other; with T being the window time.
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Figure A-10 Graphical demonstration of OFDM principle. Windowed sinusoid and and its spectrum (left). OFDM spectrum with
six subcarriers (right).

Under these conditions the subcarriers are said to be orthogonal to each other, hence OrthogonalFDM. As
observed in Figure A-10, this distribution of the channels allows overlapping thereby reaching a very high
spectral efficiency. Besides, as long as the channel remains linear, each subcarrier can be demodulated
without either interference or analogue filtering (typical in FDM) [59]. This simplifies the system and
reduces its price. The drawback is that extremely high frequency accuracy is necessary, making OFDM very
vulnerable to Doppler shift, frequency offset and random phase noise.
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One crucial aspect is the robustness of OFDM against frequency and time-selective interferences and
fadings [58], [60]. These distortions can be countered through the interleaving performed by the Serial-to-
Parallel (S2P) conversion (it spreads the coded bits over a simultaneously transmitted set of frequencies)
together with Forward Error Correcting (FEC) codes. Concerning FEC, the type of code needs to be carefully
chosen so that it can handle worst case error lengths (chosen depending on the SNR and the data rate or
the maximum estimated time interference). For its part, interleaving protects the link from frequency
selective interferences or fadings. That way, although a carrier is removed, those bits which were supposed
to be transmitted over that channel do not correspond to consecutive bits on the original sequence;
therefore, the FEC processing can recover the data after undoing the process. The SP is usually reinforced
with a pre-interleaving of the main stream itself [60]. Finally, adaptive modulation of every subcarrier based
on previously chosen criteria can improve considerably the error probabilities and channel reliability.

Another important remark that must be discussed is the high Peak-to-Average Power Ratio (PAPR) of
OFDM. Because the symbols are a summation of multiple sinusoids with different amplitudes and phases,
they may interfere constructively at some random point in time, generating high power peaks. This forces
key components such as output amplifiers or Digital-to-Analogue Converter (DACs) to have a wide dynamic
range which is not always reachable or affordable. There are several techniques to face this problem [58].

Last but not least, OFDM moves the whole complexity of transmitter and receivers to the digital domain
[59]. The demanding requirements and accurate designs for the analogue filtering are just substituted by
DSPs and intelligent signal processing that, for instance, can correct for phase variations, frequency offsets
and signal delays at almost no cost as well as recover the signal and demodaulate it.

A.4.1 OFDM for optic communication (0OOFDM)

Owing its good behavior in time dispersive channels, OFDM was firstly applied to wireless systems as soon
as it became practical (mid-80s). Radio broadcasting and mobile communication were the first published
applications [61]. Furthermore, the narrowband subcarriers and its good handling of frequency selective
fadings promoted the application of OFDM on wired Digital Subscriber Line (DSL) in 90s. Nowadays, OFDM
has been standardized for most WLANSs (IEEE 802.11 a/g/n), broadband wireless and DVB as well as most of
DSL applications [59].

In spite of being a very well investigated technique, OFDM has had a very little presence into the optical
world owed to some structural and important working differences [59]. However, the emergence of
40Gbps and 100Gbps standards (IEEE 802.3ba) as a response to the increased bit rate demand and the
improvements in digital signal processing have motivated the investigation of OOFDM. Moreover, its
benefits are many: spectral efficiency, robustness against InterSymbol Interference (ISI) and InterCarrier
Interference (ICl) cause by dispersive channels like MMF, simple equalization, efficient and cheap
implementation through IFFT/FFT, robustness against selective frequency fading (interleaving plus FEC plus
frequency spreading) and parallel structure that substantially decreases the processing load [61].

Today, OOFDM applications are still being investigated and tested for different types of fiber, lasers,
configurations and parameters [62] and [63].

76



A.4.1.1 Considerations

In an IM-DD optical link, there are some important considerations that must be addressed before installing
an OFDM modem. Firstly, in an optical link, the information is carried in the light intensity rather than the
magnitude and the phase of the electromagnetic field. In the latter, the modulating signal can be bipolar
because negative numbers are just phase shifted versions of their positive counterparts. Nonetheless, since
the optical power cannot be negative, the modulating signal must be unipolar in an optical system. In order
to achieve non-negative signals two main solutions are proposed: either DC-biased Optical OFDM (DCO-
OFDM) or Assymmetrically Clipped Optical OFDM (ACO-OFDM) [64].

In DC-biased Optical OFDM a bias is injected so that the level of the signal is raised and all of it moved
above zero. The problem of this technique is that it requires an increased dynamic range in the amplifiers
and DACs to fully contain the signal in the positive side [64]. Seen differently, if such dynamic range is not
sufficiently wide, there is going to be a large clipping distortion. Furthermore, if the bias is not well
calculated, we may incur in extra clipping noise from the lowest negative peaks (too low bias); on the
contrary, we may experience an unnecessary waste of power (too high bias). Its performance directly
depends on the bias which in turn varies according to the constellation type [64].

Asymmetrically Clipped Optical OFDM clips the signal at the zero level. It has been proved [65] that if only
the odd subcarriers are non-zero, all the clipping noise falls in the even subcarriers and hence the
information can be perfectly recovered at the receiver. ACO-OFDM always requires double power than a
bipolar system version and the same design is optimum for all constellations [64] and [65].

DCO-OFDM compared to ACO-OFDM is less power efficient for not too big constellations but on the other
hand, its implementation simplicity is absolutely higher. Whereas DC-biased needs no modification on the
conventional OFDM if a bias-t is used for the laser driving, ACO version requires a limiter, an external
modulator and special digital signal processing in order to excite only odd frequency subcarriers. It has also
being demonstrated that for low link attenuations, DCO gives the best signal quality [60]. The fact that its
bias/design changes depending on the constellation, make it somewhat unsuitable for adaptive systems;
something that does not happen in asymmetrically clipped OOFDM systems.

Another aspect to be aware of when using OFDM for an optical link is that the system must be linear
between the IFFT/FFT pair to work properly [59]. This is because the equalization exclusively accounts for
linear transformations such as delay and scaling thus, non-linear distortions will not be correctly
compensated and the performance will drop. Square-law photodetectors used for direct detection create
beatings that degrade the signal by generating interferences between subcarriers.

A.4.2 Discrete MultiTone modulation (DMT)

The Discrete MultiTone modulation is a variation of OFDM that takes advantage of the mathematical
properties of the IFFT in order to generate at its output a real-valued signal [56]. This option allows
removing the whole 1Q modulator and operating at BB. The price is lowered and the complexity reduced
since there is no need to install high-frequency, broadband analogue RF components [66].
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It is known from complex conjugate relations of the Fourier transform that the IFFT of a spectrum with
Hermmitian symmetry generate a real-valued signal. Based on this, the input coefficients must be
rearranged to force such symmetry so that the first N remain as for conventional OFDM and the next N are
flipped complex conjugate of the first half. Care must be taken to hold the “power of two” condition in the
number of channels. In can be inferred from all this that double number of channels is necessary in the
IFFT/FFT pair both in the transmitter and the receiver. This will slightly increase the computation however,
the price and complexity are drastically reduced and the analogue processing in the modulator is practically
removed (DAC/ADC are necessary). Another condition is that the DC component must be zero for DMT to
work as expected. This is not a problem since most of the times the DC component is removed before any
biasing or clipping procedure (for instance, a bias-T can be used in DCO-OFDM) [60]. Furthermore, the zero
frequency subcarrier might be distorted by offsets in DAC or ADC or carrier feedthrough hence is removal is
more of an advantage than a problem [60].
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Figure A-11 DMT modulation example. The top pair of subplots represent a 10-samples long random signal in frequency (left)
and time domain (right). The bottom pair show the DMT version of the same signal in time (right) and frequency domain (left).
Read traces are the imaginary component and the blue traces are the real component.

It is observed in Figure A-11 that the imaginary part after IFFT is not zero owed to the lack of symmetry. If
the Hermitical condition is applied (bottom left plot) the IFFT generates a purely real signal (the red curve
remains constant and equal to zero).
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Figure A-12 On top, the FFT of a signal without DMT. On the bottom part, the FFT of the same signal with DMT.

As expected, both plots in Figure A-12 are exactly the same (duplication and zero padding have been
undone). This shows the good working of DMT and also verifies its good implementation for later use in the
final simulation.

A.5 Analysis and Design Tools

One of the most important phases in the preparation of a simulation is to make sure that your model
working remains within reality. Analysis refers to the evaluation of the system’s precision and how well it
reproduces results from experimental exercises or alternative and verified simulations. For its part, design
comprises the implementation of existing devices, procedures or subsystems into our specific simulation
environment.

Both analysis and design are closely related however, little nuances make them differ from each other. First
of all, the analysis validation is an upstream process unlike design, which is downstream or both. The
system assessment implies a deep study of some low level physical aspects of specific modules and their
comparison with real data (upstream). In the design, real data is collected, properly formatted and
introduced in the software (downstream) for later evaluation (downstream and upstream). The analysis
requires the user to stick to some standard measuring techniques and preset procedures so as to obtain
valid comparative results. Those standards are often accompanied with some representative results or
operative margins that are highly reliable and constitute a perfect reference point for the evaluation of the
simulator. Another possibility is to compare your results with other simulations or experiments. This is
often complicated to do because either the key parameters are not provided by the author/manufacturer
or the results describe very specific characteristics that are not regulated by any standard. This forces the
user to recreate (most often blindly) the specific scenario with extreme precision and use alternative
evaluation procedures. Designing nonetheless, consists of interpreting the parameters correctly and give
them the format that the simulator requires (which is not always trivial in “black-box” Computer-Aided
Design (CAD) tools).
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One of the things that makes a good software is the proper use of assumptions and approximations to skip
unnecessary calculations and save time but still being accurate. This handling must be checked and it is
basically the major source of errors. The concrete application and affordable margins will also play a
significative part in determining how acceptable certain results are; for instance, assuming that there is not
Polarization Mode Dispersion (PMD) in a short-reach 1Gbps transmission does not induce so much
deviation as when it is assumed for a high-speed long-haul link.

This section summarizes the used tools for the evaluation/design of MMF and VCSEL in our specific optical
link.

A.5.1 MultiMode Fiber (MMF)

A.5.1.1 Indirect bandwidth measurements (physical characterization)

These tools are used to make a deep and selective study of the causes of the distortion in the MMF. They
are used to estimate the precision of the simulator and find out where the possible deviations are owed to.

Mode Dependent Attenuation (MDA)

Mode Dependent Attenuation is one of the three mode-depending distortion effects in a MMF and it has a
strong influence in its characteristics [67]. It is caused by Rayleigh scattering, absorption and loss on
reflection at the core cladding interface [20]. These loss mechanisms act differently on each mode,
changing their individual attenuation coefficients. This effect does not have to be necessarily symmetrical
or sensible given the random nature of the causes of such dispersions.

Strictly, the response of each of the loss mechanisms should be calculated to find out the exact influence on
the MDA and build up a combined function. Nevertheless, this is complicated given the varied number of
generated parameters that would not be easy to give correct numerical values [20]. Instead, separate and
usual measurements of the fiber’s attenuation in the three transmission windows are done. The
extrapolated function can be easily introduced in the simulation tool. In [20] the following formula is
proposed:

2a

1 a+2
Y ) = 1o + 1oy I (x - W) | (A16)

with ¥ (4) being the intrinsic fiber attenuation, L, is the p'" order modified Bessel function of the first kind,
7 is a weight constant, « is the profile exponent and M (1) is the number of modes, which for graded-index
fibers is:

M) = (OKLH)V?2 (A.17)
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Usually, MDA is also referred as Differential Mode Attenuation (DMA) to emphasize the fact that it is the
difference in the attenuation of the modes what causes the impact. DMA affect the bandwidth by
attenuating some modes so strongly that they do not contribute to the modal delay anymore. It can be
inferred that if those modes with highest differential delay are filtered off, the attainable transmission rate
can increase.

Mode Group Delay (MGD)

As it has been explained in section A.2.1, multimode fibers support many modes uniquely characterized by
its propagation constant. All these guided modes with different velocities reach the end of the fiber at
different time instants generating a multipath situation that reduces the attainable bandwidth. These group
delays are a crucial property to describe the dispersion of signal transmitted over a MMF and its mitigation
requires a detailed understanding of the results [68]. They are collected in the Modal Group Delay (MGD)
measurement.

Under the assumption of weakly-guided modes, modes can be grouped in LPs, which are modes whose
field components in the direction of propagation are negligible compared to the transversal ones. Besides,
under those conditions, some LPs hold very similar group velocities thus they affect equally to the pulse
spreading. This allows grouping them into numbered Degenerate Mode Groups (DMGs) [69]. The modes
within a certain DMG will fulfill the following requirement [51]:

DMGNUMBER =2+sn+m-—1 (A18)

From the formula above, one can infer that the higher the DMG number, the more LPs contains. A
consequence of this is that a radial light injection with a fixed spot size will excite a larger amount of modes
the farther it is from the core center. This provides good modal noise immunity and stability despite the
reduced dispersion [14].

One important advantage of the MGD study is that the injection condition dependence is, to some extent,
eliminated from the intermodal distortion effect. It yields delay times for every DMG, which are selectively
excited. MGD is also important to account for possible modal power coupling, since power transfer
between modes is seen as a superposition of pulses with various group delays. This influence is clearly
demonstrated in [70] where strong coupling in mode-division-multiplexed systems using coherent
detection has been beneficial due to the modal dispersion reduction.,

MGD is often represented in a graph. In the Y axis the relative propagation delays with respect to the mode
LPy; (DMG@G1). In the X axis the DMGs (see Figure A-13). The total amount of DMGs depends on the number
of propagating modes.
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Figure A-13 MGD plot. It shows the dependence of relative propagation delay on mode group numbers for different cases of
profile exponent values. [71].

As it can be seen in Figure A-13, there some expected tendencies depending on the profile exponent. If it is
larger than the optimum, high order modes reach the opposite end later than the LPy; and vice versa. The
three lines on the picture represent ideal alpha profiles. In practice it is impossible to obtain such straight
lines but they exhibit curvatures and diverse oscillations owed to fabrication imperfections. For instance, a
collapse during the production may generate an on-axis dip. Since the profile deviation is located in the
center region, low order modes will propagate much faster that they should; this produces an oscillating
MGD (like a sawtooth wave). Another example is when the profile exponent does not keep constant
throughout the radius. If so, the relative propagation delay turns into a curved line rather than a straight
one.

Mode Power Distribution (MPD)

It has been explained that RML limits the number of modes that are actually excited. If some of them do
not contribute to the distortion, there could be a huge improvement of the bandwidth. It can also happen
that imperfections in the fiber’s cabling or fabrication cause that two neighboring modes yield very
different delay times, resulting in a bandwidth close to the one obtained under OFL conditions. It is crucial
to assure that an accurate mode excitation is calculated and that it corresponds to real parameters. Mode
Power Distribution (MPD) determines whether only modes with similar velocities or the worst-case
combination of modes will propagate along the fiber [51]. It is represented in a 2-D plot with Y axis being
the percentage of the total power coupled for every DMG on the X axis. Figure A-14 shows a concrete
example of MPD graph.
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Figure A-14 MPD for a 62.5um multimode illuminated with the output of a SMF that produces a 7um Gaussian spot size at 1300
nm. The radial offset is 17um.

MPD might be also called “mode coupling”. It should not be mistaken for power cross-coupling between
guided modes in optical fibers.

A.5.1.2 Direct bandwidth measurements (standards)

The next procedures represent regulated techniques for the determination of the MMF bandwidth. They
are used to assure the fiber’s compliance according to a certain transmission standard, which is often the
relevant value in the development of a certain data-communication link.

The obtaining of satisfactory results based on any standard guarantees the good working within very well
defined operational limits. When simulating, it is crucial to make sure that your system’s behavior is
sensible by comparing the results with these reliable and official references.

Differential Mode Delay (DMD)

The OFL and RML techniques are used for the bandwidth characterization of LED-based and VCSEL-based
systems at less than 1Gbps respectively [72]. However, the appearance of VCSEL-based 10Gbps standard
(IEEE 802.3ae) motivated the development of a more precise and complex standard for 50um laser-
optimized MMFs at 850nm called Differential Mode Delay. It characterizes the modal structure of a graded-
index MMF without taking into account the type of laser source to predict the bandwidth [72] [73].

The measurement is conducted in accordance to IEC 60793-1-49 (2006) that replaces TIA-455-220-A (2003)
and it consists of measuring pulse/impulse responses of the fiber for a SMF launch which radially scans the
end-face of the fiber in increments of certain amount. The output graphs are called DMD plots and they
provide dispersion cartographies that show where the fastest and slowest DMGs are located across the
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fiber core. The picture is then compared with “DMD masks” defined by ANSI/TIA or ISO/IEC, which establish
minimum requirements for the DMD in order for the fiber to have certain transmission capabilities.

For the measurements, the mode field diameter is specified to be 5+0.5um and the special resolution of
the lateral scan is 1um. With regard to the pulse duration, it depends on the estimated fiber class which is
to be analyzed. For instance low resolution DMD for OM1 and OM2 use semiconductor lasers that generate
80ps to 100ps pulse, however, high quality fibers (OM3+/0OM4) require very short duration pulses (around
10ps) which are achieved with Titanium Sapphire lasers [51]. The DMD is defined in Fiber Optic Test
Procedure 220 (FOTP 220) as the maximum difference between the 25% (quarter maximum) threshold of
the leading and trailing edges.

The standard divides the radius into three reference intervals for the DMD (see Figure A-15): inner section
(5-18um), outer section (0-23um) and sliding sections (5um width at 7, 9, 11 and 13um offset launch) [51].
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Figure A-15 lllustration of a DMD plot with the reference measurement regions superimposed. It was measured after 300m of
parabolic alpha profile at 1300nm.

The standard definition contains the balanced combinations of the sections that need to be met for a fiber
to belong to a certain fiber class which in turn, has associated a minimum bandwidth. These specifications
are calculated for 300m-long reels. As an example, the DMD specifications for OM3 fiber type are shown in
Table A-3.

Table A-3 DMD specifications for OM3 fiber.

Specifications Inner DMD (ps/m) Outer DMD (ps/m) Sliding DMD (ps/m)
1 <0.33 <0.33 <0.25
2 <0.27 <0.35 <0.25
3 <0.26 <0.40 <0.25
4 <0.25 <0.50 <0.25
5 <0.24 <0.60 <0.25
6 <0.23 <0.70 <0.25
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Encircled Flux (EF)

Covered in the IEC 61280-4-1 Ed2 (June 2009) standard, Encircled Flux measures the amount of optical
power that emanates from a source and that penetrates a specific region of a fiber end-face as defined by
prescribed radius limits [73]. It defines the launch specifications for diverse wavelengths and core
diameters in order to standardize the illumination conditions.

It was firstly devised to provide an ideal general model of the output of an 850 nm VCSEL to allow
mathematical modeling of laser-optimized fibers for the emerging high-speed Gigabit Ethernet networks
(10Gbps, 40Gbps and 100Gbps). Later on, it was used as a method to define mode fill and increase the
consistency in the bandwidth and loss measurements [74] not only for 850nm but also 1300nm and 62.5um
fibers to account also for “legacy” setups. It can be used as an independent reference or in conjunction
with DMD to extrapolate the so-called effective modal bandwidth (EMB) that takes into consideration both
delays and optical source field distribution for >10Gbps links [73].

EF is represented in a 2-D plot where the Y axis expresses the percentage of the total power transmitted
within a circle of certain radius (X axis). Mathematically expressed as:

2m v
EF(r) =f0 Li(r,@)rdrde (A.19)

with i(r, ) being the normalized light intensity of the source.

Effective Modal Bandwidth Computed (EMBc)

Effective Modal Bandwidth Computed or Calculated EMB is a technique that reckons the worst case
bandwidth that the fiber may exhibit when coupled to a VCSEL [51]. Therefore, it takes into consideration
the type of source utilized. It consists of weighting each of the radial traces of the DMD plot by unit-less
fractions specified for ten lasers that are representative of more than 10000 standard-compliant and
commercially available VCSELs. These weights, generated from regulated EF calculations, are compiled in
ANSI/TIA-492.AAAC-B (2009) which also reports the EMBc measuring procedure and a full description of
DMD.

The standardized procedure follows the next steps [22]:

DMD calculation
Weighting the DMD radial traces with the corresponding ten factors (ten for each position)
The scaled pulses are summed up for each laser option. This generates ten scaled DMD plots.

i s

The worst-case plot is multiplied time 1.13. The result is the EMBc

This system is mostly used by MMF manufacturers to assure 10Gbps (or more) compliance of the fiber for
any existing type of VCSEL. Notice that, if the source is fixed and known, EMBc calculation is not necessary
given that the field produced is very specific.
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A.5.2 VCSEL

It is now known that this LDs exhibit some little desirable features that, although are present in many other
sources, are noticeably more marked in VCSELs. Some of the possible factors are multimode operation,
carrier diffusion, secondary pulsations in the turn-off transient and, above all, the thermal behavior [17].
Given their special impact, all these influencing factors require of a model that account for them (at least
thermal dependence). Its development need of a very a deep physical insight that ends up in complicated
and very computational demanding simulators. From the data transmission point of view, there are a group
of key parameters which can be extracted from the three VCSEL’s representative curves that allow the
engineer to evaluate if the LD meets the pursued requirements or not. Nonetheless, the design of a VCSEL
that satisfies those concrete specifications (downstream) is something completely different. In such case, a
complete understanding of the model parameters and their specific impact on the communication-relevant
figures of merit is required in order to tune the laser’s properties within sensible/realistic intervals.

Here, the three main characterizing curves of a VCSEL are introduced.

A.5.2.1 Light-to-current-to-voltage (L-1-V)

The name comes from Light-Intensity-Voltage and it shows the output optical power and the device voltage
with respect to the input current. It gives information about the maximum optical output power, threshold
current, input impedance, safe current ranges, rollover region and some other thermal-dependent effects
[17]1[18] [16].

Figure A-16, shows a VCSEL’s LIV curve for a particular bottom emitting AlGaAs laser [17]. The blue, red and
green traces represent the output power at 25°C, 50°C and 75°C respectively. Their slope is given by the
thermal resistance and the maximum power is achieved at the so-called “rollover current”. From that point
on, the laser’s self-heating changes the physical properties and the power drops. Notice that it is a
progressive process. The linear range for the output power is comprised between 5mA and 15mA. It can be
also observed the threshold current increases with the temperature from 2.5mA to 3mA. The voltage
function is represented in black and it exhibits non-linear behavior at low currents. The electrical input
impedance can be estimated from its slope ().

The LIV curves can vary considerably from laser to laser depending on the layout and materials used. In
order to illustrate this, two more LIV curves are shown in Figure A-16 and Figure A-17 for index-guided
InGaAs and a thin oxide AlGaAs 65.

%> The laser behaves as a diode and, in theory, the resistance should me infinity in the other polarization
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Figure A-16 LIV curves for AlGaAs VCSEL in (left) and index-guided InGaAs VCSEL(right).

The most remarkable difference between AlGaAs and InGaAs plot is the variation of the voltage with the
temperature. From top to bottom, they correspond to voltages at 25°C, 50°C and 75°C.
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Figure A-17 LIV of thin oxide AlGaAs VCSEL.

The special property of the thin oxide AlGaAs is that it shows no output power that at 75°C. This is due to
the excessive increase of the threshold current and the degradation of the slope efficiency [75].

A.5.2.2 S$21 /transfer function

The next tool to characterize a VCSEL is the response of the system at different wavelengths or “dynamic
response”. This can be expressed either with the s,; parameter to account only for the device input
impedance or with the transfer function, that considers the “source” impedance to account for possible
mismatch at the input.
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Figure A-18 Small-signal modulation response (s,,) for 3 different drive currents [76].

The measurement of the modulation bandwidth of a laser is strictly relevant when direct modulation is
used. The transfer function provides information about the maximum reachable bandwidth (3dB
bandwidth (BW)) for a given bias current. Figure A-18 shows an example of s,; for a particular 850nm VCSEL
with an active region comprising multiple Ingg7,Gagq,sAs quantum wells to improve differential gain and
reliability. It exhibits an especially high bandwidth at 10mA (>20GHz) and the key parameters and physical
composition are described in [76].

Owed to the carrier density variations (see section A.1.2.1), LDs present resonances in their frequency
responses which are proportional to the bias current and inversely proportional to the carrier and photon
lifetime in the cavity. This can be clearly seen in Figure A-18, where two peaks at around 7.5GHz and 13Ghz
are generated with 2mA and 5mA respectively. On the other hand, the damping factor is proportional to
the bias, causing a fading of the peak as the injected current increases.

A.5.2.3 Spectrum

The linewidth, center wavelength and general spectral properties are also relevant in any LD
characterization. Typically, the optical spectrum of a VCSEL is narrower than that of a Fabry Perot (FP) laser
and broader than that of a Distributed Feedback Laser (DFB) which is designed for single wavelength
operation [34]. In general, the linewidth has a direct impact on the optical link performance through
chromatic dispersion hence it is convenient that the light spectrum is as confined as possible at the center
frequency. For its part, undesired offset of the center frequency or instabilities may cause unexpected
attenuation, pulse-spreading and a great performance worsening in case of coherent detection.
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B Software evaluation: references and procedures

B.1 VPItransmissionmaker™

Because High-Speed Optical Communications Group already had licenses at their disposal, this CAD tool
was the first one to be evaluated. This award-wining (*®) program has been designed for modeling all types
of photonic systems and networks and it has been reference for more than 650 publications up to 2010
[77]. It offers an intuitive modular graphical interface, a robust simulation scheduler and satisfactory signal
representation. Nevertheless, it was not until the version 8.6 was released (March, 2011) that several
enhancements on the MMF module and power coupling capabilities were included. This fact casted doubt
about the precision of the multimode transmission and spatial field distributions. No information was found
concerning the VCSEL.

B.1.1 MMF module
B.1.1.1 Differential Mode Attenuation (DMA)

REFERENCE

The test was carried out based on the results found in [14]. In the experiments, two different types of fiber
were tested; labeled fiber A and fiber B (see Table B-1). The MMF was illuminated through a SMF lens
launch technique, which produced a 3 um spot size. The laser in the end facet of the SMF was a FP at
1300nm. The method utilized to measure the DMA is the following:

1. Perform a radial sweep of the laser’s core. Measure the overall fiber loss over a short length of
fiber (2m for fiber A, 0.3m for fiber B) for every position. The losses observed are only owed to light
injection. The curve is normalized to set the maximum power at 0 dB.

2. Perform a radial sweep of the laser’s core. Measure the loss over a long link length (1Km for fiber A,
0.8Km for fiber B) for every position. This measurement accounts for the losses due to light
injection, propagation and DMA. The curve is normalized to set the maximum power at 0dB
(propagation loss removed).

3. Normalize the latter with respect to the first one in order to remove the light injection dependent
attenuation. The resulting graph represents the DMA.

In [14], this third step is skipped and a combined plot of step one and two is shown instead. In such case, it
is the difference between the traces what determines the DAM effect at a given radial offset. Simulations
are also performed to support the results obtained in practice. One of the assumptions is a Gaussian
shaped near-field distribution out of the SMF-lens launch. The results are shown in Figure B-1.

2 Optical Society of America Technical Excellence Award 1999
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Table B-1 Parameters of fiber A and fiber B [14].

Core Lensth Maximum Index Real orofile
diameter J profile height approximation P
2km (2
A 50um m ( 1.45% 2.1
connectors)

B 62.5um 2.2km 2.54% 1.9
—_ 5 | 5
m - -
B 5 5
g 15 —— 2m MMF (exp.) ——— 0.3m MMF (exp.)
= B ——omMMF ——
o 05 (simulation) -15 ?s'mgt%f‘l)
B | 1km MMF (exp.) i 0.8km MMF (exp.)
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Figure B-1 Normalized loss versus lunch spot position for fiber A (left) and fiber B (right).

SIMULATION PREPARATION

The objective of the simulation was to verify the implementation of a selective mode attenuation algorithm
and in positive case, evaluate its precision. The first step was to achieve digital descriptions of the index
profiles. For that, the software puts at our disposal two different ways of introducing graded-index profiles:
alpha coefficient or user-defined. The first one yields an ideal index profile for a specific alpha, core
diameter, profile height and maximum refractive index. The second allows the user to introduce a custom
refractive index described point by point in a text file with a concrete format. Given the relatively smooth
profile of fiber B, the index approximation for the alpha mode was considered sufficiently accurate for the
initial approach. In the case of fiber A, an alpha-fitting was discarded owed to the distinct central index
depression that it exhibited. Instead, a full digitalization was performed with Engauge Digitalizer. The data
was interpolated to generate equidistant data values and reformatted to use it in the user-defined mode.
Figure B-2 shows the resulting profiles.
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Figure B-2 Digitalized profile of fiber A (left) and fiber B (right).

One of the main problems was that the maximum refractive index was not reported. This is a necessary
data for the definition of the maximum number of propagating modes and consequently, for DMA (2.16).
Therefore the indices had to be sensibly approximated. Several datasheets from different manufacturers
were consulted (see anexo F for examples), concluding that the average index for an OM1 fiber (B) is 1.5
and for an OM2 fiber (A) is 1.48.

Once the profile was set, the fiber attenuation per kilometer had to be determined. The calculation was
based on information gathered about Corning®© InfiniCor® fiber type.

One of the useful features in the MMF module is that it can model the incoming light to a Gaussian shaped
field distribution independently of the actual optical source utilized. This permitted us to introduce the
assumption in [14] into the system instantaneously so as to compare not only with the real data but also
with the simulations. Besides, the “offset” field allows radial shifting of the impinging field which along with
some TCL scripting can be used to represent any variable (attenuation in this case) as a function of the
radial position.

SCHEMATIC
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Figure B-3 DMA test schematic.

The laser source chosen was a Continuous Wave laser at 1300nm with an output power of 0dBm. The
corresponding attenuation file, the fiber type and the link length are changed in the MMF block depending
on the test. The spot size is set to 3um. After the MMF, one signal analyzer and an optical power meter
have been connected. The “PostValue” block makes its input value available for simulation scripts.
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The script sweeps the core radius in steps of 2um from 0 to 32um. The output of the power meter (in dBm)
is stored and represented as a function of the offset

RESULTS

For 50um fiber, Figure B-4 shows 2m-link attenuation and 1000m-link attenuation.
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Figure B-4 Normalized loss versus launch offset for after 2m and 1km of fiber A.

The lack of numerical results to contrast, limits the evaluation to a simple and to some extent inaccurate
graphical comparison; however, it is easy to realize that the previous curves are exactly the same. This
means that the modal attenuation has not been considered by VPIPhotonics™ engineers. This gets
confirmed after the test for fiber B (see Figure B-5).
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Figure B-5 Normalized loss versus launch offset for after 2m and 1km of fiber B.
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Another conclusion is that the simulation results fit considerably well the curves for short link lengths (see
Figure B-1, Figure B-4 and Figure B-5). This means that the spot size, wavelength and index profiles have
been correctly adjusted. The last two points for 50um (at 32um and 30um offset) represent the only
considerable deviations with respect to the reference, presenting 2 dB and 6 dB less attenuation. The
reason is that these offsets are 5um and 7 um away from the core-cladding interface, which is 20% and 28%
of the core radius. At these distances, with a 3um spot size, the light does not illuminate the core and the
behavior is unpredictable.

B.1.1.2 Mode Group Delay (MGD)

REFERENCE

The Modal Group Delay test was based on the dataset from the 108-fiber model created by the University
of Cambridge [78]. This statistical analysis provides scaled refractive index, frequency response, scaled
MGD, and coupling coefficients for each radial position for 108 combinations of pre-defined fiber
imperfections.

Table B-2 Profile defects considered in the 108-fiber model by the University of Cambridge

Defect Description

Profile exponent (inner region) 1.89, 1.97 and 2.05
Profile exponent (outer region) 1.89, 1.97 and 2.05
Core-Cladding interface No perturbation (0) or exponential decay (1)
On axis perturbation Dip (-1), no perturbation (0) or peak (1)
Kink (¥') No perturbation (0) or radius associated in pm

All the fibers are 62.5um in core diameter, the maximum refractive index is 1.5 and the cladding’s is 1.474
(NA=0.28).

The analysis done by the University of Cambridge can be divided into four steps

Generate the set of perturbed refractive index profiles.
For each of them, calculate the electric-field distribution and propagation delay of the guided
modes.

3. For each of them, calculate the DMD and OFL bandwidth.

4. For each of them, perform a scaling process to adjust the DMD to a target 2ns/km?.

The last step consists of exploiting the inverse relation between bandwidth and modal delay to adjust each
fiber’s response for it to provide a DMD of 2ns/km. Therefore if a certain DMD is worse than the limit, it is
scaled down and its bandwidth is scaled up proportionally. The resulting bandwidths should be regarded as

71t represents a misfit between two perfect alpha profiles. The inner has a slightly higher delta and smaller core
radius and the outer has a slightly lower delta and larger core radius. The two profiles agree at a single radius (further
infomartion can be downloaded from [78]).

%8 This value was believed to be the 5 percentile limit of fiber performance.
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the needed performance specifications for the given number to yield 2ns/km DMD. Typically, the factor is
calculated by:

Fe DMD
"~ 2ns/Km

After the calculation of the constants for every fiber, the MGD needs to be corrected. The usual means of
achieving the scaling to a worst-case DMD of 2 ns/km is to adjust the calculated modal delays for each of
the 108 fibers in accordance with the reckoned constant. An alternative is to use the DMD scale factor to
adjust the perturbations in the original refractive-index profile. This process, which is described in [79],
tunes the physical descriptors of the profiles so that the result after conventional MGD calculation is
already scaled. This procedure is an approximation and the information on the success for each fiber is
provided in anexo G.

The tests were conducted with the parameters in Table B-3.

Table B-3 Parameters adopted by the University of Cambridge to develop the 108-fiber model.

Parameter Value Unit
Wavelength 1300nm nm
Launch type SMF -

Field distribution Gaussian -
Spot Size (FWHM) 7 pm

Link length 300m m

DMD Sweep From 0 to 30 in steps of 1 pm
DMA 0 for DMG<18 and o for DMG>18 dB
GVD 0 ps/nm-km

The results for the corrected MGD, the spectra and the modified profiles are collected in 756 text files. The
108 scaling factors are provided in another text file. The refractive index files are made up of 1499
equispaced points (Ar = 0.0328333um).

SIMULATION PREPARATION

The MGD calculation was made for a subset of 13 fibers. Such fibers were chosen so that all the possible
combinations of core-cladding interface and on-axis defect were evaluated at least once. Furthermore,
some of those combinations were also assessed for multiple inner-outer exponent pairs. The “kink”
perturbation was not included because most of the complementary references ([53], [80], [81]) were based
on the previous release of the Cambridge model (81-fiber model) in which such defect was not present.
Table B-4 shows the characteristics and numbers of the fibers used.

I

Table B-4 Fibers tested and their corresponding perturbations.

Inner profile

exponent

Outer profile
exponent

Core-Cladding
interface

On-axis

perturbation

7 1.89 1.89 1 -1
17 1.89 1.97 0 1
31 1.89 2.05 1 -1
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37 1.97 1.89 0 -1 0
51 1.97 1.97 0 0 0
59 1.97 1.97 1 1 0
61 1.97 2.05 0 -1 0
65 1.97 2.05 0 1 0
81 2.05 1.89 1 0 0
95 2.05 1.97 1 1 0
101 2.05 2.05 0 1 0
103 2.05 2.05 1 -1 0
105 2.05 2.05 1 0 0

The index files were introduced in the software with the user-defined profile mode after giving them the
proper format. The attenuation parameter was again extracted from Corning© InfiniCor® database for
62.5um. The fiber length, spot size, wavelength, field distribution, GVD and sweeping mode were set
accordingly to Table B-3.

SCHEMATIC

No specific schematic was used for the simulation. Instead, the program provides as an extra feature the
possibility of saving the calculated MGD into a text file. This facilitates its importation to MATLAB® in order
to perform quantitative and more accurate comparison with the 108-fiber model files. This process was
repeated for each of the 13 profiles under test.

RESULTS

The files from the model and from VPltransmissionmaker™ calculations were imported to MATLAB®,
properly scaled and represented jointly. The results are plotted in order according to the fiber number.

Concerning the data evaluation, anexo G constitutes the base of our validity reference. Nevertheless, it
depicts the DMD differences instead of the raw MGD. Despite the close relation between DMD and MGD it
is not possible to extract the exact DMD (or undo the calculation) without accounting for the amount of
excited modes and the percentage of power coupled in each of them [53]:

MAX OFFSET MAX OFFSET

DMG m m DMG m
N, T Kt
IntermediateDMD = Zn=1 Noe Pz Tn = E Zn=1 KiixTn (B.1)

S N

m=0

with N, ;. being the number of modes in the group n, B, ; the coupling coefficient for the group n and 7,
the MGD. This is done for each of the 31 offsets. The subscript 7 indicates that the coupling-dependent
parameters are specific for each index profile. After the calculation of the intermediate DMD, the minimum
value is subtracted and the maximum absolute value is extracted. That is the final DMD number, also called
“mean DMD”.
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With the intention of illustrating the impact of a variation of the MGD in the DMD, the following
mathematical development of (B.1) is presented:

MAX OFFSET
IntermediateDMD = z C_m(Klm,rfl + KT, + )
1 m=01 T
= (Kl +Kpeto + ) + 5 (KEm + KEama + )+ = (32)
T T
K,  Ki K3, , K3
= — 4} ... |+ LA R L T = e
B < cre 2\ e

The mean DMD is obtained as described above. The normalization with respect to the minimum allows
ascribing the whole DMD to a single DMG. Therefore:

KrlMAX,r + K‘L'ZMAX,T 4 e
Cl C? (B.3)

meanDMD = Tt pyax (

Associating Ty 4y to the maximum delay for the scaled MGD, the same procedure can be done to calculate
the mean DMD generated by the scaled index profiles (T 4x) :

Ktvaxr 4 Kfyax.r 4o
Ch C? (B.4)

meanDMD = TTMAX (

The information provided in the model comprises 7,, and B;"% for every offset. For its part, T, is obtained
through simulation. The number of excited modes (N;;) can be calculated based on B and applying
(2.18). However, there is not explicit or implicit information about the light coupling for the test performed
by the University of Cambridge on the scaled profiles. This prevented us from transforming the simulated
T,, into DMD plots with (B.4).

The next most accurate option to assess the accuracy of VPltransmissionmaker™ implied the assumption
that the factor accounting for light coupling in (B.3) and (B.4) was very similar. This is not a bad
approximation given that the launch conditions are very clearly stated (see Table B-3) and that the profile
scaling sticks to little modifications of the perturbations rather than a complete remake of the index
contour [79]. In such case, the ratio between the mean DMDs can be expressed as:

1 2
KTMAX T KTMAX,T
TeMAX C1 + C2 + -
T T " TimAx

1 2 ~
T <K TMAX,T K TMAX,T ) Trmax
TMAX 1 2 o

Cr Cr

ADMD(%) =

(B.5)

Because the idea behind scaling the profiles is to make the DMD difference equal to zero, it is not a bad
approximation to assume that at least the tendency of the MGD curves is maintained. This means that the
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DMG that causes the maximum delay is likely to be the same for both scaled profile and scale MGD. This
would permit to rewrite (B.5) as:
Timax _ Tmax

ADMD(%) ~ =

= B.6
™ax  Tmax (B.6)

With this method, the ratio of the DMDs is calculated and compared with the ratio of the maximum
absolute delays in the MGDs. The more similar the more accurate the simulator is. Given the little usage
and the poor future perspective of OM1 fibers, it was not possible to find information about the DMD
ranges for this type of fiber. Nevertheless, it was observed that the ratio between the minimum “outer”
DMD and the maximum one for OM3 and OM4 was around 50%. Since the DMD calculated by the
University of Cambridge could be considered “outer” type (see Table B-3) this factor of proportion was also
assumed for our 62.5um fibers. Based on that and accounting for the error caused by the approximation, it
was decided to establish the fifth part of it as the validation percentile (10%) for the ratio deviations. That
is, it will be considered that there is good agreement when the difference keeps below 10%.

The evaluation procedure is structured as follows

1. Estimate the difference between the red circle and the black circle for the fiber under test in
APPANDIX. Calculate the ratio.

2. “A” case: Pick the maximum absolute value of the blue and red traces. Calculate the ratio. (B.6)

3. “B” case: Pick the absolute value of the red trace at the position of the maximum value of the blue
trace. Calculate the ratio. (B.5)

4. Ratio comparison

As a general consideration, it must be said that the delays at the highest DMGs (18, 17 and even 16) should
not be taken into so much consideration as the rest. The modes within these groups propagate very close
to the core-cladding boundary and at those radial positions the propagation is unpredictable. Those modes
end up being radiated most of the times; therefore, associating a “propagation” delay to them is
meaningless.

The results are summarized in Table B.5.

Table B-5 Individual delay ratios and similarity result. Green shaded cell are hits, red cells are misses.

min{ADMD (%), AMGD (%)}

ADMD (%) AMGD (%)

max{ADMD (%), AMGD (%)}

FIBER #7 0.9482

FIBER #17 1.00755 1.2103
FIBER #31 0.809523 0.8008
FIBER #37 1 0.8441
FIBER #51 8.9 -
FIBER #59 1 1.1379
FIBER #61 0.9756 0.8488
FIBER #65 0.9389 1.0294
FIBER #81 0.6043 0.8946
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FIBER #95 0.7407 0.8691 S ss2%

FIBER #101 0.9350 0.9609 97.30%

FIBER #103 1 0.9526 95.26%

Five of the fibers are above the threshold, what means that more than 61% are in disagreement. The
results correspond to the ratio calculated with (B.5). FIBER #51 and #81 are discarded according to
Cambridge recommendation.

B.1.1.3 Mode Power Distribution (MPD)

REFERENCE

The reference used for measuring the power-coupling accuracy of VPIltransmissionmaker™ is Cambridge
108-fiber model [78]. Together with MGDs and spectra for each of the fiber, a spreadsheet with 18 power
coefficients (18 DMGs considered) for each of the 31 radial positions is included. Expressed as the
percentage of power coupled, anything below 0.5% is neglected and rounded down to zero. Notice that we
are working with DMGs and not modes hence considerable less power that 0.5% of the total is actually
coupled into the modes contained in the corresponding DMG.

The measurements are done with the launch conditions summarized in Table B-3.

SCHEMATIC

Similarly to the MGD case, the CAD tool generates a text file with the coupling coefficients for a given radial
offset and spot size whose values are introduced in the MMF module itself. MATLAB® was used for post-
processing the data and to perform the evaluation.

RESULTS

Two things are important regarding power coupling: the power percentage and the concrete DMGs into
which it is being injected. Both aspects are accounted in the analysis.

Firstly, the power coefficients have been plotted with respect to the DMGs and compared qualitatively. The
spot size in the simulator is set to 7um FWHM with Gaussian field distribution. For the ease of
representation, only 8 of the 31 curves are presented in Figure B-6. They correspond to radial offsets of
Oum, 4um, 8um, 12um, 16um, 20um, 24um and 28um. Besides, the coefficients have been joined with a
continuous trace. It should be clarified that any value within DMGs (non-integer) may not be exact and
should not be considered.
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Figure B-6 Percentage of power coupled into each DMG for different radial positions.

The blue curve represents the coupling coefficients provided by the University of Cambridge and the red
trace the coefficients calculated with the simulator. It can be seen that the amount of power coupled into
the main DMGs (for offsets higher than 4um) according to Cambridge model is noticeable greater than the
one calculated with the simulator. The difference is in average 4% that represents approximately between
13% to 22% of the maximum percentage coupled to one mode (expect for offsets from Opum to 4um).
Furthermore, and despite Figure B-6 is not the best representation, is can be foreseen a wrong excitation
based on the excessive width of the individual red curves. Note that as the offset increases, the power
spreads over a larger number of DMGs. This is because the degeneracy of the modes is approximately twice
the group number [14] and hence, a selective excitation of a high order DMG will divide the power into a
larger number of modes than for instance DMG 1 (only LPg;).

In order to check if the excited modes are the correct ones, Figure B-7 is presented

16
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8

Number of DMGs excited

]

o
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Offset [um]

Figure B-7 Number of excited modal groups as a function of the radial offset. The FWHM spot size of the source is 7um with
Gaussian field distribution.
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It is observed that there is hardly agreement between both references. Albeit some discrepancy is expected
for high order modes, in any case a difference of 4 DMGs could be reached (33% of the target maximum).
The differences for low order modes are also high, with a maximum of 3 missing DMGs at 3um, 4um, 5um
offset. The average number of mistakes is 2.

B.1.2 VCSEL module

The analysis of the VCSEL module performance in VPItransmissionmaker™ was as short as decisive: the
range of nominal emission frequency goes from 50THz up to 300THz. This means that it cannot be used for
simulations with wavelengths higher than 1000nm. Given the special interest in using the first window, the
only option would have been to create our VCSEL model.

B.2 OptSim™ (ModeSYS™)

Due to the limitations found in the previous software, it was decided to test this well-known simulator.
ModeSYS™ supports the design and simulation of multimode optical communication systems. With a
primary focus on data communication applications, it allows both temporal and spatial analysis of optical
signal and their propagation. Similarly to its counterpart, it provides together with OptSim™ an intuitive
graphical interface and lab-like measuring instruments.

B.2.1 MMF module

B.2.1.1 Differential Mode Attenuation (DMA)

REFERENCE
Same reference as for VPItransmissionmaker™
SCHEMATIC
Replicating the setup in [14]:
LASER Coupler MMF Mb2Sb OPmeter
9 A7
T ) e VN S
wav elength: 1.3e-06 meters attenuation: 0.55 dB/km

Figure B-8 Schematic for DMA test in ModeSYS™-

From left to right: LASER, spatial coupler, MMF, multiband to singleband converter and optical power
meter. The “Mb2Sb” is used to collapse every mode into one unique optical signal. Given that the only
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intention is to measure the power, it is convenient to treat them as an aggregate group rather than as
individual entities. The multimode fiber and LASER are adjusted according to the description in section
B.1.1.1. The coupler is ideal (neither insertion loss nor misalignments) and it is necessary to couple spatially
distributed fields into MMF.

The “scan” button is used to sweep the offsets and represent the power variation in correspondingly. The
power values were saved in a text file and imported into MATLAB®.

RESULTS

DMA is explicitly implemented in this simulator. It requires the user to fill out two fields: order of the
modified Bessel function of the first kind and scaling factor (see (2.16)). Based on the attenuation tendency
observed in Figure B-1 (constant attenuation and decay for high offsets), the order of the Bessel function
was set to one. In order to find the correct or most approximate value for the scaling factor, a range within
1 and 30 was scanned (finally set to 21). It is important to realize that the formula for the DMA does not
depend on the distance although the physical effect does. This is somehow confusing but it facilitates a lot
the determination of the scale factor. The result for fiber B is shown in Figure B-9.

-10

Relative loss [dB]
o

'3?5 20 25 30 35
Offset [um]

Figure B-9 Normalized loss vs. launch offset after 2m and 1km of fiber B.

The blue trace corresponds to the attenuation for 0.3mtransmission link and the red line represents 800m
transmission. The offset was ranged between 15um and 35um to avoid unnecessary computational load
and increase the precision of the representation. High level of agreement is exhibited by using 20um, 25um
and 30um as reference points. According to Figure B-1, their values should roughly be -1dB, -4dB and
-15dB. This is exactly what is observed in Figure B-9.

Similar results were obtained for fiber A, whose profile had to be readapted to the new format supported
by ModeSYS™.
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B.2.1.2 Mode Group Delay (MGD)

Unlike VPItransmissionmaker™, ModeSYS™ do not generate the MGD plot. Instead, it creates a file that
contains the modal delays influenced by the launch conditions in a way which is not described. This means
that the result is completely dependent on, at least, the spot size and radial offset. This complicates
enormously the calculation of the relative MGD even assuming that the impact of the launch conditions is
known and reversible. It requires undoing the DMG groups, invert the effect mode by mode, group them
back in DMGs and perform the comparison described in section B.1.1.2. Notice that the first 18 DMGs
contain 190 modes in total and that this process should be repeated for each of the 13 fibers at least for
two different offset positions. This possibility was discarded as a result of the excessive workload and time
needed.

Owed to the possibility of calculating the DMD in ModeSYS™, the next option was to calculate the
simulated DMDs and compare with the corresponding results obtained by the University of Cambridge. This
was a straight-forward and more reliable method since no assumption is taken and it is not necessary to
calculate ratios for indirect comparison. However, as explained in section B.1.1.2, the DMD definition in the
108-fiber model differs from the one in the software. The first one is called “mean DMD” and the second
corresponds to the standardized method described in TIA-455-220. This fact prevented us from making a
reliable validation as it was impossible to modify the DMD module in ModeSYS™ and transform it to
calculate a mean DMD. Furthermore, the results from both definitions could not be compared since the
relation of proportion between them was not known with sufficient precision.

Consequently, the publications presented by the RSoft Design Group regarding the simulation of
communication links based on the 81-fiber model (previous version to 108-fiber model) ([80] and [81])
together with the application notes called “CambridgeModel_casel” and “CambridgeModel_case2” in [82]
were evaluated. [80] was a mere exposition of results without any direct comparison or conclusion.
However, in [81] it was proved that an error of less than 5% in the scaling factors is achieved for three
different fibers of the 81-fiber model. The tests are done based on the mean DMD and impulse response
instead of MGD, which constitutes a much more reliable and decisive validation method for the modal
delay algorithm. The application notes investigate the effect of index distortions in the 81-fiber model on
fiber performance and, subsequently, on eye diagrams in data-modulated multimode link. The calculation
of the resulting MGDs is included as well as bandwidths. No reason was found so as not to trust the good
results obtained by the design group.

B.2.1.3 Mode Power Distribution (MPD)

REFERENCE

Same reference as for VPItransmissionmaker™

SCHEMATIC
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LASER Coupler MMF
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x_wo: 4.2 um xoffset: = 0.0 micron operational_mode: "file"
wav elength: 1.3e-06 meters

Figure B-10 Schematic for MPD test in ModeSYS™.

The LASER spot size is set to 7um which corresponds to 4.2um of beam width for Laguerre-Gaussian mode
profile. The wavelength used is 1300nm. The offset is increased by one every iteration (31 iterations).
Notice that it was not necessary to terminate the link.

The text file is formatted and imported into MATLAB®

RESULTS

Figure B-11 shows the MPDs for Oum, 4pm, 8um, 12um, 16um, 20um, 24um and 28um of radial offset.

0 2 4 6 &8 10 12 14 16 18
mode group order

Figure B-11 Percentage of power copled into each DMG for different radial positions.

The blue curve represents the coupling coefficients provided by the University of Cambridge and the red
trace the coefficients calculated with the simulator. It can be observed a considerable increment of the
accuracy in the power percentage compared with Figure B-6. The average difference of the power coupled
into the two most excited DMGs for each offset is reduced from 4% to 0.78% (more than 5-fold accuracy
increment). In the worst case, that percentage constitutes 5% of the maximum power coupled into one
mode (offsets of 28um and higher).

For its part, Figure B-12 shows the excited DMGs for every offset.
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Figure B-12 Number of excited modal groups as a function of the radial offset. The FWHM spot size of the source is 7um with
Gaussian field distribution.

It can be seen that it does not exist deviance at all for the first 17um. From that point on we approach the
core-cladding interface (7um FWHM spot size) and some oscillation is comprehensive. Besides, the
maximum deviation never exceeds 1 DMG fault (8% of the target maximum) and the tendency is followed
perfectly.

B.2.2 VCSEL module

ModeSYS™ provides a VCSEL model that takes into consideration the spatial distribution of the output field
so that it can be combined with the MMF through a spatial connector. Besides, the module not only sticks
to general behaviors but other important ones such as spatial hole burning, lateral carrier diffusion,
thermally dependent gain and thermal carrier leakage are all accounted for.

The study of the physical model was beyond the reach of this investigation however, it was necessary to
assure that it behaved properly when introduced into a communication system. Given the confidentiality
and in some cases uncertainty about the exact values of the physical parameters that characterize a VCSEL,
it resulted impossible to provide any more accurate test than a graphical comparison of the LIV, s,; and
Back-to-Back (B2B) eye diagrams.

REFERENCES

The references used are [76], [83] and [84]. They provide complementary information about a very similar
VCSEL model developed in the Department of Microtechnology and Nanoscience in Chalmers University of
Technology. It generates 9ImMW of maximum output power and has 20GHz bandwidth at 10mA (very high
speed). The series resistance is around 80Q), the slope efficiency 0.7-0.8W/A and the current threshold is
0.6mA. Figure B-13 shows the LIV at 25°C and s,; for three diverse bias currents.
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Figure B-13 Targeted LIV curve and small-signal modulation response [76].

Another parameter that can be estimated from the LIV is the turn-on voltage, which is around 1.7V. The
capacitance is mostly canceled in order to reach such high modulation frequencies. The s;; shows the
progressive increment of the damping factor with the bias current for a fixed photon lifetime inside the
resonance cavity.

Once the response of this concrete laser was estimated, [85] was used to include it into a full transmission
simulation. The authors used the VCSEL in [85] to launch a 4-PAM signal into an OM4 at 12.5GBd and
15GBd, which is equivalent to 25Gbps and 30Gbps. The 4-PAM modulation was achieved by decorrelating
two binary signals of 2’-1 length and 900mV and 450mV amplitude. The experiment is done over 200m and
300m fiber spans and the propagated signal is received with an amplified photodiode of 12GHz BW. The
error counting is done through an adapted On-Off Keying (OOK) BER tester under the assumption of high
enough SNR to consider that errors are exclusively caused by neighboring symbols. The formula utilized to
calculate the total bit error rate is:

1
BER = g(POI + Pig + 2Py + 2Py + Py3 + sz) (B.7)

with Py, being the conditional probability of receiving y when x was sent.

SCHEMATIC
LIV & S21

The VCSEL module in ModelSYS™ has its own test feature. The user selects the plot or report wanted and
the result is presented in an autogenerated graph or a text file respectively. It is not necessary to select any
PRBS length, bit rate or voltage/current modulation input levels to check the LIV and s,;. The temperature
point and the bias current are provided within the same test tool hence it is not necessary to change them
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in the final VCSEL parameters. This separation allows for a more comfortable design process and faster
detection of the problematic parameters.

4-PAM

The reproduction of the experiment described in [85] required the inclusion of the previously design VCSEL
into the experimental setup.

TimeSIG
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Figure B-14 4-PAM simulation setup.

Two binary streams with appropriate amplitudes and decorrelation are combined and injected into the
spatial VCSEL model through an ideal bias-T. The light goes through an ideal coupler up to the OM3+ fiber
whose parameters were based on the predefined model of a Corning© InfiniCor® SX+ at 850nm. After the
propagation, the attenuator is used to vary the optical input power when needed. The noise in the receiver
was adjusted to achieve a sensitivity around -5dBm for 25Gbps and -3.8dBm for 30Gbps according to the
reference. “PD_TIA_FILTER” is used for B2B measurements.

RESULTS
LIV & S21

The quantum wells of the lasers in the references were made of InGaAs in different proportions.
Consequently, the predefined index guided InGaAs model provided by the software was used as a starting
point. The next step was to fill out the well-known parameters such as wavelength (850nm) and
temperature (25°C). Later, based on the targeted LIV and explicit stated parameters, the voltage to
intensity curve was defined by introducing the series resistance (80Q) and turn-on voltage (1.7V). The
variables were modified by visual comparison with Figure B-13 after evaluating their impact on the LIV and
S;1. Amongst the most relevant we find: power-coupling coefficient, injection efficient and parasitics. It
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should be mentioned that all the adjustments remained within reasonable values according to [76], [83],
[84] and [17]. The result is shown in Figure B-15.
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Figure B-15 LIV curve and small-signal modulation response after design.

The red line in the LIV is the device voltage and the blue line represents the output optical power. The
voltage function approximation is calculated as follows:

V = 800 - Current + VTURN —ON

As it can be seen the agreement is perfect except for the lowest current values due to the linear
approximation (Notice scale). This can be disregarded since the VCSEL is never operated below threshold.
The optical power also fits very well the aimed curve. Using 5mA, 10mA and 15mA as reference points, the
average deviation is 0.333mW which represents 6% of the average output power and 3.7% of the maximum
output power.

The discrepancy in s,; is a little higher. It shows the modulation response for 2mA (green), 5mA (red) and
10mA (blue). Whereas at 10mA the frequency at -3dB is exactly 20GHz, the bandwidth for 2mA and 5mA is
around 2.5GHz less for the first one and 1Ghz more for the latter. The deviation at 2mA is owed to the shift
in the resultant threshold current, which is around 0.7mA higher (1.3mA). Thereby, 2mA approaches the
minimum current and the bandwidth decreases. Concerning the extra bandwidth obtained at 5mA, it can
be caused by little inaccuracies in the values of the physical model parameters. It should be stated that, for
instance, a variation of 0.1pF in the equivalent parasitic capacitance caused a drop of 1GHz in bandwidth.
The level of required exactitude for correcting 1GHz would be 0.01-10™ (assuming linear relation) only for
the capacitance (one out of thirty six variables).

The conclusion is that ModeSYS™ can model with very high precision a real InGaAs VCSEL starting from the
default set of parameters and changing the meaningful ones within reasonable intervals. To assure a
general compliance, several compositions should be checked; however, similar precision will be assumed
for all of them.
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4-PAM

The parameters were loaded in the “VCSEL” module in Figure B-14. The 4-PAM signal described in section
B.2.2 was ideally generated and injected into the laser through a bias-T. The bias current was set to 7mA
according to [85]. Given that the TIA gain was not provided, it was set to one and the power of the thermal
noise was adjusted to meet the requirement of BER=10""? at -5dBm input optical power at 25Gbps or
12.5GBd. This specification was extracted from the experimental BER curves obtained by the authors (see
Figure B-16). The bandwidth of the Low-Pass Filter (LPF) was established at 12.5GHz and no other noise
source but thermal was accounted for.
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Figure B-16 4-PAM experimental results [85]. BER curves are shown for 25Gbps (left) and 30Gbs (right).

Provided that the objective was to validate the VCSEL model, B2B measurements were found as the easiest
and most reliable ones given that the OM3+ performance was not checked in advance. The output power
of the laser was regulated with an ideal variable optical attenuator and the signal was received by
“PD_TIA_FILTER”. The electrical output data was stored in a text file and imported into MATLAB® in order
to process it with a 4-PAM demodulator. The demodulator performed an optimum sampling point
detection based on signal variance, determination of the optimum thresholds and BER calculation. Owed to
the necessity of detecting BERs lower than 10°, a Gaussian fitting and subsequent overlap integral
calculation was implemented and the BER estimated based on (B.7). The results for B2B are shown in
Figure B-16.

(CONTINUE IN THE NEXT PAGE)
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Figure B-17 4-PAM simulation results. BER curves are shown for 25Gbps (blue) and 30Gbs (red).

Despite the inherent inexactitude of the Gaussian approximation, both curves exhibit a high agreement
with the experimental results. In none of the cases the error represents more than half an order of
magnitude except for the outliers observed for -9dBm and -5dBm power at 30Gbps. It should be taken into
consideration that no explicit information about the receiver was presented and that the method used in
[4PAM] for BER calculation was error counting rather than Gaussian-based estimation. The LPF bandwidth
had to be slightly adjusted to obtain the best fitting as well as little corrections on the bias current (+0.5mA)

Due to the lack of information about the receiver, the spot size and the bad performance exhibited by the
OM3+ implementation, the transmission results were discarded. Besides, the distance utilized (200m and
300m) was sufficiently short to neglect chromatic dispersion; hence the outcomes were meaningless for
our purpose of testing the VCSEL model.

Concerning the contribution of this specific test, it has been proved the high accuracy of the spatial VCSEL
model implemented in ModeSYS™ not only as a pure optical source but also as a part of a real data
communication link utilizing a concrete modulation format which is not even supported by the program
itself. This shows the generality and precision of the physical model and the feasibility to use it for any type
of transmission.

From the personal point of view, an enhanced version of the 4-PAM demodulator developed alongside the
thesis was adapted and used for an experimental exercise that reported single VCSEL 100Gbps transmission
with adaptive FEC for the LSB and MSB separately. It was submitted and accepted as postdeadline paper at
2012 OFC conference [2].
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B.3 MATLAB® mode solver

Despite the satisfactory results obtained with a 30-day evaluation copy of OptSim™, the large investment
required to purchase a ModeSYS™ license had to be considered. Due to the uncertainty about the
acquisition of the software, a MATLAB®-based implementation of the link was started. As soon as the
software was deemed affordable, this option was discarded; however, a step fiber mode solver was
developed. Figure A-6 was generated with the model.
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CDesign: schematics, specifications and procedure

C.1 VCSEL

C.1.1 Schematic and specifications
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Figure C-1 Modular setup utilized for the VCSEL design.
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The block “PRBS” accounts for the generation of the pseudorandom sequence and its nominal bit rate and
“ElecGen” transform ideal square binary sequences into electric streams with defined flank progression.
“EyedB” and “EyeW” are the eye diagrams in decibels and watts respectively. “PowerMeter” calculates the
average optical power over infinite of specified bandwidth. The receiver was necessary to terminate the

link and create a data flow through the VCSEL module however, its function is irrelevant.

The specifications for the main blocks based on D-lightsys’ datasheet are summarized in Table C-1 (*):
Table C-1 Summary of the specifications for the main blocks in the transmitter.
‘ Block Parameter Min Typ Max Unit
Length - 211 - -
PRBS
Bit rate 0.5 - 10 Gbps
Flank type - On/off - -
ElecGen Ll
Differential voltage 100 600 950 mV
Raise/fall time (*°) - 30 45 urt
Timing litter 0 - 0.6 Ul
VCSEL Wavelength 840 850 860 nm

29 . .
Bold numbers represent estimations.

% Rise/Fall time and timing jitter are specified as optical characteristics. Owed to the impossibility of performing their
tuning in the optical domain, these two parameters are adjusted from the electrical generator.

* Unit Interval. Normalized time to the bit rate period.
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Max. Linewidth - - 0.85 nm

Min. OMA -4.3 - - dBm

Typ. ER 3 5 - dB
Avg. Output power -4 -2 -0.7 dBm

Temperature -40 25 90 °C

Max. Output power variation over the specified i 05 1 4B

temperature range
Bias current - 8 9 mA
Mod. Response® - 11+1 - GHz

No information about the spot size or field distribution was provided hence absolute flexibility was
assumed. Consequently, the encircled flux analysis was not required.

C.1.2 Procedure

Firstly, the PRBS block and the binary to electrical converter are adjusted with the parameters from the
table. With regard to the bit rate, it was set to 10Gbps given that a compliance with 10GBASE-SR standard
was intended. Because of that, we had to assure the best agreement possible between simulation and
requirements at that specific bit rate. The rise/fall time was set to 30ps (66% of the maximum) and the
differential input voltage to the laser was fixed at 600mV.

Concerning the VCSEL, its modeling consisted of tens of iterative sweeps of parameters. Starting from the
AlGaAs predefined model, the variables were progressively tuned from the most stable and clear
(wavelength, driving system or room temperature) to the most uncertain ones (thermal gain, parasitics,
turn-on voltage or current injection efficiency). The LIV and s,; were constantly checked to assure
reasonable behavior and thereby restrict at maximum the sensible intervals for the parameters based on
the operational ranges provided. Special care was put in the stability of the laser with respect to the
temperature (check “Max. Output power variation over the specified temperature range” in Table C-1)
since it turns crucial in avionic networks; where the ranges are drastically larger than in ground level. The
extinction ratio was checked with “EyedB” and the OMA with “EyeW”. The linewidth was measured with
“Spectrum” at 3dB.

C.2 Receiver

C.2.1 Schematic and specifications

32 Bandwith at bias currents within the predefined interval [8mA,9mA].
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Figure C-2 Schematic utilized for the receiver design.

The “PRBS”, “ElecGen” and “VCSEL” are responsible for the signal generation. The outgoing data stream
passes through “PowerNorm” that regulates the average optical power to set it at a certain level pre-
established by the user. Finally, the signal is converted to electrical in the PD, amplified in the TIA and
filtered in the LPF. All these stages are embedded in the “receiver” block. The rest of the blocks are
measuring tools like power meters, eye mode in scopes, OSAs and BERtester.

The electrical and optical specifications are collected in Table C-2 (**).

Table C-2 Specifications for the receiver.

Parameter Min Typ Max Unit
Wavelength 760 850 860 nm

Max. Linewidth - - 1 nm
Max. Average optical power -5 -3 0 dBm
Optical sensitivity at 10Gbps - -15 -12 dB
Differential output voltage 200 400 700 dBm

C.2.2 Procedure

Following the natural route of the ligh/current, the PD was the first device faced. As the type (PIN) and the
composition (GaAs) were given, the only parameter to be set was the quantum efficiency (QE). It is defined
as the degree of effectiveness of the incident radiant flux for producing current [21] and it is a different way
of expressing the PD responsivity.

The output of the adjusted photodiode was analyzed in order to calculate the necessary gain in the TIA to
generate values within the range of the differential output voltage (see Table C-2). This is done modifying
the feedback impedance of the transimpedance amplifier.

When reasonable values were obtained, the noise power was adjusted to achieve the target sensitivity. For
this, the LPF’s cut-off frequency was set to 10GHz and “PowerNorm” was set to -15dBm. The tuning was
done accordingly to the BER result.

33 . .
Bold numbers represent estimations.
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C.3 MMF

C.3.1 Schematic and specifications

TimeSig Spectrum DMD TransFunc
1 o i\ EAE i
o :
MML i i Coupler owd i Receiver2  1imeSig3 Spectrum3
I I I |
I I I NTLN L___
77777 J A )lk_

TimeSig2 Spectrum2

Figure C-3 Schematic used for the MMF design.

The “MML” block is a mode-locked laser. It simulates the response of a 5um mode field diameter Titanium
Sapphire laser to generate the necessary 10ps FWQM pulses for the DMD test on OM3+ and OMA4 fibers.
The spatial coupler is responsible for the radial scan of the OM4’s end face every 1um. After propagation,
the pulses are collected and processed into the DMD module, which builds the DMD plot and calculates the
accumulated time spread. The receivers and “TransFunc” are used to follow the evolution of the bandwidth
with every change.

Recalling what was discussed, the DMD specifications provide maximum delays for each of the three
intervals. One fiber that remains below those particular values, guaranties certain transmission capabilities
certified by the committee. For OM4, the particular delays are still under discussion but a first draft has
been released (see Table C-3).

Table C-3 DMD specifications for OM4 fiber [51].

Specifications Inner DMD Outer DMD Sliding DMD
1 <0.10 <0.30 <0.11
2 <0.11 <0.17 <0.11
3 <0.14 <0.14 <0.11

C.3.2 Procedure

The general parameters from the datasheet were loaded into the OM4 module. The most relevant ones
and their values are summarized in Table C-4.
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Table C-4 List of specifications reported in Darka’s datasheets for their OM4 fiber.

Parameter Value Unit
Attenuation (850nm) <2.2 dB/km
Zero dispersion wavelength 1295<A,<1340 nm
Zero dispersion slope <0.105 ps/nm>-km
Group refractive index (Typ.) 1.482 -
Refractive index difference 1 %

The core refractive index was approximated through the group refractive index as first approach. The
Sellmeier’s equation (FORMULA) for fused silica was used as an approximation for the refractive index
variation with respect to the wavelength. The dispersion wavelength was initially set to 1315nm, the zero
dispersion slope was established at 0.102 ps/nm*km and 2.1dB/km for the attenuation.

The effects of material dispersion on group velocity were taken into consideration. The group refractive
index was introduced and the profile dispersion parameter was set to zero at the beginning. This allowed us
to set an initial value of 2.07 to the profile exponent based on the estimation in [51] of the optimum
coefficient for 50um silica fibers at 850nm.

The DMA feature was deactivated at first. This was done in order to see the actual delay of high order
DMGs on the DMD plot and thereby understand the impact of each parameter.

Once the starting values were established the corresponding adjustment was performed. The process can
be simplified in the next four steps:

Variation of the profile exponent and core refractive index
Check MGD

Adjustment of the profile dispersion parameter

Check DMD

P wbhe

The MGD was used because its generation was almost instantaneous and it can be associated indirectly to
the DMD behavior hence saving a lot of time. The impact of the chromatic dispersion parameters was also
tested however, the DMD hardly showed any variation for values within the ranges in Table C-4.
Consequently, those parameters together with the refractive index difference remained the same as
initially.

C.4 10GBASE-SR

C.4.1 Specifications

All the specifications were obtained from the 10GBASE-S definition (Short Wavelength Serial PMD) in the
IEEE 802.3ae standard.
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Figure C-4 Fiber optic cabling model

It is important to remark that the IEEE 802.3 group assumes a link operation over a reasonable range of
environmental conditions related to temperature, humidity, and physical handling (such as shock and
vibration). The final implementation of the network will need the usage of specific aerospace connectors
such as Diamond AVIM connector family and the Deutsch MC3 Mkll and MC5. Up to date, there is no OM4
equivalent for airborne systems. Its re-design or protection will be necessary as well as for the rest of
conventional components which will be exposed to those strict conditions and whose official adaptation
has not been stipulated yet. Another important consideration is the ease of splicing and maintenance which
should be as simple and reliable as possible. In this regard, there are some mechanical splicers that have
been proved to pass most stringent aerospace qualifications (see [86])

C.4.2 Transmitter

A direct comparison between the PMD requirements and D-lightsys’ emitter is presented in Table C-5.

Table C-5 Comparison between 10GBASE-SR transmitter requirements and D-lightsys’s transmitter.

Description 10GBASE-SR D-lightsys transceiver
Signaling speed 10.3125 10 (% GBd
(nominal)
Wavelength 840 to 860 840 to 860 nm
Max. RMS spectral 0.45 0.85 nm
width
Max. Average launch 1 0.7 (%) dBm
power
Min. Average launch 73 a dBm
power
Min. OMA -4.3 -4.3 dBm
Extinction ratio 3 3 dB
Max. RIN -128 -117 dB/Hz
Encircled flux See footnote™. See Figure C-6 -
Eye mask definition {0.25, 0.40, 0.45, 0.25, . i i
{X1, X2, X3, Y1, Y2, Y3} 0.28, 0.40} See Figure C-5

** The maximum bit rate is determined by the modulation response at a certain temperature and bias. No information
is provided about signaling speed variation but it is plausible to assume that 10.3125Gbps is attainable with a correct
control and adjustment of both parameters.

** The transceiver is Class 1M according to IEC 60825-1 but the output power can be adjusted through a 2-wire serial
interface to keep it below -1dBm.

*® The encircled flux at 19 pum shall be greater than or equal to 86% and the encircled flux at 4.5 um shall be less than
or

equal to 30% when measured into Type Ala (50/125 um multimode) fiber per ANSI/TIA/EIA-455-203-2001.
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For the sake of simplicity, it is assumed that the RMS spectral width and Relative Intensity Noise remain
below 0.45nm and -128dB/Hz respectivelty. It should be noticed that these parameters, as well as the
signaling speed, are readily tunable in the simulator to keep them below maximum ratings. Encircled flux
and eye mask tests are done with ModeSYS™.

Normalized Amplitude

L T J T T T T
0.6 0.8 1.0 1.2

-0.2 0.0 02 0.4
Normalized Time

Figure C-5 Optical eye diagram and the 10GBASE-SR eye mask specification.

Figure C-5 illustrates a combined plot of the optical eye and the corresponding eye mask. For the eye to
fulfill the 10GBASE-S specifications, it has to contain the calculated eye mask inside the aperture. Such
mask is built according to the format described in the standard. Notice the normalization.

EF mask: EF<30% at 4.5 um and EF>86% at 19 um
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Encircled Flux

r (microns)
Figure C-6 Encircled flux of the VCSEL model and reference masks.

As described above, the modal field distribution of the VCSEL must have less than 30% of the total radiated
power within the first 4.5um and more than 86% between Oum and 19um to be deemed compliant with
the 10GBASE-S PMD. Figure C-6 shows the VCSEL’s EF for a center launch (Oum offset) with 15um diameter
Laguerre-Gaussian spot size. It is widely contained in the acceptable operational region.

The conclusion is that all the parameters fully comply with the specifications with the exception of the
uncertainty about the RIN and linewidth assumptions.
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C.4.3 Receiver

A direct comparison between the PMD requirements and D-lightsys transceiver is presented in Table C-6

(37).

Table C-6 Comparison between 10GBASE-SR receiver requirements and D-lightsys’s receiver.

Description 10GBASE-SR D-lightsys transceiver
Signaling speed 10.3125 10.3125 GBd
(nominal)
Wavelength 840 to 860 840 to 860 nm
Max. Average receive 1 0 dBm
power
Min. Average receive 9.9 15 dBm
power
Max. SRS in OMA -7.5 -15.5 dBm
Max. Receive electrical
3 dB upper cutoff 12.3 12.3 GHz
frequency
Max. Return loss -12 -12 dB

The receiver shall be able to tolerate, without damage, continuous exposure to an optical input signal
having a power level equal to the Max. Average receive power plus at least 1 dB. Besides, a received power
below Min. Average receive power cannot be compliant; however, the lower limit is said to be purely
informative thereby it will not be regarded as long as we stay below it [25]. In any case, the requirements
are met.

The Stressed Receive Sensitivity is the way how sensitivity is specified in 1GbE standards. It establishes the
maximum OMA of the incoming signal at which the receiver is required to attain BER equal or lower than
10™2. Compliance is achieved when the receiver is equal or lower than the standard. In our case, it was
measured with conformance test signal at TP3 [25] for BER = 107,

Concerning the maximum 3dB bandwidth of the LPF, since the filter it is not part of the transceiver it is
assumed to equal the standard.

C.4.4 Channel and power budget

The specifications for 50um MMF at 850nm and their comparison with the simulation results are gathered
in Table C-7.

37 . .
Bold numbers represent estimations.
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Table C-7 Comparison between 10GBASE-SR channel requirements and OM4 model.

‘ Description 10GBASE-SR OM4 model Unit
Min. 0IV!4 operational 550 550 m
distance
Max. OM4 operational N/A 700 (see fotnote®) m
distance
Max. Insertion loss 2.6 (¥) 2.6 dB
Max. Fiber .cable 35 22 dB/km
attenuation
Zero dispersion 1320 1315 nm
wavelngth
Max. Zero dispersion 011 0.102 ps/nmZ-km
slope

As indicated in the standard, the maximum operational distance is calculated based on an allocation of
1.1dB* total connection and splice loss, leaving 1.5dB for fiber attenuation. In the worst case of 2.1dB/km
the maximum reachable distance is 714.28m (700m). The attenuation after 550m of OM4 fiber at 2.1dB/km
is 1.155dB, what leaves 1.445dB margin for connectors and splices. In simple point-to-point links where two
connectors are used, this corresponds to two connectors of 0.3dB* loss and six 0.15dB* splicings.

C.5 Optical Orthogonal Frequency-Division Multiplexing (OOFDM)
C.5.1 Modulator

C.5.1.1 Design parameters

The design parameters are chosen with respect to the previously stated constraints. Table C-8 presents the

summary.
Table C-8 Design parameters for the OOFDM modulator.

Description Value Unit
Number of subcarriers 256 -
Modulation per channel 4/16/32-QAM -
Training sequences 2 -
Cyclic prefix 1 %
Oversampling 2/4 }
IM mode DCO-OFDM -

*® Maximum reachable distance assuming BER<10™

¥ |t includes losses due to connectors, splices and fiber attenuation (OM3 reference). It should be noted that when
IEEE 802.3ae was released in 2002, the fiber with the best performance was OM3.

*° This number results of the estimated adaptation of 10GBASE-S power budget requirement to the OM4 fiber type
[87]. Connectors and splices are much more precise for OM4 and thereby the loss reduction.

* Maximum registered for OM4 being 0.2dB/0.25dB the typical value for aerospace connectors.

* Maximum splice losses of Draka’s bend-insensitive 850 MMF.
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PAPR handling Clipping -

Sampling rate Variable GS/s

The number of subcarriers is determined by a combined trade-off. Given a fixed bandwidth, increasing the
number of channels assures almost completely flat fading hence facilitating the equalization and making it
more accurate. Besides, the number symbols per OFDM symbol is greater and this increases the effective
bit rate. On the other hand, it will worsen the maximum PAPR thereby raising the non-linear effect of
clipping or the necessary dynamic range of the DAC. Furthermore, the subcarriers get closer and closer
within the available bandwidth and this makes the whole system more sensitive to ICI. All in all, and based
on different literature ([88] and [89]), the number of channels was set to 256.

The constellation per subcarrier is chosen to be M-QAM owed to the benefits that it offers respect to other
modulation formats when applied on OFDM [59]. With regard to the number of bits per symbol, several
possibilities were implemented (2, 4 and 5).

The determination of the channel response is done through the analysis of the distortion undergone by two
training sequences. These sequences are built so that all subcarriers are excited with equal magnitude and
phase. At the receiver, the transfer function is calculated seizing on the fact that FFT transformation is
required. According to [58] two training symbols is a reasonable choice because it gives 3dB lower noise
level by simple averaging both symbols.

The cyclic prefix was roughly calculated according to maximum expectable delay per meter and maximum
tested distance. As it has been explained above, the maximum delay was set to the closest maximum
affordable outer DMD (0.14ps/m). In the worst-case channel modulation (BPSK), 256 channels,
10.3125Gbps and 1km fiber reel, it does not exceed 1% of the symbol duration (~0.6%).

Another important aspect is the oversampling factor. Oversampling in OFDM is absolutely necessary to
fulfill the Nyquist criterion before the DAC conversion. Some studies have shown that a factor of 1.5 is
sufficient [59] however, it was fixed to 2 or 4. The latter for representation issues. Notice that an excessive
oversampling for a steady sampling rate will increase the symbol duration and hence the effective bit rate.
This highlights the importance of choosing the lowest factor possible.

Biasing the output stream was the technique used to guarantee unipolar driving signal. Despite the power-
efficient advantages of other alternatives it was chosen to stick to the cost-effective network requirement
and take advantage of the unavoidable biasing of the VCSEL (directly modulated) to solve two problems
with only one solution: creation of a unipolar signal and population inversion with only one bias current.

The peak-to-average control was decided to be done through clipping. It is the simplest method and it gives
the best error ratio for a certain SNRb according to [90] compared to other solutions. However, it generates
an undesired noise called “clipping noise” due to the selective truncation of concrete peaks and also OOB
noise. To solve the latter the signal is filtered with a Hamming window, taking advantage of the
reconstruction filter after DAC. That is, one filter offer solution for both OOB noise generated after clipping
and reconstruction of the oversampled signal.
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Finally, the sampling rate is chosen depending on the rest of variables in order to attain the mandatory
10.3125Gbps (+100ppm).

C.5.1.2 Process description

The binary bit sequence could be taken either from ModeSYS™ when the module was integrated in the
optical link or from a predefined set of pseudorandom sequences. After loading the binary vector and
replicating it to create a longer stream, it was divided into 256 parallel channels (one for each subcarrier)
and transformed into symbols according with the chosen constellation.

Once the data was formatted, the necessary replication and complex conjugation for DMT was performed.
After that, the IFFT was calculated and the output matrix was transformed into a vector to create the digital
OFDM symbol frame. Right after including the training sequences, the cyclic prefix was added and the
signal was clipped.

The next block is the DAC conversion. Firstly, the normalized amplitude range is transformed into values
within the differential input voltage limits of the transceiver. Once this was done, up-sampling and LPFing
were applied to generate the final outgoing data stream.

C.5.2 Demodulator

C.5.2.1 Design parameters

No special parameters need to be reported. The ADC works at the same rate as DAC, the number of inputs
in the FFT is the same as outputs in the IFFT, the length of the discarded window is exactly the same as the
cyclic prefix duration and the demodulation is done according with the chosen constellation in the
transmitter.

C.5.2.2 Process description

Before setting the receiver in the default mode, two things needed to be done: calculate the optimum
sampling point and the channel’s transfer function. The first one was done by setting the wanted
parameters in the transmitter and launching a 2’-1 PRBS sequence into the channel. The received signal
was correlated with the ideal PRBS and the resulting deviation utilized to set the optimum sampling point in
the first position of the vector. With regard to the channel’s transfer function, it was calculated from the
averaged transfer function obtained from the pair of training sequences. The coefficients were stored and
applied at each of the FFT outputs (1-tap equalizer).

From this point on the regular working mode was established. The incoming electrical signal was sampled
every 2 starting from the first position in the vector. The cyclic prefix was removed and the resulting stream
was serial-to-parallel converted and FFTed. The outputs were equalized with the calculated coefficients and
parallel-to-serial converted in order to perform the 1/0-mapping from the corresponding modulation
format. Once the binary stream was ready, two forms of BER calculation were implemented: error counting
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and Gaussian fitting plus overlapping calculation. The second was used when the resulting BER was lower
than 1/simulated bits.

122



D OOFDM: cases of study

D.1 25°C

D.1.1 4-QAM

Figure D-1 shows the transmitted and received electrical DMT frame spectra (after IFFT and before FFT

respectively) and the comparison between the spectrum of the transmitted and received signal (after DAC
and after filtering respectively).

Normalized power [dB]
Normalized power [dB]

0 1 2 3 4 5 6
Frequency [GHz] Frequency [GHz]

Figure D-1 Transmitted and received electrical DMT frame spectra (left) and the comparison between the spectra of the
transmitted and received signals (right). 4-QAM.

In both plots, the red trace represents the sent signal and the blue line represents the received one. From
both pictures, it can be seen that only 5GHz transmission bandwidth is necessary with 4-QAM to generate a
nominal bit rate of 10.3125Gbps; something absolutely impossible if OOK is utilized. The ripple that can be
observed is due to the cyclic prefix of 1% but has been proved not to have any impact on the result [59].

The system’s transfer function can be inferred from the right graph where the steep roll-off of the
Butterworth filter is noticed.

The constellation obtained after FFT and equalization for 1% cyclic prefix and without cyclic prefix are
shown in Figure D-2.

(CONTINUE IN THE NEXT PAGE)
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Figure D-2 Received 4-QAM constellation with 1% cyclic prefix (left) and without cyclic prefix (right).

The effect of the extra 6 samples (1% of 512 rounded upwards) is the difference between error free and
0.466 error rate. The cyclic prefix is equivalent to 287.63ps at 20.86GS/s, almost triple of the estimated
maximum delay spread.

Because the number of error counted after 64770 bits was lower than 107, the estimated BER was
calculated. For that, the histograms for the real and imaginary dimension were calculated and along with a
Gaussian fitting of the resulting levels. The result is shown in Figure D-3.
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Figure D-3 Received histogram of the real dimension (left) and of the imaginary dimension (right).

For the BER calculation, it was considered that the SNR was sufficiently high in order to assume that only
errors between nearest symbols occur. In such case, the BER can be calculated by simply taking the worst

one, that is, max{BERyacinary » BERgrEaL }. The result shows an error rate of 10 (**).

For 10.3125Gbps the sensitivity is -14dBm (see Figure D-4).

* Such low estimated BERs are a good indicators of satisfactory performance but in any case should be taken as
accurate measurements.
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Figure D-4 Histogram and constellation of the received 4-QAM OOFDM signal for -14dBm input optical power (BERoth'12 at
10.3125Ghbps)

As the power decreases, the influence of the thermal noise increases hence the Gaussian fitting hardly
deviates. The minimum power margin (laser emitting at -4dBm) with respect to the transmission at
10.3125Gbps goes down to 7.9dB*.

D.1.2 16-QAM

The spectra of the DMT frames and the output/input signals are shown in Figure D-5.
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Figure D-5 Transmitted and received electrical DMT frame spectra (left) and comparison between the spectra of the transmitted
and received signals (right). 16-QAM.

The red trace represents the outgoing frame/signal and the blue is the incoming one. It can be seen the
extreme efficiency that 16-QAM and OOFDM offers. Not only the subcarriers can overlap without
interfering with each other but they also do it at 4bit/s/Hz generating an overall efficiency very close to

* Connector loss of 0.6dB (2 times worst-case connector loss) and 1.5dB loss due to fiber.
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optimum for 16-QAM. The attenuation visible in the DMT is mainly caused by the LPF, whose cut-off
frequency has been adjusted to 2.6GHz.

After the FFT and the 1-tap equalizer, the following constellation is observed:

Imaginary

Figure D-6 Received 16-QAM constellation.

The error counting method for the BER calculates zero errors. The subsequent estimation yields the
histograms presented in Figure D-7.
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Figure D-7 Received histogram of the real dimension (left) and of the imaginary dimension (right).

It is observed that the fitting has been adjusted to follow the bottom part of the levels in the histogram
rather than the peaks. This has been done to be more accurate in the overlap integral calculation. The
deviations from the Gaussian distributions may be caused by the distortion introduced by clipping (not the
OOB noise). The BER result is 5-10™%.

The sensitivity changes to -7.5dBm, this gives around 1.5dB power margin. Notice that we are already
working close to the error free limit with -4dBm of output power
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D.2 -40°C

D.2.1 4-QAM

The spectra for the DMT frames and the signal show high resemblance with Figure D-1. The histograms
show that the highest peaks for both real and imaginary accumulate 1000 samples less than at 25°C (see
Figure D-8 and Figure D-3) meaning that, since the same number of symbols is transmitted, they are not so
concentrated in the optimum levels. The consequence is an estimated BER of 107°, 14 orders of magnitude
worse than at 25°C
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Figure D-8 Received histogram of the real dimension (left) and of the imaginary dimension (right).

The sensitivity is reduced to -12dBm and the corresponding minimum power margin equals 5.9dB.

D.2.2 16-QAM

The BER obtained was very similar to the one at 25°C. This is reasonable based on the tendency of the BER
to input power curve at 9mA shown in llustracidn 4-6. The constellation is very clean and the Gaussian
fitting almost exact.

(CONTINUE IN THE NEXT PAGE)
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Figure D-9 Histogram of the real dimension (left) and received 16-QAM constellation (right).

The estimated BER is 8-:10™". Despite the symbols in the constellation are more defined compared to 25°C,
there is a lower concentration of samples in the optimum levels; it is reflected in the histogram. The
consequence is that, as the Gaussian fitting algorithm disregards those bins with small concentration
compared to the maximum, the result for 25°C are thinner bells that yield improved BER. This should be
taken into consideration and use the estimated BERs as qualitative references exclusively.

The sensitivity is around -7.5dBm. Similarly to 25°C, the power margin is around 1.5dB.

D.3 90°C

D.3.1 4-QAM

The BER is the worst of all cases for 4-QAM modulation per subcarrier. The histograms show a higher
accumulation of samples in the optimum compared to -40°C however, the rest of observations are
considerably more spread than for any other temperature. This can be inferred from the difficulties to
make an exact Gaussian matching of the whole level (see Figure D-10).
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Figure D-10 Histogram of the real dimension (left) and received 4-QAM constellation (right).
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The mentioned spreading is also visible in the constellation when compared with 25°C. Despite this effect,
the BER is still widely below error free. The counted errors equal zero and the estimated error rate is
2-10"%. The sensitivity equals -14dBm, leaving a minimum power margin of 7.9dB.

D.3.2 16-QAM

Against what was expected based on the worse performance for 4-QAM, the results obtained at 90°C on
16-QAM are better than for any other temperature. The estimated BER equals 10 and the symbols are
perfectly defined in the histogram (see Figure D-11).
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Figure D-11 Histogram of the real dimension (left) and received 16-QAM constellation (right).

The sensitivity experiences an improvement of 1.5dB (-9dBm) with respect to 25°C and -40°C, permitting a
power margin of 3dB.
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E Estandares de fibra multimodo en la industria y distancias tipicas de
transmision soportadas

Regulating standards:

ISO/IEC 11801 Type OM4 fiber Type OM3 fiber Type OM2 fiber
IEC 60793-2-10 Type Ala.3 fiber Type Ala.2 fiber Type Ala.l fiber
TIA/EIA 492AAAD 492AAAC-B 492AAAB-A
ITU G.651 G.651 G.651

Using ISO/IEC 11801 notation, the standardized (gray) and typically supported transmission distances for

diverse standards [59]:

Fiber Class Fiber Type 1 Gb/s 10 Gb/s | 10 Gb/s | 10 Gb/s
11801 850 nm | 1300 nm| 850 nm | 1300 nm | 1300 nm
serial CWDM serial
OFL BW 1000BASE  |[10GBASE [10GBASE|10GBASE
850/1300 nm 850/1300 nm SX LX SR LX4 LRM
OM1 Standard 275 m 550 m 33m 300 m 220 m
62.5 ym OM 1+ 500m |1000m | 65m | 450m | 220m
200/500 MHz:‘km | 200/600 MHz-km
OM 2 Standard 550 m 550 m 82 m 300 m 220 m
S0 pm QM 2+ 750m | 2000m | 110m | 900m | 300m
500/500 MHz-km |600/1200 MHz-km
OM3 Standard 300 m 300 m 220 m
50 pm EMBc =
1500/500 MHz-km | 2000/500MHz-km 1100m | 550 m | 300 m 300 m 220 m
OM4
50 pm EMBc = 1100 m | 550 m 550 m 300 m 220 m
3500/500 MHz-km|4700/500MHz-km
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F Especificaciones para diversos tipos de fibras dpticas comercialmente
disponibles

Draka: Bend-Insensitive OM4 fiber

Draka: Regular OM4 fiber

Draka: Regular OM2 fiber

Draka: Regular OM1 fiber

Corning: Bend-Insensitive OM4 fiber

Corning: Regular OM1 fiber
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http://communications.draka.com/sites/eu/Datasheets/MMF%20-%20MaxCap-BB-OMx%20-%2010%20Gbps%20BI-MMF.pdf
http://communications.draka.com/sites/eu/Datasheets/Data%20Sheet%20Conventional%20MMF%20-%20MaxCap-OMx%20-%2010%20Gbps%20MMF_2011-06.pdf
http://communications.draka.com/sites/eu/Datasheets/MMF%20-%20Graded-Index%20Multimode%20Optical%20Fiber%20(50_125%20µm).pdf
http://communications.draka.com/sites/eu/Datasheets/MMF%20-%20Graded-Index%20Multimode%20Optical%20Fiber%20(62.5_125%20µm).pdf
http://www.corning.com/WorkArea/linkit.aspx?LinkIdentifier=id&ItemID=36549
http://www.corning.com/WorkArea/linkit.aspx?LinkIdentifier=id&ItemID=41241

G Rendimiento del proceso de escalado de perfiles de indice de
refraccion en comparacion con el método habitual de escalado de

retraso modal [78]

DMD scaling results (blue dots: unscaled DMD; red circles: DMD after usual scaling process; black circles:

DMD of the scaled refractive-index profile):
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