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Abstract 

Recently, the nonlinear four-wave mixing (FWM) effect in optical fibers has 

attracted great interest for the development of new optical fiber light sources due to 

the multiple light emission produced by this nonlinear effect. In recent years, such 

FWM-based light sources have demonstrated great utility in areas such as quantum 

optics and advanced Raman-based microscopy. Additionally, according to the 

polarization state of the pump light responsible for the FWM effect and the 

birefringence of the fiber, the light produced by FWM can exhibit different 

polarization properties given the vector nature of the FWM. Thus, this enables the 

design and development of polarized light sources with multiple emission which can 

be of great interest in different studies or applications of photonics. In addition, 

FWM effect is relatively sensitive to changes in the optical properties of the medium 

in which it is generated. In the case of an optical fiber, the chromatic dispersion and 

birefringence of the fiber are the most relevant parameters in the phase-matching 

condition of FWM. In such a way, certain physical quantities can be measured by 

means of FWM-based fiber optic sensors taking advantage of the susceptibility of 

the fiber to changes in the optical properties of the fiber itself. In this thesis we 

provide the theoretical and experimental study of vector FWM produced in weakly 

birefringent optical fibers. In particular, we have focused our attention on a specific 

process of vector FWM known as polarization modulation instability (PMI). In this 

work we provide simple and practical methods to generate and tune the emission of 

intense bands of light produced by PMI/FWM over a wide wavelength range. 

Given the high efficiency of microstructured optical fibers (MOFs) to generate 

nonlinear effects such as FWM, most of our experiments were carried out with 

MOFs with different guiding properties. In this work, we show the generation of 
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PMI/FWM in fibers with ANDi dispersion profiles, fibers with 1 or 2 zero-

dispersion wavelength, and hybrid MOFs infiltrated with optical liquids whose 

properties enables PMI/FWM generation and tuning.  

In this thesis we have demonstrated broadband tuning of intense light bands 

produced by PMI. Tunability is achieved by exploiting the sensitivity of the PMI 

phase-matching condition to changes of dispersion and birefringence of the optical 

fiber. To this end, simple techniques have been employed to control fiber dispersion 

and birefringence based on either the elasto-optic effect of fused silica or the 

thermo-optic effect of the liquids infiltrated into the fibers. In addition, simultaneous 

generation and tuning of FWM and PMI in MOFs has been demonstrated for the 

first time. This required a fine control of the optical guiding properties of the fibers. 

In this study we have experimentally demonstrated tunability of the light bands 

generated by both effects over a wide wavelength range, covering a large part of the 

near-infrared spectrum. Finally, we show the feasibility of developing fiber optic 

sensors based on the sensitivity of the spectral response of the PMI/FWM bands to 

changes in the refractive index of the holes or birefringence of the optical fiber. As 

an example, a method for the characterization of the thermo-optic properties of 

water-based liquids is proposed. 
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Resumen en español  

Motivación y objetivos 

Las fuentes de luz basadas en la óptica no lineal son de gran interés tanto en 

aplicaciones de fotónica, así como en diferentes áreas de investigación. Estas fuentes 

de luz presentan propiedades espectrales y temporales tales que resultan adecuadas 

para su explotación en diferentes ámbitos, desde investigación básica hasta 

aplicaciones relacionadas con la biomedicina, la óptica cuántica, la teledetección, las 

telecomunicaciones y el análisis de materiales, entre otras.  

Los efectos ópticos no lineales surgen como resultado de la respuesta del medio 

material cuando se somete a un campo electromagnético intenso. Como resultado 

de la interacción no lineal luz-materia, se pueden producir efectos tales como el 

autoenfoque (o desenfoque) de un haz de luz, la mezcla de ondas a diferentes 

frecuencias, la modulación de las propiedades ópticas del material (índice de 

refracción o coeficiente de absorción), la generación de nuevas frecuencias, el 

ensanchamiento espectral de un pulso óptico estrecho, por mencionar algunos. 

Entre estos, los efectos relacionados con la mezcla o la generación de nuevas 

frecuencias son los efectos no lineales más relevantes para el desarrollo de fuentes 

de luz. En aplicaciones de fotónica, existen materiales cuya respuesta no lineal es 

más eficiente, dichos materiales se conocen como materiales no lineales. 

La tecnología de la fibra óptica permite el desarrollo de fuentes de luz con todas 

las ventajas de una fibra óptica. Aunque el SiO2 con el que están fabricadas la mayoría 

de fibras ópticas no es un material que presente un comportamiento no lineal muy 

eficiente, esto se ve ampliamente compensado por dos aspectos: (1) el tamaño de 

haz en una fibra óptica puede ser muy pequeño, del orden de pocas decenas de µm2, 
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lo que puede dar lugar a valores de densidad energía muy altas, y (2) en una fibra 

óptica la longitud de interacción puede ser muy larga (de centenares de metros). Por 

otro lado, el desarrollo en las últimas décadas de las fibras ópticas 

microestructuradas, (por sus siglas en inglés, MOFs), también conocidas como fibras 

de cristal fotónico (por sus siglas en inglés, PCF), ha contribuido a ampliar las 

posibilidades de las fibras ópticas en el campo de la óptica no lineal. En concreto, 

las MOFs se pueden diseñar de tal manera que el área modal sea incluso menor que 

en las fibras convencionales, a la vez que es posible controlar de manera muy flexible 

la dispersión cromática, lo que resulta fundamental para controlar el tipo de efectos 

no lineales que se van a generar y su eficiencia. Por ello, consideramos que las MOFs 

son una plataforma adecuada para desarrollar aplicaciones basadas en interacciones 

ópticas no lineales. 

La mezcla de cuatro ondas (por sus siglas en inglés, FWM) es un efecto no-

lineal que puede producirse en una fibra óptica y que es capaz de generar fotones a 

una frecuencia diferente de la frecuencia de la onda de excitación. La luz generada 

por FWM permite diseñar fuentes de luz con múltiples bandas espectrales de 

emisión, relativamente estrechas. La FWM es un efecto no lineal de tipo elástico, en 

el que, a diferencia de los efectos no lineales inelásticos, la energía de los fotones del 

haz (o haces) incidente (haz de bombeo) se transfiere a dos nuevos fotones de 

diferente frecuencia, sin que se produzca transferencia de energía al medio en el que 

se propaga la onda, en nuestro caso la fibra óptica. La FWM es un efecto no lineal 

de tipo paramétrico, y como tal requiere del cumplimiento de una condición de ajuste 

de fase para que se produzca de forma eficiente. El cumplimiento de la condición 

de ajuste de fase está determinado fundamentalmente por las características de la 

señal óptica de bombeo y por las propiedades de guiado de la fibra óptica. 

Concretamente, depende en gran medida de la dispersión cromática de la fibra y de 

la respuesta no lineal. En determinados casos, también depende de la birrefringencia 

de la fibra y de la polarización del haz de bombeo. De hecho, la condición de ajuste 
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de fase se produce cuando las diferentes contribuciones a la fase de la onda se 

equilibran en las frecuencias de los fotones generados por FWM y de los fotones de 

excitación. Idealmente, cuando se produce la condición de ajuste de fase, la señal 

óptica de bombeo se transfiere a dos bandas espectrales, denominadas comúnmente 

bandas signal e idler, la primera formada por fotones de mayor energía que el bombeo 

y la segunda por fotones de menor energía a los fotones del bombeo. Dependiendo 

de las propiedades de guiado de la fibra, las bandas signal e idler pueden generarse en 

diferentes regiones del espectro óptico. Cabe destacar que, dependiendo del estado 

de polarización de la luz de bombeo, las bandas de FWM pueden mostrar diferentes 

propiedades, lo que evidencia la naturaleza vectorial de este efecto.  

En este trabajo, prestamos especial atención a un caso particular de FWM 

vectorial conocido como modulación por inestabilidad debido a la polarización (por 

sus siglas en inglés, PMI). Este caso particular de FWM se puede producir en fibras 

débilmente birrefringentes. En un marco de referencia de luz linealmente polarizada, 

las dos bandas generadas por PMI están co-polarizadas, pero su polarización es 

perpendicular a la polarización de la luz de bombeo. Este caso vectorial de FWM 

puede producirse efectivamente cuando la luz de bombeo excita uno de los modos 

propios de polarización de la fibra óptica cuyo campo eléctrico está polarizado a lo 

largo de un eje principal de la fibra (rápido o lento), y por tanto las bandas de PMI 

generadas están polarizadas a lo largo del eje ortogonal (lento o rápido).  

Las características de la luz generada mediante FWM/PMI permiten diseñar 

fuentes de luz con una serie de propiedades que resultan interesantes en ciertas 

aplicaciones, entre las que podemos destacar las técnicas de microscopía avanzada 

basadas en CARS y SRS, y la fotónica cuántica. En lo que se refiere a la primera 

aplicación, FWM/PMI proporciona dos (o más) bandas de luz estrechas con una 

separación espectral controlada, sincronizadas y de intensidad suficiente, lo que se 

ajusta con las especificaciones que estas técnicas de microscopía requieren a la fuente 
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de luz con las que se iluminan las muestras. Por otro lado, las propiedades cuánticas 

de los pares de fotones que se generan mediante este efecto no lineal, también son 

de interés para el desarrollo de fuentes de luz de pares de fotones para aplicaciones 

de criptografía cuántica.  

Cabe destacar también el interés en los aspectos más fundamentales de este 

proceso no lineal, en particular del PMI, ya que puede estar presente en diferentes 

configuraciones no lineales. Por ejemplo, PMI está en el origen de la degradación de 

la coherencia de la luz emitida en fuentes de supercontinuo coherentes basadas en 

fibras ópticas con dispersión normal. Por otro lado, PMI también puede darse en 

procesos de generación de peines de frecuencia en microrresonadores ópticos. 

El objetivo central de este trabajo es aportar conocimientos y un conjunto de 

técnicas que ayuden al desarrollo de fuentes de luz de fibra óptica basadas en el 

efecto no lineal de FWM vectorial. Por un lado, planteamos realizar un estudio 

detallado del fenómeno de la generación de PMI y FWM en MOFs con diferentes 

propiedades de dispersión. Por otro lado, nos proponemos desarrollar técnicas 

prácticas de sintonización para controlar la posición espectral de las bandas 

generadas mediante FWM y PMI en un amplio rango espectral. Este aspecto es muy 

importante ya que añade versatilidad a las fuentes de luz que se puedan desarrollar 

en base a FWM/PMI y amplía sus capacidades prácticas.  

Cabe comentar que, aunque el carácter de esta tesis es fundamentalmente 

experimental, no deja de lado los aspectos teóricos y de modelización necesarios 

para comprender y predecir este efecto no lineal en las fibras ópticas.  
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Fundamentos teóricos de FWM vectorial 

El efecto de FWM se considera un efecto no lineal paramétrico, que está 

relacionado con la modulación del índice de refracción del medio causado por la 

presencia de un campo electromagnético intenso, lo que se conoce como efecto 

Kerr. Desde el punto de vista físico, el FWM surge de la respuesta no lineal de los 

electrones ligados de un material en presencia de un campo electromagnético 

intenso. En general, la polarización inducida en un medio dieléctrico (en nuestro 

caso la fibra óptica) por el campo electromagnético contiene términos que no 

dependen linealmente con el campo eléctrico, cuya magnitud se rige por los 

elementos de susceptibilidad eléctrica del material de órdenes mayor que uno. En 

fibras ópticas basadas en SiO2, los efectos no lineales de segundo orden son 

despreciables debido a la estructura centro-simétrica de la molécula, de manera que 

los efectos no lineales de orden más bajo que se pueden producir en este material se 

deben a los elementos del tensor susceptibilidad de tercer orden. Los procesos 

paramétricos de tercer orden implican la interacción no lineal entre cuatro ondas 

ópticas e incluyen fenómenos como FWM y la generación de terceros armónicos.  

En esta tesis, se aborda la descripción teórica de FWM en fibras ópticas. Para 

ello, hemos seguido la descripción clásica de la propagación no lineal de un campo 

electromagnético dentro de una fibra óptica. En esta descripción hemos considerado 

una fuente de luz de bombeo en el régimen de onda continua (por sus siglas en 

inglés, CW) dado que en nuestros experimentos se utilizó una fuente de luz pulsada 

con una duración de pulso de unos cientos de ps. Aunque ciertamente no se trata de 

un régimen de CW, se considera como un régimen de cuasi-CW ya que la duración 

del pulso es varios órdenes de magnitud mayor que la respuesta temporal de los 

efectos no lineales investigados (del orden de ~fs). Por ello, la formulación derivada 

para describir el efecto de FWM bajo bombeo CW es adecuada para el régimen de 

bombeo cuasi-CW. 
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En primer lugar, a partir de las ecuaciones de Maxwell y considerando una fibra 

óptica (medio dieléctrico, no magnético y sin cargas ni corrientes libres) como el 

medio en que se propagan las ondas, se han derivado las ecuaciones de propagación 

de las cuatro ondas electromagnéticas involucradas en un proceso de FWM con 

polarizaciones arbitrarias. Bajo este tratamiento se ha considerado la contribución 

lineal y no lineal de la polarización eléctrica inducida. En esta última, el término no 

lineal de la polarización se evalúa en función del campo eléctrico y de la 

susceptibilidad de tercer orden de la sílice. Las ecuaciones de propagación de las 

cuatro ondas involucradas en un proceso de FWM pueden ser evaluadas asumiendo 

que los vectores de campo eléctrico se encuentran en el plano transversal respecto a 

la dirección de propagación de los campos. Dicha suposición es aplicable a los 

modos de la fibra óptica, dado que la amplitud de las componentes de los campos 

axiales es generalmente mucho menor que las componentes de los campos en el 

plano transversal. Como resultado, se obtienen un conjunto de cuatro ecuaciones 

diferenciales acopladas, las cuales describen la evolución de las amplitudes de los 

campos involucrados en un proceso de FWM con polarizaciones arbitrarias. Estas 

ecuaciones diferenciales representan el caso más general de FWM vectorial que 

puede ocurrir en una fibra óptica débilmente birrefringente.  

De acuerdo con cada proceso de FWM vectorial, existen una serie condiciones 

que dictaminan las frecuencias y la eficacia con la que este proceso puede producirse 

en una fibra óptica. Se trata de la conservación de energía y de la conservación del 

momento de los fotones involucrados en un proceso de FWM. La conservación de 

energía dictamina las frecuencias de los fotones de FWM en función de la frecuencia 

de los fotones de bombeo. Por otra parte, la conservación del momento relaciona 

cuan eficiente puede ser un proceso de FWM por medio de la condición de ajuste 

de fase. Esta última se deriva a partir de las ecuaciones que describen la evolución 

de los campos a las frecuencias de los fotones signal e idler. La condición de ajuste de 

fase involucra la birrefringencia de la fibra y sus propiedades dispersivas por medio 



Resumen en español 

xvii 
 

de los factores de propagación del modo guiado a las frecuencias de la luz bombeo 

y la frecuencia de los nuevos fotones generados (contribución de fase lineal). A su 

vez, la condición de ajuste fase involucra la contribución no lineal de la fibra óptica 

por medio del parámetro no lineal de la misma (contribución de fase no lineal). En 

particular, el efecto de FWM se vuelve eficiente cuando ambas contribuciones lineal 

y no lineal están en equilibrio, y una compensa a la otra. 

De acuerdo con los objetivos enmarcados para esta tesis, hemos descrito 

teóricamente el efecto de FWM en fibras ópticas débilmente birrefringentes 

teniendo en cuenta el carácter vectorial del FWM. En ambos casos se han derivado 

las ecuaciones que describen la condición de ajuste de fase y ganancia paramétrica. 

En particular, hemos centrado la descripción vectorial de FWM considerando luz de 

bombeo linealmente polarizada y prestando especial atención a los procesos 

vectoriales producidos cuando la luz de bombeo excita uno de los modos de 

polarización propios de la fibra óptica, cuyo campo eléctrico está polarizado a lo 

largo del eje rápido (o lento de la fibra). Como resultado, se obtiene que se pueden 

dar cuatro procesos de FWM. En todos ellos, las bandas espectrales generadas 

presentan la misma polarización entre ellas. Cuando la polarización del bombeo 

coincide con el eje rápido de la fibra, se pueden dar dos procesos de FWM. En el 

primero, las bandas signal e idler se generan con idéntica polarización a la polarización 

de la señal de bombeo, mientras que el segundo proceso da lugar a bandas con 

polarización perpendicular al bombeo, es decir los fotones signal e idler se generan en 

el modo lento de la fibra óptica. Por otro lado, cuando la polarización del bombeo 

está orientada con el eje lento de la fibra, un primer proceso de FWM puede dar 

lugar a bandas con la misma polarización que los fotones de bombeo, mientras que 

el segundo proceso puede dar lugar a fotones con polarización ortogonal a la del 

bombeo, es decir, con la polarización del eje rápido de la fibra. 
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A los procesos de FWM en el que la polarización de los fotones signal e idler es 

ortogonal con respecto a la polarización de los fotones de bombeo se les denomina 

PMI, y no es más que un proceso de FWM que se puede dar en fibras ópticas 

birrefringentes. Gran parte del trabajo de esta tesis se basa en dicho efecto no lineal. 

Por lo cual, los principales aspectos teóricos del efecto de PMI se abordan en el 

marco teórico de esta tesis.  

Por último, en la parte teórica, investigamos numéricamente cómo depende la 

frecuencia de las bandas generadas por FWM/PMI con los diferentes parámetros de 

la fibra óptica que intervienen en el proceso. Este estudio tiene como objetivo, 

proporcionar los conocimientos teóricos en los que se basan la mayoría de los 

resultados experimentales incluidos en esta tesis. En particular, investigamos el 

impacto en la condición de ajuste de fase del parámetro no lineal de la fibra, de la 

birrefringencia y de su dispersión cromática. Todos estos cálculos requieren del 

conocimiento previo de las propiedades lineales de la fibra óptica en la que se estudia 

el proceso de FWM. Las propiedades lineales de las MOFs, en concreto, el factor de 

propagación, el área efectiva y la birrefringencia fueron calculados utilizando un 

software desarrollado en el LFO denominado “Itera”.  

Procedimientos experimentales 

Gran parte de los experimentos realizados a lo largo de esta tesis fueron 

realizados con fibras microestructuradas, que fueron diseñadas y fabricadas de 

acuerdo con cada aplicación o experimento concreto. Las MOFs utilizadas durante 

los experimentos fueron fabricadas en las instalaciones de la Universidad de 

Valencia, concretamente en los laboratorios de fabricación de fibra óptica del 

Laboratorio de Fibra Óptica (LFO). El método que se ha seguido para la fabricación 

de las MOFs se denomina con el término stack and draw, y consiste en realizar una 

preforma a base de apilar ordenadamente capilares y varillas de sílice, que 
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posteriormente será fundida y estirada a fibra óptica. El sistema que empleamos para 

fabricar nuestras MOFs se basa en una torre de estiramiento utilizada habitualmente 

para la fabricación de fibra óptica convencional, que ha sido modificada 

convenientemente para cumplir los requisitos específicos de la fabricación de MOFs 

de sílice. Una vez fabricadas las fibras objetivo, la sección transversal de las mismas 

se caracteriza mediante microscopía electrónica de barrido (SEM), y se seleccionan 

aquellas que cumplen con los parámetros de diseño. 

A lo largo de este proyecto de investigación se fabricaron un buen número de 

MOFs para llevar a cabo los experimentos de generación de FWM/PMI. En 

concreto, se han fabricaron tres familias de MOFs con diferentes propiedades de 

dispersión: (1) MOFs que exhiben una dispersión totalmente normal en un amplio 

rango de longitudes de onda (por sus siglas en inglés, fibras ANDi), (2) MOFs con 

dispersión normal pequeña a la longitud de onda experimental, y (3) MOFs con 

dispersión anómala. 

En muchos de los experimentos de esta tesis, requerimos un ajuste fino de la 

dispersión cromática de una MOF para controlar la posición espectral de las bandas 

generadas mediante FWM/PMI. En una MOF, cuyos agujeros están rellenos de aire, 

la dispersión cromática de la fibra queda fijada por sus parámetros estructurales, y 

no hay un método sencillo de modificarla a posteriori. Sin embargo, cuando los 

orificios de las fibras se rellenan con una sustancia con propiedades ópticas 

adecuadas, se obtiene un grado de libertad adicional para ajustar la dispersión de la 

fibra en una etapa posterior a la fabricación de las mismas. Así, en algunos 

experimentos infiltramos líquidos en los agujeros de las MOFs para ajustar 

eficazmente su dispersión. En concreto, utilizamos agua pesada, etanol y mezclas de 

etanol y agua.  

El montaje experimental que hemos empleado para excitar y caracterizar los 

efectos no lineales de FWM/PMI producidos en MOFs, consta de un láser que emite 
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pulsos a una longitud de onda de 1064 nm, con una duración del pulso de 700 ps y 

una potencia máxima de ~ 11 kW. La emisión del láser es linealmente polarizada. El 

haz emitido por el láser se utilizó como señal de bombeo. A la salida del láser, el 

montaje dispone de una lámina de media onda para rotar el plano de polarización 

del haz de bombeo con respecto a los ejes principales de la fibra bajo prueba. El haz 

de bombeo se introduce en las fibras por medio de lentes asféricas de diferente 

distancia focal y una base de alineación micrométrica XYZ en la cual se fija la fibra 

a caracterizar. La relación de potencia acoplada varía entre el 40 y el 50 % 

dependiendo de cada fibra y la longitud típica de la fibra utilizada en los 

experimentos fue de ∼1 m.  

Para caracterizar el estado de polarización de la luz generada en la fibra óptica 

por la interacción no lineal, se utilizó un polarizador lineal situado a la salida de la 

fibra a caracterizar. Por otro lado, empleamos un analizador de espectros óptico para 

registrar y analizar los espectros de la luz a la salida de la fibra óptica, normalmente 

con una resolución espectral de 0.2 nm. Por último, se utilizó un medidor de 

potencia para medir la potencia de la señal de bombeo que se inyecta en la fibra.  

Con este arreglo experimental llevamos a cabo los experimentos de generación 

y sintonización de bandas de FWM/PMI. De acuerdo con las características de cada 

experimento, las fibras se sometieron a diferentes pruebas físicas (por ejemplo, 

tensión axial, flexión, calor), por lo que fue necesario añadir los subsistemas 

necesarios en el montaje experimental de acuerdo a cada caso. 

Resultados y conclusiones 

En esta tesis nos hemos centrado en el estudio del efecto óptico no lineal de 

FWM vectorial en fibras ópticas, y en el desarrollo de mecanismos viables para la 

sintonización de las bandas de FWM generadas. La mayor parte de los experimentos 
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se han realizado utilizando MOFs, aunque también se incluyen algunos resultados 

obtenidos con fibras convencionales. El objetivo principal de este trabajo es 

producir el conocimiento, y un conjunto de técnicas para apoyar el desarrollo de 

fuentes de luz de fibra óptica versátiles basadas en este efecto no lineal.  

Este estudio se ha organizado en dos partes principales. En la primera, 

presentamos un estudio detallado, tanto teórico como experimental de los efectos 

no lineales de PMI y FWM que pueden producirse en las fibras ópticas. Este estudio 

nos ha permitido identificar los parámetros de la fibra que determinan las principales 

características de los efectos PMI y FWM. La segunda parte se dedicó al desarrollo 

de métodos sencillos para sintonizar las bandas espectrales generadas mediante PMI 

y FWM, actuando sobre las propiedades de la fibra, en particular sobre la dispersión 

cromática y la birrefringencia. El control de estos parámetros de la fibra se logró 

mediante métodos dinámicos basados en los efectos elasto-óptico y termo-óptico. 

En el capítulo 2, hemos proporcionado la descripción teórica del efecto no 

lineal de FWM en fibras ópticas. Hemos obtenido las ecuaciones para las amplitudes 

acopladas, el ajuste de fase y la ganancia que describen el efecto FWM para fibras 

isotrópicas y débilmente birrefringentes teniendo en cuenta la naturaleza vectorial 

de la luz.  Este marco teórico proporcionó una descripción detallada de los efectos 

de FWM y PMI en la colección de MOFs que se utilizaron para esta tesis. Por lo 

tanto, pudimos comparar los resultados experimentales con simulaciones teóricas 

con una concordancia relativamente buena. 

En cuanto a la parte experimental de esta tesis, hemos estudiado en detalle el 

efecto de PMI producido en MOFs con diferentes características de dispersión 

cromática bajo bombeo cuasi-CW. En particular, hemos caracterizado el PMI 

generado con un bombeo con polarización orientada con el eje lento de las fibras en 

una amplia familia de MOFs, incluyendo MOFs rellenas de aire, de etanol y de agua 

pesada. Las fibras investigadas se diseñaron para que presentaran diferentes perfiles 
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de dispersión, abarcando fibras de tipo 1-ZDW, 2-ZDW y ANDi. En el caso de las 

fibras ANDi, hemos demostrado, por primera vez, que la separación en frecuencia 

entre de las bandas PMI y el bombeo (Ω) es máxima cuando la longitud de onda de 

bombeo coincide con la longitud de onda en que la curva de dispersión presenta un 

máximo (MDW). El mayor valor de Ω medido con este tipo de fibras fue 1538 cm-

1, obtenido en una fibra con MDW = 1058 nm. Cabe comentar que el FWM/MI 

escalar no se puede dar en las fibras ANDi, ya que la condición de ajuste de fase para 

ese proceso de FWM no puede satisfacerse en este tipo de fibras. En su lugar, sólo 

se puede generar PMI, lo que también se corroboró con nuestros experimentos. 

Adicionalmente, hemos demostrado que se puede generar bandas de PMI con 

valores de Ω incluso mayores en fibras con 1 o 2 ZDW cuando la dispersión de la 

fibra a la longitud de onda de bombeo es normal y baja, lo que puede darse, por 

ejemplo, cuando la longitud de onda de excitación está en la cercanía de un ZDW.  

El conjunto de resultados experimentales incluidos en el capítulo 4 nos 

permitió señalar la relevancia de la birrefringencia de la fibra en el cumplimiento de 

la condición de ajuste de fase del PMI. Esto se concluyó tras comparar los resultados 

obtenidos con fibras con valores de dispersión similares en la longitud de onda de 

excitación, pero con diferente birrefringencia residual. Una mayor birrefringencia da 

lugar a bandas más separadas del bombeo, por tanto, a valores mayores de Ω. 

Una parte importante del trabajo se dedicó a estudiar diferentes métodos para 

controlar y sintonizar la ubicación espectral de las bandas de PMI y FWM. En el 

capítulo 5, mostramos diferentes métodos que permitieron sintonizar las bandas de 

PMI producidas en MOFs y fibras ópticas estándar en un amplio rango de 

frecuencias. Hemos desarrollado métodos sencillos para controlar la birrefringencia 

y la dispersión de la fibra, y explotamos esa característica para controlar la posición 

espectral de las bandas de PMI.  
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Los métodos empleados para inducir birrefringencia de manera controlada en 

las fibras ópticas empleados se fundamentan ambos en el efecto elasto-óptico. El 

primero se basa en introducir una curvatura controlada en la fibra óptica. En el 

segundo método se utiliza la tensión mecánica aplicada a un arrollamiento de fibra 

óptica para modificar la birrefringencia. Estos experimentos se realizaron con fibras 

ópticas estándar de salto de índice que presentan una birrefringencia residual 

relativamente baja cuando las fibras no están sujetas a deformaciones.  

En cuanto al efecto de birrefringencia inducida por flexión pura, se consiguió 

un rango de desplazamiento de la frecuencia de las bandas de PMI desde 

Ω = 111 cm-1 hasta Ω = 779 cm-1 variando la birrefringencia de la fibra desde 

4.6×10-7 hasta 3.9×10-5. Los resultados obtenidos con la técnica de tensión y 

arrollamiento fueron más pobres. El rango de sintonización de Ω conseguido en 

nuestros experimentos está comprendido entre 621 cm-1 y 726 cm-1 para un rango 

de tensión de 3.8×10-3 a 5.0×10-3. Con los resultados obtenidos por esta técnica 

pudimos evidenciar que la contribución de las propiedades elásticas del polímero 

que recubre la fibra óptica actúa como amortiguación de la tensión aplicada a la 

misma, por ende, se reduce significativamente la birrefringencia inducida por el 

tensado y enrollado de la fibra. Aprovechando la relación directa entre el 

desplazamiento de frecuencia de las bandas de PMI y el cambio de birrefringencia 

en una fibra con un alto valor de dispersión normal a la longitud de onda de la 

bomba, pudimos estimar la tensión real aplicada en las fibras enrolladas a tensión. 

En este sentido, nos gustaría resaltar que el efecto PMI en fibra óptica puede ser 

explotado para la caracterización de las propiedades de la misma. Basándose en este 

efecto no lineal, se pueden determinar parámetros de la fibra como el coeficiente no 

lineal, la birrefringencia o la dispersión cromática. 

La segunda parte del Capítulo 5 está dedicada a la sintonización de las bandas 

PMI mediante el control de la birrefringencia y la dispersión de la fibra a través de 
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los efectos térmicos. Estos trabajos se han realizado con MOFs infiltradas con 

líquidos con propiedades ópticas y termo-ópticas adecuadas. En concreto, en 

nuestros experimentos se utilizaron fibras infiltradas con etanol y agua pesada. Estos 

líquidos presentan valores del coeficiente termo-óptico relativamente grandes, por 

lo que cambios moderados de temperatura pueden provocar cambios grandes tanto 

de la dispersión cromática como de la birrefringencia de la fibra. En términos 

generales podemos afirmar que hemos podido sintonizar las bandas de PMI en un 

amplio rango de frecuencias con variaciones moderadas de la temperatura. En el 

mejor resultado obtenido con una MOF con orificios rellenos de etanol, Ω se 

sintonizó desde 1274 cm-1 hasta 2189 cm-1 en un rango de temperatura de 20 °C a 

60 °C. Con MOFs infiltradas con agua pesada, el rango de sintonización mayor que 

se obtuvo está comprendido entre 1084 cm-1 y 2786 cm-1, para un rango de 

temperatura de 20 °C a 90 °C, siendo este último experimento con el que se obtuvo 

el mayor rango de sintonización de las bandas del PMI de todos los experimentos 

realizados. 

El rango de sintonía de las bandas PMI conseguido con esta técnica casi cubre 

las frecuencias vibracionales (de 1000 cm-1 a 3700 cm-1) de la mayoría de los grupos 

funcionales representativos para la bio-imagen de moléculas empleadas en la 

microscopía avanzada basada en efecto Raman. Además, nos gustaría destacar que 

las bandas de PMI producidas en las MOFs infiltradas con líquidos fueron capaces 

de excitar por sí mismas fotones de dispersión Raman, lo que indica que la intensidad 

de las bandas PMI puede ser notablemente alta. Por lo tanto, podemos concluir que 

la PMI puede ser un mecanismo físico adecuado para el desarrollo de fuentes de luz 

de banda estrecha polarizada de alto rendimiento con bajo ruido de fondo. 

En el capítulo 6 recopilamos el trabajo realizado en relación a la generación 

dual y simultanea de FWM escalar y PMI en MOFs, y a los experimentos para la 

sintonización simultánea de las bandas producidas por ambos efectos no lineales. 



Resumen en español 

xxv 
 

Las especificaciones de las fibras para la generación simultánea de ambos efectos no 

lineales requirieron un ajuste fino de las propiedades de guiado, que se consiguió 

utilizando MOFs infiltradas con soluciones de etanol-agua. La caracterización de la 

polarización de los espectros de luz resultantes a la salida de los MOF nos permitió 

identificar qué bandas espectrales eran producidas por PMI y cuales por FWM 

escalar. 

Respecto a la sintonización de ambos efectos no lineales, implementamos dos 

métodos para controlar simultáneamente la posición espectral de las bandas 

producidas por dichos efectos no lineales. El primero se basa en rellenar los agujeros 

del MOF con soluciones de etanol-agua de diferentes concentraciones. El índice de 

refracción de las soluciones depende de la concentración de etanol. A su vez, la 

birrefringencia y la dispersión cromática varían con el índice de refracción en la 

región de los agujeros. Así, la localización espectral de las bandas de PMI y FWM 

generadas, se pudo variar en un rango amplio controlando la concentración de etanol 

(EtOH) de la solución. El segundo método se basa en las propiedades termo-ópticas 

del líquido infiltrado en el MOF, similar a la técnica empleada en el Capítulo 5. 

En cuanto a los resultados obtenidos mediante el primer método, hemos 

demostrado que es posible sintonizar las bandas de FWM en un amplio rango de 

frecuencias. Hemos demostrado experimentalmente que el desplazamiento de 

frecuencia del FWM aumenta con la concentración de EtOH, mientras que 

disminuye para las bandas de PMI, conforme a las conclusiones teóricas. En el mejor 

resultado, el desplazamiento de frecuencia Ω de las bandas de FWM se sintonizó 

desde 2302 cm-1 hasta 4028 cm-1, en una MOF infiltrada con soluciones con 

concentraciones de EtOH desde 0 %wt. a 44 %wt. (fracción en peso). Respecto a 

las bandas de PMI, el mejor resultado comprende la variación de Ω desde 391 cm-1 

hasta 1188 cm-1, para soluciones con concentraciones de EtOH entre 8 %wt al 

100 %wt. En estos experimentos, se consiguió ajustar el desplazamiento en 
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frecuencia (o equivalentemente la posición espectral) de las bandas de FWM y PMI 

en un rango amplio. Sin embargo, este método no es un método dinámico en el 

sentido de que la sintonización de las bandas PMI/FWM requiere llenar y vaciar los 

agujeros de las MOFs. 

El segundo método nos permitió la sintonización simultánea de las bandas PMI 

y FWM en un rango espectral amplio, de forma dinámica. El índice de refracción de 

una determinada solución infiltrada en la fibra se sintonizó continuamente en torno 

a un valor inicial fijado por la concentración de etanol-agua aprovechando el efecto 

termo-óptico. Utilizando esta técnica, fue posible generar bandas de PMI y FWM de 

amplitud significativa y bien separadas espectralmente del bombeo, y, además, de 

sintonizarlas de manera continua y dinámica cambiando la temperatura de la fibra. 

Dado que el coeficiente termo-óptico de las soluciones es negativo, el 

desplazamiento de las bandas es tal que, al aumentar la temperatura, las bandas de 

FWM se aproximan al bombeo mientras que las bandas de PMI se alejan del mismo. 

En estos experimentos, los mayores rangos de sintonización obtenidos fueron desde 

3851 cm-1 a 1631 cm-1 para las bandas de FWM, en un rango de temperatura de 23 

°C a 96 °C, y para las bandas de PMI, desde 1023 cm-1 a 1583 cm-1, en un rango de 

temperatura de 23 °C a 66 °C.  

Cabe comentar que las propiedades de polarización de la luz generada por PMI 

y por FWM pueden dar lugar a diversas combinaciones que pueden permitir el 

desarrollo de fuentes de luz sintonizables, simplemente filtrando las longitudes de 

onda deseadas con dispositivos ópticos adecuados, como polarizadores o filtros de 

paso de banda. Además, para aplicaciones en las que los efectos de la polarización 

son despreciables, una fuente de luz de banda estrecha que cubra casi el espectro del 

infrarrojo cercano puede basarse en la combinación de las bandas producidas por 

FWM y PMI. 
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Por último, en el capítulo 6 incluimos dos aplicaciones prácticas basadas en la 

respuesta de la banda signal del FWM a los cambios de índice de refracción y/o 

temperatura. En las MOFs infiltradas de líquido, la dependencia de las longitudes de 

onda del FWM con el índice de refracción del líquido de relleno puede utilizarse para 

el desarrollo de refractómetros altamente sensibles para soluciones de base acuosa. 

La segunda aplicación está relacionada con la caracterización de las propiedades 

termo-ópticas de los líquidos. El método se basa en la respuesta térmica de la banda 

de signal de FWM producida en un MOF lleno del líquido bajo prueba. Para 

demostrar la viabilidad de la propuesta, se investigó una solución de etanol-agua. El 

método pudo mostrar (y cuantificar) la dependencia no lineal del índice de refracción 

de dicha solución con la temperatura. Esta técnica puede aplicarse para caracterizar 

la respuesta termo-óptica de muchos otros líquidos, siempre que el índice de 

refracción del líquido sea inferior al índice de refracción de la sílice. 

A lo largo de esta tesis, han surgido varias ideas para diferentes experimentos 

y aplicaciones basadas en los efectos PMI/FWM como trabajo futuro. Por ejemplo, 

la dependencia de la posición espectral de las bandas de PMI con la birrefringencia 

puede ser explotada para medir deformación o curvatura de una fibra óptica. 

Además, los parámetros de una fibra, como la birrefringencia o el parámetro no 

lineal, también pueden medirse basándose en la respuesta de desplazamiento de 

frecuencia de la PMI. En la misma dirección, hemos señalado anteriormente la 

posibilidad de desarrollar sensores de fibra basados en la respuesta de la PMI a las 

variaciones del índice de refracción de un líquido infiltrado en una MOF y la 

posibilidad de caracterizar la respuesta térmica de una amplia variedad de soluciones 

de base acuosa. Por último, nos gustaría destacar que las técnicas de sintonización 

de FWM/PMI y los rangos de sintonización alcanzados en nuestros experimentos 

abren un abanico de nuevas posibilidades que pueden fundamentar el desarrollo de 

nuevas fuentes de luz versátiles con aplicaciones en diferentes campos.
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Chapter 1 
Introduction 

Light sources based on nonlinear optics are of great interest for photonic 

technologies. Nonlinearities arise as a response of a medium when it is subjected to 

a strong electromagnetic field. As a result of light-matter interaction, unique effects 

can occur, for example: self-focusing (or defocusing) of a light beam; mixing of 

waves at different frequencies; modulation of the optical properties of the material 

(refractive index or absorption coefficient); generation of new frequencies; spectral 

broadening of a narrow optical pulse; to name a few. The effects related to the 

mixing or generation of new frequencies are the most relevant nonlinear effects for 

the development of light sources. The light sources produced by nonlinear effects 

exhibit suitable spectro-temporal properties that allow them to be exploited in 

different areas, from fundamental research to applications related to biomedicine, 

quantum optics, remote sensing, telecommunications and materials analysis, etc. [1–

3]. 

In photonic applications, several materials are used to efficiently excite 

nonlinear effects, such materials are also known as nonlinear optical materials and 

their relevance is related to the desired application. Among them, we can find [4]: 

semiconductors, organic and polymeric materials, electro-optical crystals, liquid 

crystals and photonic crystals (1D, 2D and 3D).  

Optical fiber technology enables the development of light sources with all the 

benefits of an optical fiber, the perfect example is an all-fiber laser. In addition, the
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advent of microstructured optical fibers (MOFs), also known as photonic crystal 

fibers (PCFs), has broadened the potentiality of optical fibers for nonlinear 

applications. The invention of MOFs was a watershed for nonlinear applications 

based on optical fiber technology. The strong optical field density confined in small 

area, the feasibility of long interaction lengths, high nonlinearity and increased 

flexibility for chromatic dispersion make MOFs a suitable platform for exciting 

nonlinear effects, and, therefore, for development of light sources based on 

nonlinear optical effects. 

 Nowadays, the most remarkable nonlinear light source is based on 

supercontinuum (SC) generation produced in MOF [5]. SC occurs in optical fibers 

when intense light with a narrow bandwidth propagating within the fiber, typically 

produced by a laser, experiences spectral broadening triggered by the interplay 

between the dispersive properties and nonlinearities of the MOF. Large bandwidth 

of SC light sources can be design, ranging from few hundreds of nm to bandwidths 

that almost covers the optical transparency window of fused silica. In general, SC 

light sources has average powers from several mW to few W, however, the power 

ratio carried by the different spectral components of the SC spectrum is relatively 

low.  Due to the suitable spectro-temporal properties, SC light source has been 

broadly exploited in many areas, such as spectroscopy [6, 7], optical coherent 

tomography [8], bio-imaging [9], and still is an open research topic. 

The nonlinear effects produced in an optical fiber also allow the development 

of narrowband light sources emitting at certain frequencies. Four-wave mixing 

(FWM) is a nonlinear effect that can be produced in an optical fiber which is capable 

of generating photons at different frequency from the excitation wavelength [10]. 

Thus, light generated by FWM allows designing light sources with dual-wavelength 

emission and narrowband gain. Nowadays, this type of light sources is not only of 

research interest, but applications for advanced microscopy based on the FWM 
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effect have already been developed [11]. In the present thesis, we focus our study on 

the generation of FWM in MOFs for the development of narrow bandwidth light 

sources. The FWM is an elastic nonlinear effect, in which the energy of the excitation 

photons is not transferred to the medium (optical fiber), but its energy is transferred 

to two new photons at different frequencies. FWM is a parametric process, so it 

requires the fulfillment of a phase-matching condition for it to occur efficiently. 

FWM is highly dependent on the chromatic dispersion and the nonlinear response 

of the fiber. In fact, phase matching occurs when the dispersion contribution and 

the nonlinear contribution are balanced at the frequencies of the FWM photons and 

the excitation photons. Ideally, once phase matching is achieved, the power of the 

pump is transferred to two spectral bands, typically referred to as signal and idler 

bands. The signal and idler bands occur at higher or lower frequencies, respectively. 

Depending on the fiber dispersion, FWM sidebands can be generated in different 

regions of the optical spectrum [12]. 

Depending on the polarization state of the pump light, the FWM sidebands 

can exhibit different properties, which is the evidence of the vector nature of FWM. 

In optical fibers, their birefringence together with the polarization state of the pump 

light are responsible for triggering different vector processes of FWM. For example, 

in a linearly polarized frame, the FWM sidebands may be co-polarized or 

orthogonally polarized. In the present work, we pay special attention to a particular 

case of vectorial FWM that can occur in weakly birefringent fibers, in which, the two 

generated FWM sidebands are co-polarized but orthogonally polarized with respect 

to the orientation of the polarization of the pump light. This vector case of FWM 

can effectively occur when the pumping light excites one of the eigenmodes which 

electric field is polarized along one major axis of the fiber (fast or slow), and thus 

the generated FWM sidebands are polarized along the orthogonal axis (slow or fast). 

This particular effect is known as polarization modulation instability (PMI) and 

allows the possibility to design polarized light sources. 
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Historical background 

Nonlinear optics is a branch of physics that studies the phenomena that occur 

as a consequence of the modification of the optical properties of a material system 

by the presence of intense light. Nonlinear optical phenomena are “nonlinear” in 

the sense that they occur when the response of a material to an applied optical field 

depends in a nonlinear manner on the strength of the optical field. Typically, only 

laser light is sufficiently intense to modify the optical properties of a material system. 

In this sense, the birth of nonlinear optics comes just after the invention of the first 

functional laser in 1960 by Maiman [13]. The beginning of the field of nonlinear 

optics is often taken to be the discovery of harmonics generation by Franken et al. 

in 1961 [14]. However, before the invention of the laser, several theoretical 

predictions about nonlinear optical phenomena had already been made, in 1931 

Goeppert and Mayer theoretically predicted the two-photon absorption [15]; in 1956 

Buckingham proposed the theory of Kerr effect [16]. 

In the context of optical fibers, FWM was first observed soon after low loss 

fiber became available by Stolen et al. in 1974 [17]; they reported the generation of 

blue light through FWM when pumping light at 532 nm (green) together with a 

seeded signal light at 630 nm (red) propagated in a fused silica rod. In their 

experiments, phase-matching was accomplished for different guided modes, 

according with the far field pattern observed at the fiber output. In the following 

years FWM produced in optical fibers was extensively studied, FWM in single mode 

fibers was observed by Hill et al. in 1981 [18]; they reported the feasibility to measure 

the nonlinearity of a single-mode optical fiber through FWM effect.  

The gain produced by FWM effect was proposed for all-fiber optical 

parametric amplifier (FOPA) [19, 20]. Different studies demonstrated that the 

efficiency of the FOPA was degraded mainly by the state of polarization of the 

pumping light and the birefringence of the fiber. It was observed that FWM 
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efficiency was the largest when both pump light and FWM sidebands were co-

polarized. However, either the polarization of the pump light and the polarization 

of the signal and idler sidebands varied as they propagated along the fiber. The first 

theoretical description of vector FWM in optical fiber was reported by Inoue in 

1992 [21], in this, the theory of vector FWM in a single-mode optical for general 

polarization states of pump light was described. One decade later, vector FWM 

theory was expanded by Lin and Agrawal in 2004 [22]. In their work, the influence 

of the polarization state of the pump light together with the FWM sidebands was 

considered to describe the efficiency of FWM for the implementation of FOPAs. 

Moreover, the basis for deriving the phase-matching equations in the frame of 

circular or linear polarized light was addressed. 

In particular, the effect of PMI was predicted theoretically in single-mode fibers 

with low birefringence in 1988 by Wabnitz [23], a few years before the general theory 

of vector FWM was developed by Inoue. It was demonstrated that the interplay of 

fiber birefringence together with the polarization of the pumping light can lead the 

generation of the modulation instability of a continous wave pump propagating 

within an optical fiber, even for the normal dispersion regime. Wabnitz showed that 

a short optical pulse can be converted into a train of pulses due to the instability 

produced when two small perturbations (sidebands) arises from the coupling of the 

two polarizations of the fundamental mode. In 1981, Stolen et al.  [24], 

experimentally observed the generation of two co-polarized sidebands propagating 

with orthogonal polarization with respect to the pump polarization. In their 

experiments two sidebands propagating in the fast axis of the fiber were produced 

by linearly polarized light oriented to the slow axis of the fiber, which is a particular 

case of PMI. However, it was until 1995 when the first experimental demonstration 

that claims the generation of PMI in single-mode optical fiber  by Murdoch 

et.al.  [25] was reported. In the context of MOFs, PMI was first observed in the 



FWM based light source 

6 
 

normal dispersion regime in a large-air-filling fraction MOF pumped near the zero-

dispersion wavelength [26]. 

FWM based light source 

The suitable temporal and spectral properties of FWM allow the 

implementation of light sources based on this nonlinear effect. In recent years, FWM 

has been exploited in many areas of interest, such as quantum optics and advanced 

microscopy. In addition, the FWM remains an open research topic for the 

development of optical parametric oscillators and resonators. 

In the case of advanced microscopy based on Raman spectroscopy, stimulated 

Raman scattering (SRS) [27] and coherent anti-Stokes Raman spectroscopy 

(CARS) [28], can be used to increase the Raman signal intensity of a biological 

sample, in which two intense collinear laser beams irradiate the sample. One laser is 

held at constant frequency (Stokes), while the other is tunable (pump). When the 

frequency difference matches a Raman active resonant mode of the sample, the 

Raman signal emitted by the sample will be increased. Such spectroscopy techniques 

allow imaging of specific chemical groups.  The requirements of a light source for 

SRS or CARS imaging can be supplied intrinsically by the tandem of fiber laser 

technology and FWM produced in a nonlinear MOF [29]. FWM based light sources 

for SRS/CARS bio-imaging require a wide tuning range of the signal band of FWM. 

The vibrational frequencies of the most representative functional groups are in the 

range from 1000 cm-1 to 3700 cm-1. Recently, it was demonstrated that suitable light 

sources based on tunable FWM in MOFs can be attained by tuning the pump 

wavelength [11]. Large frequency shift of FWM sidebands was achieved in a MOF 

with the zero-dispersion wavelength near to the wavelength range of pump laser. 

However, many suitable lasers with sufficient pump power to excite nonlinear 

effects in an optical fiber do not always allow tuning of their emission wavelength. 
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They are usually lasers designed to operate at a fixed wavelength. Moreover, in those 

where it may be possible, the tuning range is generally limited to a few nm. A simple 

solution for broadband tuning of FWM sidebands at a fixed pump wavelength, can 

be achieved by means of tuning the dispersion of the MOF through a controlled 

external factor [30, 31].  

FWM effect has also attracted the attention for the development of fiber-based 

photon sources in quantum photonics. The phenomenon of FWM occurring inside 

optical fibers provides a natural way to generate correlated photon pairs in a single 

spatial mode directly inside an optical fiber [32, 33]. However, the performance of 

fiber-based correlated photon-pair sources is severely deteriorated by the 

phenomenon of spontaneous Raman scattering (RS) that accompanies scalar FWM 

inevitably. In the past, stable polarization-entangled photon pairs has been generated 

by FWM with two orthogonal polarized pump sources [34, 35]. Since RS and FWM 

interaction is maximum when both effects are co-polarized and minimum for 

orthogonal polarization of FWM photons, the limitation induced by RS into 

correlated photons, can be managed with the polarization state of the pump and 

FWM photons. Therefore, PMI effect can be of interest for development of fiber-

based correlated-photon pair sources since photons produced through PMI are 

intrinsically orthogonal polarized. In addition, the frequency at which PMI photons 

are produced, can be adjusted with the control of the fiber dispersion together with 

the fiber birefringence, in order to match the wavelength window of available 

detectors for quantum-photonics applications. 

Recently PMI effect has attracted again the attention for fundamental research. 

Frequency comb generation in the presence of polarization effects induced by 

nonlinear mode coupling in microresonator devices has been investigated. PMI was 

theoretically predicted in driven microresonators  [36] and was experimentally 

observed in a single Kerr microresonator, capable to emit two orthogonally 
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polarized individually coherent combs generated by cross-phase modulation [37]. In 

the context of optical fibers, PMI has been recently observed in a fiber Kerr 

resonator, built with 12 m long normal dispersion spun fiber ring cavity driven with 

a 1552.4 nm wavelength continous-wave laser. 

Aims of the thesis 

The objectives of this thesis can be divided into two parts, the first is related 

to the study of PMI and FWM generation in MOFs with different dispersion 

properties, the study also will include the design and fabrication of nonlinear MOFs. 

The second part is related to the development of practical tuning techniques to 

control the spectral position of the FWM and PMI sidebands over a wide spectral 

range. 

The first objective of this work involved to study the main theoretical aspects 

of the FWM and PMI produced in an optical fiber. This study will allow us exploring 

the dependence of the fiber parameters on the phase-matching condition of both 

effects, and furthermore their relevance for the control of parametric wavelengths. 

This study serves for the development and description of the tuning techniques that 

will be employed throughout this thesis. In chapter 2, the theoretical description of 

FWM including its vector nature will be addressed. 

We are also interested in MOFs design and fabrication, since most of the 

experiments related to FWM and PMI will be carried out on fibers designed and 

fabricated according to the desired application. Therefore, modeling the dispersion 

properties of a MOF as a function of its structural parameters is necessary for the 

fabrication of the nonlinear fibers that will be used in the experiments of the present 

work. In Chapter 3 we will address the modeling together with the fabrication 
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technique of the nonlinear MOFs. In addition, the experimental procedure followed 

to characterize and excite the nonlinear effects in the MOFs will also be addressed. 

One of the objectives of this work is to study the relevance of fiber dispersion 

on the phase-matching condition of FWM and PMI in order to control the spectral 

location of the sidebands generated by such effects. Therefore, Chapter 4 will be 

devoted to the study of PMI generation in fibers with tailored dispersion design, 

including MOFs filled with optical liquids.  

We are interested in developing practical tuning techniques for widely detuned 

sidebands produced by FWM and PMI. We explored different tuning techniques 

that rely on the control of fiber parameters through physical factors such as 

temperature or mechanical stress. These external factors are related to linear 

variations of phase birefringence induced by the elasto-optic effect and to 

simultaneous variations of fiber dispersion and birefringence induced by the thermo-

optic effect. In Chapter 5, we will explore the possibility of controlling PMI 

sidebands by inducing linear birefringence in a fiber through fiber bending and also 

by tensioned-coiled fibers in cylindrical molds. In addition, we will study the tuning 

performance of PMI sidebands with temperature control by infiltrating liquids into 

MOFs with suitable refractive index and high thermo-optic coefficients.  

Finally, in Chapter 6, will deal with the experimental study of the simultaneous 

generation of FWM and PMI in MOFs with proper dispersion for their generation. 

We will address the possibility of simultaneously controlling PMI and FWM 

sidebands by two mechanisms. We will present the viability to achieve tuning of the 

PMI and FWM sidebands by fine-tuning of the refractive index of the 

microstructured region of the fiber. In addition, we will also study the possibility of 

tuning the PMI and FWM sidebands over a wide wavelength range by thermal 

control, following the tuning technique employed in Chapter 5. 
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Chapter 2 
Theory of four-wave mixing 

In this chapter, we describe the main theoretical aspects of the nonlinear effect 

of FWM. We will address the general FWM theory for optical fibers by deriving the 

coupled equations for the amplitude of the fields involved in such process. The 

FWM phase-matching equation along with the spectral gain of its sidebands are 

derived under the scalar approximation, and then we extend the study for fibers with 

low birefringence where a vector description of the electromagnetic fields is 

required. In particular, we derive the coupled amplitude equations together with the 

phase-matching equations for the possible FMW processes allowed in an optical 

fiber when the pump wave is linearly polarized, which is the case of the light source 

used throughout this thesis. Since the fiber chromatic dispersion plays an important 

role for the fulfillment of the FWM phase-matching conditions (both in the vector 

and scalar cases), the description of the fiber dispersion is also addressed at the 

beginning of this chapter.  

Following the theoretical study of FWM, we were able to build a model to 

accurately describe the effect of FWM in optical fibers that allows us exploring the 

dependence of FWM on the different optical parameters. Moreover, in this chapter, 

we analyze the physical principles in which the different techniques implemented for 

controlling the spectral position of FWM are based. Numerical simulations are also 

performed to show the potential of the different methods. 
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2.1 Chromatic dispersion of optical fibers  

Chromatic dispersion is a measure of the degree to which the group velocity 

changes as a function of wavelength. It plays a very important role in fiber 

technology. Chromatic dispersion has an important impact on the propagation of 

light pulses, because a pulse has a finite spectral width, so that, dispersion can cause 

frequency-dependent phase changes. Consequently, its frequency components 

propagate with different group velocities. It is said that the pulse is “chirped”, 

meaning that the instantaneous optical frequency changes within the pulse. In 

applications based on linear propagation such as in optical telecommunications, 

chromatic dispersion is a relevant factor since it determines the temporal broadening 

of optical pulses, which is a limiting factor of the bandwidth capacity of a given 

network. In the nonlinear regime, dispersion is also a key fiber parameter since most 

nonlinear effects require low values of dispersion, and some nonlinear effects require 

a given sign of the dispersion to be able to occur. 

By constitution, optical fibers are dispersive media because, in part but not 

only, the dielectric material of which they are composed (commonly SiO2) is also 

dispersive. In general, the response of the material to the interaction with an 

electromagnetic wave depends on the optical frequency ω. This property of the 

material is quantified by the frequency dependence of the refractive index of the 

fiber n(ω). The origin of the material chromatic dispersion is related to the 

characteristic resonance frequencies at which the medium absorbs electromagnetic 

radiation through the oscillations of bound electrons.  For optical wavelengths far 

from the absorption resonances, the refractive index of most glasses, and in 

particular of fused silica can be well approximated through a Sellmeier equation of 

order m = 3, 

https://www.rp-photonics.com/chirp.html
https://www.rp-photonics.com/instantaneous_frequency.html
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where λ is the optical wavelength, and λ j and Bj represent the wavelength and the 

strength of the absorption resonances. For fused silica, the Sellmeier parameters 

were obtained experimentally [1] and found to be B1=0.6961663, B2=0.4079426, 

B3=0.8974794, λ1=0.0684043 μm, λ2=0.1162414 μm and λ1=9.9896161 μm. Fig. 2.1 

shows the chromatic dependence of the refractive index of fused silica. 

 
Figure 2.1. Refractive index (black) and group index (blue) of fused silica as a function of 
wavelength. 

In optical fibers, chromatic dispersion is attributed to three sources of 

dispersion: (i) Material dispersion, (ii) waveguide dispersion and (iii) mode 

dispersion. Material dispersion, as mentioned above, is caused by the wavelength 

dependence of the refractive index of fused silica. Waveguide dispersion is related 

to the wave guiding phenomena [2]. In optical fibers, the fields of guided modes 

overlap partially the core and partially the cladding. The mode field diameter changes 

with wavelength. Since the refractive index is different in the core than in the 

cladding, a change in mode field diameter also results in a change in the group 

velocity. Finally, mode dispersion happens due to the existence of several modes 
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propagating in the fiber, since each mode propagates with different propagation 

factor and velocities. The latter contribution, does not happen in single-mode optical 

fibers in which only the fundamental mode (HE11) is guided by the fiber. In this 

work, we employ MOFs that operate as single-mode fibers in the experimental 

wavelength range. Therefore, the contribution of mode dispersion can be neglected. 

Mathematically the effects of fiber dispersion are taken into account by expanding 

the propagation factor of the guided mode β in a Taylor series around the carrier 

frequency ω0, 
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where neff is the effective index of the guided mode and,  
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The different coefficients βm are related to some propagation quantities. In 

particular, β1 is the inverse of the group velocity vg, 
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and β2 contains the dependence of the inverse of the group velocity with frequency. 

In the bibliography, β2 is referred as the group velocity dispersion (GVD), 
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Figure 2.2. Chromatic dispersion (black) and β2 parameter (blue) as a function of wavelength 
of an optical fiber. Dispersion regimes are denoted by the shadow regions. Vertical dashed 
lines indicate the λZDW and λPMI. 

In some areas of optical fibers, chromatic dispersion is commonly described 

through the parameter D which is related to the GVD parameter. The dispersion 

parameter D is defined as dβ1 /dλ, and is expressed in terms of β2 and neff as follows: 

 
2

1
22 2

2d d nD
d c d
β π λβ
λ λ λ

= = − = −  (2.6) 

Figure 2.2 shows an example of the wavelength dependence of dispersion and 

β2 parameter of an optical fiber (numerical aperture: 0.17, core diameter: 2.18 μm). The 

most notable feature is that both β2 and D vanish at a wavelength of about 1.52 μm 

and change sign for longer wavelengths. This wavelength is referred to as the zero-

dispersion wavelength and is denoted as λZDW. One can think that the dispersion of a 

fiber can be suppressed at the λZDW, however, due to higher order dispersion (HOD) 

contributions (m ≥ 3 in Eq. 2.3), an optical fiber can still be dispersive. For instance, 

the term β3 is responsible for the distortion (asymmetric broadening) of a short 

optical pulse propagating in a single-mode optical fiber [3]. 
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According to the sign of fiber dispersion, it is usual to talk about two dispersion 

regimes: normal dispersion, for wavelengths with negative values of D (positive 

GVD), and anomalous dispersion for wavelengths with positive values of D 

(negative GVD). In the case of the example depicted in Fig. 2.2, normal dispersion 

regime happens when the optical wavelength is lower than λZDW and the anomalous 

dispersion regime when the optical wavelength is larger than λZDW. 

As mentioned above, fiber dispersion plays an important role in the context of 

nonlinear optics, due to its strong dependence on that fiber parameter. In the 

particular case of FWM, depending on the dispersion regime and the dispersion 

slope (loosely named dispersion profile), the FWM effect can exhibit different 

properties. For example, in optical fibers with anomalous dispersion at the excitation 

wavelength, scalar FWM can be produced with FWM sidebands generated near the 

excitation wavelength. This particular type of FWM is commonly known as 

modulation instability (MI). When the fiber dispersion at the excitation wavelength 

is normal, largely detuned FWM sidebands can be generated. Moreover, in 

birefringent fibers, various FWM vector processes can be generated in both 

dispersion regimes. In particular, for fibers with low birefringence, the PMI effect 

only occurs in the normal dispersion regime and exhibits a wavelength cutoff (λPMI), 

so that if pump wavelength is above λPMI,  PMI cannot be produced. The above-

mentioned regimes for FWM processes are illustrated in Fig. 2.2. 

2.2 Four-wave mixing in optical fibers 

Spontaneous four-wave mixing is a nonlinear process in which two photons of 

different frequency transfers their energy to two new photons. FWM photons are 

often known as signal and idler photons. When signal/idler photons are produced from 

two pump photons at the same frequency, the FWM process is known as 

degenerated.  FWM is considered as a parametric process and it is related to the 
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modulation of the refractive index of the medium through Kerr effect. Physically 

speaking, FWM arises from the nonlinear response of bounded electrons of a 

material in the presence of an intense electromagnetic field. In general, the 

polarization induced in the dielectric medium by the electromagnetic field contains 

terms that do not depend linearly on the electric field, whose magnitude is governed 

by their nonlinear susceptibilities χ(n), [4 – 6]. The resulting nonlinear effects can be 

classified as second-order or third-order parametric processes, depending on 

whether the second-order susceptibility χ(2), or the third-order susceptibility χ(3), is 

responsible for them. Both exhibit instantaneous response in time scale of ~fs. In 

the context of optical fibers, third order parametric processes are the most exploited 

in nonlinear optics. In contrast, the second-order nonlinear effects (e.g., second-

harmonic generation) are more difficult to occur in silica-based optical fibers. The 

centrosymmetric nature of fused silica molecules makes χ(2) to vanish. The third-

order parametric processes involve the nonlinear interaction among four optical 

waves and include the phenomena such as FWM and third-harmonic generation.  

 
Figure 2.3. (a) Schematic of scalar FWM process in an optical fiber for pump with linear 
polarization. (b) Energy level diagram for degenerated and non-degenerate FWM. 

Fig. 2.3 shows a schematic describing the FWM process generated in an optical 

fiber and the energy level diagram representation. In practice, due to the low 

efficiency of FWM in optical fibers, the remaining pump photons are also 

observable. 
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In this section the theoretical description of FWM in optical fibers is addressed, 

we follow the classical theory of FWM reported in [7–9] to describe the nonlinear 

propagation of an electromagnetic field in an optical fiber. To obtain a complete 

picture of the FWM effect with the experimental observations of this thesis, we 

derive the coupled differential equations describing the evolution of the FWM 

electric fields amplitude under the continuous wave (CW) approximation. In our 

experiments, a pulsed light source with pulse duration of few hundred of ps was 

used. Although it is not a CW regime, it is considered as a quasi-CW regime since 

the pulse duration is many orders of magnitude larger than the time response of the 

nonlinear effects investigated. Then, the formulation derived to describe FWM 

under CW pumping is suitable to quasi-CW pump regime. 

First, we begin by defining Maxwell's equations for a charge-free, 

nonconducting medium (such as an optical fiber), these equations take the form, 

 t
∂

∇ × = −
∂
BE  (2.7) 

 t
∂

∇ × =
∂
DH  (2.8) 

 0∇ ⋅ =D  (2.9) 

 0∇ ⋅ =B  (2.10) 

where E (r, t) and H (r, t) are the electric and magnetic field vectors, respectively, 

and D and B are the electric and magnetic flux densities. The flux densities arise 

from the response of the dielectric medium (which is the material of a fiber) to the 

presence of an electromagnetic wave propagating within the material and are related 

through the constitutive equations, as follows: 

  
 0ε= +D E P  (2.11) 

 0 ( )µ= +B H M  (2.12) 
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where ε0 is the vacuum permittivity, μ0 is the vacuum permeability, and P and M are 

the induced electric and magnetic polarizations. For a non-magnetic medium such 

as optical fibers, M= 0. 

Taking the curl of equation 2.7 and after some simplifications (using equations 

2.8, 2.11, and 2.12) the wave equation can be obtained as a function of E(r, t) and 

P(r, t) as follows   

 
2

2
02 2 2

1 ,
c t t

µ∂ ∂
∇ − =

∂ ∂
E PE  (2.13) 

where the relation ε0·μ0=1/c2 was also used. In general, for optical fibers the 

operation wavelength range (typically from 0.5 μm to 2 μm) is far from the resonances 

of the fused silica, then one can evaluate P(r,t) as function of the electric field, using 

the following phenomenological relation [5], 

 
(1) (2) (3)

0 ( : ...)ε χ χ χ= ⋅ + + +P E EE EEE  (2.14) 

where χ(n) is the n-th order of the electric susceptibility tensor (of rank n+1) of the 

material. The polarization can then be rewritten in terms of its linear and nonlinear 

contribution as, 

 L NL= +P P P  (2.15) 

PL is related to E trough the relation, 

 (1)
0( , ) ( ) ( , )L r t t t r t dtε χ

∞

−∞
′ ′ ′= − ⋅∫P E  (2.16) 

The dependence of PNL with the electric field E is quite more involved and, in 

general, it includes several nonlinear contributions. If Raman contribution are 

neglected, which in our case it makes sense since the experiments were carried out 

with short fiber sections, taking into account the instantaneous response of the 

polarizability of the material, and including effects only related to the third-order 

nonlinear susceptibility, the nonlinear term PNL takes the form: 
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(3)

0( , ) ( , ) ( , ) ( , )NL r t r t r t r tε χ=P E E E  (2.17) 

where (⋮) indicates the triple inner product. If we assume that the nonlinear response 

is isotropic for silica fibers [5], the χ(3) has 21 nonzero components among which 

only four are independent, thus the third-order nonlinear properties of silica fibers 

can be expressed as below:  

 
(3) (3)1 ( )

3ijkl xxxx ij kl ik jl il jkχ χ δ δ δ δ δ δ= + +  (2.18) 

where δij is a Kronecker delta. Due to the permutation symmetry of χ(3) [10] the 

independent parameters are related to themselves and can be expressed in terms of 

the single parameter as:  

 
(3)

(3) (3) (3)

3
xxxx

xxyy xyxy xyyx
χ

χ χ χ= = =  (2.19) 

In the case of nondegenerate FWM, four distinct optical fields propagate 

simultaneously inside the optical fiber at different frequencies (ωj, j = 1 - 4) with 

arbitrary polarizations (see Fig. 2.3(b)), therefore the total electric field satisfying the 

Maxwell wave equation can be decomposed as 

 
4

1

1( , ) . .
2

ji t
j

j
r t e c cω−

=

= +∑E E  (2.20) 

where Ej is the slow varying amplitude (complex) of the electric field oscillating at a 

given frequency ωj. In the following procedures, for ωj with j = 1, 2 refers to the 

frequency of the pump photons, whereas for j = 3, 4 refers to the signal and idler 

photons, respectively. The term c.c. refers to the complex conjugate of the electric 

field.  PNL(r,t) can be written in a similar fashion as,  

 
4

1

1( , ) . .
2

ji t
NL j

j
r t e c cω−

=

= +∑P P   
(2.21) 
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By introducing Eqs. 2.19-2.21 into Eq. 2.17 and solving for the pump waves (i.e., 

j = 1, 2), the induced nonlinear polarization contribution is given by, 

 

(3)
* *0

* * *

( ) [( ) 2( )
4

              2( ) 2( ) 2( ) ]

xxxx
j j j j j j j j

m m j m j m m j m

ε χ
ω = ⋅ + ⋅ +

⋅ + ⋅ + ⋅

P E E E E E E

E E E E E E E E E
  

(2.22) 

where j and m are 1 or 2 (with j ≠ m). In the latter equation, we considered there is 

no pump depletion i.e., the signal and idler waves have not exceeded the intensities of 

the pump waves. Following the same procedure, we derive the nonlinear 

polarization contribution at the signal and idler frequencies,  

 

(3)
* *0
1 1 1 1

* * *
1 1 2 2 2 2

* * *
2 2 1 2 2 1

*
1 2

( ) [( ) ( )
2

             ( ) ( ) ( )

              +( ) ( ) ( )

              +( ) ]

xxxx
j j j j

j j j

j m m

m

ε χ
ω = ⋅ + ⋅

+ ⋅ + ⋅ + ⋅

⋅ + ⋅ + ⋅

⋅

P E E E E E E

E E E E E E E E E

E E E E E E E E E

E E E

  
(2.23) 

where j and m are 3 or 2 (signal and idler), with j ≠ m. 

In general, under non-depleted pump conditions, FWM includes the 

combination of the nonlinear effects of self-phase modulation (SPM), and cross-

phase modulation (XPM). SPM is a nonlinear effect that refers to the self-induced 

phase shift experienced by an intense optical field during its propagation and leads 

to the spectral broadening of the optical pulse; XPM refers to the phase shift of an 

optical field induced by another field with different frequency, direction or state of 

polarization propagating simultaneously in the fiber. In Eq. 2.22, the first two terms 

correspond to pump induced SPM, while the last three terms correspond to XPM. 

To obtain Eqs. 2.22 and 2.23, the SPM and XPM terms induced by the signal and 

idler waves were neglected because in the majority of cases, their relatively low 

intensities are unable of self-producing such effects, thus their contribution can be 

neglected.  
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The four optical fields Ej evolve along the fiber length according to the 

Maxwell wave equation. For solving this equation, we set the z axis along the fiber 

axis and assume that the vector Ej lies in the (x, y) plane. This assumption entails 

that the longitudinal component of the fields are neglected. This assumption is 

applicable for fiber modes, for which the amplitude of the axial fields components 

are generally much smaller that the fields components in the transverse plane.  To 

account for the polarization changes, we represent each field as a Jones vector and 

employ the bra and ket notation of  [11]. More specifically, we write the four fields 

at any point r inside the fiber as 

 ( , ) ( , ) ( , ) ji z
j j jr t F x y A z t e β=E  (2.24) 

where Fj (x, y) represents the fiber-mode profile, βj is the propagation constant at the 

carrier frequency ωj, and the Jones vector jA  is a two-dimensional column vector 

representing the envelope of the two components of the electric field in the (x, y) 

plane. In this notation, Ej* · Ej is proportional to j jA A  and Ej · Ej to *
j jA A

. The fiber mode profiles are assumed to be nearly the same for the four fields and 

can be related to the effective mode area Aeff through the relation: 

 

2
2

4

( , )

( , )
eff

F x y dx dy
A

F x y dx dy

∞

−∞
∞

−∞

 
⋅ 

 =
⋅

∫ ∫

∫ ∫
 (2.25) 

 
Introducing Eqs. 2.22 – 2.24 into the Maxwell wave Eq. 2.13, integrating over 

the transverse-mode distribution in the (x, y) plane, and assuming jA  to be slowly 

varying functions of z so that we can neglect its second-order derivative with respect 

to z, we find that the two pump waves evolve as 
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* * * *

(2 2
3

              2 2 )

j
j j j m m

j j m m m m j

d A ii A A A A A
dz

A A A A A A A

γβ= + +

+ + +

 (2.26) 

where j, m = 1, 2, (j ≠ m), A  and *A  are the Hermitian and complex conjugates 

of A , respectively. By using the same procedure, the signal and idler equations are 

given by, 

 

( )

1 1 2 2 1 1

* * * *
2 2 1 1 2 2

*
1 2 2 1 1 2

2 (
3

            )

2 ,
3

j
j j

j

m m m

d A ii A A A A A A A
dz

A A A A A A A

i A A A A A A A A A

γβ

γ

= + + +

+ + +

+ + +

 (2.27) 

where j, m = 3, 4, (j ≠ m). In the case of the degenerate FWM, Eq. 2.27 still represent 

the signal and idler evolution by replacing the amplitudes 2 1A A→  and by setting 

the nonlinear terms to γ/3. In this case the equation describing the amplitude of the 

pump field is given by Eq. 2.26 by setting 2 0A = .  

In these equations, both the SPM and the XPM and, therefore, FWM are 

governed by the same nonlinear parameter γ defined as, 

 
(3)

0 2 0
3 Re

8
xxxx

eff eff eff

k n k
n A A

χ
γ

  ⋅ = =  (2.28) 

where k0 is the wave vector at a wavelength λ, neff is the mode effective index.  The 

parameter n2 is known as the nonlinear refractive index, which is related to the 

modulation of the refractive index induced by intense electromagnetic field through 

the Kerr effect [5], 

 ( ) ( ) ( ) ( )2,n t n n I tω ω ω= +  (2.29) 
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In this work, in all the calculations for FWM gain and its parametric wavelengths, 

we have taken n2=2.7 x 10-20 m2W-1[7].  

2.2.1 Scalar approximation 

Eqs. 2.26 and 2.27 represent the most general case of vector FWM that can be 

supported in an optical fiber. So far, we have considered the vector nature of FWM, 

in which pump waves have arbitrary states of polarizations. However, and for the 

purpose of this thesis, we believe it is useful to provide an overview of FWM and its 

dependence on the fiber parameters in the framework of the scalar approximation. 

In the scalar approximation, we assume that the polarization of the light is 

preserved in the FWM process. If we consider that the electric field has only one 

component which is polarized along the x̂  axis (could be the fast or slow axis of a 

fiber), Eqs. 2.20 and 2.24 take their scalar forms and by introducing them into Eq. 

2.23, one can derive the induced nonlinear polarization of FWM fields. In this case 

the induced polarization at the signal frequency, Ps is given by, 

 

 
( )2 22 2

1 2(3)0

*
1 2 1 2

23
4 2 2 ...

s si z i z
s s p p i s

s xxxx
i i

p p i p p i

E E e E E E E e
P

E E E e E E E e

β β

θ θ

ε
χ

+ −

 + + + =
 + + +  

  
(2.30) 

where the phases θ+ and θ- are defined as: 

 ( ) ( )1 2 1 2s i s iz tθ β β β β ω ω ω ω+ = + + − − + + −  (2.31) 

 ( ) ( )1 2 1 2s i s iz tθ β β β β ω ω ω ω− = + − − − + − −  (2.32) 

The last two terms in equation 2.30 are the result of the frequency 

combinations (sum or difference) of the four waves and, therefore, are responsible 

for the FWM effect. In Eqs. 2.31 and 2.32, the phase-mismatch between the electric 

field and polarization is given by θ+ and θ-, and it determines the efficiency of FWM 
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process. When the phase-mismatch vanishes the FWM contribution becomes more 

relevant. The latter requires both the matching of the four frequencies and the wave 

vectors involved, such requirement is often call as phase-matching condition. The 

phase-matching condition requires a specific choice of input wavelengths and fiber 

parameters before FWM can occur with high efficiency. In the next section, we will 

explore the relevance of the phase-matching condition for FWM frequencies as a 

function of fiber parameters and pump properties. 

Two types of FWM processes can be classified from Eq. 2.30 The term 

containing θ+ corresponds to the case in which three photons transfer their energy 

to a single photon at the frequency ω4 = ω1 + ω2 + ω3, this process is named as third-

harmonic generation (THG). In general, the phase matching condition of THG is 

hard to be efficiently fulfilled in optical fibers, therefore, this process presents really 

low efficiency and can be neglected in the most of the cases. On the other hand, the 

term containing θ− correspond to the case in which two photons at frequencies ω1 

(ωp1) and ω2 (ωp2) transfer their energy to give rise to two photons at different 

frequencies ω3 (ωs) and ω4(ωi). This process is commonly known as scalar FWM. In 

the degenerate case of FWM, the new frequencies are located symmetrically at each 

side of the pump with a frequency shift, 

 p i s pω ω ω ω− = −  (2.33) 

being ωp, ωi, and ωs the pump, idler and signal frequencies, respectively. As mentioned 

above, FWM also requires the matching of the wave vectors, which is given by, 

 2 0p s ik β β β∆ = − − =  (2.34) 

where βp, βi, and βs are the propagation factors of the pump, idler and signal waves, 

respectively. Eq. 2.34 is also known as the linear phase-mismatch and accounts for 

the contribution of fiber dispersion in an FWM process.   
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To derive the coupled amplitude equations describing the scalar approximation 

of FWM in the nondegenerate case, we follow the same procedure as done to derive 

Eqs. 2.26 and 2.27. The total electric field and the induced polarization are 

introduced in the Maxwell wave equation (considering the scalar approximation). 

We assume the same spatial field distribution of the four waves and their time 

dependence is neglected (CW approximation). By considering the fiber as single-

mode at all frequencies and, the overlap integrals of the mode profiles to be almost 

equal (same effective mode area), the evolution of the amplitude of the different 

waves within an optical fiber is governed by the following set of four coupled 

equations. The amplitude of the pump waves, Apj is given by, 

 ( )( )2pj
pj j m pj

dA
i P P A

dz
β γ= + +  (2.35) 

where j, m = 1, 2 (with j ≠ m), and Pj=|Aj (0)|2 is the input pump powers at z=0. 

Eq 2.35 can be directly integrated, giving the following, 

 ( ) ( )( )2j j mi P P z
pj jA z P e β γ+ +

=  (2.36) 

 This solution shows that, in the undepleted-pump approximation, the pump 

waves only acquire a phase shift occurring as a result of SPM and XPM. Following 

the same procedure, we can obtain the differential equations that rule the signal and 

idler amplitudes, 

 ( ) *
1 2 1 22j i z

j m

dA
i P P A PP e A

dz
φγ  = + +   (2.37) 

where j, m = s or i (j ≠ m) and ( )1 23k P Pφ γ= ∆ + + . To solve these equations, we 

introduce an auxiliary field amplitude 1 22 ( )i P P z
j jA e Bγ += into Eq. 2.37, to obtain, 
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*

1 22j i z
m

dB
i PP e B

dz
κγ=  (2.38) 

Notice that Bs depends on Bi* and vice versa. Thus, the idler should be a phase 

conjugated version of the signal, if the pump phases remain relatively constant during 

the FWM process. The parameter κ is known as the net phase-mismatch and it is 

given by 

  ( )1 2 1 2p p s i P Pκ β β β β γ= + − − − +  (2.39) 

The last term in Eq. 2.39, i. e. the nonlinear phase-mismatch contribution, is a phase 

shift resulting from the SPM and XPM induced by the pump as it propagates 

through the fiber.  

To obtain the solution of Eqs. 2.38, we can manipulate them to obtain two 

uncoupled second-order differential equations as follows, 

 ( )
2

1 22 4 0s s
s

d B dBi PP B
dz dz

κ γ+ − =  (2.40) 

where j = s, i. The general solution for Bs and Bi is given by, 

 ( ) ( ) /2gz gz i z
s s sB z a e b e e κ− −= + ⋅  (2.41) 

 ( ) ( )* /2gz gz i z
i i iB z a e b e e κ−= + ⋅  (2.42) 

where the constants aj and bj (j= s, i) are determined from the boundary conditions. 

The parameter g that has been introduced in Eqs. 2.41 and 2.42 represent the gain 

of the process. The gain depends on the total pump power P (P=P1 + P2) and on 

the net phase-mismatch as follows [12], 

 ( ) ( )2 2/ 2g Pγ κ= −  (2.43) 
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From Eq. 2.43 we can deduce that significant FWM can occur when κ tends 

to zero, so the fulfillment of the phase-match condition (κ→0) implies an efficient 

FWM process with peak gain equal to γP.  

2.2.2 Vector FWM 

In this section we will derive the net phase-mismatch equations for specific 

cases of vector FWM considering a linearly polarized pump source. We also study 

the dependence of the FWM frequency shift on the phase birefringence in a weak 

birefringent fiber. In particular, we focus this theoretical study on two specific vector 

cases, which describe the nonlinear effect of PMI. For the purpose of this work, we 

address the derivation of the parametric gain along with the main theoretical aspects 

of such a nonlinear effect. 

In anisotropic materials, the refractive index depends on the polarization and 

propagation direction of incident light. These optically anisotropic materials are said 

to be birefringent. Optical fibers including microstructured optical fibers are, in 

general, birefringent media. Some fibers are designed to exhibit large birefringence, 

but even fibers that are designed to be isotropic, exhibit a certain degree of 

birefringence, known as residual birefringence, whose origin is related to geometrical 

anisotropy and/or internal-stress fields formed during the fabrication stage [13].  

Birefringence breaks the polarization degeneracy of the fundamental fiber 

mode that exists in perfectly cylindrical isotropic optical fibers. Therefore, in 

birefringent single-mode fibers, two eigenmodes with different propagation factor 

and orthogonal polarization can propagate, called fast mode and slow mode 

according to their relative propagation velocities. Thus, this establishes two 

preferred optical axes of an optical fiber, the fast axis being the axis that coincides 

with the polarization orientation of the faster propagating mode, and the slow axis 
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being the axis of the fiber that coincides with the polarization of the slow mode. 

When the pump polarization is not aligned to any of the principal axes of the fiber, 

the state of polarization will change as the beam propagates along the fiber. In the 

case of a single-mode fiber, this is related to the different evolution of the two 

polarizations of the fundamental mode, which is quantified through the modal 

birefringence ∆n, 

 ( )
2 2S F S Fn n n λ λβ β β
π π

∆ = − = − ∆  (2.44) 

where nS, nF, βS and βF are the effective indices of the modes with polarization 

oriented to the slow and fast axis, respectively. For convenience, we will consider a 

reference system with x-axis oriented to the fast fiber axis and y-axis oriented with 

the slow fiber axes, so that βF ≡ βx and βS ≡ βy. 

When considering a linearly polarized pump source, there are two possible 

cases in which the generated FWM sidebands can be polarized, i.e. sidebands that 

are co-polarized and sidebands that are orthogonally polarized. This results when 

the pump polarization coincides with one or both of the fiber axes. Fig. 2.4 shows 

the schematic of the two types of polarized FWM sidebands. However, it will be 

shown later that co-polarized pumps exciting one eigenmode of a fiber can produce 

two FWM sidebands with polarization orientation orthogonal to the pump 

polarization. The latter case is included in Fig. 2.4 and shows the dependence of 

FWM on the orientation of the polarization of the pump fields with respect to the 

principal axes of an optical fiber, and points out the relevance of the fiber 

birefringence.  
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Figure 2.4. Schematic of the polarization orientations of the FWM sidebands produced in a 
birefringent fiber with linearly polarized pump. FWM sidebands can be (a) co-polarized, (b) 
co-polarized as orthogonally polarized and (c and d) orthogonally polarized with respect to 
the pump fields. 

To study vector FWM, we can start by assuming that the fiber is isotropic, 

hence it is non-birefringent. The latter assumption supports the description of the 

possible vector FWM cases that can occur in a realistic optical fiber of a short length 

(L ~ 1m), in which the birefringence of a fiber can be considered independent of the 

length itself [9]. However, to obtain a complete picture of the dependence of FWM 

on the birefringence of a fiber, one must include the change of the state of 

polarization (SOP) of the pump, signal and idler fields induced by random changes of 

the residual birefringence along the length of the fiber. For FWM applications with 

long interaction lengths, e.g., FOPAs with operating lengths of L ~ 0.5 km, the 

random birefringence of the fiber along with the nonlinear polarization rotation 

(NPR) [7] must be considered, since such effects are responsible for modifying the 

SOPs of the four fields, hence the phase matching condition of the FWM is also 

modified. Under this condition, the coupled amplitude equations describing the 

evolution of the pump and FWM fields must be considered as stochastic 

system [14,15]. Since the experiments carried out along this thesis, the length of the 

employed fibers is relatively short (L ~ 1 m), therefore, NPR effect can be neglected. 

Furthermore, we assume that the SOPs of the four fields are preserved during the 



Theory of four-wave mixing 

33 
 

FWM process. The residual fiber birefringence is taken into account by introducing 

a phase shift of the pump fields. The starting point is Eq. 2.26 which describes the 

evolution of the pump fields including their states of polarization, under undepleted-

pump approximation. 

 
* * * *

(2 2
3

              2 2 )

j
j j j m m

j j m m m m j

d A ii A A A A A
dz

A A A A A A A

γβ= + +

+ + +
 (2.45) 

For our purpose, we solve Eq. 2.45 considering the case of linearly co-polarized 

pumps and assuming that the orientation of the pump polarization with respect to a 

fiber axis is quantified by an angle θ. Fig. 2.5 shows the reference system taken to 

solve Eq. 2.45, for simplicity we consider the fiber axes in cartesian coordinates. 

 
Figure 2.5. Schematic of the reference system. 

Thus, the solution of Eq. 2.45 is given by, 
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 (2.46) 

where j, m = 1, 2 (with j ≠ m) and j j jA A P= . The coefficients γx and γy are the 

nonlinear coefficient of the two polarization modes. In order not to lose generality 
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in the result, we have considered the possibility that eventually they could be 

different. In optical fibers, particularly in highly birefringent, it might happen that 

the two polarization modes exhibit slightly different effective area, which might lead 

to such nonlinear birefringence. 

Similar to the scalar approximation of the FWM (see Equation 2.36), the pump 

fields acquire a nonlinear phase shift induced by SPM and XPM effects. To account 

for fiber birefringence, we assume that the pump field components propagate at 

different velocities, resulting in a phase shift. Under this condition, we can introduce 

the phase birefringence, thus Eq 2.46 can be rewritten as follows. 

 ( )
( )2 2

3
cos

sin

jx x jx mx

j

i P P z j x

j i
j x
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A z e

P e

β γ

δ
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 + + 
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 
 =
 
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 (2.47) 

where parameter δj is given by, 

 ( ) ( )( )2 2
3j jy jx y x j mP P zδ β β γ γ = − + − +  

 (2.48) 

Equations 2.47 and 2.48 indicate that there is indeed a phase shift between the 

pump field components, which includes a contribution due to modal birefringence 

and a second contribution due to the birefringence of the nonlinear coefficient. In a 

perfectly isotropic fiber both contributions vanish because the pump field 

components have the same propagation factor and effective area.  

To obtain the signal and idler waves, we introduce the solution 2.47 into Eq. 2.27 

to obtain the coupled equations that describes the evolution of the fields at the signal 

and idler frequencies, 

 ( ) ( )( )1 2 1 22 *
0 1

xj i P P z
j j m

d A
i M A e M A

dz
β β γβ + + += + +  (2.49) 

where j, m = s, i (with j ≠ m) and M0 and M1 are two 2x2 matrices defined as,  
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where the different matrix coefficients are given by,  
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where Pxx=P1x + P2x, Pyy= P1y + P2y and represent the total pump power carried by 

each eigenmode. The matrix M0 arises from the effects of SPM and XPM given by 

the first six nonlinear terms of Eq. 2.27. In order to solve Eq. 2.49, we introduce

( )0ji M z
j jA e Bβ +=  and ( )*

0* mi M Z
m mA e Bβ− +

= , thus Eq 2.49 can be rewritten as 

follows. 

 *
2 ,j i z

m

d B
e M B

dz
κ=  (2.54) 

where the matrix M2 is defined as, 

  * *
0 0

2 1
iM z iM zM ie M e=  (2.55) 

and κ is the net phase-mismatch given by, 

 ( ) ( )*
1 2 1 2 0 02p p s i x P P M Mκ β β β β γ= + − − − + − +

 (2.56) 

Equation 2.54 can be solved similarly as it was done for Eq. 2.38. For the 

present work, we have paid special attention to the phase-matching condition related 
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to each vector process of FWM that can occur in a weakly birefringent fiber. The 

coefficients of the matrix M0 describe the polarization state with which the signal and 

idler bands are generated in a FWM process. We can identify six different processes 

that can take place. From the matrix coefficient σ+, we identify the process in which 

the x-component of the pump fields produces signal and idler bands with polarization 

in x direction (we call this xx-xx in the same manner as scalar FWM) and the process 

in which the y-component of the pump fields produce FWM bands with polarization 

in x direction (yy-xx). Using this same notation, we describe the rest of the processes. 

Matrix coefficient σ is symmetric and yield the processes xy-yx and xy-xy. Finally, 

from matrix coefficient σ- we identify the processes yy-yy and xx-yy. For a clear view, 

we have depicted each process in Fig. 2.6 by considering the above polarization 

orientations of the pump fields. 

 
Figure 2.6. Schematic representation of the polarization orientation of each FWM vector 
process supported by an optical fiber. 
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By inspection of matrix M0, using Eq. 2.56 and considering co-polarized pump 

fields, we can derive the net phase-mismatch for each vector case of FWM as a 

function of the angle θ, 

 ( )( )2
1 2 1 22 2cos 1xx xx p x p x sx ix x P Pκ β β β β γ θ− = + − − − + −  (2.57) 

 ( ) 2
1 2 1 2

22 cos 1
3xx yy p x p x sy iy x P Pκ β β β β γ θ−

 = + − − − + − 
 

 (2.58) 

 ( )( )2
1 2 1 22 2sin 1yy yy p y p y sy iy x P Pκ β β β β γ θ− = + − − − + −  (2.59) 

 ( ) 2
1 2 1 2

22 sin 1
3yy xx p y p y sx ix x P Pκ β β β β γ θ−

 = + − − − + − 
 

 (2.60) 

 ( )1 2 1 2
22 sin cos 1
3xy xy p x p y sx iy x P Pκ β β β β γ θ θ−

 = + − − − + − 
 

 (2.61) 

 ( )1 2 1 2
22 sin cos 1
3xy yx p x p y sy ix x P Pκ β β β β γ θ θ−

 = + − − − + − 
 

 (2.62) 

For each vector case, the frequencies for the signal and idler bands can be 

obtained by solving κ = 0 (phase-matching condition). Equations 2.57-2.62 state that 

the phase matching condition and hence the frequency shift of the signal and idler 

photons depends on: (1) the pump conditions, i.e., the power and orientation of the 

polarization with respect to the fiber axis, (2) on the dispersion, (3) on the 

birefringence of the fiber, and (4) on the nonlinear coefficient. 

So far, we have derived the coupled amplitude equations describing the 

evolution of the fields responsible for the FWM produced in a weakly birefringent 

fiber. In addition, we have derived the phase-matching equations when considering 

linearly polarized pump fields with arbitrary polarization orientation with respect to 

the fiber axes. The theoretical procedure presented in this section can be also applied 

for describing the FWM generated in a fiber with moderate to high modal 
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birefringence (∆n > 10-5). In our model we assume that the SOPs of the four 

interacting fields are preserved during the FWM processes, which can indeed occur 

in a highly birefringent fiber. However, some assumptions must be included, e.g., to 

derive the coupled amplitude equations at the signal and idler band frequencies, the 

effect of fiber birefringence cannot be treated as a phase shift, since the coherent 

coupling between the pump fields due to SPM and XPM effects averages to zero 

during a FWM process, even for short fiber lengths [16]. In that case, the net phase 

mismatch can be derived by setting M0=0.  However, highly birefringent fibers are 

beyond the scope of this thesis, since most of the experiments were performed on 

weakly birefringent fibers ∆n~10-6. 

2.2.3 A particular case: FWM produced by slow/fast pumping 

For the purposes of the present work, we are particularly interested in the case 

of degenerate FWM produced when the pump polarization matches one of the main 

axes of the fiber (slow or fast axis). Hence, in this section we derive the phase-

matching equations for these particular cases. For convenience, to solve the pump 

amplitude equations, we set the reference frame as in Fig. 2.5. We assume that the 

x-and y-axes correspond to the fast (F ) and slow axes (S) of the fiber, respectively. 

In the case that the pump orientation is aligned with the fast fiber axis (i.e., θ = 0), 

the matrix M0 takes the form,  

 
0

0
0

3 02
03
P

M
P

γ
 

=  
 

 (2.63) 

and when the pump is polarized along the slow fiber axis (θ = π/2) we find,  

 
0

0
0

02
0 33
P

M
P

γ
 

=  
 

 (2.64) 
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For degenerate FWM with pump polarization oriented to one principal axis of 

the fiber, we find four different vector processes. The net phase-mismatch for S or 

F axis pumping takes the form,   

 02 2F F p s i Pκ β β β γ− = − − −   
(2.65) 

 ( )
0

22
3

s i
F S p s i n P

c
ω ω

κ β β β γ−

+
= − − − ∆ +  (2.66) 

 02 2S S p s i Pκ β β β γ− = − − −  (2.67) 

 ( )
0

22
3

s i
S F p s i n P

c
ω ω

κ β β β γ−

+
= − − + ∆ +  (2.68) 

where the labels F-F, F-S, S-S and S-F represent the orientation of the pump 

polarization (first label) and polarization orientation of the FWM sidebands (second 

label). In Eqs. 2.66 and 2.68, we have introduced the fiber birefringence ∆n = ny - nx. 

Notice that Eqs. 2.65 and 2.67 are identical to Eq. 2.39, which describes the net 

phase-mismatch of the scalar case of FWM. In weakly birefringent fibers, the phase-

matching occurs at nearly the same frequencies for these two vector cases of FWM, 

so the vector nature of FWM can, in a first-order approximation, be neglected for 

these two particular cases. However, for moderate to high birefringence fibers, this 

does not apply and the vector description of the FWM (for both slow and fast axis 

pumping) is necessary. 

Equations 2.66 and 2.68 describe the phase-matching condition of the 

nonlinear effect known as PMI [7]. Such nonlinear effect is investigated extensively 

in this work and detailed information will be given in chapter 4. In the following, 

the main theoretical aspects of PMI will be outlined. The polarization instability 

manifests as large changes in the output SOP when the input power or the input 

SOP of a CW beam is changed slightly  [17–19]. The origin of polarization instability 

can be understood from the following qualitative argument [17]. When the input 

beam is polarized close to the slow axis, nonlinear birefringence adds to intrinsic 
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linear birefringence, making the fiber more birefringent. By contrast, when the input 

beam is polarized close to the fast axis, nonlinear effects decrease the net 

birefringence by an amount that depends on the input power. As a result, the fiber 

becomes less birefringent, and the effective beat length LBeff increases. At a critical 

value of the input power, nonlinear birefringence cancels the linear birefringence 

completely, and LBeff becomes infinite. With a further increase in the input power, 

the fiber again becomes birefringent but the roles of the slow and fast axes are 

reversed. Clearly large changes in the output polarization state can occur when the 

input power is close to the critical power required to balance the linear and nonlinear 

birefringence. The critical power is also known as the threshold power for 

polarization instabilities to occur and is given by [7], 

 
2

3
2

eff
th

n A
P

n
∆ ⋅

=  (2.69) 

Polarization modulation instability occurs in single-mode fibers with low 

birefringence and arises from coherent coupling between the two polarized 

components of the fundamental mode, where mode coupling is attributed to the 

XPM effect. PMI is responsible for the destabilization of the CW state when a beam 

propagates within a fiber. Therefore, PMI is somehow analogous to the scalar case 

of modulation instability (MI) which refers to the same process, but induced by SPM 

when light experiences anomalous GVD (β2 < 0) within the fiber. In contrast, PMI 

occurs even in the region of normal GVD (β2 > 0) while MI is forbidden.  

As stated previously, PMI is a particular case of vector FWM, which can occur 

when polarized light excites one of the two polarization eigenmodes (fast or slow 

fiber mode) of a low birefringence optical fiber. As a result, two equally spaced 

sidebands with orthogonal polarization with respect to the pump polarization are 

generated. PMI photons are generated one with higher energy and one with lower 

energy and are often referred to as anti-Stokes and Stokes photons, respectively. The 



Theory of four-wave mixing 

41 
 

phase matching equations derived in Eqs. 2.66 and 2.68 describes in a proper manner 

the effect of PMI when the fiber is excited by either fast-axis pumping (Eq. 2.66) or 

slow-axis pumping (Eq. 2.68). 

To give a physical insight between the PMI effect and the fiber parameters, we 

followed the theoretical description from [7]. In it, a phenomenological approach 

was used to describe the polarization instability of an optical pulse produced in a 

weakly birefringent fiber. In this model, under the conditions of degenerate PMI, a 

set of coupled amplitude equations was derived for describing the propagation of a 

short optical pulse propagating inside the fiber, this equation is also known as 

coupled nonlinear Schrodinger equation (CNLSE). The pulse propagation equations 

are given by, 

 ( )
2

222
1 2

2 2
2 2 2 3

A A i A i iA A A A A
z t t

β α β γβ± ± ±
± ± ±

∂ ∂ ∂ ∆
+ + + = + +

∂ ∂ ∂  

 (2.70) 

where α are the fiber losses, A+ and A- are the slow varying envelope components 

of the electromagnetic field for right and left circularly polarized states, respectively. 

Circularly polarized frame was used to simplify pulse equation in cartesian 

coordinates. The circularly polarized components are defined as, 

 ( ) ( )/ 2,             / 2x y x yA A iA A A iA+ −= + = −  (2.71) 

In order to solve Eq. 2.70, first we neglected the time dependence of the optical 

pulse at z=0 (CW condition), we also assume a lossless fiber (α=0) and the input 

SOP is oriented to one principal axis of the fiber, which stand for PMI produced by 

slow or fast axis pump. In the first case, by setting Ax = 0 the solution is given by, 

 ( )0 0/ 2 expA i P i P zγ± = ±  (2.72) 

Eq. 2.72 represents the steady-state solution, in which the pulse only acquires a 

nonlinear phase shift similar to that in Eq. 2.36 describing the pump fields in the 



2.2 Four-wave mixing in optical fibers 

42 
 

scalar approximation of FWM. In order to introduce the modulation instability 

effect, we add a small perturbation to the steady state condition of the pulse as, 

 ( ) ( )0 0/ 2 , expA i P a z t i P zγ± ±
 = ± +   (2.73) 

where a±(z,t) is a small perturbation. By substituting Eq. 2.73 into Eq.2.70 and 

linearizing in a± we obtained a set of two coupled linear equations with solutions of 

the form,  

 [ ] [ ]exp ( ) exp ( )a u i z t iv i Kz t± ± ±= Κ − Φ + − − Φ  (2.74) 

where Ф is the frequency (detuning frequency) of the perturbation and Κ is the 

wavenumber related to the phase-matching of PMI. The terms u± and v± are related 

to the envelope of the sidebands produced by PMI. Solving for u± and v± we obtain 

a set of four algebraic equations with nontrivial solution only when the perturbation 

satisfies the dispersion relation [19], 

 
2 2

1 1 1 2( ) ( ) 0C Cβ β   Κ − Φ − Κ − Φ − =     (2.75) 

where C1 and C2 are defined as, 

 
2 2

1 2 2 0
1 1 2
2 2

C Pβ β γ = Φ Φ + 
 

 (2.76) 

 
2 2

1 2 0 2
1 2 1
2 3 2

C Pβ β γ β β  = Φ + ∆ − Φ + ∆  
  

 (2.77) 

The steady-state solution becomes unstable if K ( Φ ) has an imaginary part for 

certain values of Φ , indicating that the PMI sidebands at that frequency would grow 

exponentially along the fiber with the gain g=2Im(K). The nature of PMI depends 

strongly on whether the pump power is below or above the power threshold. For 

P0<Pth the pulse remains stable, therefore PMI cannot be produced within the fiber. 

However, one can observed from Eq. 2.75 that PMI can occur even in the normal 
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dispersion regime (β>0) provided by C2<0. This condition is satisfied in the range 

of frequencies from 0 < | Ф | < Ф c1, where,  

 

1
2

1 0
2

4 ,
3c thP Pγ

β
 

Φ = − 
 

 (2.78) 

the latter condition implies that modulation instability can occur in the normal 

dispersion regime only when P0>Pth. In such case, the gain of PMI is given by, 

 ( ) ( )( )2 2 2 2
2 2 1 ,F S c cg β− Φ = Φ − Φ Φ − Φ  (2.79) 

where Ф c2 is the frequency limit and is defined as 

 

1
2

2
2

2 .c
β

β
 ∆

Φ =  
 

 (2.80) 

Eq. 2.79 describes the PMI gain produced when the polarization of the pump 

is oriented to the fiber fast axis, thus PMI sidebands are polarized along the slow-

axis. To derive the expression for the PMI gain produced by slow-axis pumping, we 

set Ay = 0 and by following the procedure described above we can derive the PMI 

gain which is given by, 

 ( ) ( )( )2 2 2 2
2 2 3 ,S F c cg β− Φ = Φ − Φ Φ − Φ  (2.81) 

for this particular case, PMI can occur in a frequency range from 0 < |Ф| < Ф c3, 

where the critical frequency Ф c3 is defined as,  

 

1
2

3 0
2

4 ,
3c thP Pγ
β

 
Φ = + 

 
 (2.82) 

notice from Eq. 2.82 that S-F PMI can occur even for P0<Pth in the normal 

dispersion regime. 
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2.3 Numerical analysis of FWM and PMI 

In this section, we investigate numerically the main features of the different 

cases of vector degenerate FWM discussed in section 2.2.3 in a low-birefringence, 

single-mode microstructured optical fiber. As shown earlier, when the pump wave 

is linearly polarized with polarization orientation matching one of the principal axes 

the fiber, four different interactions involving different polarization states are 

possible, two of them with characteristics very similar to the scalar FWM case 

(hereinafter referred to as FWM) and two interactions corresponding to PMI. We 

investigate the characteristics of FWM/PMI process in MOFs. We pay special 

attention to the dependence of the spectral shift of the generated sidebands as a 

function of the different parameters involved in the process, and that includes the 

fiber properties, and the pump characteristics.  

By inspection, from the net phase mismatch of FWM/PMI given by Eqs. 2.65-

2.68, it can be seen that both effects show an explicit dependency on two optical 

properties of the fundamental fiber mode, that is the nonlinear coefficient and the 

mode dispersion, which determine the linear (∆κL) and nonlinear (∆κNL) 

contribution to the phase-matching condition. Additionally, PMI also exhibits a 

strong dependency on the fiber birefringence. In comparison, FWM is almost 

insensitive to such parameter in weakly-birefringent fibers. 

First, the parametric wavelengths were calculated by numerically solving the 

phase-matching equations and considering the energy conservation of the photons 

involved. For the calculations, we considered the optical properties of the light 

source used in the experiments of this thesis, which is described in detail in Chapter 

3. We performed all the FWM/PMI simulations for a representative MOF. The 

analyzed fiber is a solid-core MOF with a microstructure of air holes arranged in a 

triangular lattice. The inset in Fig 2.7 (a) shows a scheme of the transverse section 
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of the fiber. Its structural parameters are: Λ= 3.53 μm; d/Λ=0.40. It is assumed that 

the fiber exhibits a phase birefringence ∆n=10-6. We employed a software called 

"Itera" to obtain the linear optical characteristics of the MOF. These are the mode 

propagation factor, the group refractive index, and the modal field diameter. The 

theoretical model on which Itera is based is described in detail in Chapter 3. Fig. 2.7 

shows the chromatic dispersion of the fiber under test (FUT) as a function of optical 

wavelength. Within the wavelength range analyzed, chromatic dispersion shows a 

zero-dispersion wavelength at 1.08 μm, with normal (anomalous) dispersion for 

wavelengths below (above) λZDW, respectively. 

 
Figure 2.7. (a) MOF Chromatic dispersion of the fundamental mode as a function of 
wavelength. The inset shows the transverse profile of the MOF.  (b) Parametric wavelengths 
produced by PMI (blue) and FWM (red) for slow and fast axis pumping. ∆n=10-6; P0=2.5 
kW; n2= 2.7 x 10-20 m2W-1. The dashed blue line indicates PMI with pumping in the fast axis 
and the solid blue line indicates PMI with pumping in the slow axis. Vertical dashed lines 
indicate three pump wavelengths representative of the different dispersion regimes.  

The parametric wavelengths generated by FWM/ PMI were obtained after 

solving Eqs. 2.65-2.68 for this fiber. The result as a function of the pump wavelength 

is shown in Fig. 2.7(b). For each type of nonlinear interaction, we find either no 

solutions or two solutions depending on the pump wavelength. Thus, we can 

differentiate different regimes. When the fiber dispersion at the pump wavelength, 
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λp, is normal and the pump wavelength is relatively far from the λZDW, so that the 

dispersion value is moderate to high (for example, λp = λ1 in Fig. 2.7(b)), only 

solutions for PMI are found. Oppositely, when the fiber dispersion at the pump 

wavelength is anomalous (for example, λp = λ3 in Fig. 2.7(b)), no solutions for PMI 

are found and only FWM effect is feasible. A more complex behavior is found when 

the dispersion of the fiber is normal and λp approaches λZDW, so that the fiber 

dispersion is small at λp (for example, λp = λ2 in Fig. 2.7(b)). In this case, both FWM 

and PMI can be generated simultaneously. Furthermore, in this regime, a couple of 

additional solutions are found for PMI at longer and shorter wavelengths, close to 

the parametric wavelengths found for FWM.   

In Fig. 2.7 (b) it can be observed that the detuning of PMI wavelengths 

increases with λp for the inner pair of solutions and decreases for the outer pair of 

solutions. In the case of FWM wavelengths, the detuning decreases with the pump 

wavelength. Additionally, for certain pump wavelengths near to the λZDW no 

solutions of PMI are found even though the fiber dispersion is normal, which 

indicates that PMI exhibit a cutoff which is related to the critic frequencies derived 

in Eqs. 2.80 and 2.82. For this fiber in particular, PMI cutoff occurs at 1.070 μm and 

1.078 μm for slow-axis and fast-axis pump, respectively.  

In the following, we quantify the FWM/PMI response and its gain in terms of 

the detuning frequency between the pump wavelength and the parametric 

wavelengths. For convenience, we introduce the frequency shift by means of its 

reciprocal spatial frequency Ω, which can be expressed as, 

 
1 1 1 1

s p p Iλ λ λ λ
Ω = − = −  (2.83) 
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Figure 2.8. Parametric gain as a function of frequency shift of (a) FWM. Parametric gain of 
PMI when the pump excites the (b)slow and (c) fast axis of the FUT. With pump wavelengths 
at: λ1 (black line); λ2 (red line) and λ3 (blue line). P0=2.5 kW; ∆n=10-6; 

Fig. 2.8 shows the parametric gain of FWM/PMI when the test wavelengths 

(λ1, λ2 and λ3) are considered as the pump wavelength. From Eq. 2.43 we can 

observe that the gain of the FWM process strongly depends on the linear phase 

mismatch and its maximum gain is gmax = 2γP0, such condition requires the 

fulfillment of κ = 0. Note that the spectral bandwidth of the FWM sidebands 

generated when the fiber is pumped in the normal dispersion regime increases as λp 

approaches λZDW. This behavior, shows the dependence of the FWM gain profile on 

the slope of the net phase mismatch /d dκ ω , which is also related to the dispersion 

of the fiber itself [7].  

Figs. 2.8 (b) - (c) shows the PMI gain when the test wavelengths (λ1 and λ2) are 

considered as the pump wavelength. In the wavelength range under study, the 

calculated power threshold of PMI is about PTh ~ 1.1 kW, considering a phase 

birefringence of 10-6. When PMI is produced by slow-axis pump, the gain profile 

shows two pairs of sidebands detuned from the pump wavelength (located at 

Ω = 0). Notice that the outer pair of sidebands produced are spectrally quite narrow. 

The frequency shift of these outer bands is quite large, and similar to those produced 

by FWM when the fiber dispersion is normal at the pump wavelength. On the other 
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hand, when PMI is produced by fast-axis pumping, the gain profile shows a broad 

band centered at the pump wavelength. It is worth to note that the gain shape for 

the F-S PMI process depends on P0. The gain at zero detuning does not vanish 

regardless the pump power and it eventually can show two gain peaks near the edges 

provided that P0 is high enough.  

The gain bandwidth of the PMI sidebands exhibits a complex dependence on 

/d dκ ω  slope. In the case of S-F PMI, the bandwidth of the sidebands does not 

change substantially with λp as shown in Fig. 2.8 (b). The opposite happens in the 

case of F-S PMI, the gain bandwidth increases as λp approaches λZDW as shown in 

Fig. 2.8 (c). A complete review of PMI is discussed in Chapter 4. 

 
Figure 2.9. Light spectra recorded at the output of three MOFs with different dispersion at 
the pump wavelength (λp = 1064 nm): (a) large normal dispersion (λp ~ λ1); (b) low normal 

dispersion (λp ~ λ2); (c) anomalous dispersion (λp ~ λ3). Raman Scattering (RS). 

In order to illustrate the generation of PMI/FWM and the role of fiber 

dispersion, in this section we include some experimental results concerning the 

spectral response of three MOFs with different dispersion regimes at the pump 

wavelength (λp = 1064 nm). The MOFs were designed and fabricated to be able to 

generate PMI or FWM. Experimental techniques and procedures to excite and 

characterize such nonlinear effects are discussed in detailed in Chapter 3. Figure 
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2.9(a) shows PMI sidebands generated under slow-axis pumping produced in a fiber 

with large normal dispersion. The blue line shows the two inner sidebands, the 

polarization of which is oriented to the fiber fast-axis. The black line represents the 

spectral components with polarization aligned to the fiber slow-axis, which includes 

the remaining pump wave and two band generated by Raman scattering (RS). Notice 

that spectral bands corresponding to the outer pair of PMI solutions are not shown.  

FWM sidebands produced in a MOF with low-normal dispersion are shown in 

Fig. 2.9(b) and the effect of scalar modulation instability produced in a MOF with 

anomalous dispersion is shown in Fig. 2.9(c). In both, the different spectral 

components exhibit the same polarization. The spectral bandwidth of FWM and MI 

sidebands shows the characteristics previously described according with the 

dispersion of the fiber. The results shown here are consistent with the predicted by 

the theoretical model representing the PMI/FWM effect. For the purpose of this 

thesis, in the simulations included in the following sections of this chapter, we only 

consider PMI generated by slow-axis pumping, as this is the case capable of 

producing detuned sidebands and does not present a power condition for it to occur.  

2.4 Impact of fiber parameters in FWM/PMI 

Having described the FWM/PMI processes, we numerically investigate the 

dependence of the frequency shift of the FWM/PMI sidebands on the different 

fiber parameters involved in the process. In the case of PMI, we focus on the inner 

pair of solutions. In particular, we investigate the impact on the phase-matching 

condition as a function of the fiber nonlinear parameter, the fiber birefringence and 

also the fiber dispersion. The aim of this section is to provide the theoretical 

knowledge on which most of the experimental results included in the thesis are 

based. 
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2.4.1 Nonlinear contribution 

In the case of optical fibers, the efficiency of nonlinear processes is highly 

dependent on the nonlinear parameter γ of the fiber, which is related to the nonlinear 

refractive index n2 of fused silica and the effective area of the guided mode, Aeff. 

Fused silica exhibits a relatively small nonlinear refractive index compared to other 

glass fibers [20]. n2 is an optical quantity intrinsically fixed by the fiber material and 

its control by an external factor becomes a difficult task. Aeff is a quantity that can be 

adjusted up to a certain extend by fiber design. In this regard, MOF technology 

allows obtaining fibers with small values of Aeff by designing fibers with a small core 

and large numerical aperture, leading to fibers with large γ parameter. 

It has been shown previously that the gain of nonlinear FWM/PMI processes 

depend on γ and on the total pump power P0. The phase-matching conditions (Eq. 

2.39 and Eq. 2.68) include a nonlinear term also dependent on the product γ·P0. In 

a given fiber, the parameter γ is fixed by the fiber structure, however pump power 

is a quantity that can be adjusted easily in an experimental implementation. 

Therefore, we investigate the nonlinear contribution to the phase-matching 

condition of FWM/PMI when varying the power of the pump injected into a MOF 

with small mode area. For the calculations, we considered a maximum peak power 

of 8 kW which is similar to the highest power delivered by the light source used in 

most of our experiments. 

Figure 2.10 shows the dependence of the detuning frequency of FWM/PMI 

on pump power, for the FUT analyzed in the previous section. Calculations are done 

for the three test wavelengths λ1, λ2 and λ3. The effective mode area of this fiber for 

the wavelengths of interest is approximately Aeff ~ 22 μm2. It can be seen that the 

detuning frequency of both, FWM and PMI increases with increasing pump power. 
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Figure 2.10. Detuning frequency as a function of the pump power of (a) FWM and (b) PMI. 

In the case of FWM bands, when the fiber dispersion at the pump wavelength 

is normal (λp < λZDW), the frequency shift depends slightly on pump power when λp 

is far from λZDW (see for example, λp = λ1), and it increases as λp approaches λZDW 

(see for example, λp = λ2). That happens because the linear phase mismatch 

contribution is significantly larger than the nonlinear term when the dispersion at 

the pump wavelength is large, thus the effect of pump power changes is minor.  

When pumping near zero dispersion, in both normal and anomalous dispersion 

regimes, the linear phase mismatch contribution is relatively small, so the detuning 

frequency of the FWM sidebands becomes more dependent on the nonlinear phase 

mismatch term, thus the sensitivity to changes of pump power is more significant. 

The PMI detuning frequency exhibits somewhat a similar pump power dependence, 

where its contribution becomes more relevant when the excitation wavelength λp 

approaches λZDW, as shown in Fig. 2.9 (b) when λp = λ2.  

2.4.2 Effect of chromatic dispersion variations 

The linear term in the phase-matching condition for FWM/PMI, contains the 

difference between the values taken by the propagation factor for pump, signal and 
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idler wavelengths. The dependence of ∆β on the fiber chromatic dispersion can be 

easily infer if we approximate the propagation factor by a second-order expansion. 

Then, the linear phase mismatch can be written as, 

 
2

22 p s iβ β β β β∆ = − − ≈ − ⋅ Φ  (2.84) 

MOFs are known to exhibit a versatile dispersion design attributed to the 

structural parameters of their microstructured region. Moreover, the transmission 

parameters of a MOF can be adjusted after their fabrication stage by different post-

fabrication techniques [21–24]. For instance, in different experiments included in 

this thesis, MOF dispersion was modified after fibers were fabricated by a method 

based on filling the holes of the fiber with a substance with a given refractive index. 

This technique, allowed us to modify dynamically the dispersion of the fiber, taking 

advantage of large thermo-optic coefficient of the substance, by controlling the fiber 

temperature. In the literature, other different strategies based on infiltrating materials 

with different properties, as liquid crystals [25] and magnetic solutions [26], have 

been reported to control the waveguiding properties of the fiber by controlling an 

external parameter, i.e. temperature, pressure, electric or magnetic fields, etc. [26–

29]. 

In this section, we investigate the dependence of the phase-matching condition 

of FWM/PMI with fiber dispersion. For these calculations, we consider a FUT with 

the holes of the microstructure filled with a given refractive index nH. The fiber 

dispersion characteristic is modified through changes of nH. The structural parameter 

of the fiber taken as FUT for these calculations are the same as in Fig. 2.7. The 

propagation factor of the fundamental guided mode, mode area and the detuning 

frequency response of FWM and PMI were calculated for increasing values of nH 

starting from nH =1. In these series of calculations, the pump power and the fiber 

birefringence were maintained constant. 
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Figure 2.11. (a) Chromatic dispersion as a function of the optical wavelength at different 
values of nH. (b) Dispersion at the test wavelengths as a function of nH. Horizontal dashed 
line shows the zero of dispersion. 

 
Figure 2.12. Detuning frequency as a function of the dispersion change at the test 
wavelengths. (a) FWM and (b) PMI. 

Figure 2.11 (a) shows that the λZDW shifts towards longer wavelengths and the 

dispersion decreases as the refractive index of the holes is increased. Notice that 

fiber dispersion decreases in major proportion at longer wavelengths, and the λZDW 
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shifts toward longer wavelengths from 1.08 μm to 1.13 μm within the studied range 

of the refractive index increment. Figure 2.11 (b) shows the dispersion at the test 

wavelengths. It can be observed that dispersion at the three test wavelengths varies 

smoothly with the increment of the refractive index. Notice that dispersion at λ3 

experiences a transition from anomalous to normal dispersion for a refractive index 

of nH = 1.10.  

The detuning frequency as a function of the fiber dispersion change for FWM 

and PMI is shown in Fig. 2.12. For calculations, we considered the change in 

chromatic dispersion around the set value D0, which was evaluated at nH=1. In the 

case of FWM, the frequency detuning decreases as the dispersion increases, which 

indicates that the frequency shift of the FWM has a negative slope. The opposite 

occurs for PMI, where its detuning frequency increases when the fiber dispersion 

increases, thus showing a frequency shift with a positive slope. Depending on the 

test wavelength, different characteristics can be observed. For example, the 

frequency shift can be larger or smaller, in the case λ2 and λ3, a large range of 

frequency shift can be observed in both FWM and PMI, the opposite is observed 

when considering the wavelength λ1. This indicates that the frequency shift of FWM 

and PMI becomes more sensitive to dispersion variations when pumping near the 

dispersion zero. By considering λp = λ3, the transition between the two dispersion 

regimes enables PMI to be generated due to normal dispersion at the pump 

wavelength. For this particular wavelength, the frequency tuning range is the largest 

for both PMI and FWM. 

Numerical results show that a proper design of the MOF dispersion, and the 

control of the refractive index of the holes can be exploited to achieve large tuning 

ranges of the sidebands produced by FWM or PMI. In this thesis, we include 

different experiments based on fibers infiltrated with suitable liquids where large 

tuning of FWM/PMI sidebands is achieved. 
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2.4.3 Fiber birefringence 

In the case of PMI, a small amount of residual fiber birefringence contributes 

positively to the frequency shift between the PMI sidebands and the pump, as stated 

in Eqs. 2.68. In this section, we study numerically the effect of the fiber birefringence 

on the PMI frequency shift. The FUT assumed for these calculations has the same 

structural parameters as in Fig. 2.7, with air holes. Pump power and fiber dispersion 

are assumed as fixed parameters, while birefringence was varied from 0 up to 10-4. 

 
Figure 2.13. Detuning frequency of PMI sidebands as a function of fiber birefringence for 
λ1 and λ2. 

Figure 2.13 shows the detuning frequency of the PMI sidebands as a function 

of birefringence. Note that the detuning frequency increases with increasing fiber 

birefringence. Therefore, the birefringence adds positively to the PMI frequency 

shift. When pump wavelength is near the zero-dispersion wavelength (see the case 

λp = λ2) a large tuning range can be achieved for small variations of birefringence. 

Additionally, a very interesting feature is shown, the detuning frequency curve bends 

and a turning point is shown. This indicates that PMI cannot be generated for a 
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birefringence larger than a certain amount (∆n  ~ 3×10-5 for this particular case). 

This indicates that the fiber birefringence plays an important role in the net-phase-

mismatch where neither the dispersion nor the nonlinear contribution can 

compensate for the birefringence contribution, and thus the phase-matching 

condition is no longer satisfied at this particular pump wavelength. The latter feature 

was not observed, at least within the birefringence range considered here, when 

considering a pump wavelength far from the zero of dispersion (see the case λp = λ1).  

We would like to emphasize that managing the birefringence of an optical fiber 

can lead to a simple way to control the spectral position of the PMI sidebands. It is 

well known that mechanical deformations can be used to induce linear birefringence 

into an optical fiber [30–32]. Actually, the range of birefringence taken into account 

in the calculations shown in Fig. 2.13 corresponds to experimental values of induced 

birefringence reported  [30–32].  
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Chapter 3 
Microstructured optical fibers 
and experimental procedures  

This chapter describes the type of microstructured optical fibers used 

throughout this research project and their relevance. The modeling of the 

waveguiding properties of the fibers along with the fabrication technique is 

addressed. The experimental procedures employed to excite the nonlinear effects in 

such fibers, as scalar FWM or vector FWM are described. The experimental setup 

used for the characterization of such nonlinear effects will be described in detail. 

The post-fabrication technique for controlling the dispersion of a MOF is also 

included. 

3.1 Microstructured optical fibers 

Microstructured optical fiber, also known as photonic crystal fiber, is an optical 

fiber based on the properties of photonic crystals. Since this type of fibers appeared, 

many forms have been developed in order to optimize different properties [1–6]. In 

the basic form, the cross-section of a MOF includes a 2D microstructure formed by 

a periodic lattice of inclusions of a different material than the matrix material, which 

extend longitudinally along the fiber. These fibers include a defect in the 

microstructure that acts as the fiber core. In the majority of MOFs, the inclusions 

that form the periodic microstructure are just air holes. Fig. 3.1 shows a scheme of 
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the cross-section of common MOFs. The periodicity of the lattice and the diameter 

of the holes are in the same order of magnitude of the optical wavelength.  The 

propagation of light is determined by the photonic microstructure, which limits the 

transverse propagation of light by the existence of forbidden bandgaps for certain 

propagation factors, therefore, the electromagnetic field at those forbidden 

frequencies are confined into the MOF core [7]. 

 
Figure 3.1. Cross section of (a) solid-core MOF and (b) hollow-core MOF.  Blue color 
shows the fused silica material and gray color represent air.  

In principle, MOFs can be classified in two families [1]. In the first, the 

confinement of light occurs when the propagation factor of the guided mode 

matches with the forbidden bandgap of the 2-D photonic microstructure and, 

therefore, the guided mode is diffracted by the microstructure and confined into the 

core region. Typically, such fibers are named as photonic bandgap (PBG) fibers, 

which the refractive index of the core can be smaller than the “average refractive 

index” of the photonic microstructure that surrounds the core. In most cases, PBG 

fibers present a hollow core, normally filled with air (see fig. 3.1(b)), although all-

solid PBG have also been demonstrated [8]. The second group of MOFs are known 

as index-guiding fibers. In these fibers, the refractive index of the core material is 
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larger than the “average refractive index” of the photonic microstructure. In this 

case, the confinement of the light occurs similarly as it happens in step-index fibers, 

in which the confinement of the light is determined by total internal reflection. In 

most of the cases, such fibers present a solid-core made of the same material than 

the matrix material of the photonic microstructure. 

In the context of silica-based optical fibers, in 1996 J. C. Knight et.al.  reported 

the fabrication of the first single-mode solid-core fiber with a photonic crystal 

cladding made of air-holes [2]. Since then, MOFs have been widely studied in the 

past decades because of their unique optical properties, among which the most 

relevant can be: optical guidance in hollow core fibers, tailoring of fiber chromatic 

dispersion, endlessly single-mode operation, high birefringence and high 

nonlinearity  [9–16]. In recent years, a number of applications based on MOF 

technology have been developed. For example, in photonic applications such as fluid 

refractometry [17], bio-detection [18,19], temperature sensing [20] and gas 

sensing [21] have been proposed with silica-MOFs as platforms for light-matter 

interaction. In addition, new designs of MOFs based on soft glasses has been 

proposed for nonlinear applications as supercontinuum generation [22]. Currently, 

MOF technology remains an open research topic for the development of waveguides 

in applications based on the THz frequency range [22, 23].   

In the present work, we focus specifically on solid-core silica MOFs with a 

triangular lattice of air holes with constant diameter. The periodic structure forms 

the fiber cladding and the omission of the central air-hole forms the fiber core (see 

Fig. 3.1 (a)). The guiding properties of these type of fibers is determined by the 

optical properties of the fiber material (pristine SiO2) along with the photonic 

structure itself. Therefore, the hole diameter d and the lattice pitch Λ (period of the 

photonic structure) are the parameters that define the waveguide properties of silica 

MOFs. In particular, by engineering of d and d/Λ, the chromatic dispersion, which 
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is a key feature for the generation FWM, can be tailored so that fibers with a wide 

range of dispersion profiles can be designed and fabricated. Fig. 3.2 shows an 

example of the chromatic dispersion profile of MOFs with different structural 

parameters. 

 
Figure 3.2. Chromatic dispersion as a function of wavelength of MOFs. Fibers structural 
parameters: d/Λ=0.40 (fixed), Λ=1.0 μm (black line), Λ=1.5 μm (red line) and Λ=2.0 μm (blue 
line). 

To illustrate the flexibility for the design of chromatic dispersion of MOFs, 

Fig. 3.2 shows the dispersion profiles of three MOFs with the same d/Λ ratio and 

slight variations of the pitch length. Different dispersion profiles as a function of 

wavelength are shown. When Λ=1.0 μm, normal dispersion is observed over a wide 

wavelength range. This particular type of fiber is known as all-normal dispersion 

(ANDi) MOFs. A dispersion profile exhibiting one or two ZDW are shown for pitch 

values of 1.5 μm and 2.0 μm, respectively.   

In principle, solid-core MOFs can eventually be designed to present several 

advantages that can be exploited for the generation of nonlinear effects, e.g., small 

effective area which enables strong optical field density, and unprecedented 
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flexibility for chromatic dispersion design. Such features make this type of fibers an 

excellent platform for the development of nonlinear optics.  Therefore, in the 

present work, we exploit the potential advantages of MOFs to design and fabricate 

fibers with chromatic dispersion suitable for scalar and vector FWM generation. In 

the following, we will describe the fabrication method employed to obtain the MOFs 

that were used throughout this thesis. 

3.2 MOFs fabrication method 

The development of nonlinear MOFs with suitable optical properties for FWM 

generation are part of the main objectives of this research project. The MOFs used 

during the experiments have been fabricated in the facilities of the University of 

Valencia, specifically at the Laboratory of Fiber Optics (LFO). The method used for 

the fabrication of a MOF involves two steps: (i) First, the MOF is designed according 

to the requirements of the particular application that is aimed to be investigated. For 

this purpose, we employ a software developed at the LFO to model the waveguide 

properties of MOFs in order to obtain the structural parameters required. (ii) Once 

the structural parameters of the MOF are set, the fibers were fabricated. Then, the 

cross-section of the fibers fabricated were characterized by scanning electron 

microscopy (SEM). Fibers that fulfilled the design parameters were then chosen and 

used in experiments. Each step is described below. 

3.2.1 Waveguiding modeling of MOFs 

Due to the complexity of the transverse refractive index distribution of a MOF, 

accurate theoretical evaluation of the waveguiding properties becomes a difficult 

task. With the advent of MOFs, several modeling techniques have been proposed to 

describe the chromatic dispersion, mode effective area and waveguide losses of these 
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fibers. Among them, the most relevant are the effective index method (EIM)  [25–

28] and full-vector method  [29–32]. Knight et.al. [25], proposed a simple method, 

which is based on the approximation of a solid-core MOF to a step-index fiber. 

Then, the propagation constant of the guided mode can be easily derived with the 

well-known general dispersion relation of the step-index fiber [33]. In this method 

the main task is to derive the so-called fundamental space-filling effective refractive 

index of the photonic structure, which is then taken as the effective refractive index 

of the cladding of a step-index fiber. The proper value of core radius of the 

equivalent step-index fiber is an issue that raised certain discussion in the 

community, and various options have been proposed [10, 24, 33, 34]. In this 

approximation, the microstructured region is assumed that has infinite extent in the 

transversal direction, whereas a realistic MOF has finite number of holes rings. This 

has two main consequences, the modeling loses accuracy to describe the fiber 

properties, and second, confinement losses due to the finite number of periods is 

not described [36]. Saitoh et.al., [27], proposed semi-empirical analytical relations for 

the dispersion of the fundamental mode of solid-core microstructure silica fibers 

with triangular lattice of air-holes, this method is based on a compilation of several 

numerical simulations of MOFs based on other numerical approaches. The 

proposed relations describe with good accuracy the chromatic dispersion of fibers 

with pitch lengths between 1 μm and 3 μm and ratio d/Λ between 0.2 and 0.8. 

In our work, we use a software named Itera, developed to evaluate the 

propagation of light in complex two-dimensional structures with a non-trivial spatial 

distribution of the refractive index. Itera allows calculating the linear guiding 

properties of the modes supported by the MOF. The mode solver method for MOFs 

was developed by E. Silvestre et.al [37], and it is based on the full-vector method 

(FVM) proposed in [29]. Itera solves the wave equation following the constraints of 

Maxwell's equations, in which the transverse electric and magnetic fields are 

evaluated considering the anisotropy in the dielectric tensor. It is known that fused 
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silica can be considered as an isotropic material, however, the transverse 

components of the dielectric tensor experience effective anisotropy induced by 

interfaces separating different isotropic materials, which is the case for the photonic 

structure of a MOF. Due to the complexity of the differential wave equations, an 

iterative Fourier method is employed to evaluate the eigenvalues equations that 

describes the electromagnetic field in the MOF. This method takes advantage of the 

different representations of the spaces to express the differential wave equation as a 

diagonalizable system in the form of algebraic equations. 

According to the designation of the structural parameters of a MOF, Itera can 

simulate the realistic fiber geometry along with the refractive index distribution to 

provide the waveguiding properties of a MOF. As a result, the propagation factors 

of the guided modes β and their group velocities (β1)-1 are obtained with high 

accuracy, furthermore, Itera can provide fiber parameters as phase birefringence and 

mode-field diameter which are relevant to accurately describe the generation of 

vector-FWM in optical fibers. We would like to highlight that Itera can also evaluate 

complex transverse geometries of a MOF, where the exact refractive index 

distribution can be obtained through SEM images of the MOFs cross sections, i.e. 

fibers with non-homogenous hole diameters and/or pitch lengths. 

Fig. 3.3 shows the waveguiding properties of different MOFs. The comparison 

between modeling the dispersion properties of MOFs using EIM [28] and Itera is 

shown in Fig 3.3(a). The difference between the two methods can be seen. It is 

known that the main source of EIM error arises from the core radius (rc) 

designation [38], rc=Λ – d/2 [28] was assumed for fundamental mode calculations. 

Itera (FVM) exhibits better accuracy for the determination of the guided modes, as 

it was corroborated in [15, 29] with excellent agreement between experimental 

results and theoretical calculations. Figures 3.3 (b) and (c) shows the group index 

and the effective area of the fundamental mode for different MOFs. Aeff is a quantity 
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related to the area that the fields of a guided mode effectively cover the cross section 

of an optical fiber. In the context of MOFs, Aeff depends on wavelength, and on the 

structural parameters of the fiber.  

 
Figure 3.3. (a) Chromatic dispersion, (b) group refractive index and (c) effective mode area 
for MOFs with structural parameters: d/Λ=0.40 (fixed), Λ=1.0 μm (black line), Λ=1.5 μm 
(red line) and Λ=2.0 μm (blue line). Solid lines are numerical results obtained from Itera and 
dashed lines from an effective index method [28]. 

3.2.2 Description of MOFs fabrication technique and system 

Since the first report of MOFs fabrication [2], several techniques have arisen 

in the subsequent years to fabricate such type of fibers. Among the most remarkable, 

we can mention the extrusion technique [39] and stack-and-draw technique [2, 40]. 

Such techniques are preferred according, generally, to the type of material with 

which the fiber will be made. For example, the extrusion technique is preferred for 

microstructured fibers made of soft glasses or polymers due to the low temperatures 

for plastic deformation of those materials (150 °C - 550 °C). On the other hand, for 

fibers made of glasses with a high melting point as silica (~2000 °C), the stack-and-

draw technique has established itself as the standard technique for manufacturing this 
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type of fibers. The fibers used in this research project were all fabricated following 

this method.  

The stack-and-draw technique requires the use of an optical fiber drawing tower. 

The system that we employed to fabricate our MOFs is based on a drawing tower 

commonly used for the fabrication of standard optical fibers that has been modified 

accordingly to fulfill the specific requirements for the fabrication of MOFs. The 

system comprises two main subsystems: (i) A high temperature furnace with the 

devices and controls required for its operation, and (ii) a set of mechanical and 

electronic devices necessary to align and monitoring the drawing process of 

capillaries and fiber preforms. Fig. 3.4 shows the schematic of the fiber drawing 

tower employed for MOFs fabrication.  

 
Figure 3.4. Schematic of the optical fiber drawing tower for MOFs manufacturing. 
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The drawing tower allows to reduce the diameter of a glass rod from cm to μm 

through the heating and stretching system. The glass rods are introduced into the 

furnace with an X-Y alignment holder that allows the alignment between the glass 

rod and the furnace. The X-Y holder is designed so that it allows applying a gas 

pressure or to create vacuum within some specific parts of the glass structure. This 

is required in some stages of the fiber fabrication procedure, as it is described below. 

The furnace is cylindrical with two circular openings at the top and bottom, the 

openings act as inlet and outlet stages for the glass rod, respectively. The maximum 

diameter of the inlet opening is 2 cm.  

The furnace consists of a tubular graphite element of low electrical resistivity, 

capable of conducting more than 2000 A. The heat is produced by the graphite 

element through Joule effect. The furnace is capable of reaching temperatures above 

the melting point of fused silica. The temperature is controlled by the electric current 

applied to the graphite element and a pyrometer is used to measure the temperature 

in the furnace. During the heating stage, an inert atmosphere is required to prevent 

degradation of the graphite element due to oxidation at high temperatures, so that, 

a flow of argon gas is injected into the inner region of the furnace, which flows out 

the furnace through the openings. 

Under the furnace, at a certain distance a diameter gauge is located which 

allows the diameter of the stretched glass rod to be measured in real time. The 

operating principle of the device is based on the measurement of the diffraction 

pattern produced by the stretched glass rod when it is illuminated with a laser beam. 

The device is capable of measuring diameters from 30 μm to 5 mm with an accuracy 

of ± 1 μm. Below the diameter gauge is the stretching system for preforms and 

capillaries. The system consists of two wheels coated with silicone rubber that act 

simultaneously on the glass rod, pulling down the glass rod to reduce its diameter. 
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The wheels act mechanically through two motors at variable speeds between 0.5 

m/min and 2.5 m/min. 

At the bottom of the drawing tower is located a cylindrical drum with a 

diameter of 30 cm. During the fabrication stage of the fibers the drum is used to pull 

and coil the fiber in the drum itself. The soft curvature of the drum permits to coiled 

the fiber without coating polymer avoiding cracks or defects. The drum axially spins, 

the rotation is given by the mechanical action of a motor with a maximum speed of 

12 m/min. The pulling speed of the fiber is controlled with the speed of the drum.  

 
Figure 3.5. Schematic of (a) capillary, (b) preform, and (c) MOF drawing. 

As mentioned before, all the fibers used in this thesis were made of silica. In 

particular, the glass used was Suprasil-F300 commercialized by Heraeus Inc., which 

is the most widely used for optical fiber technology due to its low concentration of 

OH− ions (< 1 ppb). The MOF fabrication procedure can be summarized in four 

stages. In the first one, the capillaries and the glass rods required to form the cross-

section of the fiber are fabricated. To obtain the capillaries, a glass tube of about ~ 
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2 cm diameter is introduced into the furnace and once the temperature for plastic 

deformation of silica (~1800 °C) is reached, then the tube is pulled-down to decrease 

its diameter to a few mm, as shown in Fig. 3.5 (a). The outer diameter of the 

capillaries can be controlled by adjusting the rate at which the tube is pulled in and 

out of the furnace. In the case of capillaries, the wall thickness is set by the wall 

thickness of the pristine tube. Let dti and dto be the inner and outer diameter of the 

tube, respectively, then the tube is introduced into the furnace at the velocity vin and 

extracted at a velocity vout. The inner diameter dci and outer diameter dco of the capillary 

can be derived according to mass conservation as follows, 

�𝑑𝑑𝑡𝑡𝑡𝑡
2 −  𝑑𝑑𝑡𝑡𝑡𝑡

2�𝑣𝑣𝑖𝑖𝑖𝑖 = �𝑑𝑑𝑐𝑐𝑐𝑐
2 −  𝑑𝑑𝑐𝑐𝑐𝑐

2�𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜 (3.1) 

Eq. 3.1 can be adapted for the case of solid glass rods by making the inner 

diameter of the tube tend to zero.  

The second stage consists of the stacking and arrangement of the capillaries 

and solid canes in order to form the desired cross-section of the MOF. Given the 

dimensions of the capillaries/rods, the cross-section of such arrangement is in the 

order of few centimeters. At this stage, various configurations of the MOF cross-

section can be designed. For example, depending on the thickness or diameter of 

some capillaries, fibers of non-uniform geometry can be fabricated. In addition, 

MOFs with several cores, or fibers with doped cores can also be fabricated. 

The third stage consists of packing the capillary/rod arrangement and 

stretching it to obtain the fiber preform. A tube with a suitable wall thickness and 

diameter (compatible with the size of the capillary/rod lattice) is used as a jacket to 

hold the capillary/rod lattice. The jacket prevents lattice deformation during the 

stretching process and adds silica to the fiber. The wall thickness of jacket must be 

adequate to obtain fibers with the desired dimensions, ideally ~125 μm in diameter. 

The whole structure including the silica jacket and the capillary/rod arrangement is 
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heated in the drawing tower furnace and drawn using the wheels to obtain the fiber 

preform, whose diameter is typically of a few millimeters. Fig. 3.5 (b) shows the 

schematic showing the before and after manufacturing of the fiber preform. During 

this drawing stage, vacuum is created between the jacket and the arrangement to 

help closing the space between them and also the small air gaps between adjoining 

capillaries. The resulting preform has the cross-section of the target fiber, but with 

dimensions scaled by several orders of magnitude (between ~10 and ~30 times 

larger). 

The fourth stage consists of obtaining the target fiber from the preform by 

stretching it. Then, the preform is inserted in the drawing tower furnace and it is 

stretched using the fiber coiling drum to obtain the target MOF. The diameter of 

the fiber and, thus, the period of the microstructure Λ is controlled by the preform 

feeding speed and the drawing speed. According to the lattice period, an additional 

silica jacket might be necessary to obtain fibers with a diameter compatible with the 

available optical fiber devices. During the fiber drawing stage, the pressure inside the 

holes is controlled by pumping an inert gas, typically N2. This is done to avoid the 

collapse of the air holes due to the radial force induced by surface tension when the 

silica has reached the plastic deformation temperature.  

The fiber coating is applied at a later stage after the fibers are manufactured. 

An acrylate fiber coating, UV curable is used. The polymer coating is added to the 

fiber in a pulling fiber rig that includes the polymer applicator and an UV lamp. The 

end of the fiber is removed from the spool drum where it was coiled in fiber 

fabrication stage, let the fiber pass through a pin hole base with a diameter of 250 

μm. On this base the polymer is applied, and then the fiber coated with uncured 

polymer passes through the UV lamp located after the polymer applicator in order 

to cure the polymer. Finally, the fiber is wound onto a fiber reel. 
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We would like to emphasize that this fabrication method allows us to obtain 

several families of MOFs from a given preform. For example, by applying pressure 

to the holes, their diameter can be controlled and, therefore, several families of 

MOFs with different air-filling ratio at a fixed lattice period can be fabricated. On 

the other hand, the lattice period can be controlled by slightly adjusting the diameter 

of the fiber. 

3.2.3 Fabricated MOFs 

During this research project several MOFs were fabricated to carry out the 

experiments for the generation of FWM. In this section, we summarize the type of 

fiber used throughout this thesis. In particular, three families of MOFs were 

fabricated with different dispersion properties: (1) MOFs exhibiting all-normal 

dispersion (ANDi) over a wide wavelength range, (2) MOFs with low normal 

dispersion at the experimental pump wavelength, and (3) MOFs with anomalous 

dispersion. 

(i) ANDi MOFs  

ANDi fibers were fabricated to investigate the generation of vector-FWM 

processes. In fibers with such chromatic dispersion, scalar cases of FWM are 

forbidden and only vector-FWM can be produce. As a reference, the structural 

parameters required to obtain single-mode air-filled MOFs with ANDi profile are 

approximately Λ~1.0 μm, and d/Λ~0.5. Such small dimensions, with hole diameter 

in the nm scale, demand tight control of the fiber fabrication conditions. Due to the 

small pitch and moderate air-filling fraction, confinement losses is an important issue 

in this fibers [41]. In order to reduce it to practical levels, the ANDi MOFs were 

fabricated with 7 hexagonal ring periods of air holes. Figure 3.6 shows cross-section 

images of two ANDi fibers obtained with a scanning electron microscope (SEM). 
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The structural parameters of the fabricated MOFs are measured from SEM images 

with an accuracy of 5%. 

(ii) Low normal dispersion and anomalous dispersion MOFs  

To explore the generation of scalar/vector FWM spectral sidebands in both 

dispersion regimes, two families of MOFs were fabricated. In the first case, air-filled 

MOFs with low normal dispersion at the experimental pump wavelength (λ=1064 

nm) were fabricated. The structural parameters of fibers fabricated with this 

dispersion feature ranged from Λ~2.5 μm to Λ~4.0 μm, with d/Λ from ~0.35 to 

~0.5. Figure 3.7 (a) shows the SEM image of the cross-section of an air-filled MOF 

with low normal dispersion and five periods. In particular, the dispersion of this 

fiber at 1064 nm was -3.1 ps/km-nm. 

In this thesis, we have carried out experiments intended to the generation of 

scalar and vector FWM in MOFs with the holes filled with different optical liquids. 

The dispersion requirements for these fibers to produce such effects must be 

fulfilled once the fiber was infiltrated with the liquid. So, the fibers were designed 

following this criterion. Since the refractive indices of the filling liquids are higher 

than that of air (approximately nliquid~1.3), the designed MOFs resulted with larger 

air-filling fractions (d/Λ~0.6). These fibers exhibited anomalous dispersion at the 

experimental pump wavelength before the fiber was infiltrated with the liquid, and 

the required normal dispersion after infiltration of the liquid into the fiber holes. 

Figure 3.7 (b) shows the SEM image of the cross section of an air-filled MOF with 

anomalous dispersion that was used for such experiments. 
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Figure 3.6. SEM images of the cross-section of ANDi MOFs. The inset shows the structural 
parameters of the fibers.  

 
Figure 3.7. SEM images of the cross section of MOFs with (a) low normal dispersion and 
(b) anomalous dispersion. The inset shows the structural parameters of the fibers. 

3.3 Experimental procedures 

3.3.1 Experimental setup 

Fig. 3.8 shows the general experimental setup used throughout this work for 

exciting and characterizing FWM sidebands produced in MOFs. The experimental 

arrangement comprises of a diode-pumped passively Q-switched Nd: YAG 

microchip laser (TEEM Photonics SNP-20F-100) that emits pulses at 1064 nm 

wavelength of 700 ps duration (FWHM), peak power of ~ 11 kW, and a repetition 

rate of 19.1 kHz. This laser was used as the pump for the nonlinear experiments. 

The spectral bandwidth is narrower than 30 pm (FWHM). Inset of Fig. 3.8 shows 

(a) (b)
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the temporal shape of the pump pulses. The laser emission is linearly polarized, with 

a polarization extinction (PER) of 32 dB. A half-wave plate (HWP) was positioned 

at the laser output, in order to rotate the polarization plane of the launched pump 

beam with respect to the fiber principal axes. The pump beam was launched into the 

fibers under test (FUT). An XYZ alignment stage and aspheric lenses of different 

focal length were used to launch the laser beam into the FUT, with an efficiency 

ranging from 40-50 % depending on the fiber. The typical fiber length used in the 

experiments was ∼1 m. 

A linear polarizer was used in most of the experiments to characterize the 

polarization state of the output light. The light leaving the FUT at the tip end was 

collected and recorded with an optical spectrum analyzer (OSA) (Yokogawa 

AQ6370C), typically with a spectral resolution of 0.2 nm. The optical power 

transmitted through the FUT was measured with a power meter (PM). According to 

each experiment, the MOFs were subjected to different physical tests (e.g., axial 

tension, bending, heat), and, therefore, minor modifications in the experimental 

setup had to be addressed. 

 
Figure 3.8. Experimental arrangement. QSLML: Pump laser; HWP: half-wave plate; M1 and 
M2: dichroic mirrors; FUT: fiber under test; AL: aspheric lens (x30); LP: linear polarizer; 
MMF: multimode collecting fiber; OSA: optical spectrum analyzer. Inset shows the temporal 
shape of the pump pulses. 
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3.3.2 Liquid infiltration technique for MOFs 

In many of the experiments of this thesis, we require fine tuning of the 

chromatic dispersion of a MOF to control the spectral position of the FWM 

sidebands. In MOFs with air-filled holes, the dispersion is fixed by their structural 

parameters and there is no relevant contribution to the fiber dispersion by inducing 

changes in the optical properties of the fused silica through a physical quantity (e.g., 

heat, strain, pressure). However, when the fiber holes are filled with a substance with 

suitable optical properties, an additional degree of freedom is obtained to adjust the 

fiber dispersion at a post-fabrication stage. In particular, we used heavy water, pure 

ethanol, and ethanol-water mixtures to effectively adjust the dispersion of the 

MOFs. 

 
Figure 3.9. (a) Schematic diagram for liquid MOF filling by gas pressure. (b) Filling distance 
as a function of time of a capillary with hole diameter of 1.5 μm when filled with water (blue) 
and ethanol (red). 

The infiltration of such liquids into the holes of a MOF was performed by 

capillary force and gas pressure. A tip of the fiber was placed in a pressure chamber 

inside the filling liquid, as shown in the schematic in Fig. 3.9 (a). By applying gas 

(N2) pressure (about 8 bar) to the chamber, the liquid flows into the holes of the 
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fiber and after a certain time the liquid reaches the outer tip of the fiber. To calculate 

the time needed to fill a MOF of length ~1 m we have followed the theoretical 

modeling reported in  [42], which describes the filling rate of a capillary of a few 

micrometers in diameter when liquids with viscosity and surface tensions similar to 

water are infiltrated through pressure. Figure 3.9 (b) shows the filling distance as a 

function of time for a MOF with 1.5 μm diameter holes. Typically, it took 4 hours 

to completely fill the holes of most of the MOFs employed for this thesis.  
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Chapter 4 
Polarization Modulation 
Instability 

In the present chapter we will describe in detail the nonlinear effect of 

polarization modulation instability (PMI) in optical fibers. We report our results on 

the generation of PMI in weakly birefringent solid-core MOFs. The study addresses 

PMI generation in MOFs with different chromatic dispersion profiles, paying 

attention to the dependence of PMI on fiber dispersion. We report the experimental 

study of PMI effect that was investigated in a wide collection of air-filled, ethanol-

filled, and heavy-water-filled MOFs with different structural parameters and 

dispersion characteristics, including all-normal dispersion (ANDi) fibers, and fibers 

with one, or two zero dispersion wavelengths. Theoretical simulations of PMI in 

those fibers is also included. 

This chapter is organized as follows: First, PMI in optical fibers and its main 

physical aspects and characteristics are described for air-filled and liquid-filled solid 

core MOFs. In section 4.2, a detailed experimental study of PMI in air-filled ANDi 

MOFs with different dispersion characteristics is given, the characterization of the 

polarization of PMI sidebands is addressed. In section 4.3, the frequency shift of 

PMI in a large collection of liquid-filled MOFs with different chromatic dispersion 

characteristics at the pump wavelength is studied experimentally. 
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4.1 General aspects of PMI 

In the context of optical fibers, PMI is a nonlinear parametric process that 

affects the polarization state of light that propagates through the fiber  [1–3]. Our 

work focuses on degenerate PMI in optical fibers, in which two photons of the same 

frequency with linear polarization oriented to one of the principal fiber axes are 

annihilated to give rise to two new photons with different frequencies, same linear 

polarization state, but orthogonal with respect to pump photons. In single-mode 

optical fibers, PMI is generated through the coherent coupling of the two polarized 

eigenmodes HE11x and HE11y, whose propagation factors are slightly different due 

to unintentional residual linear birefringence present in the fiber. Typical values of 

residual phase-birefringence, ∆n, of non-polarization maintaining fibers are in the 

order of 10-7 - 10-5. It is worth to mention that PMI effect also can occur in isotropic 

fibers with almost zero birefringence [4].  

Some remarkable aspects of this nonlinear effect are: (i) the polarization state 

of the light generated through PMI is orthogonal to the polarization state of the 

pump signal, (ii) modulation instability can occur even when the fiber is pumped in 

the normal dispersion regime, and (iii) the contribution of the phase birefringence 

to the linear phase mismatch plays a major role in the phase-matching condition. In 

addition, PMI features in optical fibers are quite different depending on the 

polarization of the pump, in particular for linear polarization, on whether the pump 

is polarized along the slow or the fast axis of the fiber. Figure 4.1 shows an example 

of the gain profile of PMI for both, slow- or fast-axis excitation. In the first case 

(slow-axis pumping), PMI generates detuned sidebands separated from the pump 

frequency from low pump power levels (see Fig. 4.1 (a)). For fast-axis pumping, a 

low-power threshold (PTh) exists. Recalling from Chapter 2, the power threshold is 

given by, 
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where ∆n is the fiber birefringence, Aeff is the effective mode area, and n2 is the 

nonlinear refractive index. 

PMI can be generated when the pump power P0 > PTh, the gain profile only 

shows sidebands detuned from the pump when P0 > 2·PTh, nevertheless, the gain at 

zero detuning does not vanish regardless of the pump power level, as shown in Fig. 

4.1 (b). Additionally, in Fig 4.1(a) it can be observed that the peak gain of PMI 

sidebands for slow-axis pump shifts slightly with pump power.  

 
Figure 4.1. Gain profile of PMI sidebands produced by (a) slow-axis pump and (b) fast-axis 
pump, for different pump power levels: 0.85·PTh (blue line), 1.1·PTh (green line), 1.5·PTh (black 
line) and 3·PTh (red line). PTh=70 W. Calculations are done for the fiber reported in [2]. 

One of the motivations of this thesis was to investigate the potential of PMI 

as a physical mechanism to generate few-wavelength light sources based on optical 

fibers. Generation of light spectral bands well separated in wavelength from the 

pump was aimed for this type of application. According to the main properties of 

PMI, the option consisting of pumping with a linearly polarized beam with 
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polarization oriented along the slow axis of the fiber satisfies this criterion to a 

greater extent. Thus, the work carried out in this thesis related to PMI was mainly 

focused on this pump option. Hereinafter, when PMI effect is mentioned it will refer 

to the specific case of slow-axis PMI. 

 
Figure 4.2. (a) Chromatic dispersion as a function of wavelength and fiber pitch for air-filled 
MOFs. Numbers indicates dispersion levels in ps/km·nm. White dashed line indicates pitch 
of 1.8 Λ μm. (b) Frequency shift map of PMI; color bars are detuning frequency values in 
cm-1. Parameters used in the simulations: d/Λ = 0.36, P0 = 3 kW. 

Frequency detuning of PMI sidebands strongly depends on the fiber 

birefringence, but also on the chromatic dispersion of the fiber, which becomes 

particularly notable for low values of dispersion [3]. The chromatic dispersion of air-

filled MOFs can be tailored through the design of the fiber structural parameters. 

Several combinations of d and Λ can be suitable for attaining given dispersion 

requirements. Figure 4.2(a) shows the theoretical calculation of chromatic dispersion 

for air-filled MOFs, as a function of the optical wavelength and the fiber pitch. The 

linear properties of the fibers were calculated using the full-vector method described 

in Chapter 3.  A fixed value of d/Λ = 0.36 was used in these simulations. The blue 

level curve in Fig. 4.2(a) indicates zero of dispersion. For this particular air-filling 

fraction, we can distinguish two different dispersion regimes: (i) when Λ < 1.8 μm, 

the dispersion is normal over a wide wavelength range, MOFs presenting such 
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dispersion profile are commonly named as ANDi fiber. (ii) When Λ > 1.8 μm, the 

dispersion profile shows at least one ZDW. In the first regime, fibers with Λ 

approaching 1.8 μm shows low dispersion values within the wavelength range under 

study, and decreasing significantly as Λ becomes smaller. 

According with the dispersion features described above, the dependence of 

PMI phase-matching condition on chromatic dispersion is theoretically investigated. 

The  PMI parametric wavelengths (Stokes and anti-Stokes) were obtained by solving 

numerically Eq. 2.68 together with the energy conservation condition. Figure 4.2 (b) 

shows a frequency shift map of the PMI process as a function of the optical pump 

wavelength and fiber pitch. Additional parameters used in PMI simulation are the 

following: pump power of P0 =3 kW, phase birefringence ∆n =10-6, and nonlinear 

refractive index n2 = 2.7·10-20 m2/W. In the case of ANDi fibers, i.e., dispersion 

region (i), PMI is generated in all cases. For low Λ values, the frequency shift is 

relatively small, and it shows small dependence on the pump wavelength. The 

frequency shift increases with increasing the fiber pitch, and/or the dispersion at the 

pump wavelength increases. In dispersion region (ii), the result is more complex. For 

Λ slightly above 1.8 μm and pump wavelengths in which the dispersion is higher 

and near to zero (pump wavelength near to λZDW), PMI experiences a large frequency 

shift. Additionally, there is a forbidden region (white region in Fig. 4.2 (b)) where no 

phase-matching solutions for PMI can exist.  

In fibers exhibiting both, anomalous and normal dispersion regimes, PMI 

presents a cut-off wavelength, beyond which the phase-matching condition is no 

longer fulfilled. This occurs when the dispersion mismatch together with the 

contribution of nonlinear mismatch cannot compensate the term of phase-

birefringence of the phase-matching condition. Physically, the maximum pump 

wavelength or cut-off of PMI occurs when the group velocity of the anti-Stokes 

photon matches with the group velocity of the Stokes photons [5]. In this case, the 
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group index (ng) of the Stokes and anti-Stokes photons satisfies the following 

expression,  
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where n is the effective mode index and ωS and ωAS are the frequencies of the Stokes 

and anti-Stokes photons, respectively.  

 

Figure 4.3. (a) Chromatic dispersion as a function of wavelength. (b) PMI wavelengths as a 
function of pump wavelength. In the simulation was assumed a pump power of P0= 1 kW 
and fiber birefringence of ∆n=10-6, the vertical dashed line indicates the cut-off wavelength. 
(c) Cut-off wavelengths as a function of phase-birefringence. 

In order to give some physical insights of the cut-off wavelength of PMI, we 

calculated the maximum pump wavelength at which PMI can occur for a given air-

filled MOF with d/Λ=0.36 and Λ=2.5 μm. The chromatic dispersion for this fiber 

is shown in Fig. 4.3 (a). The simulations results shown a λZDW = 1051 nm for this 

fiber. The calculated phase-matching curves of PMI are shown in Fig. 4.3 (b). For 

calculations of PMI wavelengths, we considered a pump power of P0 = 1 kW and a 

phase-birefringence of ∆n = 10-6, the cut-off wavelength (λC) of PMI occurs at 
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λC = 1045 nm, as depicted by the vertical dashed line in Fig 4.3 (b). No solutions for 

PMI phase-matching were found for wavelengths λP > λC.  

The dependence of PMI cut-off on the fiber birefringence is studied. The cut-

off wavelength as a function of phase birefringence was calculated using Eq. 4.2 

together with the PMI phase-matching condition (Eq. 2.68). Figure 4.3 (c) shows 

the cut-off wavelengths when varying the birefringence from 10-6 to 10-5. It can be 

observed that λC varies smoothly with birefringence and shifts to shorter 

wavelengths when increasing the fiber birefringence. This indicates that residual 

fiber birefringence not only contributes to the PMI frequency shift, but also it 

determines the largest pump wavelength at which this nonlinear effect can be 

generated in an optical fiber.  

It is known that the dispersion of a standard MOF is not only designated by 

the refractive index of fused silica, but is also due to the geometry of the 

microstructure itself. Therefore, great flexibility in MOF chromatic dispersion 

fabrication designs can be achieved. However, the dispersion of the pristine fibers 

cannot be easily modified after fabrication. Filling the holes with optical materials 

has been demonstrated to be a useful post-fabrication technique for changing the 

guiding properties of MOFs. Additionally, it enables fine tuning of the chromatic 

dispersion by exploiting the optical sensitivity of the filling materials with external 

parameters, as, for example, temperature. In this thesis, several experiments were 

performed using such hybrid MOFs. Furthermore, several applications related to 

the nonlinear properties of liquid-filled MOFs have been reported in the past  [6–8]. 

We extended the theoretical study on the general aspects of PMI to solid-core 

MOFs with holes filled with ethanol (EtOH) and with heavy-water (D2O). Following 

the procedure described above, the linear properties of the fibers were first 

calculated using a fully-vector method described in Chapter 3. Then, PMI parametric 

wavelengths (Stokes and anti-Stokes) were calculated numerically. When filling the 
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holes of a MOF with materials different from air, the chromatic dispersion of the 

filled fiber changes with respect to the dispersion of the pristine fiber. This occurs 

due to the increase of the refractive index in the fiber microstructure, and the 

dispersion properties of the filling material itself. For our experiments, we chose 

EtOH and D2O owing to their refractive index (lower than silica) and relative low 

absorption in the infrared region. Refractive index characteristics of both liquids 

used for the theoretical simulations are taken from [9]. The wavelength dependence 

on the refractive index of EtOH and D2O was taken into account in the calculations.  

Figure 4.4 (a) and 4.5 (a) show dispersions maps calculated for fibers filled with 

EtOH and D2O, respectively. A value of d/Λ = 0.56 was chosen for D2O-filled 

fibers, and d/Λ = 0.58 for EtOH-filled fibers. These parameters correspond to the 

mean values of structural parameters of fibers used in the experiments. 

 
Figure 4.4. (a) Chromatic dispersion as a function of optical wavelength and fiber pitch for 
EtOH-filled MOFs. Numbers indicates dispersion levels in ps/km·nm. (b) Frequency shift 
map of PMI; color bars are detuning frequencies values in cm-1. Parameters used in the 
simulations: d/Λ=0.58. P0=3 kW. 
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Figure 4.5. (a) Chromatic dispersion as a function of optical wavelength and fiber pitch for 
D2O-filled MOFs. Numbers indicates dispersion levels in ps/km·nm. (b) Frequency shift 
map of PMI; color bars are detuning frequencies values in cm-1. Parameters used in the 
simulations: d/Λ=0.56. P0=3 kW. 

 When holes in the same MOF are filled with either D2O or EtOH it results in 

large dispersion differences due to the different refractive index of these substances, 

therefore, the comparison between the PMI frequency shift maps of EtOH and D2O 

filled MOFs is inadequate for fibers with same air-filling fractions and pitch lengths. 

In order to provide a clear view of the dispersion and frequency shift maps of PMI 

in EtOH-filled and D2O -filled MOFs, the air-filling fraction used in the calculations 

was assumed to be slightly different, while the considered pitch length range was 

within the pitch lengths of the fibers used in the experiments.  

According with the air-filling fraction used for dispersion maps of the EtOH-

filled and D2O-filled MOFs, two dispersion regimes can be observed (similarly to 

those previously described with air-filled MOFs). When Λ < 3.1 μm and Λ < 2.6 μm 

for EtOH-filled and D2O-filled MOFs, respectively, all-normal dispersion is 

observed. In contrast, when Λ is larger than those values, dispersion profile shows 

at least one ZDW, in both cases.  Figure 4.4 (b) and 4.5 (b) show the corresponding 

frequency shift maps for PMI. The shift of zero dispersion that EtOH-filled and 

D2O-filled fibers exhibit also causes the movement of the forbidden region of PMI 
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to longer wavelengths and larger pitch lengths. As in the case of air-filled MOFs 

described in the previous section, larger frequency shift occurs as the dispersion at 

the pump wavelength approaches the zero value. It can be seen that PMI frequency 

detuning is small when the dispersion is large and when the fiber shows an ANDi 

profile. 

4.2  PMI in ANDi-MOFs with air holes 

An ANDi MOF is a fiber whose dispersion remains normal in wide wavelength 

range.  In the last years, the potential of ANDi MOFs as nonlinear media has been 

widely investigated. Most of the interest on ANDi fibers comes from their ability 

for the generation of coherent, octave-spanning, and re-compressible 

supercontinuum (SC) light  [10–13]. In ANDi fibers the noise induced by MI/FWM 

to an optical pulse is suppressed since the phase matching condition is not 

accomplish because the linear phase mismatch cannot compensate for the nonlinear 

term for any wavelength. [11]. In recent works, however, it was found that 

polarization induced noise can degrade the coherence of ANDi femtosecond 

supercontinuum  [14, 15]. PMI assisted by the weak unintentional birefringence of 

the fibers has been identified as the origin of such coherence degradation. Here, we 

report the experimental investigation of PMI effect in weakly birefringent ANDi 

MOFs with quasi-CW pumping at 1064 nm. As mentioned above, PMI in ANDi 

MOFs has been observed previously in the femtosecond pump regime. We 

investigated this effect using long pump pulses, (essentially, a quasi-continuous 

pump), as the nonlinear dynamic of PMI is somewhat different. 

First, we investigated theoretically the different vector FWM processes that can 

occur in a weakly-birefringent ANDi MOF with Λ = 1.5 μm, d/Λ = 0.42. 

Figure 4.6 (a) shows the chromatic dispersion of the fiber, it can be seen that the 

fiber dispersion exhibits a convex profile with an all-normal dispersion within the 
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wavelength range of study. The maximum of the dispersion curve (MDW) happens 

at 1060 nm, with a value of dispersion of 8 ps/nm·km. The phase-matching equations 

and the energy conservation relation were used to calculate the spectral shift between 

the pump wavelength and the parametric wavelengths. Figure 4.6 (b) and (c) shows 

the parametric wavelengths as a function of pump wavelength, for different pump 

powers. Linearly polarized light with polarization orientation aligned to the principal 

axes of the fiber, fast and slow, was considered. 

 
Figure 4.6. (a) Chromatic dispersion vs. wavelength for a weakly birefringent MOF. 
Parametric wavelengths for (b) slow-axis pumping PMI, and (c) fast-axis pumping PMI at 
different pump powers, P0 = 1.5·PTh (black), P0 = 2·PTh (blue), and P0 = 2.5·PTh (red), 
being PTh = 2.6 kW. Fiber parameters: Λ = 1.5 μm, d/Λ = 0.42, ∆n = 1×10−6. Vertical 
dashed line indicates the MDW (1060 nm). 

As expected, no solutions were found for scalar FWM/MI, only PMI effect 

can occur in such fibers. In the case of slow-axis pumping PMI (see Fig. 4.6 (b)), the 

largest wavelength shift is obtained when the fiber is pumped at the wavelength that 

matches the MDW. The closer is the dispersion to zero at the MDW, the wider is 

the wavelength spacing of the PMI sidebands for that pump wavelength. The 

calculated bands for slow-axis pump shift slightly with pump power. The results for 
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fast-axis pump PMI are somehow more complex (see Fig. 4.6 (c)). In the parametric 

calculations we considered PTh = 2.6 kW as constant. It is known that PTh increases 

with increasing the wavelength, since effective mode area increases in the same 

fashion. Therefore, a cutoff for fast-axis PMI occurs for certain wavelengths when 

the condition P0 >2·PTh is not accomplished, as shown in Fig. 4.6 (c).  

4.2.1 MOFs characteristics 

A range of air-filled MOFs were designed and fabricated to present a convex-

ANDi profile in a broad wavelength range. Figure 4.7 (b) shows the scanning 

electronic microscope (SEM) images of the cross section of the fibers used in the 

experiments. The structural parameters of the fibers were obtained from the SEM 

images and are summarized in Table 4.1. Figure 4.7 (a) shows the chromatic 

dispersion as a function of wavelength of the studied ANDi-MOFs. Table 4.1 also 

includes the theoretical calculations of dispersion values, MDW, and effective mode 

area of the fundamental mode at 1064 nm. In most of the fibers, the MDW is close 

to the experimental wavelength and has a relatively small dispersion value (close to 

the zero of dispersion). In contrast, large normal dispersion at the pump wavelength 

is observed in A-MOF1 and the MDW was estimated at a shorter wavelength. 

Table 4.1 Characteristics of air-filled fibers. 
Fiber Λ (μm) d/Λ D (ps/nm km)† MDW (μm) Aeff (μm2)† 

A-MOF1 1.0 0.52 -100 0.836 9.4 
A-MOF2 1.57 0.35 -19.9 1.049 7.2 
A-MOF3 1.59 0.35 -20.8 1.054 7.5 
A-MOF4 1.60 0.36 -11.5 1.07 6.7 
A-MOF5 1.57 0.37 -13.1 1.058 6.5 

†calculated at 1064 nm 



Polarization Modulation Instability 

93 
 

 
Figure 4.7. (a) Chromatic dispersion of air-filled MOFs. Dashed vertical black line indicates 
the experimental pump wavelength. (b) SEM images of air-filled MOFs cross-section. 

4.2.2 Experimental procedure 

We carried out several experiments to investigate PMI generation in air-filled 

ANDi MOFs with quasi-CW pump. In particular, the experimental characterization 

of PMI sidebands produced with fibers A-MOF1 and A-MOF2 is described in 

detailed in the following. The fibers are single-mode at the wavelength range of the 

experiments. The chromatic dispersion of the fibers was measured experimentally 

using the interferometric method described in  [16]. Figure 4.8 shows the chromatic 

dispersion as a function of wavelength for the two fibers. Simulation results are also 

included, relatively good agreement between theoretical calculations and 

experimental data was obtained. The dispersion of the two fibers shows the typical 

convex profile of ANDi fibers with normal dispersion for all wavelengths. The 

MDW values are 836 nm and 1049 nm, for A-MOF1 and A-MOF2, respectively. 

The experimental values of dispersion at the experimental pump wavelength i.e., 

1064 nm, are summarized in Table 4.2.  
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Figure 4.8. Chromatic dispersion vs. wavelength of the fibers used in the experiments. Dots 
are experimental measurements and solid lines are theoretical calculations. 

Table 4.2. Experimental chromatic dispersion and group birefringence at 1064 nm. 

Fiber D (ps/nm km) ∆ng (× 10-5) 

A-MOF1 -100 1.2 
A-MOF2 -21 1.1 

In principle, MOFs with regular triangular lattice of identical, circular air holes 

are non-birefringent fibers. However, realistic fibers exhibit a small amount of 

residual birefringence due to imperfections in the resulting microstructure caused 

during the fabrication stage, and the finite number of air holes rings. The group 

birefringence ∆ng of both fibers was characterized using the technique described 

in [17]. Results are summarized in Table 4.2. In both fibers, ∆ng is in the order of 10-

5, which is compatible with values of unintentional birefringence in non-polarization 

maintaining fibers. 
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Figure 4.9. Light spectra for two orthogonal polarizations orientations of the pump: (black) 
pump polarization aligned to the slow axis of the fiber, and (blue) pump polarization aligned 
to the fiber fast axis. (a) A-MOF1, P0 = 3.2 kW peak power. (b) A-MOF2, P0 =  2.5 kW peak 
power. RS: Raman scattering. 

 Experiments to investigate the generation of PMI in these fibers were carried 

out following the experimental procedure described in Chapter 3. In this case, the 

fiber length used in the experiments was ~1 m. The optical spectrum exiting the 

fibers was analyzed for different pump powers and polarization orientations of the 

pump. Figure 4.9 (a) shows an example for two orthogonal orientations of the pump 

polarization, and identical pump power. Along with the pump laser centered at 

1064 nm, one can observe several nonlinear features. For both HWP angles, Stokes 

and anti-Stokes Raman scattering was generated. In the case of A-MOF1, two 

sidebands centered at 1026 nm and 1105 nm, are shown when pump polarization 

was aligned with the slow axis fiber. Similarly, in fiber A-MOF2 a pair of narrow 

sidebands centered at 991 nm and 1148 nm was observed (see Fig. 4.9 (b)). These 

sidebands result from the PMI process excited by slow axis pumping. This was 

confirmed experimentally by studying the polarization state of the PMI sidebands. 

Additionally, when pump polarization was rotated by 90º so that the polarization 
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was aligned with the fiber fast axis, the PMI sidebands vanished and only RS 

sidebands and residual pump were observable.  

We studied in detail the polarization of the PMI sidebands by analyzing the 

polarization of the light exiting the fibers by using a broadband bulk linear polarizer. 

We proceeded as follows: before the insertion of the polarizer, the orientation of the 

HWP was adjusted to launch the pump with polarization aligned to the slow axis of 

the fibers, therefore high amplitude PMI sidebands were generated. Then, the pump 

power launched into the fiber and the orientation of the HWP were kept fixed during 

the rest of the experiment. The polarizer was inserted at the fiber exit. The light 

transmitted through the polarizer was collected by a multimode fiber and recorded 

with an optical spectrum analyzer. Light spectra were recorded for different 

orientations of the polarizer axis. The transmission of the different spectral 

components varied with the orientation of the polarizer. Figure 4.10 shows the 

output spectrum from fibers A-MOF1 and A-MOF2, obtained when the polarizer 

was oriented so that the amplitude of the PMI bands was the maximum (black line). 

Starting from this orientation, rotation of the polarizer induced the reduction of the 

amplitude of the PMI bands and, simultaneously, the increase of the amplitude of 

the rest of spectral components i.e., pump and Raman sidebands. The blue line 

corresponds to 90° rotation of the polarizer from the initial position. For both fibers, 

the PMI bands were completely filtered, while the rest of spectral components, 

including the pump laser line and Raman bands, increased in amplitude few tens of 

dB. This result confirms that the polarization of the PMI bands is orthogonal to the 

polarization of the pump laser (and also to the Raman scattering bands since they 

have the same polarization as the pump), as it corresponds to the PMI process. 
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Figure 4.10. Spectra of light leaving the fibers after passing through the polarization 
analyzer. Two different orientations of the polarizer are shown: (black) polarizer axis adjusted 
to obtain the best PMI amplitude, i.e., oriented to slow-axis, and (red) polarizer axis rotated 
90° with respect to the previous orientation, i.e., oriented to fast-axis. Fibers: (a) A-MOF1 
and (b) A-MOF2. 

We experimentally studied the spectral shift of PMI sidebands induced by 

pump power variations. Figure 4.11 (a) and (b) shows the spectrum around the PMI 

bands generated in A-MOF1, as a function of the input pump power (average 

values). The HWP was adjusted to optimize PMI bands. As expected, all the 

frequencies generated by the different nonlinear mechanisms increase in amplitude. 

Additionally, we can notice that, unlike Raman features, the PMI bands shift slightly. 

PMI bands shifts away from the pump wavelength as the pump power increases, 

few nanometers for the pump wavelength range of the experiments. Figure 4.11 (c) 

summarizes the shift of the Stokes and anti-Stokes PMI wavelengths as a function 

of pump power. Theoretical calculations of pump power induced wavelength shift 

of PMI sidebands is depicted by solid lines in Fig. 4.11 (c). The calculated spectral 

shift of PMI sidebands increases linearly with pump power, as it was observed in the 

experiments. However, small difference between theoretical calculations and 

experimental data is observed. The PMI bands shift with pump power as a result of 
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the contribution of the nonlinear term into the phase mismatch, which adds up to 

the frequency shift of PMI. Additionally, for large normal dispersion at the pump 

wavelength, being the case of the fiber A-MOF1, PMI frequency shift dependence 

on pump power is particularly small, what it was observed in the experiments. When 

increasing the delivered peak pump power up to 3.2 kW (42 mW, average power) 

the PMI bands shifts only few nm (~9 nm). PMI was not observed in any of the two 

fibers for fast-axis pumping. This agrees with what it is expected since estimated 

values of PTh are 9.4 kW and 6.4 kW for A-MOF1 and A-MOF2, respectively, and 

in our experimental arrangement the largest value of peak power that could be 

launched into the fiber was around 6 kW, which is below for such PTh values.  

 

 
Figure 4.11. (a)-(b) Spectrum of light at the wavelength range around the PMI anti-Stokes 
and Stokes bands, respectively, for increasing pump power.  (c) Wavelength shift as a 
function of average pump power. Dots are experimental data and solid lines are theoretical 
calculations. Dashed lines are a guide to the eye. 

Figure 4.12 shows the theoretical calculations of the spectral shift between the 

pump wavelength and PMI wavelengths as a function of pump wavelength, for fiber 
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A-MOF1 and A-MOF2. Slightly different phase birefringence values were 

considered for the calculations of the phase-matching wavelengths. The 

experimental PMI Stokes and anti-Stokes wavelengths, obtained for pump 

wavelength of 1064 nm are also included. Best agreement between theoretical 

calculations and experimental data is achieved for ∆n = 1.8×10−5 and ∆n = 4.5×10−6, 

for A-MOF1 and A-MOF2, respectively. Notice that the phase birefringence values 

obtained from the fitting differ from the experimental values of group birefringence 

included in Table 4.1, since phase birefringence and group birefringence are not 

exactly the same parameter. The corresponding polarization beatlength calculated 

from the phase birefringence are 5.9 cm and 23.6 cm, for A-MOF1 and A-MOF2, 

respectively. Assuming a group velocity of 2.0×108 m/s the pump pulse spatial width 

is about 14 cm, which is in the same order of magnitude of the fibers beat length.  

 
Figure 4.12. Wavelength shift of PMI Stokes and anti-Stokes bands as a function of pump 
wavelength, for A-MOF1 (green) and A-MOF2 (red). Solid lines are theoretical calculations, 
and dots are experimental data. Phase birefringence values used in theoretical calculations 
are indicated. 

The rest of air-filled ANDi MOFs were characterized following the procedure 
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as was expected according to their dispersion design. Furthermore, the PMI effect 

was experimentally corroborated by studying the polarization state between the 

polarization of PMI sidebands and the polarization of the pump. Figure 4.13 shows 

the resulting optical spectra from each fiber sample. Table 4.3 summarizes the 

spectral position (and frequency shift) of PMI bands generated in the studied fibers. 

 
Figure 4.13. PMI spectra generated in air-filled ANDi MOFs. Raman scattering (RS). 

Table 4.3. Wavelength and frequency shift of PMI bands generated in air-filled ANDi 
MOFs. Best fit of modal birefringence. 

Fiber Anti-Stokes 
(nm) 

Stokes 
(nm) 

Frequency 
shift (cm-1) ∆n 

A-MOF1 1026 1105 353 1.8 x 10-5 
A-MOF2 991 1148 686 4.5 x 10-6 
A-MOF3 988 1154 727 1.72 x 10-5 
A-MOF4 985 1158 760 9.56 x 10-6 
A-MOF5 915 1273 1535 6.41 x 10-5 
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The wavelengths at which the bands were generated varied accordingly with 

the dispersion characteristics and residual birefringence of each fiber. It can be said 

that the experimental results point out the effect of fiber dispersion. Large PMI 

frequency shift was attained when the pump wavelength was close to the MDW, and 

the dispersion at the pump wavelength was as small as possible (close to zero). In 

our experiments, the largest PMI frequency shift (1535 cm-1) was attained with fiber 

A-MOF5 with anti-Stokes and Stokes bands centered at 915 nm and 1273 nm, 

respectively. When the pump wavelength is far from the MDW, so that the fiber 

dispersion at the pump wavelength is larger (absolute dispersion value), the 

frequency shift becomes smaller. As a representative example, fiber A-MOF1 

generated PMI bands centered at 1026 and 1105 nm, which corresponds to a 

frequency shift of 353 cm-1. 

In general terms, experimental results can be described appropriately with 

theoretical calculations of PMI wavelengths, when considering the fiber properties. 

Figure 4.14 shows the theoretical results of PMI frequency shift as function of pump 

wavelength for the different fibers, along with the experimental data. Good 

agreement between theoretical calculations of PMI frequency shift and experimental 

data is achieved. Phase birefringence from Table 4.3 was considered. The 

comparison between the results obtained for A-MOF4 and A-MOF5 points out the 

contribution of phase-birefringence to the PMI frequency shift. Both fibers exhibit 

similar values of dispersion at the pump wavelength but phase-birefringence of A-

MOF5 is larger and that leads to a larger PMI frequency shift. 
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Figure 4.14. PMI frequency shift as a function of pump wavelength calculated for air-filled 
ANDi MOFs. P0=2.5 kW. Dots are experimental data. 

In the experiments, it was not observed any feature that would indicate the 

generation of scalar FWM/MI with the fiber under study, which is in agreement 

with theoretical models that predict that no phase-matching for scalar FWM/MI is 

accomplished in weakly-birefringent ANDi fibers. In principle, two PMI process are 

possible. However, fast-axis PMI presents a power threshold that was not reached 

according with the fibers’ properties. 

4.3 PMI generation in liquid-filled MOFs  

In the present section we will show the generation of widely spaced PMI 

sidebands produced in a wide collection of liquid-filled MOFs. The contribution of 

chromatic dispersion and birefringence to the net linear phase mismatch of PMI is 
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investigated in a collection of EtOH-filled, and D2O-filled MOFs with different 

structural parameters and chromatic dispersion properties. 

4.3.1 MOFs characteristics 

Fibers used in the experiments were designed and fabricated to present low 

dispersion at the experimental wavelength of 1064 nm in order to achieve large 

frequency shift of PMI sidebands. A wide collection of fibers was fabricated 

following the stack-and-draw technique, after the fibers were fabricated, they were 

infiltrated, either with EtOH or with D2O through capillarity force and gas pressure. 

All fibers were single-mode at the experimental wavelength range. In particular, the 

studied fibers were fabricated with at least one ZDW near the pump wavelength.  

Physical and waveguiding characteristics of the fibers are described below. 

(i) EtOH-filled MOFs 

A collection of MOFs with the appropriate dispersion characteristics for PMI 

generation with the holes filled with EtOH were designed and fabricated. Figure 

4.15 (b) shows their SEM images taken before EtOH infiltration. Table 4.4 gives the 

structural parameters of the fibers. The guiding characteristics were calculated 

considering the refractive index of EtOH and including its wavelength 

dispersion [9].  

Table 4.4. Characteristics of the EtOH-filled fibers. 
Fiber Λ (μm) d/Λ D (ps/nm km)† MDW (μm) λZDW  (μm) Aeff (μm2)† 

E-MOF1 2.66 0.43 -34.1 1.3 - 20.1 
E-MOF2 2.76 0.54 -19.1 1.32 - 12.3 
E-MOF3 2.83 0.57 -16.1 1.344 - 11.6 
E-MOF4 2.90 0.59 -13.7 - 1.208 11.2 
E-MOF5 2.92 0.60 -13.4 - 1.2 11.2 
E-MOF6 3.97 0.75 -8.4 - 1.12 13.1 

†calculated at 1064 nm 
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Figure 4.15. (a) Chromatic dispersion of MOFs with holes filled with EtOH. (b) SEM 
images of the fibers. Dashed vertical black line indicates the experimental pump wavelength. 

Figure 4.15 (a) shows the dispersion profile of the six fibers investigated. All 

of them exhibit normal dispersion at the experimental wavelength. According with 

their dispersion characteristics, different types of fiber were obtained. Three fibers 

showed an ANDi profile (E-MOF1, E-MOF2 and E-MOF3), with different values 

of dispersion at the MDW and increasing values of dispersion at 1064 nm. Two 

fibers (E-MOF4, E-MOF5) showed a dispersion profile that shows two ZDWs, the 

first near to 1200 nm and second close to 1600 nm, quite far from the pump 

wavelength. These two fibers have very similar characteristics, although not 

identical. The results of both fibers have been included to show that PMI frequency 

shift can be very sensitive to the fiber properties. Finally, we included in this study 

one MOF (E-MOF6) with a dispersion profile showing just one ZDW, at 

λZDW = 1117 nm which is in the vicinity of the pump wavelength, and a small value 

of normal dispersion at the pump wavelength. It is noteworthy that the chromatic 

dispersion of all these six fibers having air in the holes was anomalous at the pump 

wavelength, with the λZDW quite below the pump wavelength. 
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(ii) D2O-filled MOFs  

Figure 4.16 (b) shows SEM images of the cross-section of the fibers that were 

selected for infiltration with D2O. Table 4.5 gives their fibers structural parameters, 

as well as the chromatic dispersion and effective area at 1064 nm. The guiding 

properties were calculated taking into account the refractive index of D2O and its 

wavelength dispersion [9]. Figure 4.16(a) shows their dispersion characteristics. All 

of them exhibited normal dispersion at the pump wavelength. One MOF (D-MOF1) 

showed an ANDi profile with the MDW at 1360 nm, and the dispersion profile of 

the rest of MOFs showed one ZDW at different values of wavelength, from 

1092 nm to 1140 nm, and increasing dispersion values at 1064 nm, from -9.1 ps/nm 

km to -3.9 ps/nm km. 

 
Figure 4.16. (a) Chromatic dispersion of MOFs with holes filled with D2O. (b) SEM images 
of D2O-filled MOFs cross-section. Dashed vertical black line indicates the experimental 
pump wavelength. 
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Table 4.5. Characteristics of D2O-filled fibers. 
Fiber Λ (μm) d/ Λ D (ps/nm km)† λZDW (μm) Aeff (μm2)† 

D-MOF1 2.68 0.44 -19.9 - 15.0 
D-MOF2 2.78 0.54 -9.1 1.14 10.9 
D-MOF3 2.86 0.59 -5.3 1.102 9.9 
D-MOF4 2.92 0.56 -6.6 1.112 11.2 
D-MOF5 2.95 0.58 -6.2 1.107 10.8 
D-MOF6 2.76 0.62 -3.9 1.091 9.0 

†calculated at 1064 nm 

4.3.1 Experimental characterization 

The nonlinear characterization of the fibers was carried out with the 

experimental setup described in Chapter 3. The spectral bands produced in the fibers 

under study were characterized following the experimental procedure described in 

section 4.2. All fibers were able to produce PMI sidebands when pumped at 

1064 nm, as it was expected according to their dispersion design. Figure 4.17 shows 

the resulting optical spectra from each fiber sample. Fiber sections of length of ~1m 

were used in the experiments. Notice that high orders of PMI were generated in 

some fibers. Table 4.6 summarizes the spectral position (and frequency shift) of first-

order PMI bands generated in the fibers. 

In the case of liquid-filled MOFs with ANDi profile, similar results were 

obtained to those reported in section 4.1. In particular, when the pump wavelength 

was far from the MDW, so that the fiber dispersion at the pump wavelength is larger 

(absolute dispersion value), the frequency shift becomes smaller. As a representative 

example, fiber D-MOF1 generated PMI bands centered at 1031 and 1100 nm, which 

corresponds to a frequency shift of 303 cm-1, which was the smallest obtained in the 

experiments.  
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Figure 4.17. PMI spectra generated in (a) EtOH-filled MOFs and (b) D2O-filled MOFs. 

The frequency shift of PMI generated in fibers with conventional dispersion 

profiles can also be very large when the pump wavelength is close to a ZDW and, 

therefore, the dispersion is low. From our experiments, we can investigate the 

generation of PMI in fibers with one ZDW with different chromatic dispersion at 

the pump wavelength. For example, the results obtained from the sequence of fibers 

E-MOF4, E-MOF5 and E-MOF6, with dispersion values increasing from -13.7 

ps/(nm-km) to -8.4 ps/(nm-km), show PMI frequency shift clearly increases as the 

dispersion value increases, from 874 cm-1 in the case of E-MOF4 to 1343 cm-1 for 

E-MOF6. 
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Table 4.6. Wavelength and frequency shift of PMI bands generated in EtOH- and D2O-
filled MOFs. Modal birefringence. 

Filling 
substance Fiber Anti-Stokes 

(nm) 
Stokes 
(nm) 

Frequency 
shift (cm-1) ∆n 

EtOH 

E-MOF1 1025.4 1106 352.3 6.28 × 10-6 
E-MOF2 1000 1138.2 608.3 1.03 × 10-5 
E-MOF3 993.7 1146.6 672.7 1.05 × 10-5 
E-MOF4 974.1 1173.7 874 1.60 × 10-5 
E-MOF5 965.2 1185.8 961 1.80 × 10-5 
E-MOF6 931.7 1242 1342.7 2.24 × 10-5 

D2O 

D-MOF1 1031 1100 303.3 1.55 × 10-6 
D-MOF2 1009.2 1126.7 518.7 1.91 × 10-6 
D-MOF3 1002 1136 591.3 7.0 × 10-7 
D-MOF4 995 1144 652.7 3.40 × 10-6 
D-MOF5 985.6 1157.8 757 3.79 × 10-6 
D-MOF6 952.8 1206.1 1103 5.21 × 10-6 

 
Figure 4.18. PMI frequency shift as function of pump wavelength calculated for (a) EtOH-
filled MOFs and (b) D2O-filled MOFs. Dots are experimental data. P0 = 3 kW for both, 
EtOH-filled MOFs and D2O-filled MOFs. 
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birefringence values stated in Table 4.6 were obtained from fitting the theoretical 

calculations of frequency shift to the experimental results. The resulting values of 

birefringence range from 10-5 to 10-7, which are compatible with residual phase 

birefringence values in solid core MOFs. Figure 4.18 shows the theoretical results of 

PMI frequency shift as function of pump wavelength for the different fibers, along 

with the experimental data. 

Again, we can notice that, in some fibers with similar values of dispersion, PMI 

produces bands with quite different frequency shifts. For example, the frequency 

shift in ANDi fibers A-MOF1 (see Table 4.3) and D-MOF1 is 686 cm-1 and 303 cm-

1, respectively. Similarly, it happens for some fibers filled with D2O. Residual phase 

birefringence is at the origin of this apparent discrepancy. As stated before, phase 

birefringence plays a major role in the phase matching condition of PMI effect and 

adds positively to the frequency shift. The larger the birefringence, the more it 

contributes to the frequency shift.  

Regarding the bandwidth of the PMI sidebands, we observed that fibers with 

large normal dispersion can produce PMI sidebands with spectral bandwidths 

narrower than fibers with low normal dispersion. For instance, anti-Stokes bands 

generated in D-MOF1 and D-MOF6 exhibits a bandwidth of 2.8 nm and 9.7 nm, 

respectively. Bandwidth was measured at full-width at half maximum (FWHM) and 

same pump power. It is known that, higher slopes of the linear mismatch term 

(dispersion contribution) induced spectral broadening of PMI/FWM sidebands, 

especially for low dispersion at the pump wavelength (near to the ZDW), being the 

case of fiber D-MOF6. The contrary occurs in fibers with large normal dispersion, 

which is the case of the studied D2O-filled ANDi fiber. We investigated this effect 

theoretically. We calculated the gain spectrum of PMI for both fibers. We have 

followed the approach for PMI gain described in [18], where PMI gain was derived 

as a function of the net-phase mismatch equation. This approximation takes into 
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account higher order dispersion terms, which is required to model accurately ANDi 

fibers. In comparison, the gain expression derived in Chapter 2 (Eq. 2.81) only 

considered β2, therefore, such expression loses accuracy when it is applied to fibers 

with small β2 or complex dispersion profiles. Figure 4.19 shows the calculated gain 

spectrum of anti-Stokes sidebands generated in fibers D-MOF1 and D-MOF6. It 

can be observed that the gain bandwidth for both fibers is in reasonably good 

agreement with the experimental values. For gain calculations we considered the 

experimental pump wavelength and pump power (2.8 kW).  

 
Figure 4.19. Normalized gain spectrum of anti-Stokes sidebands for fibers: D-MOF1 (blue 
line) and D-MOF6 (red line). 

In general, the spectral bandwidth of PMI sidebands is determined by fiber 

birefringence and dispersion. However, in the case of fibers D-MOF1 and D-MOF6 

the phase birefringence values are in the same order of magnitude, and therefore, 

the difference in gain bandwidth is mainly attributed to the different dispersion. 

As mentioned before, in fibers with one ZDW, the PMI effect exhibits a cut-

off wavelength, often close to the λZDW so that PMI can no longer occur for pump 
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wavelength at which the cut-off takes place, as it happens for fibers E-MOF6 and 

D-MOF6. Operating near the PMI cut-off might have also some drawbacks: the 

large frequency shift slope is likely to cause the generation of broader bands than 

expected in realistic fibers due to the lack of perfect fiber uniformity along the fiber. 

In the case of fibers with two relatively close ZDWs and ANDi MOFs, both 

showing convex dispersion profile, the largest frequency shift is attained when the 

pump wavelength is close to the MDW. Phase matching can occur regardless of the 

pump wavelength in the first type, even under anomalous dispersion pumping. 

However, it is important to remark that additional four-wave mixing processes, in 

particular, scalar FWM and modulation instability, can happen in fibers with 

dispersion profiles showing one or two ZDWs, while they are forbidden in ANDi 

fibers. 

In summary, we have reported a detailed study regarding PMI generation in a 

wide collection of fibers. Air-filled, EtOH-filled and D2O-filled fibers featuring 

different chromatic dispersion characteristics have been investigated using long 

pump pulses at 1064 nm. It has been shown that PMI frequency shift can be very 

large in ANDi fibers with low dispersion values when they are pumped close to the 

MDW. Large frequency shift is also observed in MOFs with dispersion profiles with 

one ZDW (or two ZDW) that were pumped near the ZDW. 
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Chapter 5 
Tuning of PMI sidebands 

In many applications based on FWM, the ability to tune the wavelength of 

generated light is a prime requirement. In the last years, different strategies have 

been followed to tune the bands produced by scalar FWM, for instance, by tuning 

the pump laser wavelength [1]. In this chapter, we will describe effective tuning 

techniques that allow to control the frequency shift of the PMI sidebands over a 

wide spectral range in standard optical fibers and MOFs. The tuning techniques 

presented in this chapter are based on the control of fiber parameters through 

physical factors such as temperature or mechanical stress. These external factors are 

related to linear variations of phase birefringence induced by the elasto-optic effect, 

and to simultaneous variations of the fiber dispersion and birefringence induced by 

the thermo-optic effect. In addition, we experimentally demonstrate that thermal 

control of fiber parameters can lead to large frequency tuning range of high 

amplitude PMI bands for adequate dispersion values. 

5.1 PMI wavelength control through the elasto-optic effect  

5.1.1 Theoretical description 

Elasto-optic effect (EOE) is a well-studied effect in optical fibers, this effect 

describes the changes in the optical properties of a material when it is subjected to 
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mechanical stress. In the most common applications with dielectric materials, EOE 

is used to described the relative variation of the refractive index of a material under 

deformations. Refractive index perturbation can be derived through variations of 

material impermeability (δb) induced by strain (S). A tensor formalism is required to 

describe the impermeability perturbation. Owing to the tensor symmetry of 

impermeability and strain [2], EOE can be described as below, 

( ) ( )
6

0 0
i i i i ij i

j
b S b b S b p Sδ= + = + ∑  (5.1) 

where bi (i, j=1, 2, … 6) are the elements of the impermeability tensor, bi0 is the 

impermeability tensor of the unperturbed material (which is related to the inverse of 

dielectric permittivity). The impermeability tensor perturbation induced by strain is 

a function of the strain-optic tensor pij. For an isotropic material, pij can be written 

as follows [3],  
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 (5.2) 

The elements not stated in Eq. 5.2 are zero. For fused silica, strain-optic coefficients 

values are p11 = 0.121, p12 = 0.270 and p44=1∕2(p11 + p12)  [4]. In order to derive the 

permeability variation, the strain tensor must be expressed according with the form 

of the mechanical deformation. In different experiments of this work, the spectral 

position of PMI sidebands was actively controlled trough variations of phase 

birefringence induced by (1) fiber bending or (2) by strain applied to coiled fibers. 

In the following sections, derivation of phase birefringence induced by those two 

particular perturbations is addressed.  
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(i) Linear birefringence induced by fiber bending 

In single-mode fibers, weak or residual birefringence can arise from two 

possible factors, first, from deviation of core geometry produced during fiber 

fabrication; and second, from mechanical stress through EOE. The last includes 

bending-induced birefringence. In  [5], the authors pointed out that bending-

induced birefringence is essentially a second-order stress effect. It results of lateral 

compressive stress that arises from bent fiber under large deformations (i.e., large 

bending radii). Figure 5.1 shows a schematic of stress induced by fiber bending. In 

the transversal plane (x, y) the stress σz exerts a tensile stress in outer layers from x 

> 0 and σz exerts a compression of inner layers from x < 0. Therefore, outer layers 

exert a stress -σx in radial direction to the inner layers. In the core region, the stress 

-σx is different from zero, actually it is maximum, consequently linear birefringence 

is produced. 

 
Figure 5.1. Geometry of a bent fiber. 
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For these calculations, the optical fiber was considered to be made of an 

elastically homogeneous and isotropic material. Thus, stress tensor can be easily 

transformed to strain through Hooke’s law, and considering the stress subjected to 

the condition r/R << 1 [4], where r is the fiber radius and R is the bending radius of 

curvature. The stress σi can be written as below,  

( )
2

2 2
1 2 3

1 ,     0,     
2
E Ex r x

R R
σ σ σ = − = = 

 
 (5.3) 

where E is the Young’s modulus. It results that only σ1(x) is the responsible for linear 

birefringence induced by bending in single mode fibers. Once the stress components 

are determined, phase birefringence can be derive considering the difference of the 

propagation constant of the fundamental mode, HE11, between both polarizations, 

∆β= βx – βy ≈ k0 (δnx – δny), with k0 the wavenumber in vacuum and δni the variation 

of the refractive index along the i-axis in the core region due to the bending effect. 

The lateral stress σ1 is maximum at the core region, δni can be evaluated through 

EOE by δni = (n3/2) ·∑pijSi and considering the transformation S1= (σ1 – v(σ2 + 

σ3))·1/E and S2=  (σ2 – v(σ1 + σ3))·1/E, where v is Poisson’s ratio. Birefringence can 

be expressed as,  

( )( )
2

3
0 11 12

1 1
4

rk n p p v
R

β  ∆ = − − +  
 

 (5.4) 

The expression in Eq. 5.4 together with the approach reported  [6] were used 

to estimate the phase-birefringence contribution produced by fiber bending used in 

the experiments. The expression for bending-induced birefringence reported in [6] 

follows the theoretical procedure detailed here. In their approach, the phase-

birefringence expression includes the dependence on normalized frequency (V) in 

order to consider the guiding properties of the bent fiber. 
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(ii) Birefringence induced by tensioned – coiled fibers 

It is known that by symmetry, birefringence in an optical fiber is unsensitive to 

deformations in axial direction when fiber is submitted to a purely axial strain Sz. On 

the other hand, high birefringence can be induced to optical fibers by simply coiling 

the fiber with axial tension on a cylinder, as it was demonstrated in [7]. In their work, 

it was reported that small beat lengths (up to 2 cm) can be achieved in ordinary fibers 

with circular core by coiling and tensioning the fibers around a cylinder with small 

radius. 

In order to estimate the birefringence induced in a tension-coiled fiber, we 

follow the theoretical procedure described in [7]. The transverse stress related to a 

tension-coiled fiber can be approximated to that in a freely bent slab guide with a 

circumscribed fiber with a thin core region, the slab width is 2r that is equal to the 

fiber diameter, as shown in Fig. 5.2.  

  
Figure 5.2. Geometry of a tension-coiled fiber. 

The transversal stress (σx, σy) on the slab axis causes the variation of fiber 

refractive index. Therefore, birefringence can be derived considering the change in 
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the refractive index due the elasto-optic effect. Following the procedure described 

in bending-induced birefringence and considering r/R << 1 and an isotropic and 

elastically homogeneous medium, birefringence induced by transversal stress can be 

written as, 

( )( )3
0 11 12

1
2 x yk n p p

E
β σ σ∆ = − − −  (5.5) 

To calculate the stress difference in Eq. 5.5, we recall the average longitudinal 

stress σz, when the slab/fiber is coiled in the circular holder. It results in a first order 

strain E·Sz= σz +(E/R)·x, that induces equal contractions in the transversal plane of 

the slab/fiber, therefore, the components of strain tensor are linearly related as Sx= 

Sy= −v·Sz. Nevertheless, it turns out that birefringence is independent of the first-

order transversal strain, since its influence cancels in Eq. 5.5. The latter indicates that 

birefringence in a tensioned-coiled slab/fiber is mainly affected by second-order 

elastic effects (which is similar to bending-induce birefringence) produced by 

longitudinal stretching. In [7], the second-order stress difference σx(2) – σy(2) is 

estimate to be (3·v − 2)·(1 − v)-1·(r/R)·E·Sz. Therefore, birefringence in a tensioned-

coiled fiber is derived as, 

( )
3

0
11 12

(1 )(2 3 )
2 (1 ) z

k n v v rp p S
v R

β + −  ∆ = − ⋅ −  
 (5.6) 

From Eq. 5.6, it can be seen that, birefringence in a tension-coiled fiber is 

closely related to the birefringence induced when a fiber is bent freely (i.e., without 

axial tension). However, when a fiber is subjected simultaneously to bending and 

tension, a second-order mixing of the first-order bending and tensile stress effects 

occurs, producing a second-order birefringence that is proportional to the product 

of 1/R and Sz. Therefore, if either curvature or axial strain vanishes, birefringence 

in tensioned-coiled fiber also vanishes. 
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5.1.2 Experimental characterization 

As indicated in Chapter 2, frequency tuning of PMI sidebands can be achieved 

by controlling the parameters of an optical fiber, essentially chromatic dispersion 

and/or fiber phase-birefringence. In this section, spectral tuning of PMI sidebands 

is demonstrated by properly controlling the phase birefringence of an optical fiber. 

Mechanical deformations of a fiber, such as pure fiber bending or stretching and 

bending, were employed to induce birefringence variations in the optical fiber. 

(i) PMI frequency shift induced by fiber bending.  

These experiments were carried out with single-mode step-index fibers, in 

particular we used the fiber SM980 from Fibercore Ltd. The fiber parameters 

provided by the manufacturer are included in table 5.1. This fiber was chosen 

because it features very low bend losses. In addition, it exhibits normal dispersion at 

the experimental wavelength, therefore, the generation of PMI can be produced in 

such fibers.  

Table 5.1. Fiber parameters and cylinder diameters and curvature. 

Fiber SM980 
Curvatures 

Cylinder Diameter (cm) 1/R (m-1) 
Diameter (µm) 125.4 C1 6.5 30.8 

Core radius (µm) 2.2 C2 4 50.0 
N.A. 0.17 C3 3 66.7 
Cut-off wavelength (nm) 970 C4 1 200 

α(@980 nm) (dB/km) 1.5 C5 0.7 285.7 

Fiber sections with a length of 1.5 m were coiled into five cylinders of different 

diameter (see Table 5.1). We kept the polymer coating of the fiber and no tension 

was applied to the fibers during the coiling stage in order produce birefringence 

induced by pure bending. Experiments of PMI generation of each coiled-fibers were 
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carried out following the experimental arrangement described in chapter 3. 

Measurements of optical spectra were performed with a fixed pump power level 

(1.07 kW peak power) in order to avoid PMI spectral shift contributions produced 

by pump power fluctuations. The pump polarization orientation was adjusted to 

excite the slow-axis eigenmode. PMI was observed from the fibers that were coiled 

on the cylinders. In contrast, PMI generation was not observed when the experiment 

was performed with sections of loose fibers (uncoiled), as it is depicted in Fig. 5.3. 

The latter can be due to the low residual birefringence of that fiber, in conjunction 

with the large chromatic dispersion at the pump wavelength. Under such conditions, 

PMI is generated with detuning frequency close to zero and PMI bands can be easily 

overlapped by other nonlinear effects such as self-phase modulation. 

 
Figure 5.3. Output spectra for a coiled-fiber on C5 (black trace) and uncoiled fiber (blue 
trace). PMI sidebands centered at 983 nm (anti-Stokes) and 1160 nm (Stokes). RS: Raman 
scattering. 

Experimental results of PMI spectral evolution against birefringence induced 

by fiber bending is depicted in Fig. 5.4(a). It can be observed that PMI spectral shift 

increases as the curvature (1/R) increases. Within the range of curvature of the 
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experiment, from 31 m-1 to 286 m-1, PMI frequency shift varies linearly with (1/R). 

PMI anti-Stokes sideband shifts from 1052 nm to 983 nm, while the Stokes band 

shifts from 1077 nm to 1160 nm. In addition, it can be observed the PMI gain 

bandwidth decreases with increasing (1/R), in particular, the bandwidth of PMI 

bands (measured at -3 dB from the maximum amplitude) produced with 

(1/R) = 31 m-1 was 1.4 nm and the bandwidth produced with (1/R) = 286 mm-1 is 

0.4 nm. 

 
Figure 5.4. (a) PMI bands normalized in amplitude for different curvatures (values stated in 
table 5.1). (b) PMI frequency shift as function of 1/R. Dots are experimental data, and lines 
are calculations using birefringence values of bent fibers obtained using Eq. 5.4 (dashed line) 
and from [6] (solid line). (c) Phase-birefringence as a function of PMI frequency shift. 

 We performed numerical calculations of the frequency shift of PMI in fibers 

subjected to bending. PMI frequency shift in bent fibers can be calculated by taking 

into account the birefringence induced by bending (for example, using Eq.5.4) and 

setting the birefringence into the PMI phase-matching condition. The propagating 

factor of the fundamental mode of the step-index fiber required to evaluate the 

phase-matching condition was calculated by solving the Maxwell’s equations with 
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the corresponding boundary conditions [8]. Figure 5.4(b) shows the comparison 

between experimental data and PMI frequency shift calculations when fibers are 

subjected to different curvatures. Good agreement between calculations and 

experimental results is obtained.  

The results shown in Fig. 5.4 demonstrate that fiber birefringence can be 

estimated by means of PMI frequency shift measurement. The fiber employed in the 

experiments exhibit a high normal dispersion value at the pump wavelength 

D =−36.8 ps /km·nm. According with theory, when PMI is generated in fibers with 

high normal dispersion values, phase-birefringence is the main contribution to the 

frequency shift of PMI, in comparison, the contributions of chromatic dispersion 

and pump power affects the PMI frequency shift in a minor way. Figure 5.4(c) shows 

the phase-birefringence as a function of the PMI frequency shift. Equation 5.4 has 

been used to estimate the phase-birefringence from the bending radius. The 

quadratic trend was expected, since the PMI frequency shift is linearly dependent on 

r/R and the dependence of ∆n on r/R is quadratic. The experimental values were 

fitted to a second order polynomial, ∆n = a· Ω 2 + b·Ω +c. Fitting parameters are 

provided in table 5.2.  

Table 5.2. Fitting parameters for birefringence vs. PMI frequency shift 

a (cm2) b (cm) c Correlation Coef. (r2) 

4.39799×10-11 2.02176×10-8 -2.94066×10-6 0.998 

(ii) PMI frequency shift in tensioned-coiled fibers  

The frequency shift between PMI sidebands and the pump light was 

investigated in a tensioned-coiled fiber. The birefringence induced in a tensioned-

coiled fiber was varied by applying different amounts of tension to the fiber coil, and 

the response of PMI bands was investigated.  
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Experiments were carried out with the single-mode step-index fiber SM980 

described in the previous section. Fibers sections of length 1.3 m were coiled onto 

two semi-cylinders with a radius of 8.6 mm. The coating polymer was kept for the 

experiments and no tension was applied to the fiber during the coiling stage. One 

semi-cylinder was attached to a linear translation stage driven by a micrometer. The 

remaining semi-cylinder was fixed to the optical table, as shown in Fig.5.5.  

 
Figure 5.5. Schematic of the fiber tensioned and coiled on two half cylinders, axial tension 
applied through a movable base. 

Strain is applied to the fiber by means of the translation stage by displacing the 

half-cylinder. The distance d (see Fig. 5.5) is proportional to the relative elongation 

of the fiber considering the condition of d<<ro (i.e., maintaining the shape of a 

cylinder), being ro the radius of the cylinder when both bases are face-to-face (at 

d=0). By considering Rc= ro + d/2 as the radius of coiled-fiber for each position of 

the translation stage, then the axial strain can be derived considering the effective 

fiber coiling length Leff = 2·m·π·ro, where m is the number of turns of the fiber coil. 

Hence, the axial strain can be written as,  
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Spectral characterization of tuning of PMI sidebands was carried out. Pump 

power of 1.2 kW was injected into the fiber and kept fixed during the experiments. 

The polarization of the pump was adjusted to match the slow-axis of the coiled fiber. 

Measurements of the PMI bands were recorded as a function of the distance d.  

 
Figure 5.6. Light spectrum at the coiled fiber output for: (blue) non-tensioned fiber, and 
(red) axially strained fiber at 0.34 %.  

With d = 0, i.e. without axial tension, PMI was generated by pure bending 

effect. The spectral position of PMI bands was measured at 998 nm (anti-Stokes) 

and 1140 nm (Stokes) when fiber is free of tension. The estimated phase-

birefringence induced by bending curvature was 2.6×10-5. Figure 5.6 shows the PMI 

bands when axial strain of 0.0034 was applied to the fiber. The PMI frequency shift 

increases, then, the anti-Stokes band shift toward shorter wavelengths while Stokes 

band shift toward longer wavelength.  

We measured in detail the optical response of PMI sidebands was as a function 

of strain. Optical spectra were recorded with a distance step d = 5 μm. Figure 5.7 
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shows the tuning range of PMI sidebands as a function of axial strain. A tuning 

frequency range from 621 cm-1 to 726 cm-1 is achieved. By translating the half-

cylinder to the initial position in which no axial strain is applied to the fiber, PMI 

sidebands shifts again to the spectral position induced by pure bending. The latter 

demonstrated that the tuning technique developed in this work is reproducible.    

 
Figure 5.7. PMI frequency shift as a function of axial strain, dots are experimental data and 
solid line calculations.  

PMI frequency shift can be calculated theoretically by setting the birefringence 

from Eq. 5.6 into the PMI phase-matching equation. Numerical results are included 

in Fig. 5.7. Theoretical calculations of PMI frequency shift show large discrepancy 

with the measured values of frequency shift, and predict a much larger sensitivity 

than observed experimentally. The main source of error is attributed to the 

determination of the birefringence induced by tensioned-coiled fiber. Equation 5.6 

was derived for coiled-fibers with no polymer coating. Therefore, in our experiments 

the elastic contribution of the polymer coating of the coiled fiber was not considered 

for the calculation of the induced birefringence. In such way, the elasticity of the 
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coating polymer severely damps the effective axial strain induced by the translation 

base.  This issue has also been reported in birefringence modulators based on fibers 

coils strained by cylindrical piezoelectric actuators  [9]. In our experiments, we kept 

the fiber coating to dampen the internal lateral tension intrinsically induced by the 

small curvature of the cylindric mold in which the fiber is wound, since such internal 

lateral tension is large enough to cause cracks or break the fiber. 

 
Figure 5.8. Axial strain as a function of PMI frequency shift. Dots are experimental data 
and solid line calculations.  

The true experimental strain applied to the silica fiber can be estimated as 

follows. In the previous section, we established the relationship between PMI 

frequency shift and fiber birefringence by fitting the experimental values of phase 

birefringence as a function of PMI frequency shift values. By considering that the 

PMI frequency shift becomes more sensitive to the variations of phase birefringence 

under the condition of large normal dispersion at the pump wavelength, the effective 

axial strain applied to the tension-coiled fiber can be evaluated. For this purpose, we 

consider the birefringence fitting of Table 2 along with Eq. 5.6 to determine the 

experimental values of the axial strain. 
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The effective strain applied to the fiber obtained after this correction vary from 

(3.8±0.1)×10-3  to (5.0±0.2)×10-3. Results are shown in Fig. 5.8 (b). The contribution 

of birefringence induced by pure fiber bending on the cylindric mold (when no axial 

strain is applied) is neglected in axial strain calculations. Reasonably good agreement 

is obtained between the measured frequency shift and theoretical calculations when 

corrected axial stress values are considered.  

The frequency tuning range of PMI sidebands achieved in our experiments 

range from 621 cm-1 to 726 cm-1 in a strain span ranging from 3.8×10-3 to 5.0×10-3. 

In  [10], a similar technique was used to control the PMI sidebands, in it the tuning 

range of PMI from 116 cm-1 to 233 cm-1 was attained, which is similar to the tuning 

range shown here. Nevertheless, the relationship between axial strain and PMI 

frequency was not mentioned in the experiments.  

The comparison between the frequency tuning range of PMI sidebands 

achieved in the present work and those reported in the literature based on fiber 

birefringence variations are shown in Table 5.3. The PMI sideband tuning ranges 

achieved in the present work are similar to those previously reported in the literature.    

Table 5.3. Comparison of tuning range of PMI sidebands by achieved by different. 

Present work Literature 

Tuning method 
Frequency shift 

(cm-1) Tuning method 
Frequency shift 

(cm-1) 
from to from to 

Fiber bending 111 779 
Fiber bending [11]  320 1057 

Fiber bending [12] ~ 333 

Tensioned-coiled 
fiber 621 726 Tensioned-coiled 

fiber [10] 117 233 
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5.2 PMI wavelength control through thermo-optic effect 

In the present section we report the wideband tuning of high amplitude 

spectral bands generated through PMI in MOFs through the thermo-optic effect. 

As it has been explored with theoretical calculations in Chapter 2 and experimentally 

demonstrated in Chapter 4 and in section 5.1 of this chapter, PMI phase-matching 

condition is sensitive to variations of guiding parameters of the fiber, as dispersion 

and birefringence, and also on pump power.  

In principle, the guiding properties of solid-core MOFs with air-holes are quite 

insensitive to changes of temperature [13, 14]. One of the reasons is that MOFs are 

made of a single material and thermo-optic coefficient of silica is very low. In order 

to enhance the temperature sensitivity of MOFs, we proposed the use of MOFs 

infiltrated with liquids. The large thermo-optic coefficient (TOC) of the mentioned 

filling liquids, allows producing significant changes of the fiber properties by 

moderate changes of the fiber temperature. In particular, a change of fiber 

temperature produces changes in both, chromatic dispersion and birefringence, 

leading to strong tunability of PMI in this hybrid fibers. Recently, the tuning of 

sidebands produced by scalar FWM was demonstrated in liquid-filled MOFs [15, 

16]. Tuning of the FWM sidebands was achieved by controlling the chromatic 

dispersion of a hybrid MOF by taking advantage of the large TOC of the infiltrating 

liquids. In this sense, we followed the technique described in [15] to tune the 

sidebands produced by PMI over a wide wavelength range through thermal heating. 

5.2.1 Simultaneous variations of dispersion and birefringence induced 

by thermal heating  

Is well known that PMI wavelengths presents strong dependence for slight 

variations of fiber chromatic dispersion and fiber birefringence, when pumping near 
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to ZDW [17]. In this section, we demonstrate experimentally broadband tuning of 

widely spaced PMI bands generated by pumping in normal dispersion near the 

ZDW, by simultaneous variation of fiber dispersion and birefringence. Experiments 

were carried out with ethanol-filled and heavy-water-filled MOFs. Such liquids were 

selected due to its large TOC, low absorption at the experimental wavelength and 

adequate refractive index (lower than fused silica).  

The fibers used in the experiments were designed and fabricated to produce 

widely space PMI bands when the microstructure was infiltrated with the 

corresponding liquid, and pumped at 1064 nm wavelength. Ethanol and heavy water 

exhibit a negative TOC; thus, the refractive index of such liquids will decrease with 

increasing temperature. Then, a change of temperature modifies the refractive index 

of the liquid, which leads to modifications of the properties of the microstructure 

that surrounds the fiber core. As a result, the guiding properties of the fiber are 

sensitive to temperature variations, in particular, chromatic dispersion and 

birefringence can be modified through changes of temperature.  

Table 5.4. Structural parameters for ethanol-filled fibers and heavy-water-filled fibers. 

Fiber Liquid Λ (μm) d/ Λ 

E-MOF Ethanol 3.97 0.75 

HW-MOF Heavy-water 2.8 0.62 

Figure 5.9 shows the dispersion properties at room temperature (21 °C) of two 

MOFs used in the experiments, whose structural parameters are included in table 

5.4. Calculations were performed both, with holes empty and filled with 

ethanol/heavy-water. Theoretical modeling of the MOFs was performed by 

considering the real spatial refractive-index distribution obtained from scanning 

electron microscope images of the fibers’ cross-sections. Propagating constant of 

the fundamental mode, phase-birefringence and effective area were calculated. The 
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wavelength dispersion of refractive indices of silica, ethanol and heavy-water  [18] 

were considered in the simulations. An effective area of 13.2 μm2 and 10 μm2 was 

calculated at room temperature for fibers E-MOFs and HW-MOF, respectively. 

Fibers exhibit a small residual phase birefringence due to slight imperfections of the 

fiber microstructure of ∆n=2.0·10-5 and ∆n=5.6·10-6 for the E-MOF and HW-MOF, 

respectively. For E-MOF fiber, the ZDW shifts from 1023 nm to 1119 nm after 

ethanol infiltration, and the chromatic dispersion at 1064 nm switches from 

anomalous to normal. Similar behavior occurs for HW-MOF fiber, the ZDW shifts 

from 963 nm to 1091 nm after heavy-water infiltration.   

 
Figure 5.9. Chromatic dispersion as a function of wavelength for: (a) E-MOF before (blue 
line) and after (black line) ethanol infiltration, and (b) HW-MOF before (red line) and after 
(black line) heavy-water infiltration. Vertical dashed line indicates pump wavelength at 1064 
nm. 

First, we investigated theoretically the dependence of the fiber guiding 

properties on temperature. Figure 5.10 shows the calculations of guiding properties 

as a function of temperature, of the two MOFs. The thermo-optic coefficient of 

ethanol and heavy-water used in the calculations were −3.99×10−4°C−1 [19]  and -

900 1000 1100 1200 1300
-50

-25

0

25

50

900 1000 1100 1200 1300
-50

-25

0

25

50

1119 nm

1023 nm

D
is

pe
rs

io
n 

(p
s/

km
-n

m
)

Wavelength (nm)

 Ethanol
 air

(a)

λZDW

963 nm

1091 nm

(b)

Wavelength (nm)

 heavy-water
 air

λZDW



Tuning of PMI sidebands 

133 
 

6.6·10-5 °C−1 [20], respectively. The thermo-optic properties of silica (TOC value 

8.6·10-6 C−1 [21]) were also taken into consideration, although its contribution to the 

chromatic dispersion and birefringence of the fibers for the experimental range of 

temperatures was very small  and it could have been neglected (an increment of 

temperature ∆T=80°C causes a change of ∆D~10-4 and ∆n~10-7). For both type of 

fibers, the ZDW shifts towards shorter wavelengths when increasing the 

temperature, as shown in Figs. 5.10 (a)-(d). Consequently, the chromatic dispersion 

at 1064 nm increases (see Figs. 5.10 (b)-(e)). The phase birefringence increases with 

increasing the fiber temperatures as a result of the increment of the refractive index 

contrast between the silica and the microstructured region of the fiber (see Figs. 5.10 

(c)-(f)). Notice that ethanol TOC (~10-4) is one order of magnitude larger than 

heavy-water’s TOC (~10-5), nevertheless, guiding properties of the filled-fibers 

varies with temperature in the same order magnitude. 

 
Figure 5.10. Guiding properties of (blue) E-MOF and (red) HW-MOF as a function of 
temperature. (a, d) ZDW, (b, e) chromatic dispersion and (c, f) phase-birefringence at 1064 
nm. 

20 55 90
1092

1106

1120

ZD
W

 (n
m

)

(a)

20 55 90
-9.0

-6.5

-4.0
(b)

D
(p

s/
km

-n
m

)

20 55 90
2

3

4
(c)

∆n
 (1

0-5
)

20 55 90
1086

1090

1094 (d)

ZD
W

 (n
m

)

Temperature (° C)
20 55 90

-4.0

-3.5

-3.0 (e)

D
(p

s/
km

-n
m

)

Temperature (° C)
20 55 90

0.0

1.5

3.0 (f)

∆n
 (1

0-5
)

Temperature (° C)



5.2 PMI wavelength control through thermo-optic effect 

134 
 

When E-MOF and HW-MOFs fibers are empty (air holes), no PMI can be 

generated at a pump wavelength of 1064 nm. Instead scalar MI can be generated due 

to anomalous dispersion at the pump wavelength. When the fiber holes are filled 

with the liquids, the pump wavelength is in the vicinity of the ZDW for both fibers. 

This can lead to the generation of widely-spaced PMI bands by exciting the fibers at 

the experimental wavelength. We theoretically studied the dependence of PMI 

wavelengths on temperature changes for E-MOF and HW-fibers. Figure 5.11 shows 

theoretical calculations of PMI wavelengths for the investigated fibers as a function 

of pump wavelength, for different temperatures. Phase birefringence changes, as 

well as, dispersion changes induced by temperature variation are included in the 

calculations of PMI wavelengths.  

 
Figure 5.11. Calculations of PMI parametric wavelengths as a function of pump wavelength, 
for different temperatures: (a) E-MOF and (b) HW-MOF. Temperature step between 
consecutive curves is 10 °C. Vertical dashed line indicates the experimental pump 
wavelength. P0=1 kW. 

As the temperature increases, the PMI wavelengths shift away from the pump 

wavelength indicating that PMI frequency shift increases with temperature. Due to 
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the curve bending, there is a threshold temperature above which no solutions are 

found for a given pump wavelength. For the particular case of the fibers investigated 

and a pump wavelength of 1064 nm, threshold is reached at temperatures of 65 °C 

and 95 °C for fiber E-MOF and HW-MOF, respectively. 

5.2.2. Experimental characterization  

PMI generation and characterization as a function of temperature for fibers 

infiltrated with ethanol and heavy-water was performed. Fiber sections with length 

of 1 m were infiltrated with ethanol or heavy-water by capillary force and air 

pressure, as described in Chapter 3. Then, to avoid liquid evaporation, the fibers 

were fusion spliced to a single-mode fiber section at one end, and to a multimode 

fiber section at the remaining end. The single-mode fiber acts as power injection 

fiber and multi-mode fiber acts as power collection fiber. Injection fiber was 

shortened to few cm to avoid undesirable nonlinear effects produced in such fiber. 

The temperature of the infiltrated MOFs was varied by immersing them into a 

temperature-controlled thermal bath with a temperature accuracy of ± 1°C.  

Figure 5.12 shows the light spectra from two investigated fibers, an ethanol-

filled fiber and a heavy-water-filled, recorded at room temperature (21 ºC) with the 

pump polarization matching the slow axis of the fibers. The structural parameters 

of these two fibers are the same as fibers E-MOF and HW-MOF, and are given in 

table 5.4. In both fibers, PMI bands are widely-spaced and they exhibit high 

amplitude. In the case of the E-MOF, the PMI bands are centered at 937 nm (anti-

Stokes) and 1231 nm (Stokes), with an amplitude of 63 dB measured with respect to 

the OSA background noise. A peak gain of gpeak=17.2 m-1 was theoretically estimated 

(as described in Chapter 4) for this particular fiber.  In the case of the HW-MOF, 

PMI bands are centered at 954 nm (anti-Stokes) and 1200 nm (Stokes), with an 

amplitude of 48 dB and a peak gain of gpeak=10.7 m-1 was theoretically estimated.  
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In Fig. 5.12, some other spectral components can be observed that correspond 

to Raman scattering (RS) that it is also generated. Notice that, in addition to the 

Raman-scattered photons generated from the 1064 nm pump, we can observe 

Raman bands produced by the PMI bands themselves; this indicates that the 

intensity of the PMI bands is remarkably high. To give some physical insights about 

the power carried by the PMI bands observed in our experiments, we calculated the 

Raman power threshold (PTh) for each fiber following the Raman theory described 

in [22]. Assuming optimum transmission conditions (loses-free fiber α≈0), the 

effective area of the mode at the PMI wavelengths and considering a Raman gain 

coefficient of silica gR=10-13 m·W-1, the power threshold can be calculated. The 

resulting Raman power threshold are PTh~1.6 kW and PTh~0.9 kW for fibers E-

MOF and HW-MOF respectively. This implies that the real power of PMI bands is 

even higher since fiber losses were not considered in the calculations.  

 
Figure 5.12. Output light spectrum of (a) ethanol-filled MOF (P0=4.5 kW) and (b) heavy-
water-filled MOF (P0=2.13 kW). RSpump and RSPMI correspond to Raman scattering 
generated by the 1064 nm laser pump and by the PMI bands, respectively. 
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Figure 5.13. Output light spectra of the ethanol-filled MOF for different temperatures, from 
21°C to 65 °C in temperature steps of 5 °C. Pump peak power: 5.4 kW. 

The optical spectrum at the output light of the fibers was recorded as a function 

of temperature, with a temperature step of 5 °C. During the experiments, the pump 

power was kept fixed to avoid the wavelength shift produced by pump power 

fluctuations. In particular, the pump power launched into the fibers was 5.4 kW 

(peak power) for the ethanol-filled fiber and 2.2 kW for the heavy-water-filled fiber. 

Figure 5.13 shows the evolution of the optical spectrum when increasing the 

temperature of the ethanol-filled fiber in a temperature range from 20 ºC to 65 ºC.  

Notice that the spectral bands due to the Raman scattered photons from the 1064 

nm pump do not change substantially with temperature. As the temperature 

increases, the anti-Stokes PMI band shifts towards shorter wavelengths, from 

937 nm to 863 nm, and the PMI Stokes band shifts towards longer wavelengths, 

from 1231 nm to 1387 nm. Such tuning range corresponds to a variation of 

frequency shift between the pump and the PMI sidebands from 1274 cm-1 to 

2189 cm-1. The amplitude of the PMI bands tends to decrease for higher 

temperatures values. PMI was not observed experimentally for temperatures above 

65 °C, as it was predicted by the theoretical modeling (see Fig. 5.11 (a)). 
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Figure 5.14. Output light spectra of the HW-MOF for different temperatures, from 20°C 
to 90 °C in temperature steps of 10 °C. P0 = 2.2 kW. 

The results obtained with the heavy-water-filled fiber are shown in Fig. 5.14. 

For this fiber, a larger tuning range of PMI sidebands was achieved. The anti-stokes 

band shift to shorter wavelengths from 954 nm to 821 nm, and the stokes band 

shifts to longer wavelengths from 1200 nm to 1533 nm, as shown in fig.5.14 (b). 

Such tuning range corresponds to a variation of the frequency shift between pump 

and a PMI sideband from 1084 cm-1 to 2786 cm-1. PMI was not observed 

experimentally for temperatures above 95 °C, in accordance with the theoretical 

modeling. 

Comparison of experimental PMI wavelengths with theoretical calculations is 

shown in Fig. 5.15, for both fibers. Good agreement was obtained when the 

temperature dependence of both, birefringence and chromatic dispersion was 

considered. The calculation taking only into account the effect of chromatic 

dispersion is included in Fig. 5.15 (dashed lines). The disagreement with the 

experimental results is quite large even for small variations of phase birefringence 

(see Fig. 5.15 (b)), which highlights the relevance of phase birefringence in PMI 

process when the pumping wavelength is near to the ZDW. The latter is also shown 
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by the results reported in this section, in which the tuning range of PMI sidebands 

produced in heavy water-filled MOFs (ZDW=1091 nm) is almost twice the tuning 

range achieved with ethanol-filled MOFs (ZDW=1119 nm), despite the fact that 

TOC of ethanol is several times larger than TOC of heavy water. 

 
Figure 5.15. PMI wavelengths as a function of temperature for (a) ethanol-filled MOF and 
(b) heavy-water-filled MOF. Dots are experimental data, and lines are theoretical calculations. 
Dashed lines show calculations in which the temperature dependence of phase birefringence 
is neglected. 

To our knowledge, the frequency tuning range of PMI sidebands attained in 

the experiments with heavy-water-filled MOFs is the largest reported for optical 

fibers at a fixed pump wavelength. It is true that the frequency tuning range of PMI 

reported in [17], is slightly larger than mentioned above, nevertheless in their 

experiments, a tunable laser wavelength for pumping together with PMI assisted by 

seeded light source was required to obtain measurable PMI sidebands, while in our 

case, high-amplitude PMI sidebands were produced simply by pumping such fibers 

with fixed wavelength pump laser with no requirement of seed signal source.  
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Chapter 6 
Simultaneous generation of 
FWM and PMI 

In the present chapter we will describe the simultaneous generation of PMI 

and FWM in MOFs. Simultaneous generation of scalar FWM and PMI in low 

birefringence fibers can occur under a wide range of conditions. Scalar FWM 

generation requires the pump wavelength to be close to the ZDW, with fiber 

dispersion being normal at that wavelength. When these conditions are met, by 

controlling the polarization of the pump beam, it is possible to generate the two 

non-linear effects simultaneously. Under these conditions, the scalar FWM produces 

spectral bands of light separated from the pump. However, for the PMI effect to 

produce bands sufficiently far apart from the pump such that practical applications 

can be derived from the PMI effect, the fiber dispersion conditions that must be 

met are tighter. In addition, constrains are also imposed on phase birefringence. 

Therefore, fine control of the fiber guiding properties is required.  

In chapter 2, we have studied FWM and PMI in low-birefringence fibers. It has 

been shown that when pumping near the ZDW  [1–3], chromatic dispersion 

contribution mainly determines the phase-matching condition of scalar FWM  [4]. 

On the other hand, the phase-matching condition of PMI depend mainly on both, 

birefringence and chromatic dispersion. Fig. 6.1 shows the numerical calculation of 

phase-matching wavelengths of vector FWM in two MOFs with d1 = 1.14 µm (fiber
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 1) and d2 = 1.6 µm (fiber 2) both with d/Λ = 0.38. Figure 6.1(a) gives the 

chromatic dispersion of the fibers, and Fig. 6.1(b) and includes phase-matching 

solutions for scalar FWM and PMI solutions for slow-axis pump. Two values of 

fiber birefringence have been considered. It is shown that PMI and FWM processes 

can occur simultaneously for a wide range of pump wavelengths in the normal 

dispersion regime, with pumping wavelengths shorter than cutoff wavelength of 

PMI.  

 
Figure 6.1. (a) Calculated chromatic dispersion of the fundamental mode for fiber 1 (black 
line) and fiber 2 (blue line). (b) Calculated parametric wavelengths as a function of pump 
wavelength; solid line shows scalar FWM wavelengths and dashed lines shows PMI 
wavelengths for fiber 1 (red line) and fiber 2 (blue line). PMI calculations with ∆n=10-6 

(dashed line) and ∆n=10-5 (dotted line) at 1.42 kW of peak power. Dashed vertical line shows 
PMI cutoff wavelengths.  

When the pump wavelength is far from the ZDW, PMI wavelengths are 

located very close to the pump while FWM bands are hundreds of nm apart from 

the pump wavelength. It is worth to note that when λp <<λZDW, FWM bands 

present a narrow gain bandwidth and the phase-matching condition is very sensitive 
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to the fiber properties. In realistic MOFs, often the generated bands are much 

broader than expected because of this effect [5].  

Cutoff wavelength of slow-axis PMI is shown for the two fibers taken into 

account. As mentioned before, PMI cutoff occurs since the linear phase mismatch 

cannot compensate the phase birefringence and the nonlinear contributions when 

the pump wavelength is above PMI cutoff. The birefringence of the MOF directly 

affects the PMI cutoff wavelength. When the birefringence of the fiber is increased, 

the PMI cutoff wavelength occurs at shorter wavelengths and away from the ZDW. 

In the example of Fig. 6.1 (b), it can be seen from fiber 1 that the PMI cutoff 

wavelength shifts from 1074 nm to 1062 nm when the phase birefringence is 

increased from 1×10-6 to 1×10-5. In the case of fiber 2, the PMI cutoff wavelength 

shifts from 1136 nm to 1122 nm within the considered birefringence range.  

6.1 PMI and scalar FWM in liquid filled-MOFs 

The experiments were performed with liquid-filled microstructured optical 

fibers. In this way, fine control of the refractive index of the liquid allowed achieving 

the required specifications of guiding properties for the simultaneous generation of 

both nonlinear effects. Two methods have been addressed. The first one relies on 

the use of ethanol-water solutions that were subsequently inserted into the fiber 

holes. The refractive index of the liquid was adjusted by changing the concentration. 

The second method is based on the thermo-optic properties of the liquid infiltrated 

into the MOFs. This second technique allowed a continuous and dynamic tuning of 

the refractive index around an initial value. 

Experimental demonstration of simultaneous generation of PMI and FWM 

was carried out in liquid-filled MOFs that were designed and manufactured 

following the technique described in Chapter 3. The fibers were designed and 
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fabricated with the proper chromatic dispersion characteristics to achieve low 

dispersion value at 1064 nm wavelength when the fibers were infiltrated with 

ethanol-water (EtOH-H2O) solutions. 

6.1.1 Methods and experimental aspects 

Solutions of EtOH-H2O were chosen as the liquid for the fibers’ infiltration 

because of the flexible control of the refractive index of the mixture. EtOH is 

completely miscible with water. The refractive index of water and ethanol at 

1064 nm wavelength and room temperature are n=1.324 and 1.356, respectively. 

Then, by simply varying the ethanol concentration the refractive index of the 

solution can be adjusted (as shown in the schematic in Fig. 6.2.) in a wide range. 

  

Figure 6.2. Schematic of fiber refractive index profile with fiber holes filled with EtOH-
H2O solutions. 

We performed the calibration of the refractive index of EtOH-H2O solutions 

used in the experiments. The experimental refractive index measurements were 

compared with the refractive indices of EtOH-H2O solutions available in the 

literature  [6–9]. Pure ethanol and deionized water (DW) were used as solute and 

solvent, respectively. The refractive index of each solutions was measured at room 
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temperature with an "ATAGO" pocket refractometer, operating at the wavelength 

of 589 nm.  

 
Figure 6.3. (a) Refractive index of EtOH-H2O solutions as a function of ethanol mass 
fraction. (b) Refractive index increment as a function of ethanol mass fraction. Solid lines 
are the polynomial fit and the dots are the measured values. 

Figure 6.3 (a) shows the refractive index measurement of a set of EtOH-H2O 

solutions from 0 % wt to 100 % wt (weight fraction, wt). The relative error of the 

prepared concentrations is about 1 %, and the uncertainty of the measured refractive 

index is ± 3x10-4. The measured values of the refractive index of the EtOH-H2O 

solutions in our experiments are compared with the values reported in [8]. The small 

difference between both is due to the different optical wavelength of the 

measurements, in [8] measurements were performed at 633 nm. Good agreement is 

shown when we compared the refractive index increment (δn) with respect to H2O 

refractive index (see Fig. 6.6(b)). The dependence of δn with the EtOH concentration 

shows a maximum value of ~3×10-2 that occurs at a concentration of 72 % wt. 

0.0 0.2 0.4 0.6 0.8 1.0
1.330

1.335

1.340

1.345

1.350

1.355

1.360

1.365

1.370

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 Experimental data
 Polynomial fitting 
 Ref.[8]

R
ef

ra
ct

iv
e 

in
de

x

Ethanol % wt

 Experimental data
 Polynomial fitting 
 Ref.[8]

(a)

δn
 (1

0-2
)

Ethanol % wt

(b)



6.1 PMI and scalar FWM in liquid filled-MOFs 

148 
 

The dependence of the refractive index of EtOH-H2O solutions with optical 

wavelength was not characterized in our experiments and the data available in the 

literature is limited to few EtOH concentrations [10]. Some information on the 

dispersion of EtOH-H2O through the refractive index measured at certain 

wavelengths can be obtained from the literature [6–8, 11–14]. The wavelength 

dispersion of the refractive index of the EtOH-H2O solutions infiltrated in the MOF 

must be considered in the theoretical calculations of the FWM/PMI wavelengths 

because both effects depend on that fiber parameter. To this end, we derive the 

refractive index as a function of wavelength for each EtOH-H2O solution as a 

solvent refractive index perturbation approximation. For each concentration, δn is 

used as the perturbation of the refractive index of the solvent (i.e., depending on 

whether the EtOH concentration is low or high). In that case, the refractive index 

of EtOH- H2O as a function of wavelength can be written as: 

( ) ( )sn n nλ λ δ= +   (6.1) 

where ns is the refractive index of the solvent and δn is the measured refractive index 

increment, which is considered as wavelength independent. Sellmeier relation for the 

refractive index of DW and EtOH are taken from  [15]. Then, the refractive index 

of the EtOH-H2O solutions was estimated as follows: 

(i) For solutions with low mass concentration of EtOH (wt < 45%.), ns is 

taken as the refractive index of DW and δn is positive. 

(ii) For solutions with high mass concentrations of EtOH (wt > 45%), the 

refractive index of EtOH is taken as ns, therefore δn is positive. 

The thermo-optical properties of the infiltrated solution were also used to 

obtain a fine, and in this case,  we can also say that it is dynamic, adjustment of the 

fiber properties. This tuning technique was used with fibers filled with solutions of 

EtOH and H2O with different concentrations. In the bibliography, one can find 



Simultaneous generation of FWM and PMI 

149 
 

information about the thermo-optic coefficient of this type of solutions [14, 16–20]. 

Thermo-optic properties of some EtOH-H2O solutions of certain EtOH 

concentrations are reported, but a general result applicable to any solution is not 

found. Thus, we found interesting to propose a method that allows deriving the 

thermo-optic properties of the solutions from the experimental results. 

6.1.2 Characteristics of the MOFs 

The criteria followed for the design of the MOFs used in these experiments 

was the following: fibers with one ZDW close enough to the pump wavelength, and 

with normal dispersion at the pump wavelength. Actually, MOFs were designed to 

produce widely-spaced FWM sidebands when fiber microstructure is filled with 

deionized water (DW). The increase of refractive index within the holes causes the 

shift of the ZDW towards shorter wavelengths. Therefore, we used the addition of 

EtOH to the solution as a degree of freedom to achieve fine tuning of the fiber 

dispersion required to produce simultaneously wide spectrally-spaced FWM and 

PMI bands. Table 6.1 shows the structural parameters of the fibers used in these 

experiments. The exact cross-section profile of the fibers was measured directly 

from the SEM images of the fibers’ cross section. Values of d and Λ are averaged 

values across the structure. 

Table 6.1. Fiber structural parameters. The measurement error of d and Λ is about 5%. 

 Structural parameters 

Fiber d (µm) d/Λ 

MOF1 2.44 0.69 

MOF2 1.63 0.63 

MOF3 2.01 0.62 

MOF4 1.77 0.60 
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6.1.3 Experimental results and discussion 

Nonlinear characterization of the fibers filled with different solutions was 

performed. Fig. 6.4 shows two spectra obtained from MOF1; the fiber was filled 

with 44 wt.% EtOH-H2O solution. The spectrum measured at the output of MOF1 

exhibits four spectral bands when the fiber is pumped with 2.84 kW peak power, as 

shown in Fig. 6.4 (a). The pair of bands generated near the pump wavelength, located 

at 1008 nm and 1024 nm correspond to the anti-Stokes and Stokes wavelengths of 

PMI. The band generated at a longer wavelength, at 1190 nm, corresponds to the 

second order Stokes band of PMI. The corresponding anti-Stokes band could not 

be detected in the experiment, we believe because of the higher noise level of the 

OSA at short wavelengths. The spectral band generated near the visible region and 

centered at 745 nm corresponds to the signal band of scalar FWM. The idler band 

was not recorded since it is expected to be generated at a wavelength (estimated at 

1864 nm) out of the spectral range of the spectrum analyzer (600 - 1700 nm).  

 
Figure 6.4. MOF1 output spectrum with: (a) slow-axis pumping and (b) fast-axis pumping. 
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The characteristics of the bands were studied as a function of the input 

polarization. By varying the pump polarization orientation, the FWM signal band did 

not show any major change, while the PMI bands’ amplitude changes from a 

maximum value to the extinction, each 90° rotation of the polarization axis, as 

shown in Fig. 6.4 (b). For fast-axis pumping only Raman scattering (RS) sidebands 

and FWM were observed (see Fig. 6.4 (b)). 

As described in Chapter 4, PMI exhibits orthogonal polarization with respect 

to the pump polarization, this implies that scalar FWM and PMI also exhibit 

orthogonal polarization to each other. The characterization of the state of 

polarization of the PMI sidebands and the FWM sidebands was carried out in fiber 

mentioned above. The experimental procedure is identical to that described in 

Chapter 4. Figure 6.5 shows the optical spectra generated in MOF1. The curves 

correspond to the spectrum obtained after the polarization analyzer, for two 

orientations with 90º difference. The red lines correspond to the polarizer 

orientation so that the amplitude of the PMI sidebands is maximum. For this 

orientation, spectral components with polarization oriented parallel to the fast fiber 

axis are transmitted by the polarizer, while the spectral components with polarization 

oriented to the slow axis, i.e., the pump and the FWM signal are attenuated by the 

polarizer. The opposite occurs when the polarizer is rotated by 90º (blue line), the 

spectral components with polarization oriented to the slow-axis are transmitted, thus 

the amplitude of the FWM signal band and the pump is maximum, while the 

amplitude of PMI sidebands is attenuated. In both measurements, the amplitude 

difference of the spectral components propagating in the slow and fast axes is about 

20 dB. This transmittance difference corresponds to the typical polarization 

extinction ratio values achieved with the experimental setup used for the polarization 

characterization of optical spectra described in section 3.3.  
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Figure 6.5. Fiber output spectra of two different polarizer orientations: (blue) polarizer 
orientation aligned with the slow axis, and (red) polarizer orientation aligned with the fast 
axis. Fiber MOF1. 

Table 6.2. Dispersion, effective mode area, birefringence values at 1064 nm for MOF1 
infiltrated with 44 wt.% EtOH-H2O solutions. 

Fiber D (ps/km·nm) Aeff (µm2) ∆n (10-6) 

MOF1 -7.3 12.6 1.1 

The guiding properties of MOF1, as well as the phase-matching wavelengths 

for scalar FWM and PMI was theoretically calculated. Calculations were performed 

taking into account the real cross-section of the MOF obtained from the SEM 

images, and the refractive index of the corresponding EtOH-H2O solution, as well 

as the wavelength dispersion of the refractive indices. Table 6.2 shows the calculated 

values of dispersion, phase birefringence, and effective mode area of the fiber. Figure 

6.6 (a) shows the dispersion characteristics, where it is shown that the ZDW was 

1108 nm.  
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The parametric wavelengths as a function of pump wavelength for the PMI 

and FWM processes are shown in Fig. 6.6(b), along with the central wavelength of 

the bands recorded experimentally. Good agreement between theoretical 

calculations and experimental data is obtained.  

 
Figure 6.6. (a) Theoretical calculation of chromatic dispersion of MOF1. (b) Parametric 
wavelengths as a function of pump wavelength for PMI (black lines) and FWM (blue line) 
generated in MOF1, dots are measure values at 1064 nm. 
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characterization with a given solution, the liquid was removed from the MOF by 

applying gas pressure to one end of the fiber, while leaving the other end free for 

solution flow. We corroborated that the fibers were properly emptied by measuring 

again the nonlinear response of the fiber and comparing the output spectra with the 

spectra taken initially before fiber infiltration. 

 
Figure 6.7. Optical spectra generated in MOF3 when fiber holes are filled with different 
EtOH-H2O solutions. The EtOH mass fraction of each solution is indicated on each graph. 

 The optical spectra measured at the output of MOF3 when it was filled with 
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solutions with EtOH concentration up to 20 %wt. The FWM signal band shifted 

towards shorter wavelengths as the EtOH concentration of the solution was 

increased. It means that the frequency shift of the generated FWM photons with 

respect to the pump increases with concentration. The spectral shift of the FWM 

signal band was from 813 nm to 747 nm with a concentration range of EtOH-H2O 

solutions from 0 %wt to 20 %wt. On the other hand, the FWM idler band was only 

detectable when the fiber was filled with pure H2O (0 % wt EtOH concentration). 

The peak of the idler band is measured at 1542 nm for this concentration. For 

solutions with higher EtOH concentration, the idler FWM band shifted beyond 1700 

nm and it was not measured experimentally. 

Simultaneous generation of FWM and PMI occurs when MOF3 was filled with 

a concentration range of EtOH-H2O solutions from 16.5 %wt to 20 %wt. Scalar 

FWM was no longer observed when the fiber was filled with EtOH concentration 

> 20 %wt, instead only PMI was generated. It can be observed that the anti-Stokes 

PMI band shifts toward longer wavelength, from 1011 nm  to 1029 nm, and the 

Stokes band shifts toward shorter wavelengths from 1123 nm to 1103 nm (see Fig. 

6.7) as the EtOH concentration was increased within the range from 16.5 %wt to 

100 %wt. Therefore, PMI frequency shift decreases as the EtOH concentration was 

increased. Notice that, in some spectra several orders of PMI were generated (e.g., 

the spectrum shown in Fig. 6.7 with EtOH 44 %wt). In addition, bands generated 

by Raman scattering (RS) are also observed. 

The experimental results obtained for fibers MOF1, MOF2 and MOF4 show 

a similar trend to the results obtained with fiber MOF3, although with differences 

in absolute values of parametric wavelengths owing to the different structural 

parameters of the fibers. Figure 6.8 shows the central wavelength of scalar FWM 

and PMI recorded experimentally for the four fibers, and for the different solutions. 

The spectral tuning range of scalar FWM and PMI bands achieved with each fiber 
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is summarized in Table 6.3. The largest range of PMI spectral shift was obtained 

with MOF2, the anti-Stokes band shifted from 945 nm to 1022 nm while the Stokes 

band shifted from 1220 nm to 1110 nm in an EtOH concentration range from 8 

wt% to 100 wt%. The largest range of FWM spectral shift was obtained with MOF1, 

where the signal band shifts from 855 nm to 745 nm over a range of EtOH 

concentrations from 0 wt.% to 44 wt.%. The full spectral shift of the FWM idler 

band runs from 1403 nm up to 1864 nm (estimated by calculations) for this particular 

fiber. In most cases, it was not possible to measure the total spectral shift of the idler 

band produced in the fibers used in the experiments, so Table 6.3 shows values 

estimated theoretically of the spectral shift of the idler band.  

Table 6.3. Wavelength range of FWM and PMI. 

 
FWM tuning range PMI tuning range 

Fiber Signal (nm) Idler (nm) anti-Stokes (nm) Stokes (nm) 

MOF1 855 - 745 1403 - 1616 1000 - 1029 1138 - 1102 

MOF2 815 - 755 1534 - 1804 (estimated) 945 - 1022 1220 - 1110 

MOF3 813 - 747 1542 – 1851 (estimated) 1011 - 1029 1123 - 1103 

MOF4 785 - 750 1632 - 1833 (estimated) 960 - 1018 1194 - 1114 

We investigated theoretically the evolution of the parametric wavelengths of 

PMI and scalar FWM in these fibers as a function of the concentration of the EtOH- 

H2O solution. The comparison between experimental data and theoretical 

calculations of the parametric wavelengths of scalar FWM and PMI is shown in Fig. 

6.8. In general terms, good agreement is obtained. The wavelength dependence of 

the refractive index of the solutions was taken into account in the calculations.  
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Figure 6.8. Parametric wavelengths as a function of EtOH concentration for (a) MOF1, (b) 
MOF2, (c) MOF3 and (d) MOF4. Dots are experimental data and solid lines are theoretical 
calculations. The red and blue lines are for FWM and PMI, respectively.   

To give an insight about the mechanisms that produce the shift of the 

parametric wavelengths observed in the experiments, we investigated how the 
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dispersion and the phase birefringence calculations as a function of the 

concentration of the EtOH-H2O solution for MOF3. The increase of EtOH 

concentration leads to significant changes of chromatic dispersion and phase 

birefringence, as shown in Fig. 6.9. The dispersion decreases with increasing EtOH 

concentration until an EtOH concentration value of 82 %wt, where a minimum 
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change of chromatic dispersion is quite large. The maximum dispersion value is 

more than four times larger the dispersion value of the fiber filled with pure H2O. 

The phase birefringence of the fibers also changes substantially with the 

concentration. Figure 6.9(b) shows the phase birefringence variation calculated for 

MOF3.  Changes of phase birefringence are mainly caused by changes of refractive 

index contrast between the core (fused silica) and microstructure that surrounds the 

core. It can be seen that birefringence decreases with increasing EtOH concentration 

of the filling solution until a minimum is reached for EtOH concentration of 

76 %wt, the range of variation of birefringence is also significant, with a 

birefringence value at the minimum of the curve that is half the fiber birefringence 

with pure H2O. 

 
Figure 6.9. (a) Chromatic dispersion and (b) phase birefringence calculations of MOF3 as a 
function of EtOH mass fraction, at wavelength 1064 nm.  
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frequency shift increases with decreasing dispersion at the pump wavelength. In the 

case of PMI, the opposite occurs, the frequency shift decreases with decreasing 

dispersion at the pump wavelength. In addition, PMI frequency shift is also affected 

by birefringence modifications, PMI frequency shift decreases with decreasing fiber 

phase birefringence. In contrast, the relative difference between the frequency shift 

of the FWM (slow or fast axis pumping) is nearly independent of birefringence 

variations for weakly birefringent fibers.  

As it is shown in Fig. 6.8, theoretical calculations of parametric wavelength 

show that simultaneous generation of PMI and FWM can occur in fibers filled with 

EtOH-H2O solutions over a wider range of concentrations than experimentally 

observed. For example, in most experiments no FWM was generated for EtOH-

H2O solutions higher than 21 wt%. Such disagreement with the theoretical model 

may be due to the degradation of the FWM efficiency when dispersion is increased 

(in normal dispersion regime). The origin of efficiency fall can be attributed to 

several factors that were not considered in the parametric wavelength calculations. 

When the pump wavelength is far from the ZDW, phase-matching of FWM is 

achieved due to GVD when β2 is positive. Under such conditions, it was shown [21] 

that the gain of FWM decreases, as well as the gain bandwidth. Notice that in our 

experiments, the FWM signal band typically exhibits a bandwidth ∆λ < 2 nm (at 3 

dB) before cutoff, which can be indicative that this effect may be happening. 

Secondly, when the slope of the linear phase is large, FWM phase-matching is very 

sensitive to small fluctuations of the guiding properties along the fiber length. 

Finally, the generation of PMI can lead to degradation of FWM, even before the 

pump depletion condition since PMI occurs with higher gain for high dispersion 

values compared to scalar FWM, therefore, pumping photons are more likely to be 

harnessed by PMI than scalar FWM. 
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In contrast, PMI efficiency may be limited when pumping near the ZDW and 

the dispersion of the fiber is low at the pump wavelength. Under this condition, 

FWM exhibits higher gain compared to the PMI gain, therefore FWM may limit the 

PMI efficiency. This was observed in experiments, when MOF1 and MOF3 were 

filled with solutions at low EtOH concentrations, where no PMI generation was 

observed, instead only FWM sidebands was observed, as shown in Fig. 6.8. 

6.2 Thermal tuning of FWM and PMI 

Fine tuning of the scalar FWM and PMI bands simultaneously generated in 

MOFs filled with EtOH-H2O solution was performed by following the tuning 

technique described in Chapter 5, based on the large thermo-optic properties of the 

liquid. Based on the results reported in the previous section, fibers filled with the 

appropriate EtOH-H2O solution were chosen, in which high-amplitude FWM and 

PMI spectral bands were simultaneously generated. In particular, the experiments 

were carried out with MOF2 and MOF3, infiltrated with EtOH-H2O solutions at 

concentrations of 8.1 wt.% and 16.5 wt.%, respectively. Fiber sections with a length 

of 1 meter were used in the experiments. At room temperature, the ZDW of these 

two fibers infiltrated with such solutions was calculated to be 1086 nm and 1096 nm, 

respectively. 

The nonlinear spectral response of the fibers used in the experiments at room 

temperature was characterized. Figure 6.10 shows the spectrum from the two fibers. 

In MOF2, two orders of PMI were generated, the first order is located at 960 nm 

(anti-Stokes) and 1195 nm (Stokes). The FWM signal band is centered at 755 nm, 

and the idler band is located at 1804 nm (not shown in Fig. 6.10). Multi-order PMI 

generation also occurs in MOF3, the first order of PMI sidebands was measured at 

1010 nm (anti-Stokes) and 1125 nm (Stokes). The spectral position of the FWM 

signal band was measured at 759 nm while the idler band is centered at 1782 nm. 
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Figure 6.10. Optical spectrum for (a) MOF2 and (b) MOF3. Pump power of 2 kW and 2.3 
kW, respectively. 

PMI and FWM frequency shift changes produced by heating the fibers were 

characterized simultaneously, following the experimental procedure described in 

Section 5.3. Again, specially care was taken to maintain constant the pump power 

during a whole run of measurements. An OSA with a spectral range up to 2.2 μm 

was used to measure the spectral position of the FWM idler sideband. 

The experimental results obtained with MOF2 are described in detail below. 

Fig. 6.11 shows the evolution of the FWM and PMI spectral bands when the 

temperature was increased from 23 °C (TR) to 96 °C. The FWM sidebands shift 

towards the pump wavelength as the temperature was increased (see Fig. 6.11(a)-

(b)), thus, FWM frequency shift decreases with increasing temperature. In particular, 

the signal band shifts to longer wavelengths, from 755 nm to 906 nm, and the idler 

band shifts to shorter wavelengths, from 1804 nm to 1279 nm, over a temperature 

range from TR to 96 °C. In contrast, the PMI frequency shift increases with 

700 900 1100 1300 1500
-80

-60

-40

-20

0

PMIPMI

Pump

Po
w

er
 (d

Bm
)

FWM

700 900 1100 1300 1500
-80

-60

-40

-20

0

Wavelength (nm)

(b)

(a)

Pump

PMIPMI

FWM

Po
w

er
 (d

Bm
)



6.2 Thermal tuning of FWM and PMI 

162 
 

increasing fiber temperature, the PMI sidebands move away from the pump 

wavelength as the temperature was increased, as shown in Fig. 6.11(c)-(d). Notice 

that the PMI exhibits a temperature threshold at 66 °C, PMI sidebands were no 

longer observed for higher temperatures. In particular, the anti-Stokes band of PMI 

shifts toward shorter wavelengths from 960 nm to 911 nm and the stokes band shifts 

toward longer wavelengths from 1190 nm to 1279 nm over a temperature range 

from TR to 66 °C. 

 
Figure 6.11. Optical spectra for different temperatures. (a) FWM signal band and (b) FWM 
idler band, for temperatures from TR to 96 °C. (c) PMI anti-Stokes band and (d) PMI Stokes 
band, for temperatures from TR to 66 °C. 
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wavelengths corresponding to the shaded region of Fig. 6.11 (a)-(b) but an 

anomalous behavior was noticed. This effect was investigated in detail. Figure 6.12 

shows the spectra of the FWM sidebands for several temperatures within that range. 

For temperatures above 70 °C, an additional pair of FWM sidebands is generated. 

For example, at 75 °C two signal bands with different amplitudes are produced (see 

Fig. 6.12(a)), the signal bands were measured at 815 nm (high-amplitude band) and 

861 nm (low-amplitude band). The same occurs with the idler band, a secondary band 

appeared at 1390 nm for this temperature, as shown in Fig. 6.12(b). At the 

temperature of 80 °C, the two signal bands shifted towards longer wavelengths, while 

the relative amplitude of the two bands switches. Now the amplitude of the signal 

band of shorter wavelength is smaller while the amplitude of the band with longer 

wavelength is larger. For a temperature of 85 °C and above, the two bands do not 

longer appear, instead a single FWM signal band was generated. A similar behavior 

is shown for the FWM idler band. 

 
Figure 6.12. Optical spectra for 75 °C (black line), 80 °C (red line) and 85 °C (blue line). (a) 
Signal band and (b) idler band.  
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As demonstrated in Chapter 5, owing the negative TOC of the liquids 

infiltrated into the MOFs, the fiber dispersion decreases with temperature. 

Therefore, for fibers with low normal dispersion, being the case of MOF2, by 

increasing the temperature of the fiber, the dispersion can be tuned to relative low 

values. In that case, a transition on the fulfillment of the phase matching condition 

can be observed, and is described as follows [4]. When the fiber dispersion is low 

and normal at the pump wavelength, the dispersion contribution in the net linear 

phase is mainly attributed to the GVD parameter (β2), so it becomes more relevant 

in the phase matching condition. However, when the fiber dispersion is relatively 

low, the β2 parameter nearly vanishes and becomes less relevant in the phase 

matching condition, instead higher order dispersion terms account for the 

fulfillment of the FWM phase matching condition. The latter, indicates that in our 

experiments, for temperatures below 75 °C the outer signal and idler bands are 

attributed to the contribution of β2. Conversely, for temperatures above 85 °C, the 

inner signal and idler bands can be attributed to the contribution of the higher order 

dispersion terms in the phase matching condition. In the experiments described 

in [22], the same trend was observed when FWM was produced in a low-normal 

dispersion fiber with a tunable pump laser. 

The parametric wavelengths of FWM and PMI as a function of temperature 

for MOF2 and MOF3 are plotted in Fig. 6.13. Note that the slope of the spectral 

shift of FWM bands has opposite sign than that of PMI bands. This indicates that 

the chromatic dispersion at the pump wavelength decreases with temperature, and 

therefore, that the refractive index of the EtOH-H2O solution decreases with 

temperature, which confirms a negative TOC value of EtOH-H2O solutions, as 

expected since both solvent (H2O) and solute (EtOH) exhibit a negative TOC.  
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Figure 6.13. Parametric wavelengths as a function of temperature for (a) MOF2 and (b) 
MOF3. The spectral position of the FWM and PMI are represented by blue and red dots, 
respectively. The black dots show the wavelengths of the FWM when higher-order 
dispersion terms govern in the phase-matched condition. The lines are guides to the eye. 

The thermal characterization of MOF3 is shown in Fig. 6.13(b), similar 

experimental results were obtained as described with MOF2, although the phase-

matching condition fulfilled with HOD was not observed during the experimental 

characterization of MOF3. The spectral tuning range of PMI and FWM is 

summarized in Table 6.4. The experimental results show that the tuning range of 

FWM and PMI obtained with MOF2 is larger than the tuning range obtained with 

MOF3.  

Table 6.4. Spectral tuning range of FWM and PMI sidebands. 

 
FWM tuning range PMI tuning range 

Fiber Signal (nm) Idler (nm) anti-Stokes (nm) Stokes (nm) 

MOF2 755 - 907 1774 – 1279 960 - 911 1196 - 1279 

MOF3 759 - 796 1689 – 1592 1010 – 956 1125 - 1200 
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6.3 Applications of FWM for the characterization of the 

optical properties of liquids  

6.2.1 Refractometry 

The results included in this chapter can be exploited for the development of 

practical applications. The dependence of FWM/PMI wavelengths in liquid-filled 

MOFs with the refractive index of the liquid can be used for the development of 

highly sensitive refractometers for water-based solutions. From the experimental 

results we can conclude that FWM bands show a larger sensitivity with the refractive 

index than PMI bands. In addition, the FWM bands are narrower than PMI bands. 

Therefore, we propose to base the refractometer on the response of FWM, in 

particular on the FWM signal band. 

 
Figure 6.14. (a) Spectral response of signal band of FWM as a function of EtOH 
concentration, for MOF3. (b) Refractive index of the solution as a function of EtOH 
concentration. 
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We take as an example the results obtained with MOF3 with different solutions 

of EtOH-H2O with EtOH concentration from 0 %wt. to 21 %wt. The central 

wavelength of the signal band as function of the EtOH concentration is shown in 

Fig. 6.14(a). It is seen that, within this range of EtOH concentrations, the signal band 

wavelength shifts linearly with the solution concentration. The refractive index of 

EtOH-H2O solutions for this range of concentrations shows also a quite good 

degree of linearity (see Fig. 6.14(b)). The above concentration range corresponds to 

a change in refractive index from 1.324 to 1.337.  

The linearity of both quantities simplifies the calibration response of the 

sensor. According to the slopes of both, the FWM signal band shifts at a rate of 4944 

nm/RIU. On the other hand, the detection limit of the sensor, that is, the smallest 

refractive index change that can be detected depends on the sensitivity but also on 

the spectral width of the band, and on the spectral resolution of the spectrometer 

use to carry out the measurement. Assuming that the minimum band’s wavelength 

shift that can be detected is equal to one tenth (0.3 nm) of the band width, the 

smallest change of refractive index that can be detected is 6·10-5 RIU. This detection 

limit is higher than that of fiber optic refractive index sensors based on 

interferometry (~10-4) reported in [12, 23–25] and comparable with refractive index 

sensor based on FWM, surface plasmon resonances, and evanescence fields in 

tapered fibers (~10-5) reported in [13, 26–31] and on fiber Bragg gratings, (~10-5) as 

reported in [32, 33]. 

6.2.2 Thermo-optic characterization of liquids 

In this section, we address the determination of thermo-optic properties of a 

liquid based on the shift of the signal FWM band with temperature. To illustrate such 

application, we use the results obtained with MOF3 infiltrated with an EtOH-H2O 
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solution with EtOH concentration of 16.5 %wt. Therefore, thermo-optic 

characteristic of 16.5 %wt. EtOH-H2O is obtained. 

Figure 6.15 (a) summarizes the response of the FWM signal band with the fiber 

temperature, from 23°C (TR) to 96 °C. The signal band shifts toward longer 

wavelengths (redshift) with increasing fiber temperature. It is clear that the band’s 

shift is not linearly dependent on temperature.  

 
Figure 6.15. Spectral shift of signal band as a function of temperature increment (red dots).  
Refractive index in the fiber holes required to match the wavelength of the theoretical FWM 
signal to the experimental data (green dots). Solid lines are second-order polynomial fitting. 

The FWM parametric wavelengths were calculated theoretically for MOF3 as 

a function of the refractive index of the holes. Refractive index values taken in the 

calculations were fitted in order the theoretical FWM signal wavelength to match the 

experimental data. Figure 6.15 includes the refractive index values that yield to the 

best agreement between experimental data and theoretical calculations. 
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Table 6.5. Refractive index fitting parameters of the EtOH-H216.5% wt. solution. T is the 
temperature in Celsius and TR=23ºC 

( ) ( )2
0 R Rn n a T T b T T= + ⋅ − + ⋅ −  

n0  a  b  R 

1.335 −2.75×10-5 −1.09×10-6 0.999 

It can be seen that the refractive index change that would cause the shift of the 

FWM signal band observed experimentally decreases with temperature. However, 

the refractive index change is not proportional to the temperature increase. A 

second-order polynomial function was fitted to the values of refractive index. Table 

6.5 shows the fitting parameters. The thermo-optic properties of the EtOH-H2O 

solution were determined by the derivative of the refractive index with temperature, 

resulting, 

( )( ) 52.75 0.22 10R
dn T T
dT

−= − + ⋅ − ×  (6.2) 

In the literature, different techniques are reported to measure the thermo-optic 

properties of EtOH-H2O solutions  [17–20, 30, 31].  The thermo-optic properties 

of solutions similar to the one analyzed here previously reported in [18, 20], are in 

good agreement with the result shown in this work. In particular, the nonlinear 

dependence of refractive index with temperature of EtOH solutions observed in our 

experiments, which is somehow surprising since pure EtOH and pure H2O are 

linearly dependent with temperature, was already described in [18–20]. 
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Chapter 7 
Conclusions 

In this thesis, we have focused on the study of the optical nonlinear effect of 

vector FWM in optical fibers, and on the development of feasible mechanisms for 

broadband tuning of FWM sidebands generated (mostly) in nonlinear MOFs. The 

aim of this work was to produce the knowledge, and a set of techniques to support 

the development of versatile multiband optical fiber light sources based on this 

nonlinear effect.  This study has been organized in two main stages. In the first part, 

we have presented a detailed study, both theoretical and experimental of the 

nonlinear effects of PMI and FWM that can be produced in optical fibers. This study 

has allowed us to identify the fiber parameters that determine the main features of 

PMI and FWM effects. Engineering of such fiber parameters has enabled the control 

of the spectral location of the sidebands produced through these nonlinear effects. 

The second part was devoted to the development of simple methods to tune the 

PMI and FWM sidebands by acting on the fiber properties, in particular on 

chromatic dispersion and birefringence. Control of these fiber parameters was 

achieved through dynamic methods triggered by the elasto-optic and thermo-optic 

effects. 

In Chapter 2, we have provided the theoretical description of the nonlinear 

effect of FWM in optical fibers. We have derived the equations for coupled 

amplitudes, phase-matching, and gain that describe the FWM effect for isotropic 

and weakly birefringent fibers taking into account the vector nature of light. This 
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study allowed us investigating the contribution of the different fiber parameters. 

This theoretical framework provided a detailed description of FWM and PMI in the 

collection of MOFs that were used for this thesis. Therefore, we were able to 

compare the experimental results with the theoretical simulations with relatively 

good agreement.  

The mode solver for complex 2D structures detailed in Chapter 3 allowed us 

to design MOFs with properties suitable for the experiments designed in this thesis. 

By following the stack-and-draw technique, we were able to fabricate the designed 

nonlinear MOFs according to each particular application or experiment. The general 

experimental setup used throughout this thesis has allowed us to efficiently excite 

and characterize the effects of FWM and PMI. 

Regarding the experimental part of this thesis, in Chapter 4, we have studied in 

detail PMI produced in MOFs with different chromatic dispersion characteristics 

under quasi-CW pump at 1064 nm. In particular, we have characterized the PMI 

produced by slow-axis pumping in a broad family of MOFs, including air-filled, 

ethanol-filled, and D2O-filled MOFs. The investigated fibers were designed to 

present different dispersion profiles covering fibers with 1-ZDW, 2-ZDW and 

ANDi type fibers. In the case of ANDi fibers, we have shown, for the first time, 

that the largest frequency shift of PMI sidebands occurs when the pump wavelength 

matches the MDW. The largest value of PMI frequency shift measured in this type 

of fibers was Ω = 1538 cm-1 in a fiber with MDW = 1058 nm. We would like to 

remark that scalar case of FWM/MI is forbidden in ANDi fibers since phase-

matching cannot be accomplished for that type of fiber. Instead, only PMI can be 

generated, which was also corroborated with our experiments.  

Furthermore, we have demonstrated that large PMI frequency shift can be 

attained in fibers with 1- or 2-ZDW when the fiber dispersion is low. This condition 

can be accomplished, for instance, when the excitation wavelength is close to the 
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ZDW. In our experiments, we were unable to excite PMI produced in fibers with 2-

ZDW when the dispersion of the fiber at the pump wavelength is anomalous or in 

the second normal dispersion region, beyond the second ZDW. For this, lasers 

emitting at longer wavelengths with sufficient pump power will be needed. To our 

knowledge, PMI produced in fibers with 2-ZDW has not been reported and may be 

of interest for soliton dynamics in optical fibers.  

The set of experimental results included in Chapter 4 allowed us pointing out 

the relevance of the fiber birefringence for the fulfillment of the phase-matching 

condition for PMI. This was concluded after comparing the results obtained with 

fibers with similar dispersion values at the excitation wavelength, but different 

birefringence. A larger birefringence results in a larger PMI frequency shift. 

In the second experimental part of this thesis, the ability to control the spectral 

location of the PMI and FWM sidebands was addressed. In Chapter 5, we have 

shown different methods that allowed tuning the PMI sidebands produced in MOFs 

and in standard optical fibers over a wide frequency range. We developed simple 

methods to control the birefringence and dispersion of the fiber, and we exploited 

such feature to manage the spectral position of the PMI sidebands. First, the 

birefringence of an optical fiber was controlled by the elasto-optic effect, by pure 

fiber bending, and by tensioning-and-coiling the fiber on cylindrical molds. These 

experiments were performed with standard step-index optical fibers that exhibit 

extremely low residual birefringence when the fibers are kept straight. By pure 

bending, a PMI frequency shift range from 111 cm-1 to 779 cm-1 was achieved by 

varying the birefringence of the fiber from 4.6×10-7 to 3.9×10-5. The results obtained 

with the tensioning-and-coiling technique were poorer. The frequency tuning range 

of the PMI sidebands achieved in our experiments ranged from 621 cm-1 to 726 cm-

1 for a strain range from 3.8×10-3 to 5.0×10-3. Although this technique allows the 

possibility to induce large birefringence variations in the fiber, it is mostly limited to 
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the use of large bending radii that allow coiling and tensioning the fibers without 

reaching the breaking point. Our results pointed out that the elastic properties of the 

fiber polymer coating produced a damping effect that reduces significantly the 

birefringence induced by tensioning-and-coiling the fiber. Taking advantage of the 

direct relationship between PMI frequency shift and birefringence in a fiber with 

large value of normal dispersion at the pump wavelength, we were able to estimate 

the actual strain applied into the tensioned-coiled fibers. We want to point out that 

PMI effect in optical fibers can be exploited for the characterization of the fiber 

properties. Based on PMI, fiber parameters such as the nonlinear coefficient, the 

birefringence, or the chromatic dispersion can be determined. In particular, we have 

demonstrated that PMI generated bands in fibers pumped at wavelength at which 

the dispersion of the fiber is large and normal, can exhibit narrow gain bandwidth 

(~0.5 nm), thus, accurate measurements can be obtained based on PMI. 

The second part of Chapter 5 is devoted to the tuning of PMI sidebands by 

controlling the fiber birefringence and dispersion through thermal effects. In this 

regard, we have been able to tune high amplitude PMI sidebands over a wide 

frequency range by varying the fiber temperature. We have shown that thermal 

control of such fiber parameters is particularly efficient in MOFs filled with liquids 

with suitable optical properties. In particular, in our experiments, ethanol and heavy 

water were used as filling liquids. Due to the large thermo-optic coefficient of such 

substances, moderate temperature changes can lead to large changes of both, fiber 

chromatic dispersion and birefringence. The best result obtained with an ethanol-

filled MOF showed the tuning of PMI frequency shift from 1274 cm-1 to 2189 cm-1 

over a temperature range of 20 °C to 60 °C. The largest tuning range obtained with 

a heavy water-filled MOF run from 1084 cm-1 to 2786 cm-1 over a temperature range 

of 20 °C to 90 °C. The latter was the largest tuning range of PMI bands achieved in 

our experiments.   
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Additionally, some other aspects were pointed out by this set of experiments. 

For instance, it is shown that the sensitivity of PMI wavelengths to changes of fiber 

properties is particularly significant when the pump wavelength is close to the ZDW 

and so the dispersion of the fiber at the pump wavelength is low. On the other hand, 

the ability for fine tuning the fiber properties provided by its thermal response 

allowed us to investigate, and experimentally demonstrate the existence of the cutoff 

wavelength for PMI.  

The tuning range of PMI sidebands achieved with this technique almost 

covered the vibrational frequencies (from 1000 cm-1 to 3700 cm-1) of most 

representative functional groups for bioimaging used in advanced Raman 

microscopy. Furthermore, we would like to emphasize that PMI sidebands produced 

in liquid-filled MOFs were able to excite Raman scattering photons by themselves, 

indicating that the intensity of the PMI bands can be remarkably high. Therefore, 

we can conclude that PMI can be a suitable physical mechanism for the development 

of high performance polarized narrow-band light sources with low background 

noise. 

Chapter 6 compiles our studies regarding the dual generation of FWM and PMI 

in MOFs and the feasibility of simultaneous tuning of the sidebands produced by 

both nonlinear effects. The fiber specifications for the simultaneous generation of 

both nonlinear effects required fine adjustment of the guiding properties, which was 

achieved using MOFs filled with ethanol-water solutions. Characterization of the 

polarization of the resulting light spectra at the output of the MOFs allowed us to 

identify the PMI and FWM spectral sidebands. 

We were able to control simultaneously the spectral position of the sidebands 

produced by such nonlinear effects by means of two methods. The first is based on 

filling the holes of the MOF with ethanol-water solutions of different 

concentrations. The refractive index of the solutions was dependent on the EtOH 
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concentration, thus, birefringence and chromatic dispersion, and therefore the 

spectral location of PMI and FWM sidebands generated, was varied as a function of 

the ethanol (EtOH) concentration of the solution infiltrated into the MOF. The 

second method is based on the thermo-optic properties of the liquid infiltrated into 

the MOF similar to the technique employed in Chapter 5. 

Regarding the results obtained by means of the first method, we were able to 

control the FWM sidebands over a wide range of frequencies. We have 

experimentally shown that the frequency shift of FWM increases with EtOH 

concentration, while it decreases for PMI, as predicted theoretically. Frequency shift 

of FWM ranging from 2302 cm-1 to 4028 cm-1 was demonstrated, for solutions of 

EtOH concentration from 0 %wt to 44 %wt. PMI sidebands were produced with 

frequency shift spanning from 391 cm-1 to 1188 cm-1, for solutions with EtOH 

concentration ranging from 8 %wt to 100 %wt. Certainly, the frequency shift of 

FWM and PMI sidebands was managed by controlling the refractive index of the 

liquid infiltrated into the holes of a MOF. However, this method is not dynamic in 

the sense that tuning the location of the PMI/FWM bands requires filling and 

emptying the MOFs. 

The second method allowed simultaneous broadband tuning of PMI and FWM 

sidebands in a dynamic way. The refractive index of a given solution infiltrated into 

de fiber was continuously tuned around an initial value set by the ethanol-water 

concentration by taking advantage of the thermo-optic effect. Using this technique, 

we were able to produce high amplitude, widely spectrally spaced PMI and FWM 

sidebands in MOFs, and to continuously and dynamically tune them by changing 

the fiber temperature. The largest frequency shift tuning range were, for FWM from 

3851 cm-1 to 1631 cm-1 over a temperature range of 23 °C to 96 °C, and for PMI 

from 1023 cm-1 to 1583 cm-1 over a temperature range of 23 °C to 66 °C. We have 

shown that the PMI frequency shift increases with fiber temperature, while the 
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FWM frequency shift shows the opposite trend with increasing fiber temperature, 

which was expected owing to the negative temperature coefficient of the solution. 

We can emphasize that the polarization properties of PMI and FWM can lead to 

various combinations of tunable photonic light sources simply by filtering the 

desired wavelengths with suitable optical devices, such as polarizers or bandpass 

filters. In addition, for applications where polarization effects are negligible, a 

narrow-band light source covering nearly the near-infrared spectrum can be based 

on the combination of the FWM and PMI sidebands.   

Finally, in Chapter 6 we include two practical applications based on the 

response of the FWM signal band to changes of refractive index and/or temperature. 

In liquid-filled MOFs, the dependence of the FWM wavelengths on the refractive 

index of the filling liquid can be used for the development of highly sensitive 

refractometers for water-based solutions. We have shown that, compared to PMI 

bands, FWM bands show a larger sensitivity to refractive index or temperature. In 

addition, with proper fiber dispersion design, FWM sidebands can be narrower than 

PMI bands, which normally leads to better detection limits. In a particular 

implementation, we measured the wavelength shift of the signal band with the change 

of the refractive index of the liquid when it was varied from 1.324 to 1.337. A linear 

response of both quantities (i.e., refractive index and wavelength shift) was observed 

with the EtOH concentration. High sensitivity (4944 nm/RIU) was obtained with 

the sensor calibration response.  

The second application is related to the characterization of the thermo-optic 

properties of liquids. The method exploits the thermal response of the FWM signal 

band produced in a MOF filled with the liquid under test. To show the viability of 

the proposal, an ethanol-water solution was investigated. The method was able to 

show (and quantify) the nonlinear dependence of the refractive index of such 

solutions with temperature. This technique can be extended to characterize the 
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thermo-optic response of many other liquids, provided that the refractive index of 

the liquid be lower than the refractive index of silica.  

Throughout this thesis, several ideas for different experiments and applications 

based on PMI/FWM have emerged as future work. For example, with the technique 

used to tune the PMI sidebands through mechanical deformation. We have shown 

that the frequency shift of PMI induced by birefringence changes allows the 

feasibility of measuring the deformation or bending of an optical fiber. In addition, 

parameters of a fiber, such as birefringence or nonlinear parameter, can also be 

measured based on the PMI frequency shift response. In the same direction, we have 

previously pointed out the possibility of developing fiber sensors based on the 

response of FWM to variations in the refractive index of a liquid infiltrated into the 

holes of a MOF and the possibility of characterizing the thermal response of a wide 

variety of water-based solutions. Finally, we would like to emphasize that the 

FWM/PMI tuning techniques and tuning ranges shown in this work are well suited 

for the development of light sources for advanced microscopy. 
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