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OUTLINE

This thesis deals with the statistical properties of pulses generated by di-
rect modulation of laser diodes and with the application of such pulses to
the generation and transmission of solitons through optical fiber. The main
advantages of laser diodes as sources for optical communication systems are
the compactness, reliability, widely tunable repetition rate and low cost of
these devices. Another advantage of this pulse source is that pseudorandom
sequences of pulses can be generated by direct modulation of the injected cur-
rent. However, pulses generated in this way are severely chirped due to the
coupling between carrier and phase dynamics. Besides that, the mean value of
the frequency of a pulse is a random quantity due to the spontaneous emission
noise. This pulse-to—pulse frequency jitter gives rise to a timing jitter when
the pulses are transmitted in the soliton regime through a dispersive fiber.
Another disadvantage of this pulse source related to the spontaneous emission
noise is the random nature of the turn—on time. Nonlinear dynamics amplify
the indeterminacy of the turn—on time so that pulses of different pulse height,
energy and width occur.

In Chapter 2 we show that pulse height and pulse energy depend linearly on
the turn—on time, even when gain saturation is considered. This relation allows
us to obtain the statistical properties of pulse height, width and energy from
that of the turn—on time. Mean value and dispersion of these quantities are
obtained as a function of the injection current, bias current and gain saturation
parameter. Both cases, negative and positive gain saturation parameters are
considered.

In Chapter 3 we investigate the effect of phase-conjugate feedback on the
turn—on time statistics of lasers diodes. A theory, validated by numerical
simulations, is developed to obtain the turn—on time probability density. Our
results show that, unlike the case with conventional feedback, the turn—on time
is not very sensitive to small variations in the position of the phase—conjugate
mirror on the optical wavelength scales. However, it becomes sensitive to the
value of the linewidth enhancement factor.

In Chapters 5 and 6 we study the statistical properties of pulses generated
by laser diodes modulated either with periodic modulation or pseudorandom
modulation. In previous Chapters (2 and 3) we have considered that the laser
is subjected to repetitive gain-switching (the laser is in a steady state corre-



sponding to the bias current when it is switched on). We start by developing
a method to study the statistical properties of pulses in randomly modulated
stochastic systems with one degree of freedom in Chapter 4. We then apply
this method to the case of a class—A laser (for example a single-mode gas
laser). Due to the random sequence of off and on—periods new features appear
with respect to the periodic modulation case (only on—periods). One of the
most interesting results is the multimodal character of the probability density
of some of the pulse characteristics.

In the case of semiconductor lasers, a theory has been developed to obtain
the turn—on time probability distribution in the periodic modulation regime
at GHz rates. This theory is valid also for low modulation frequencies when
the laser is biased below threshold. However, for bias current above threshold
it is restricted to large enough rates of the order of several GHz. A new
combined method, numerical and analytical, is developed in Chapter 5 to
obtain the turn—on time statistics for laser diodes under periodic modulation
of the injected current. This method is valid for lasers biased above threshold
for any modulation frequency. The main result of the method is an integral
equation for the turn—on time probability density. This equation is derived
from a consistency condition between two consecutive pulses.

Using the theory developed in Chapter 5, a similar method to that devel-
oped in Chapter 4 for gas lasers is applied in Chapter 6 to get the turn—on time
distribution for laser diodes under pseudorandom word modulation (PRWM).
The method is valid for lasers biased below and above threshold and for a wide
range of modulation frequencies. The model reproduces well features already
known from numerical simulations, like multimodal turn—on time distributions
and the lack of pattern effects for a bias current slightly below threshold. The
turn—on time distributions obtained in this way can be used to calculate the bit
error rate (BER) in optical communication systems for different bias currents
and bit rates.

In Chapter 7 we consider several factors that can limit gain—switched laser
diodes as pulse sources for soliton transmission. We analyze the noise effects
on soliton generation and transmission for different values of the bias current,
taking into account the results of the previous chapters. The energy transfer
to the soliton component of the laser pulse is obtained for different values
of the linewidth enhancement factor. And finally, a discussion of interaction
effects for solitons generated by laser diodes as compared to perfect solitons
is included. These results are used in Chapter 8 to optimize the transmission



of solitons generated by laser diodes. In this chapter we compare the results
obtained for this soliton source with the ones obtained when fiber ring laser
(FRL) pulses are employed. Two systems are considered to control soliton
transmission: fixed—frequency filtering along with nonlinear gain and sliding—-
frequency filtering. As expected, timing jitter is greater for semiconductor
laser pulses, due to the initial fluctuations during the gain—switching process.
However, interaction effects are shown to be more important for fiber ring laser
pulses. BER evaluation taking into account interaction effects for FRL pulses
shows that transmission of solitons over transoceanic distances at 15 Gb/s is
possible for both soliton sources.
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Chapter 1

Introduccion

1.1 Laseres de semiconductor

1.1.1 Perspectiva Historica

El concepto de laser aparece por primera vez en los articulos publicados por
A. L. Schawlow y C. H. Townes [1] y A. M. Prokhorov [2] en 1958. En estos
articulos los autores hacen una extensién del concepto de maser (Microwave
Amplification by Stimulated Emission of Radiation) al rango de la luz in-
frarroja y visible. Los propios Townes, junto con J. P. Gordon y H. J. Zeiger
[3] ¥ simultdnea e independientemente Prokhorov con N. G. Basov [4] habian
conseguido en 1954 por primera vez el funcionamiento de un méser.

Sin embargo la extensién del maser a la regién 6ptica presentaba varios
problemas. Uno de los principales problemas era el diseno de una cavidad
adecuada. En el caso de los maseres la longitud de la cavidad es equiparable
a la longitud de onda de la transicién atémica, por lo que generalmente solo
uno de los modos de la cavidad es amplificado. La extensién de esta estrategia
a la region 6ptica haria necesaria la construccion de cavidades con longitudes
del orden de la micra. Para superar este problema se propuso [1, 2| utilizar
una cavidad del tipo Fabry-Perot (Fig. 1.1). En este tipo de cavidad las
paredes laterales son eliminadas, manteniéndose solo dos espejos opuestos. De
este modo solo la luz emitida en una direccién proxima al eje de la cavidad
(perpendicular a los espejos) es amplificada mediante la emisién estimulada en
el medio activo. Sin embargo, debido a la pequena separacion entre los modos
longitudinales de la cavidad, todavia era posible la amplificacién de varios

13
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Figure 1.1: Cavidad tipo Fabry—Perot. (a) La emisién espontdnea de fotones
ocurre en todas las direcciones; (b) debido a los espejos, solo los fotones emi-
tidos en una direccion cercana al eje de la cavidad son amplificados mediante
la emisién estimulada.

de estos modos. Schawlow y Townes pensaban que el modo mas favorecido
suprimirfa al resto mediante interacciones no lineales [1].

La primera emisién laser fue detectada por T. H. Maiman en 1960 [5].
Para ello utilizé un rubi en forma de cilindro con las dos caras paralelas y
plateadas actuando como espejos y bombeado por un pulso de luz intenso.
Poco después un grupo de los laboratorios Bell [6] reprodujo el experimento de
Maiman y midio ciertas caracteristicas de la luz emitida, tales como coherencia,
direccionalidad, etc. Unos meses més tarde otro grupo de los laboratorios Bell
consiguié la primera emision laser continua utilizando una mezcla de Helio—
Neon como medio activo [7].

Durante este tiempo varias clases de medios activos fueron propuestos para
su utilizacion en la construccion de laseres, entre ellos los materiales semicon-
ductores [8]. En 1962, solo dos anos después de la aparicién del laser de rubi
de Maiman se construfan los primeros ldseres de semiconductor [9]-[12]. Es-
tos primeros dispositvos consistian en una unién p—n de GaAs a la cual se
aplicaba una corriente eléctrica (Fig. 1.2 (a)). Dos caras opuestas del diodo
pulidas actuaban como espejos para formar una cavidad resonante del tipo
Fabry—Perot. Posteriormente se usaron otros materiales tales como InAs, InP,
GaAsP, GalnAs y InPAs, con lo que se obtuvieron laseres de semiconduc-
tor a distintas longitudes de onda. Sin embargo la utilidad practica de estos
primeros dispositivos era muy limitada debido a que su alta corriente umbral
(Iin > 50 kA/cm?) impedia su funcionamiento en emisién continua a tem-
peratura ambiente. La zona activa de estos ldseres era una estrecha franja
(~ 0.01 pm) alrededor de la superficie de contacto entre los dos tipos de semi-
conductor. En esta zona la recombinacién de los portadores (electrones en el
semiconductor de tipo n y huecos en el de tipo p) proporcionaba la ganancia
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Figure 1.2: Esquema de los primeros disenos de laser de semiconductor.

Optica necesaria para la emision ldser. La ausencia de mecanismos que con-
finaran tanto los portadores como el campo eléctrico en la zona activa era la
causa principal de las altas corrientes umbrales de estos laseres.

Para solucionar este problema, ya en 1963 se propone la utilizacién de
heteroestructuras [13, 14]: entre los semiconductores de tipo p y n se introduce
una capa de semiconductor de tipo p, que constituird el medio activo (Fig. 1.2
(b)). Para conseguir el confinamiento de los portadores, los materiales que
forman el recubrimiento han de tener un salto de energia (diferencia entre la
energia de la banda de conduccién y la de la banda de valencia) mayor que en el
medio activo. Esto hace que los portadores puedan moverse libremente desde
el recubrimiento (que es donde se produce la inyeccién de la corriente eléctrica)
hacia la zona activa, pero una vez dentro no pueden escapar de alli debido a
la barrera de potencial que se forma en las superficies de contacto. Por otra
parte, el indice de refraccion es mayor en la zona activa que en el recubrimiento
con lo que también se consigue el confinamiento del campo eléctrico en la zona
activa. Un valor tipico de la anchura de la zona activa es 0.1-0.3 pm. El mayor
obstaculo para la construccion de heteroestructuras era obtener materiales con
distinto salto de energia, pero con la misma constante de red. Hasta 1969
no se consiguio el funcionamiento a temperatura ambiente del primer laser
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Figure 1.3: (a) Laser de drea ancha; (b) ldser guiado por ganancia.

de heteroestructura [15] —[17], compuesto por capas de GaAs y Al,Ga; ,As.
Estos primeros dispositivos emitian de forma pulsada, pero su corriente umbral
era ya de solo 5 kA/cm?. Un ano después se conseguia la emisién continua
a temperatura ambiente a la par que se reducia la corriente umbral hasta 1.6
kA/cm? [18, 19]. Con estos primeros ldseres de heteroestructura se consiguié
un buen confinamiento de los portadores y del campo eléctrico en la direccién
transversal (eje y en la figura 1.3), pero no presentaban ningiin mecanismo
para el confinamiento lateral (eje z en la figura 1.3).

El primer método para conseguir este confinamiento se propuso en 1967 [20],
pero hasta 1971 no se construyé el primer laser de este tipo [21]. La idea bésica
era inyectar la corriente en una franja estrecha de forma que la ganancia 6ptica
estuviera concentrada en la zona central del laser y disminuyera hacia los
extremos. A estos dispositivos se les denomina laseres guiados por ganancia,
mientras que a los que no presentan confinamiento lateral se le conoce como
laseres de drea ancha. Con este diseno se consiguié reducir la corriente umbral
en un factor 2 6 3 respecto a los laseres de area ancha. Sin embargo, la
capacidad para reducir la corriente umbral de estas estructuras pronto alcanzo
un limite. El incremento de los portadores hace que el indice de refraccién
disminuya en la zona central, dando lugar a un efecto de antiguiado.

El siguiente paso consistié en compensar el efecto de antiguiado mediante
una variacion del indice de refraccion a lo largo de la zona activa en la direccion
lateral, dando lugar a los llamados laseres guiados por indice. Estos pueden
dividirse en débilmente guiados y fuertemente guiados. En los débilmente
guiados hay al menos una capa con un espesor variable a lo largo de la direccién
lateral. Esta capa puede ser la propia zona activa o puede ser una capa contigua
que realiza las funciones de guia de onda. En el ejemplo de la figura 1.4 (a)
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Figure 1.4: Distintos tipos de laseres guiados por indice: (a) débilmente
guiado; (b) fuertemente guiado.

el modo se extenderd por la capa contigua a la zona activa asi como por
el dieléctrico y el recubrimiento de p-InP. La diferencia de indice entre el
dieléctrico (~ 1.83) y el recubrimiento de p-InP (~ 3.22) es lo que da lugar
a la variacién lateral del indice. De esta forma la variacion del indice es de
~ 0.01 mientras que el cambio de indice inducido por los portadores en un
ldser guiado por ganancia es de ~ 0.005. En los laseres fuertemente guiados
por indice la zona activa esta rodeada por capas de un material con un mayor
salto de energia (InP en el esquema de la Fig. 1.4 (b)). Ademds la diferencia
de indice de estas capas respecto de la zona activa es de ~ 0.2. Estos laseres
tienen una corriente umbral mas baja y pueden ser modulados a velocidades
mas altas que los débilmente guiados, pero su proceso de fabricacion es mucho
mas complicado.

Una vez conseguido el confinamiento del campo eléctrico y de los porta-
dores, la investigacion en el campo de los ldseres de semiconductor en esta
época (principios de los anos 70) se centré fundamentalmente en dos temas:
extender el rango de longitudes de onda y conseguir la emisiéon de un solo
modo longitudinal. Hasta ese momento se habian construido laseres basados
en GaAs con longitudes de onda en el rango de 0.8-0.9 pum, sin embargo habia
un interés especial en conseguir laseres con longitudes de onda entre 1.1 y 1.6
pm, yva que es el rango mas adecuado para su empleo en sistemas de comuni-
caciones opticas. Después de probar distintos tipos de materiales se vio que
la combinacion InGaAsP—InP era la més apropiada, ya que sus constantes de
red son casi idénticas. De esta forma, en 1975 se consigue el primer laser de
semiconductor de 1.1 pm [22]. En 1977 se consiguié extender la longitud de
onda hasta 1.3 pym [23]. Y finalmente en 1979 varios grupos obtuvieron casi
simultdneamente los primeros ldseres de semiconductor a 1.55 um [24]-[29],
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Figure 1.5: Distintos tipos de laseres con redes de difraccién para la discrimi-
nacién de modos: (a) DFB desplazado A/4; (b) DBR.

motivados por la aparicion de fibra éptica con unas pérdidas muy bajas a esa
longitud de onda. Posteriormente, mediante la utilizacion de materiales como
CdHgTe, PbSnSe o BiSb se han conseguido longitudes de onda del orden de
~ 100 pm. En la actualidad el interés se centra por un lado en la emision
en el azul (mediante el empleo de nitruros) y por otro lado en la emisién en
el infrarrojo lejano (mediante transiciones entre niveles dentro de las propias
bandas y que son conocidos como “intersubband lasers”).

Como ya hemos comentado anteriormente, el hecho de que la longitud de
la cavidad sea mucho mayor que la longitud de onda de la luz emitida hace
que sea posible la amplificacion de varios modos longitudinales. En general el
modo mas préoximo al maximo de la curva de ganancia predominard sobre el
resto de los modos cuando el laser emita de forma continua. Pero cuando el
laser es modulado a frecuencias en el rango de los GHz, una fraccién impor-
tante de la potencia emitida se desviara hacia los modos secundarios. Este
fenémeno es especialmente perjudicial cuando el laser se emplea para trans-
mitir informacién a través de fibra 6ptica. La dispersion cromatica de la fibra
hace que las distintas frecuencias que componen la senal viajen a distintas
velocidades, causando una degradacion de la informacién y limitando el ancho
de banda disponible. Para solucionar esto se propuso [30] introducir dentro
de la cavidad una red de difraccién, es decir, una estructura con una variacion
periddica del indice de refraccion, que seleccionara solamente uno de los posi-
bles modos (figura 1.5). Si llamamos d al periodo de la red, de acuerdo con
la condicion de Bragg, solo tendran reflectividades apreciables aquellas longi-
tudes de onda que cumplan d = m\,,/2. Escogiendo d = A\/2, donde X es la
longitud de onda de la transicidn, conseguiremos que dicha longitud de onda
sea amplificada mientras el resto de modos longitudinales quedan fuera de la
curva de ganancia. El primer laser de este tipo, conocidos como laseres DFB



Introduccion 19

(distributed feedback), funcionando en régimen continuo a temperatura am-
biente, se construyé en 1975 [31]. En el esquema de la figura 1.5 (a) se puede
ver que uno de los periodos de la red situado en el centro de la cavidad ha sido
aumentado en \/4 para seleccionar un sélo modo [32]. Este tipo de laseres son
conocidos como ldseres DFB desplazados A/4. Casi simultdneamente aparecen
los primeros laseres DBR (distributed Bragg reflector) [33, 34], basados en el
mismo mecanismo de discriminacién de modos pero colocado fuera de la zona
activa. Un ejemplo puede verse en la figura 1.5 (b). La mayor ventaja de estos
laseres frente a los DFB es precisamente que el proceso de “grabado” de la red
de difraccién se simplifica mucho cuando se hace fuera de la zona activa. A su
vez el mayor inconveniente es debido a la presencia de pérdidas importantes
en el reflector Bragg, ya sea por absorcion o por acoplamiento de cavidades.
En caso de utilizar el mismo material para la zona activa y para los reflectores
Bragg las pérdidas por absorcién serdn muy altas [34] ya que el material que
constituye el reflector no esta bombeado. Si se utilizan distintos materiales
aparecen pérdidas por acoplo que deben ser reducidas mediante un cuidadoso
disenio de las cavidades [33, 35, 36, 37]. Una descripcién mas detallada de
las caracteristicas de este tipo de laseres puede encontrarse en las referencias
(38, 39, 32].

Paralelamente a estas investigaciones para mejorar la estabilidad y aumen-
tar el rango de frecuencias de emision se desarrollaban otras que intentaban
averiguar los efectos de una reducciéon del tamano de la zona activa en la
direccién transversal (eje y en la figura 1.3). Estas investigaciones estaban
motivadas por el trabajo de L. Esaki y R. Tsu publicado en 1970 [40], en
el que estudiaban una estructura formada por capas de distinta composicion
alternadas con un espesor de 100 A, en donde predecian una fragmentacién
de la estructura de bandas del semiconductor en bandas mas pequenas sepa-
radas por zonas prohibidas. Este confinamiento cuantico reduce la densidad
de estados, por lo que se esperaba una reducciéon de la corriente umbral. En
trabajos posteriores se asocio esta estructura de bandas a estados acoplados
de pozos cuanticos en los que los portadores podian pasar de un pozo a otro
por efecto tinel. El desarrollo de la técnica de crecimiento por MBE ("mole-
cular beam epitaxy”) permiti6 el crecimiento de capas de GaAs con anchuras
~ 100 A donde se comprobé experimentalmente la nueva estructura de ban-
das [41]. Sélo un afnio después, en 1975, se construia el primer ldser de pozo
cudntico [42], aunque su corriente umbral era mucho mayor que en los ldseres
conocidos hasta ese momento (llamados de volumen) debido a que el proceso
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Figure 1.6: Esquema de un VCSEL, con una zona activa compuesta por varios
pozos cuanticos.

de crecimiento no estaba suficientemente perfeccionado. Tres anos mas tarde,
utilizando un método de crecimiento conocido como MOCVD (”metalorganic
chemical vapor deposition”) se construyeron ldseres de pozo cuéntico con co-
rrientes umbral similares a los laseres de volumen (~ 0.5 kA/cm?) [43]. En
1981 este valor se habfa reducido hasta 250 A /cm? para un ldser con una zona
activa compuesta de cuatro pozos cudnticos [44] y 160 A /em? para un laser con
un pozo cudntico [45]. En la actualidad los ldseres de pozo cudntico superan a
los de volumen en la mayor parte de sus caracteristicas: menor corriente um-
bral, mayor control de la polarizaciéon, menor anchura de linea, menor variacion
del indice de refraccién (factor ar), etc. También se han construido ldseres de
hilo cudntico [46], en los que se ha llevado a cabo una reduccién de la cavidad
tanto en sentido transversal como lateral (con tamanos del orden de 10 nm en
cada una de estas dimensiones), aunque sus corrientes umbral estdn todavia
lejos del limite tedrico, debido a la complejidad del proceso de fabricacion.
Vamos a finalizar este repaso a la historia de los laseres de semiconductor
con un dispositivo que en la actualidad esta atrayendo la atenciéon de gran parte
de los investigadores que trabajan en este campo: los ldseres de cavidad vertical
o VCSELs (“Vertical Cavity Surface Emitting Lasers”). El primer VCSEL fue
construido por el grupo del profesor Iga en 1979 en el Instituto de Tecnologia de
Tokyo [47]. Este primer dispositivo constaba de tres capas, un recubrimiento
de tipo p, un recubrimiento de tipo n y la zona activa (InGaAsP/InP). A
ambos extremos de las capas de recubrimiento se colocaban los espejos (una
aleacién de oro y zinc, que actuaban también como electrodos), de tal forma
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que la emision se producia en la direccién perpendicular al plano de la unién
(eje z en la figura 1.6). La pequena longitud de la cavidad (~ 7 pum) y la baja
reflectividad de los espejos (< 0.8) hacia necesaria la inyeccién de una corriente
muy elevada, lo que provocaba graves problemas de calentamiento e impedia
el funcionamiento a temperatura ambiente. Esto hizo que la investigacién de
este tipo de laseres no despertara un gran interés hasta finales de los 80. En
esa época la mejora en las técnicas de crecimiento junto con el empleo de
reflectores de Bragg con reflectividades > 99% permitié el funcionamiento de
VCSELSs en emisién continua a temperatura ambiente y con corrientes umbral
similares a los ldseres de emisién lateral [48]. En la figura 1.6 puede verse un
esquema de VCSEL con una zona activa compuesta de varios pozos cuanticos.
Entre las caracteristicas mas importantes de estos laseres estan la emision de
un solo modo longitudinal, con un haz circular poco divergente y la capacidad
de integraciéon en matrices dos dimensionales. Estas caracteristicas les hacen
especialmente apropiados para su empleo en sistemas de comunicaciones y de
procesado 6ptico asi como para aplicaciones de alta potencia (impresion laser,
bombeo 6ptico, etc).

1.1.2 Ecuaciones de Maxwell y ecuacion de ondas

Para obtener las ecuaciones que gobiernan la evolucién del campo eléctrico
dentro del laser tenemos que partir de las ecuaciones de Maxwell. Estas ecua-
ciones en el sistema MKS son las siguientes [49]:

VxE& = —0B/ot (1.1)
VxH = J+0D/ot (1.2)
V-D = py (1.3)
V:-B =0 (1.4)

donde £ y H son los vectores campo eléctrico y magnético respectivamente
y D y B son las correspondientes densidades de flujo eléctrico y magnético.
El vector densidad de corriente J y la densidad de cargas libres py son las
fuentes del campo eléctrico. Estas ecuaciones se completan con las relaciones
de constitucion, donde intervienen los parametros que caracterizan a los dis-
tintos medios materiales como son la constante dieléctrica, €, la permeabilidad
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magnética, p v la conductividad eléctrica, . En el caso de un medio dieléctrico
no magnético las relaciones de constitucion viene dadas por:

D = e€E=¢&E+P
B = puH .
J = o€ (1.7)

donde ¢, es la permitividad del vacio, j es la permeabilidad del vacio, o es la
conductividad del medio y P es la polarizacion eléctrica inducida. En el vacio
P es nula. Sin embargo, cuando la luz se propaga en un medio dieléctrico
el campo eléctrico causa una distorsion en la estructura atémica del medio,
creando momentos dipolares locales que dan lugar a una polarizacién global
P dependiente de £. Para valores pequenos del campo eléctrico y en ausencia
de resonancias entre éste y el medio P es lineal en €. En el caso mas simple
de un medio is6tropo y que responda instantaneamente al campo eléctrico,
P = eox€, donde la susceptibilidad eléctrica x es un escalar. En un caso mas
realista en el que la respuesta del material no es instantanea esta relacién viene
dada por

P = e /°° \(t — 1)E(r)dr (1.8)

—00
donde x(t —7) = 0 para ¢t < 7 (condicién de causalidad). Aplicando la
transformada de Fourier a esta ecuacién obtenemos la relacién

P(w) = eox(w)€(w) (1.9)
donde la susceptibilidad x(w) es dependiente de la frecuencia y compleja (de-
bido a la condicién de causalidad las partes compleja e imaginaria de Y (w)
estan ligadas a través de las relaciones de Kramers-Kronig).

De las ecuaciones de Maxwell podemos obtener una sola ecuacion que
describa la propagaciéon del campo eléctrico en el medio material. Para ello
tomamos el rotacional de (1.1)

Vx(VxE)= —MO%(V X H) (1.10)

donde hemos usado la relacién de constituciéon (1.6). Utilizando la ecuacién
(1.2) y las relaciones de constitucién (1.5) y (1.7) obtenemos
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Esta ecuacién se puede simplificar utilizando la identidad vectorial V x (V X
E) = V(V-E)—V2E. En ausencia de cargas libres p; = 0y de (1.3) obtenemos

V- D=¢V-E+V-P=0 (1.12)

En la mayor parte de los casos de interés V - P es despreciable [39] con lo que
V - € = 0. Sustituyendo en (1.11)

V2E - %% _1E_ 1 FP (1.13)
€cz Ot 2 Ot? €oC? Ot?
donde se ha usado la relacién pgey = 1/c2 y ¢ es la velocidad de la luz en el
vacio. En el caso de un laser podemos distinguir dos contribuciones diferentes
a la polarizacién, una lineal, Py, debida a la presencia de dipolos estaticos
en el material y otra no lineal, P,, debida al bombeo [50]. Bajo condiciones
estacionarias y para un medio isétropo, la polarizacién vendra dada por

P =ex(w)€ (1.14)

donde x(w) = x'(w) — ix"(w) es un escalar complejo independiente de la
posicién [49]. También la susceptibilidad puede descomponerse en estas dos
contribuciones: x = xo + Xp, donde xp = xi — ixp es la susceptibilidad
intrinseca del material y x, = x;, — iX, es la contribucién a la susceptibili-
dad debida al bombeo. En un estudio mas riguroso la polarizacién tendria que
ser calculada cuanticamente, sumando los momentos dipolares microscépicos
producidos por el campo €. De estas forma obtendriamos un conjunto de
ecuaciones para el campo eléctrico, la polarizacion y la inversién de poblacion,
llamadas ecuaciones de Maxwell-Bloch [51]. Sin embargo, en un ldser de semi-
conductor, en el que las transiciones tienen lugar dentro de la estructura de
bandas del cristal, el calculo de estas ecuaciones es muy complicado. Habi-
tualmente se ha simplificado el problema suponiendo que el medio material
es un sistema de dos niveles, pero de esta forma no se reproducen algunas de
las caracteristicas mas destacables de los laseres de semiconductor, como es la
asimetria de la curva de ganancia respecto a la frecuencia. Recientemente se
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ha desarrollado un modelo microscépico [52]-[54] que si reproduce estas pecu-
liaridades del semiconductor como medio activo, aunque su gran complejidad
hace que sea poco intuitivo y que requiera un elevado esfuerzo computacional.
Otra aproximacién al problema consiste en utilizar modelos méas simples que
incorporen de forma fenomenoldgica los principales resultados de la teoria mi-
croscépica [55, 56]. Sin embargo, si suponemos unas condiciones tales que la
emisién del laser es monomodo ninguno de estos modelos es necesario. En su
lugar podemos utilizar la ecuacién (1.14), basada en la suposicién de que la
polarizaciéon puede ser eliminada adiabaticamente, es decir 0P /0t = 0. La
justificacién de esta aproximacién viene dada por la diferencia de escalas entre
los tiempos de relajacion de las tres variables que intervienen en el proceso.
En un laser de semiconductor el tiempo de scattering interbanda (tiempo de
relajacion de la inversién de poblacién) es ~ 1 ns, la vida media de un fotén
(tiempo de relajacion del campo eléctrico) es ~ 1 ps y el tiempo de scattering
intrabanda (tiempo de relajacién de la polarizacién) es ~ 0.1 ps.
En el caso de tener campos con una dependencia temporal armonica,

1 .
E(r,t) = §E(r)e“"t + c.c. (1.15)
1 .
P(r,t) = §P(r)e“"lt + c.c. (1.16)
la ecuacion resultante se reduce a

2 . o w o w
VE(r) — szU?E('r) + gE(r) = —gx(w)E(r) (1.17)
El efecto de la polarizacion y el de la conductividad pueden incluirse en una

nueva definicién de la permitividad, que ahora serd compleja:

o
e(w) =14 x(w) —i— =€ —ie". (1.18)

€W
La parte real de la permitividad, €, serd la nueva constante dieléctrica con

una componente intrinseca del material, €,, y otra debida al bombeo:

€ =R(e) =14 xp+x, =€ + X, (1.19)

La parte imaginaria incluira las pérdidas del material asi como la ganancia
debida al bombeo:
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o

€ =—3(e) = x) +xp + (1.20)

€W

Con esta definicién de la permitividad la ecuacién (1.13) es equivalente a

vie - L9 (e =0 (1.21)
c2 Ot? ' '
Los modos del laser son las soluciones de la ecuacién (1.17) o de la ecuacién
(1.21) que satisfacen las condiciones de contorno impuestas por la estructura
del laser. En general € serad funcién de z, y y 2 y € serd una funcién compleja
de x e y, donde z es la coordenada en la direccion del eje de la cavidad, z
en la direccién lateral e y en la direccién transversal (ver figura 1.3). Para
ver el efecto de esta permitividad compleja sobre el campo eléctrico, vamos
a considerar una dependencia espacial del campo del tipo E = E, exp[—il%z].
Hemos eliminado el caracter vectorial del campo al considerar que esta pola-
rizado linealmente y hemos sustituido la dependencia lateral y transversal del
campo por una aproximacién de campo medio. Sustituyendo esta expresion
del campo en (1.17) y utilizando (1.18) obtenemos
i = n% - %aabs, (1.22)
donde n (indice de refraccién) y aaps (coeficiente de absorcién de potencia)
vienen dados por

n = V= le+x, (1.23)

Qaps = —e' = = (Xg + X + i) : (1.24)
cn cn €qw
y hemos usado que aups < nw/c [39]. En las ecuaciones (1.23) y (1.24) se
puede ver explicitamente que tanto el indice de refraccién como el coeficiente
de absorcién de potencia dependen del bombeo externo. En el caso de un
laser de semiconductor generalmente [x,| < €, con lo que la ecuacién (1.23)
se puede sustituir por

!/

n:nb+Anp:nb+2X—TZ). (1.25)

Definiendo los términos
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w
Jopt — —E(Xﬁl + X;Z) (126)
g
in — ) ]_27
Cint cne (1.27)

donde gp; es la ganancia 6ptica y iy son las pérdidas internas debidas a varios
mecanismos (absorcién por portadores libres, scattering en las superficies de
contacto, etc.), podremos escribir

Qabs = —Yopt + Qling.- (128)

Cuando el bombeo wxj,/(en) compensa la absorcién del material sin bombeo
Omat = wXp/(cn) se dice que el medio es transparente y gopx = 0. Para que
se produzca la emision laser es necesario que el bombeo compense ademas las
pérdidas internas «;,, y las debidas a la cavidad. Si consideramos una cavidad
del tipo Fabry—Perot de longitud L y con reflectividades en las caras Ry y R»
la condicion para que el laser alcance el umbral de emision sera:

\/RIRQB_ =/ RiRyexp ( 22— aabsL> =1. (1.29)

La parte real de (1.29) nos da el valor de la ganancia umbral:

gih a—l—ll(l) (1.30)
opt = T T o U\ Ry Ry '

En la ecuacién (1.30) el término «,, = In(1/R1Rs)/(2L) es una versién dis-
tribuida a lo largo de la cavidad de las pérdidas localizadas en los espejos. La
parte imaginaria de (1.29) nos da la frecuencia a la que oscilard el campo en
el umbral:

pih = mﬁ (1.31)

donde m es un entero y ! es la frecuencia del m—esimo modo longitudinal.
De aqui podemos obtener la separacién entre modos longitudinales, a partir
de la expresién

A(nv) = n(Av) + v(An). (1.32)

Teniendo en cuenta la dependencia de n con la frecuencia, obtenemos
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donde ny = n+von/dv es el indice de grupo.

27

(1.33)
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1.1.3 El medio material

Un semiconductor es un soélido cristalino o amorfo con una conductividad
eléctrica intermedia entre la de un metal y la de un aislante. La gran in-
teraccion que existe entre los atomos de un semiconductor hace que éstos no
puedan ser tratados individualmente. De hecho en este tipo de materiales
los electrones méas energéticos no se encuentran ligados a dtomos individuales,
sino que pertenecen a todo el conjunto de atomos. En estas condiciones cada
nivel de energia atomico se divide en multiples subniveles. Estos subniveles se
encuentran muy proximos entre si, formando bandas de energia, que pueden
considerarse continuas. La banda de mayor energia ocupada se llama banda
de valencia y la banda vacia que se encuentra por encima de ella se llama
banda de conduccién. La diferencia de energia entre el maximo de la banda
de valencia y el minimo de la banda de conduccion se llama salto de energia.
Este salto de energia es el que va a determinar las propiedades eléctricas y
6pticas del material. Los materiales con un salto de energia grande (> 3 eV)
son aislantes eléctricos, aquellos con un salto de energia pequeno o inexistente
son conductores. Los semiconductores presentan saltos de energia entre 0.1 y
3 eV. En ausencia de excitacién térmica (T = 0 k) la banda de valencia de
los semiconductores se encuentra completamente llena. Sin embargo, cuando
T > 0 K, algunos electrones de la banda de valencia tendran la energia nece-
saria para saltar a la banda de conduccion, dejando sus estados desocupados
en la banda de valencia. Estos estados desocupados, llamados huecos, junto
con los electrones de la banda de conducciéon son capaces de producir una
corriente eléctrica cuando se le aplica un campo eléctrico al material.

Algunos elementos del grupo IV de la tabla peridédica son semiconductores,
como por ejemplo el silicio (Si) o el germanio (Ge). Sin embargo, estos materi-
ales no son apropiados para la construccion de dispositivos emisores de fotones,
debido a que presentan un salto de energia indirecto (el minimo de la banda
de conduccion y el méaximo de la banda de valencia corresponden a valores
distintos del vector de onda k, ver Fig. 1.7). Los compuestos binarios, terna-
rios o cuaternarios de elementos del grupo III con elementos del grupo V son
también semiconductores. Dentro de los compuestos binarios el mas impor-
tante es el arseniuro de galio (GaAs), que es un semiconductor de tipo directo.
Sustituyendo una fraccién de los dtomos de Ga por dtomos de aluminio (Al)
se obtiene un semiconductor ternario muy importante en la fabricacion de dio-
dos laser: (Al,Ga; ,)As, donde x representa la fraccién de dtomos sustituidos.
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Figure 1.7: Diagrama F-k para un semiconductor de tipo indirecto (Si, dia-
grama de la izquierda) y para un semiconductor de tipo directo (GaAs, dia-
grama de la derecha). Las bandas de conduccién y valencia han sido aproxi-
madas por parabolas.

Variando el valor de x entre 0 y 1 se consigue una variacion del salto de energia
E, entre 1.42 eV y 2.16 eV. Los semiconductores cuaternarios son incluso mas
flexibles que los ternarios en cuanto a la obtencién de distintos valores para
E,. En este apartado destaca el compuesto (In;_,Ga,)(As;_,P,), con valores
de E, entre 0.36 eV y 2.26 eV.

En un semiconductor la presencia de un electréon en la banda de conduccion
siempre viene acompanada de la presencia de un hueco en la banda de valencia
por lo que la concentracién de portadores (huecos en la banda de valencia y
electrones en la de conduccion) es igual en las dos bandas: n = p = n;, donde
n es la concentracién de electrones en la banda de conduccion y p es la concen-
traciéon de huecos en la banda de valencia. Sin embargo se puede alterar este
equilibrio mediante la sustitucion de algunos atomos del material por dtomos
de otro material, llamados impurezas o dopantes. Si el dopante presenta un
exceso de electrones en la capa de valencia, se producirda un aumento en la
concentracion de este tipo de portadores, dando lugar a un semiconductor de
tipo n. En este caso a los electrones se les denomina portadores mayoritarios
y su concentracion es mucho mayor que la concentracion de huecos: n > p. Si
por el contrario el dopante presenta menos electrones en la banda de valencia
que el material original se producirda un aumento en la concentracién de hue-
cos, dando lugar a un semiconductor de tipo p. En este caso los portadores
mayoritarios seran los huecos y p > n. Un ejemplo de semiconductor de tipo
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n es un semiconductor del grupo IV (Si, Ge) dopado con dtomos de un ele-
mento del grupo V (P, As, Sb). Si utilizdsemos un dopante del grupo III (Al,
Ga, In) tendriamos un semiconductor de tipo p. Este tipo de semiconductores
son llamados semiconductores extrinsecos, mientras que los no dopados son
llamados semiconductores intrinsecos.

La excitacion térmica de los electrones de la banda de valencia crea un par
electron—hueco. La condicién de equilibrio térmico requiere que el proceso in-
verso también ocurra: un electrén de la banda de conduccién se recombina con
un hueco de la banda de valencia, liberando energia. La energia liberada puede
dar lugar a la emisiéon de un fotén, en cuyo caso se habla de recombinacién
radiativa, o puede dar lugar a otra serie de procesos (creaciéon de un fonén,
efecto Auger, etc), en cuyo caso se habla de recombinacién no radiativa. En
un semiconductor en equilibrio térmico, la tasa de generacién de portadores
y la de recombinacién son iguales. Para que un semiconductor se comporte
como una fuente de fotones, tenemos que mantenerlo con una densidad de
portadores superior al valor correspondiente al equilibrio térmico. Esto se
consigue aplicando una corriente eléctrica (corriente de bombeo) a través del
material. El bombeo externo produce una polarizacion P que a su vez actua
como fuente del campo eléctrico € (ecuacién (1.13)). Como ya hemos comen-
tado el calculo de la polarizacion requiere el empleo de la mecanica cuantica.
En concreto la polarizacién macroscépica P esta relacionada con el operador
momento dipolar p a través de la expresion [57]

P =Tr(pp), (1.34)

donde p es el operador matriz de densidad del sistema. Su evolucién vendra
dada por [58]

D o (i€ 3 (o )+ A, (1.35)
donde Hj es el Hamiltoniano no perturbado, —p& representa la interaccion
del campo con el material, ¥ es el operador de relajacién, que representa to-
dos los procesos de relajacién que ocurren en el material y A es un operador
que representa el bombeo externo. Sin embargo la determinaciéon del operador
H, en el caso de un semiconductor es muy complicada, ya que requiere un
conocimiento exhaustivo de la estructura de bandas del material. Lo mismo
ocurre en el caso del operador de relajacion. Los mecanismos de relajacion en
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un semiconductor se pueden dividir en dos categorias, procesos interbandas y
procesos intrabanda. En el primer grupo se incluyen los procesos que involu-
cran la recombinacién de un hueco y un electron sin que se produzca la emision
de un foton. Los procesos intrabanda son mas complicados de describir y hasta
hace unos pocos anos no se ha conseguido una descripcién teérica adecuada
[52, 53]. Sin embargo utilizando la aproximacién ya resenada P =0, la ec.
(1.35) se reduce a una ecuacién para el nimero de portadores.

Suponiendo el medio neutro, la evolucion del niimero de portadores N viene
descrita por la ecuacién [50]

ON _ pven + I _ R(N), (1.36)
ot e
donde D es el coeficiente de difusién, J es la corriente de bombeo, y el término
R(N) representa la pérdida de portadores debido a los procesos de recombi-
nacién tanto radiativos como no radiativos.

El término de difusién en general juega un papel muy importante en la
evolucién de los portadores, especialmente en ciertos tipos de laseres, como
los guiados por ganancia o los VCSELs. En el primer caso la distribucién
espacial inhomogénea de los portadores se utiliza para confinar el modo éptico.
En el caso de los VCSELs la importancia de este término es debida a que
las dimensiones laterales de estos dispositivos son en general mayores que la
longitud de difusion. Recientemente se ha comprobado que la inhomogeneidad
de la distribucién espacial de los portadores en estos laseres puede seleccionar
el modo transversal en el que emite el laser [59]-[61]. Sin embargo en la
mayoria de los ldseres guiados por indice (especialmente en los fuertemente
guiados) el tamano de la capa activa en las direcciones lateral y transversal es
pequeiio comparado con la longitud de difusion. En estas condiciones y para
intensidades no muy altas de tal forma que no haya efectos de “spatial hole
burning” (inhomogeneidades en la distribucién espacial de portadores debido
a que en las zonas de mayor intensidad del campo eléctrico los portadores se
consumen mas rapidamente) la difusién de portadores es tan efectiva que las
inhomogeneidades espaciales son eliminadas rdpidamente y podemos suponer
V2N = (. Vamos a separar el término R(N) en dos contribuciones,

R(N) = Ry (N, I) + (1.37)

TN(N),
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donde R (N, I) representa la emisién estimulada y N/7x(N) representa las
pérdidas por recombinacién no radiativa y por emisién espontanea.

Los procesos que dan lugar a pérdidas por recombinaciéon no radiativa
son la recombinacion debida a defectos e impurezas, la recombinacion en las
superficies e interfaces y la recombinacion Auger. La presencia de defectos o de
impurezas en la estructura del semiconductor puede dar lugar a la aparicion de
nuevos niveles de energia situados entre las bandas de valencia y de conduccién.
Estos niveles intermedios de energia sirven de transicion para los electrones
que desde la banda de conducciéon pasan a la banda de valencia sin emision
de fotones [62, 63]. La recombinacién en las superficies e interfaces también
se produce a través de niveles energéticos intermedios. En ambos casos estos
niveles aparecen debido a la discontinuidad en la estructura del semiconductor.
En el caso de las superficies este efecto serd mas perjudicial cuanto mayor sea
la relacion superficie—volumen, mientras que en el caso de las interfaces, la
importancia de la recombinacién esta relacionada con la calidad de la interfaz.
Tanto en el caso de recombinacion en superficies e interfaces como en el de
recombinacion debida a defectos e impurezas, se puede definir una tasa de
recombinacién que en general dependerd de varias factores[62, 63|, pero su
dependencia del nimero de portadores sera lineal:

Rdef,surf = AnrN (138)

Sin embargo, el proceso interbanda no radiativo més importante es el efecto
Auger. Existen varios tipos de proceso Auger. Un ejemplo de proceso Auger
se produce cuando dos electrones de la banda de conduccion interaccionan
haciendo que uno de ellos pase a la banda de valencia mientras el otro ocupa
un nivel superior de energia en la banda de conduccién. Un proceso andlogo
puede ocurrir entre dos huecos de la banda de valencia. Como este proceso de-
pende del choque de dos portadores, la importancia de la recombinacién Auger
aumenta con la densidad de portadores. En el primer ejemplo la transicion
involucra tres estados en la banda de conduccién y uno en la de valencia mien-
tras que en el segundo ejemplo se produce la situacién inversa. Ademds, para
una densidad de portadores fija, la recombinacién Auger aumenta exponencial-
mente con la temperatura. Atn en el caso de que este tipo de recombinaciones
no sea importante (temperaturas bajas o materiales con un salto de energia
grande) existe otro tipo de recombinacién Auger que involucra la presencia de
un fonén y que puede llegar a ser més probable que el tipo descrito anterior-
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mente.

El célculo tedrico de la tasa de recombinacién Auger es en general com-
plicado debido a que requiere un conocimiento profundo de la estructura de
bandas hasta niveles energéticos bastante alejados de los extremos de las ban-
das. Utilizando modelos parabolicos de bandas los primeros trabajos en este
campo ya consiguieron predecir el comportamiento de la tasa de recombinacién
Auger con la temperatura o con el salto de energia [64, 65]. Recientemente,
utilizando modelos mas realistas para las bandas se ha conseguido una deter-
minacién més precisa de la tasa de recombinacién Auger [66, 67]. En general
la tasa de recombinacién Auger vendra dada por

Ry = C,N?P+ C,NP? (1.39)

donde P representa el niimero de huecos en la banda de valencia. En un laser
de semiconductor en el que la region activa no esté fuertemente dopada N ~ P
y tendremos

Ra = C4N?, (1.40)

donde C' es un coeficiente que puede determinarse experimentalmente y que
incluye todos los procesos Auger.

A diferencia de la recombinacion Auger, en la emisién espontdanea inter-
vienen principalmente portadores que se encuentran cerca de los extremos de
las bandas, con lo que el calculo tedrico de la tasa de emision espontanea puede
hacerse de forma bastante precisa. La dependencia de la emisién espontanea
con el numero de portadores sera de la forma

Ry, = BN?. (1.41)
Sustituyendo (1.38), (1.40) y (1.41) en (1.37) vemos que

75 (N) = Ane + BN + C4N”. (1.42)

En las condiciones de operacién del laser que consideraremos en esta tesis
(corrientes de polarizacién préximas al umbral) las variaciones del nimero de
portadores alrededor de su valor umbral Ny, son muy pequenas, por lo que
podemos tomar

TN(N) = 73 (Nen) = 7. (1.43)
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El término de emisién estimulada en (1.37), Ry (N, I), es proporcional al
numero de portadores y a la energia éptica dentro de la cavidad [50]. De
la misma forma que N representa el nimero de portadores en la cavidad, es
conveniente reescalar el campo eléctrico de tal forma que |E |> = I represente
el nimero de fotones:

E=+vVI= EO\/AEOG’" n T ( L 1), (1.44)

aphw 1T 71T

donde A es la seccién transversal de la cavidad y r; = /R; son las reflectivi-
dades para el campo de las caras del laser. El niimero de fotones se define como
la energia total dentro de la cavidad dividida entre la energia de un fotén, hw.
La tasa de pérdidas por emision estimulada en funcién de esta nueva variable
sera:

Ryt (N, T) = T, gops (N1, (1.45)

donde I' es el factor de confinamiento y v, = ¢/n, es la velocidad de grupo.
El factor de confinamiento es la fraccién del modo que permanece dentro de
la zona activa y viene dado por la expresion

F _ fact ¢(m)d$ (146)

o d(z)de’
donde x representa las coordenadas transversales, ¢(x) es el modo transver-
sal y la integral del numerador estd extendida a la zona activa. Si el modo
transversal dominante es el fundamental se puede obtener una expresion para
el factor de confinamiento en funcién de la anchura de la zona activa d [68]:
UJ2
c2d?

o w? 2 2 )\’
2+ 242 (nact - nrec)

2 2 )

(nact — Nipec

(1.47)

donde nuct ¥ Nree SN los indices de refraccién en la zona activa y en el re-
cubrimiento, respectivamente.

La dependencia de la ganancia con el nimero de portadores es diferente
para los distintos tipos de laseres, pero mediante estudios numéricos y también
experimentales se ha visto que en general se puede considerar que la ganancia
a la frecuencia de emisién depende linealmente de los portadores:
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dgo
gOp‘D(N) = d]vpt

donde Ny es el numero de portadores en transparencia, para el cual la ganan-
cia es cero. También podemos poner la ganancia en funcién del nimero de
portadores en el umbral, que es el valor para el cual la ganancia 6ptica es igual
a las pérdidas (ver Ec. (1.30))

(N — No), (1.48)

dge dge
Gopt(N) = gopt (Nen) + 5Npt (N — Nin) = Qint + tm + 5]\? (N — Na). (1.49)

1.1.4 Ecuaciones de balance

Como hemos visto en la secciéon anterior, la escala de tiempos en la que varia
la polarizacién es mucho menor que la del campo eléctrico y la de los por-
tadores, lo que nos permite prescindir de la dindmica de la polarizacion a la
hora de describir el laser. Sin embargo todavia tenemos que encontrar las
ecuaciones que rigen la evolucién del campo eléctrico y de los portadores. En
esta seccién vamos a combinar los distintos aspectos de los laseres de semi-
conductor que hemos visto hasta ahora para obtener unas ecuaciones para la
evolucion temporal de estas dos cantidades. Despreciando el efecto de la di-
fusién de portadores y sustituyendo (1.37), (1.45) y (1.48) en (1.36) obtenemos
la ecuacién de balance para los portadores:

dN J d

dt e dN
Esta ecuacién se puede simplificar mediante la introduccién de la ganancia
diferencial ¢ = T'vydgopi/dN y de la corriente de inyecciéon C, que representa

el nimero de electrones inyectados por unidad de tiempo:

(N — Ny)I. (1.50)

dN
% :C—’YeN—g(N—NO)I (].5].)
Para obtener la ecuacién de balance para el campo eléctrico partimos de
la ecuacién (1.21) con un campo de la forma £(t) = E(t)expli(wot — kz)].
Consideramos que la dependencia de la constante dieléctrica con la frecuencia
es lineal:
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0
e(w) = e(wo) + i(w —w). (1.52)
De esta forma tendremos
o & iwt Oe i(wot—kz)
e€(t) :/ (W)€ (w)e™ dw = | €(wy)E(t) — Z%E(t) e'o (1.53)

donde &£(w) es la transformada de Fourier de £(t). Si suponemos que wy estd
préoxima a la frecuencia de emisién de laser podremos utilizar la aproximacion

de envolvente lentamente variable (E(t) = 0) y sustituyendo (1.53) en (1.21)
tendremos

2 .
w 21w wo O€ '\ -
—k2+ De(wy) ) E(t) — —= | €(wy) + —==— | E(t) = 0. 1.54
(<12 + D)) B0 = 22 (et + 5 55) B0 (154
A partir de aqui nos referiremos a €(wy) como €, teniendo en cuenta que re-
presenta la constante dieléctrica para una frecuencia wy. Utilizando (1.18)
podremos escribir

e=1+x"—1 <X” + L) = (n —in")? ~n? — 2inn", (1.55)
(%)

donde n viene dado por (1.25) y hemos usado que n > n”. Comparando (1.55)

con (1.26) y (1.27) se puede ver que

Cc

n'" = _Q—M(gopt - aint)- (1-56)

Podemos redefinir n” para que incluya las pérdidas en la cavidad:
c
n' = ——— — it — QU 1.57
2w (Jopt t ) ( )

De esta expresion vemos que en el umbral, cuando la ganancia es igual a las
pérdidas, n” = 0y € = n?. Las variaciones del niimero de portadores hardn que
varien también n y n”, de forma que podemos escribir la constante dieléctrica
como

€(N) = e(Nip) + Ae = n? + 2n(An — iAn"). (1.58)
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En este punto es conveniente introducir el parametro de ensanchamiento de
linea .. De las relaciones de Kramers-Kronig se puede ver que las componentes
real e imaginaria de y, estan relacionadas a través del pardmetro o = x,,/x}.
Este parametro es determinante en muchas de las caracteristicas de los laseres
de semiconductor tales como la anchura de linea, el chirping en caso de mod-
ulacion de la corriente o la respuesta del laser al feedback, tanto convencional
como conjugado (como veremos en el Capitulo 3). En el caso de que la ganan-
cia provenga de las transiciones entre dos niveles discretos de energia (laser
de gas, de estado sdlido, etc.), el espectro de ganancia (X;,’ en funcion de la
frecuencia) serd simétrico y la correspondiente parte real de la susceptibili-
dad (x;) serd antisimétrica, cruzando el cero a la frecuencia correspondiente
al médximo de la ganancia. Sin embargo, en un laser de semiconductor las
transiciones se producen entre bandas de energia parcialmente llenas, lo que
hace que el espectro de ganancia sea asimétrico y que X;, cruce el cero para
un valor de la frecuencia desplazado respecto del pico de la ganancia. Esta
asimetria fue detectada por primera vez por Lax [69] y por Haug [70] indepen-
dientemente en 1967. El problema del acoplamiento de fase e intensidad en
un laser de semiconductor es matematicamente similar al de un laser de gas
desintonizado, es decir, en el que la frecuencia de la transicién sea diferente de
la frecuencia de resonancia de la cavidad. En ambos casos el resultado es un
aumento del ancho de linea del ldser en un factor 1 + o2, donde o representa
el parametro de desintonia. Los primeros calculos de este parametro para un
laser de semiconductor sélo tuvieron en cuenta los efectos directos del campo
sobre la susceptibilidad, dando lugar a un valor & < 1 que no podia explicar
los valores del ancho de linea medidos experimentalmente. En 1982 Henry
[71] se dio cuenta de que los efectos indirectos a través de los portadores eran
mucho mas importantes. De esta forma obtuvo un valor para el parametro «,
también conocido como factor de ensanchamiento de linea, cercano a cinco, lo
que explicaba los valores medidos del ancho de linea. Como la ganancia varia
linealmente con los portadores, el indice de refraccion también lo hara, lo que
nos permite escribir el parametro o como

L OXL/ON  An
~ OX"/ON  An"’

(1.59)

donde hemos usado (1.25), (1.26) y (1.57). Sustituyendo esta definicién en
(1.58) obtenemos



38 CAPITULO 1

e(N) = n* — 2inAn" (1 + ia). (1.60)

El término An” representa la variacién de n” respecto a su valor en el umbral.
Utilizando (1.57) vemos que

dgo
An = 5 [0 — ) ] (1.61)

La constante k estd relacionada con la frecuencia de emisién a través de la
expresion k = nwy,/c y wy, viene dada por (1.31). Sustituyendo esta expresién
junto con (1.60) y (1.61) en (1.54)

dgo
n*(wy — w2,) + iween(1 + ia) (F%(N — Ny) — Qing — am>] E—

wy O€ '\ -
— 2wy (e + f—) E(t) = 0. (1.62)
Para que se cumpla la condicion de envolvente lentamente variable la frecuencia
wp tiene que ser cercana a la frecuencia de emision w,,, por lo que podemos
tomar (w? — w?,) ~ 2wy(wy — wym). Y usando la aproximacion € ~ n?

wp Oe on\
e+?a—w —n<n+wgaw> = nn,. (1.63)

Sustituyendo en (1.62) y simplificando obtenemos

1 .
(N_ NO) — Qint _am>] E——FE=0.
Ug
(1.64)
Utilizando la definicién del inverso de la vida media de los fotones v = vy (ctin +
Q) la expresion final de la ecuacion de balance para el campo eléctrico seré:

n
—i—(wop — W)

1+ (F dgopt
c 2

dN

1+ ia

E = —iﬁngwE + [g(N — No) —9]E, (1.65)
c

con Aw = wy — wy,. De esta ecuacion para el campo eléctrico complejo E =

\/fexp(w) podemos pasar a una ecuacion para el nimero de fotones I y otra

para la fase ¢:
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I= Lg(N = No) I (1.66)

b = Slg(N = No) = 7] = Zv,Aw. (1.67)

En la ecuacién (1.67), el tltimo término representa un desplazamiento de la
frecuencia del laser respecto de la frecuencia de referencia wy. Este témino se
puede eliminar de la ecuacién sin mas que tomar como frecuencia de referencia
la frecuencia de emision del laser.

Un fendémeno que no hemos considerado hasta ahora es la saturacién de
ganancia. Se ha observado experimentalmente que la ganancia se satura
cuando la intensidad de la luz es suficientemente alta [72]. Como consecuencia
de ésto, la ganancia, que hasta ahora hemos considerado linealmente dependi-
ente del nimero de portadores, también dependera del nimero de fotones, lo
que hace que sea conocida como ganancia no lineal. Esta saturacion es debida
a varios procesos fisicos, principalmente el “hole burning” espectral [73] y el
calentamiento de portadores (“carrier heating”) [74]. Ya hemos hablado del
“hole burning” espacial como una de las causas de inhomogeneidades en la dis-
tribucion espacial de portadores. El “hole burning” espectral es un efecto sim-
ilar en la distribucién en energia de los portadores: los portadores cuya energia
se corresponde con la frecuencia de emision son consumidos muy rapidamente
cuando la intensidad es suficientemente alta, de tal forma que ni la corriente
de inyeccién ni los procesos de scattering intrabanda son capaces de compen-
sar ese efecto. El “hole burning” espectral también puede dar lugar a una
dependencia del factor a con la intensidad, lo cual afecta especialmente a las
propiedades espectrales del laser [75, 76]. El calentamiento de portadores hace
que una fraccion de los mismos se desplacen a zonas de mayor energia en la
banda de conduccion, haciendo imposible la recombinacién con portadores de
la banda de valencia. Un efecto similar se produce debido a la absorcion por
portadores libres. Mediante interacciones de estos portadores con fonones de
la red pueden volver a estados de la banda de conduccién donde la recombi-
nacién es posible, pero este es un proceso muy lento [77]. Esta dependencia
de la ganancia con la intensidad se suele expresar de la forma

G(N,0)

G =TT T
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donde G(N,0) = g(N — Np). Otros autores incluyen esta dependencia a través
de un término [78]

G(N,0)
V1+ sl

A lo largo de este trabajo denotaremos la ganancia no lineal G(N, I) como G.
Estas dos formas de la saturacién son equivalentes, con € = s/2, siempre que
el < 0.1. Para intensidades menores (eI < 0.01) se puede despreciar el efecto
de la saturacién de ganancia. Hay otros aspectos de los laseres de semicon-
ductor que también se pueden explicar sin incluir la saturacion de ganancia,
a pesar de que involucran intensidades no tan bajas. Un ejemplo de ésto son
las fluctuaciones de baja frecuencia que aparecen en laseres sometidos a un
feedback 6ptico moderado [79]. Sin embargo se ha demostrado que es de gran
importancia a la hora de describir el amortiguamiento de las oscilaciones de
relajacién en un laser de semiconductor [80]. Siguiendo los modelos desarro-
llados en [81] y [77] se ha demostrado recientemente [82] que el calentamiento
de portadores puede dar lugar a factores de saturacién de ganancia negativos
para determinados disenos del laser. En el Capitulo 2 de este trabajo anali-
zamos la influencia del factor de saturacién de ganancia sobre las propiedades
estadisticas de distintas caracteristicas de los pulsos generados por un laser
de semiconductor, considerando factores de saturacién de ganancia positivos
y negativos. La principal consecuencia de un factor de saturacién de ganancia
positivo es la disminucién de la velocidad méxima a la que se puede modular
el laser [83].

G(N,I) =

1.1.5 Emision espontanea

Las ecuaciones de balance que hemos deducido en la secciéon anterior no son
todavia las ecuaciones que utilizaremos a lo largo de este trabajo para repro-
ducir el comportamiento de un laser de semiconductor. Hay algunos aspectos
de los laseres de semiconductor que no estan incluidos en estas ecuaciones. Y
dentro de éstos el mas destacable es la emisién espontanea. Solamente en la
ecuacion para los portadores se ha considerado el efecto promedio de la emision
espontanea sobre la vida media de los portadores, 7. Sin embargo el caracter
aleatorio de la emisién espontanea no se ha tenido en cuenta en las ecuaciones
de balance de los portadores y del campo eléctrico. Su inclusién en esta tltima,
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ecuacion es fundamental para describir correctamente el comportamiento del
laser de semiconductor.

La emision espontanea tiene un origen cuantico, ya que es debida a las fluc-
tuaciones del vacio. Ademds tiene un caracter aleatorio que es el responsable
de algunas de las caracteristicas de los laseres de semiconductor, como por
ejemplo la anchura de linea. En realidad la anchura de linea es el resultado
de todos los procesos fluctuantes presentes durante la emisién laser, pero si
se reducen suficientemente las fuentes de ruido externas (por ejemplo, en el
bombeo) la anchura de linea resultante estd préxima al limite cudntico. En
el caso de un laser de semiconductor la anchura de linea viene dada por la
expresion [84]:

Av = %(1 +a?). (1.68)

Como se puede ver la anchura de linea es proporcional al inverso de la vida
media de los fotones, 7. Para un laser de semiconductor esa vida media es muy
pequena (~ 5 ps) debido a las bajas reflectividades de la cavidad (~ 30%).

La emisién espontanea se puede tratar cuanticamente de dos formas: me-
diante ecuaciones de Langevin cudnticas y mediante una ecuacién para la
matriz densidad. El primer método tiene la ventaja de que la analogia con
las ecuaciones de balance semiclasicas es evidente, pero tiene la desventaja
de que las ecuaciones resultantes sélo se pueden resolver para corrientes de
inyeccion suficientemente alejadas del umbral. Esta dificultad se puede evi-
tar formulando una ecuacién de Fokker—Planck clasica mediante argumentos
heuristicos [85]. Con el segundo método se obtiene una ecuaciéon de Fokker—
Planck generalizada (con infinitos términos) a partir de la ecuacién para la
matriz densidad, que se reduce a una ecuacién de Fokker—Planck convencional
cuando el nimero de fotones no es muy bajo. Usando el método de corre-
spondencia clasico—cuantica se obtiene una ecuacion de Fokker—Planck clasica
que coincide con la obtenida heuristicamente con el primer método. Estos dos
métodos estan contenidos en los trabajos de Lax [69, 86] y Haken [87, 88|, que
son considerados como los trabajos fundamentales en el tratamiento cuantico
del laser.

Siguiendo los trabajos de Lax, [69, 86] Henry [71, 89] introdujo la emisién
espontanea en la ecuacién de balance para el campo eléctrico. Para ello hay
que partir de un campo eléctrico en la forma

E = ﬁei¢,
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Im(E)

Re(E)

Figure 1.8: Representacion esquemdtica del cambio en la intensidad y en la
fase del campo eléctrico debido a un suceso de emisién espontanea.

de tal manera que un suceso de emision espontanea tiene como consecuencia
un aumento de una unidad en el nimero de fotones I y un cambio aleatorio
de la fase ¢ (ver figura 1.8). Estos cambios ocurren en tiempos aleatorios t;,
con una tasa de emisién R. Siguiendo el esquema de la figura 1.8 vemos que
estos cambios vienen dados por las expresiones

AL = 1+2VIcos(d; — ¢) (1.69)
A¢; = T Y%sin(b; — o). (1.70)

En este esquema el laser satisface un conjunto de tres ecuaciones diferenciales
de primer orden, que incluyen un término de ruido, del tipo:

Las funciones A;(x;, ..., x;,t) se escogen de forma que (F;(¢)) = 0. En el caso

de la intensidad y la fase las ecuaciones seran:

I = (G—=)I+R+ Fi(t) (1.71)
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b = (G +F), (1.72)

donde el término R en (1.71) representa una tasa media de emisién esponténea
debida al primer término de (1.69) y los términos de ruido son de la forma

Fr(t) = ZQII/ZCOS(Gi—QS)é(t—ti)

Fy(t) = Zrl/?sin(ei—qﬁ)(S(t—ti).

Las ecuaciones (1.71) y (1.72) son ecuaciones diferenciales estocdsticas en el
sentido de Ito [85, 90]. Como los tiempos de correlacién de los términos de
Langevin F;(t) son mucho menores que los tiempos de relajacién v~ ! y ~,!
podemos considerar que dos sucesos de emision espontanea, representados por
F;(t) y Fi(t'), estan descorrelacionados y por tanto

(EF,(t)) = 2D,8(t — ¢, (1.73)

donde D;; son los llamados coeficientes de difusién. Podemos calcular estos co-
eficientes utilizando las expresiones que hemos obtenido anteriormente para los
términos de Langevin. Por ejemplo, en el caso del coeficiente D4 tendremos
que

(Fy(t)Fy(t Zsm (0: = 9)3(t — t:) Yosin(0) — $)3(t' —1,)).  (1.74)

Comparando esta expresiéon con (1.73) es evidente que los términos cruzados
en el producto de las sumas seran nulos, por lo que

(Fy(t)Fs(t)) = I7'6(t Zsm (0 — $)5(t — 1)) (1.75)

Sustituyendo Y; por R [ dt; y utilizando que {sin®(¢; — ¢)) = 1/2,

(Fy(t)Fy (1)) = —5 1) [t — 1) = gé(t—t’). (1.76)

Haciendo lo mismo para Dy y Dy, obtenemos



44 CAPITULO 1

2D;; = 2RI
R

2Dyy = o7

2D[¢ == 0

Y volviendo a la variable compleja E que describe el campo eléctrico

1+ ia
2

donde Fg(t) es complejo con coeficientes de difusiéon

E = (G —¥)E + Fp, (1.77)

En el caso de los portadores tendremos una ecuacién de Langevin del tipo

N =C —~.N —GI + Fy(t), (1.78)

con coeficientes de difusion

N
2D = 2|(RI
" (R +TN(N)>
2D[N = —2RI

2Dyy = 0.

Estos coeficientes de difusién asociados al medio material se pueden obtener
de forma cudntica [86, 88]. Para ello partimos de las ecuaciones cudnticas de
Langevin y a través de las relaciones de fluctuacién—disipacion e imponiendo
la condicion de que en promedio se mantengan las relaciones de conmutacion
de los operadores, se pueden obtener los valores de los coeficientes D;;. Los
coeficientes relacionados con el campo obtenidos de esta forma coinciden con
los obtenidos anteriormente mediante argumentos clasicos. El coeficiente R
representa la tasa de creacion de fotones debida a la emisién espontanea y se
suele representar de la forma:



Introduccion 45

N

Oy

donde Cj, es la fraccién de fotones de emisién espontdnea que contribuyen al
modo considerado y es del orden de 1075 para un ldser de semiconductor tipico.
Como hemos visto anteriormente podemos sustituir 75" (N) por 7, con lo que
R = Csy,veN = 43N, donde 8 es conocida como tasa de emisién espontanea.
Definiendo unos nuevos términos de ruido

Fi(t)
a0 = UsaNT

Gl) = Falth 55w

iy = PR

las ecuaciones (1.71), (1.72) y (1.78) quedan de la forma

I = (G —~)I+48N + /8BNI&(t) (1.79)
b = SE-+ MTN@,(t) (1.80)

N = C —7.N —GI —/8BNIE () + /27.NEn (1), (1.81)
donde

(&(t)E(t)y = dijo(t — 1) i, =1,¢,N. (1.82)

Y volviendo a la ecuacién para el campo tendremos

1+

5 (G —v)E +/28NE(t) (1.83)
con £(t) = & () + i&(t) complejo y (£(¢)E*(t')) = 20(t — t'). Para tener una
descripcion completa es necesario conocer las funciones de distribucion de las
variables &;(t). Dado que &, & y &v son variables aleatorias reales debidas

E =
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a la contribuciéon de muchos sucesos estadisticamente independientes, pode-
mos aplicar el teorema central del limite, que nos dice que las funciones de
distribucién de dichas variables seran gaussianas. En esta tesis sélo consi-
deraremos condiciones de operacién del laser (transitorio de encendido con
corrientes de polarizacién proximas al umbral) en las que los efectos del ruido
de portadores son despreciables, por lo que de aqui en adelante no incluiremos
dicho término.

1.1.6 Feedback 6ptico

Hasta ahora hemos obtenido las ecuaciones que describen la evolucién tempo-
ral de un laser de semiconductor aislado épticamente del entorno. Sin embargo
en muchas situaciones practicas el laser interacciona opticamente con su en-
torno, ya sea de forma involuntaria o intencionada. Cuando una parte de la luz
emitida por el laser se introduce nuevamente en la cavidad se habla de feedback
6ptico. En el caso de que la luz provenga de otra fuente hablamos de inyeccion
optica. En ambos casos el comportamiento del laser puede variar notable-
mente. El feedback 6ptico involuntario aparece en muchas de las aplicaciones
de los laseres, tales como almacenamiento 6ptico de datos o comunicaciones
opticas, cuando la luz reflejada sobre un disco compacto o sobre el extremo de
una fibra optica vuelve a introducirse en el laser. Esta reflexiones limitan la
capacidad de modulacién del laser y aumentan el ruido de intensidad. En estas
situaciones la luz que abandona el laser regresa al mismo al cabo de un cierto
tiempo 7 llamado tiempo de retraso y que depende de la distancia a la que
esté el objeto que actia como espejo. Este pardmetro, junto con la intensidad
del feedback k, que estd relacionado con la reflectividad de la cara del laser
que recibe el feedback y la del espejo externo, son los que caracterizan el feed-
back. Para ciertos valores de estos parametros aparecen inestabilidades que
dan lugar a un gran aumento del ruido, asi como anchuras de linea del orden
de varias decenas de GHz. Este estado se conoce como colapso de coherencia
[94]. Las razones de que el ldser de semiconductor sea més sensible al feedback
6ptico que la mayoria de los ldseres son la mala calidad de la cavidad (con
reflectividades del orden de 30%) asi como la gran ganancia del medio activo.

Sin embargo el feedback éptico también puede utilizarse para modificar de
forma controlada el comportamiento de un ldser. De esta forma se pueden
conseguir reducciones considerables del ancho de linea asi como aumentar la
estabilidad de la frecuencia de emisién [95]-[97]. También se ha utilizado el
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feedback 6ptico para seleccionar un modo de emisién longitudinal, para sin-
tonizar la frecuencia de emisién o para reducir el “chirping” [95] (desplaza-
miento de la frecuencia del liser durante el encendido). Este tipo de ldseres
a los que se anade un espejo externo son conocidos como laseres de cavidad
externa.

Un tipo especial de feedback éptico es el que se produce cuando el espejo
externo es un espejo de conjugacion de fase. Se trata en realidad de un medio
no lineal bombeado 6pticamente por medio de una fuente coherente en el que
debido a la mezcla de las ondas incidentes (el bombeo y la luz del ldser) se
genera una onda reflejada que se propaga en la misma direccién y sentido
opuesto a la luz del laser y cuya amplitud es igual a la del campo eléctrico
incidente conjugada. De hecho el frente de onda que sale reflejado del espejo
es exactamente igual al incidente. Esta propiedad hace que el cambio de
fase producido en el recorrido desde el laser hasta el espejo sea compensado
exactamente en el recorrido inverso. Como consecuencia la fase de la luz
incidente en el laser es independiente de la posicion del espejo, a diferencia de
lo que ocurre en el caso de feedback convencional. Esta dependencia de la fase
con la posicién del espejo en el caso de feedback convencional es la que hace
que el comportamiento del laser sea muy sensible a variaciones en la posicion
del espejo del orden de la longitud de onda de emisién [98], mientras que en el
caso de feedback conjugado el laser es practicamente insensible a variaciones
de la posicién tan pequenas [99]. Entre las aplicaciones mds interesantes de
los espejos de conjugacion de fase estd su empleo para corregir la distorsion
causada por un medio desordenado. También en comunicaciones por fibra
6ptica se emplea la conjugacion de fase para corregir la distorsion causada por
la dispersién de la fibra [100] con la diferencia de que aqui el conjugador no
actua como un espejo, ya que la onda conjugada es la onda transmitida. En
el caso de los laseres, el feedback conjugado se emplea para reducir tanto el
ruido [101, 102, 103] como el ancho de linea [104].

En esta seccion vamos a extender la ecuaciéon de balance para el campo
eléctrico (1.83) al caso de un laser con feedback. Para ello utilizaremos un
modelo de onda viajera basado en el esquema de la figura 1.9, donde los R;
son los coeficientes de reflexion para la intensidad del campo de los difer-
entes espejos. Consideramos que el campo eléctrico dentro de la cavidad laser
se puede descomponer en dos ondas viajeras, una viajando hacia la derecha
E*(t) y otra viajando hacia la izquierda E~(t). Si no existiera la cavidad
externa se cumpliria E~(t) = roET(t) con ry = /R,. Si ahora anadimos
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Rl RZ R3
E(t) , ,
‘E'(t) «
z=0 z=L z=L+L,

Figure 1.9: Esquema de un laser de cavidad Fabry—Perot con feedback.

un espejo externo a una distancia Ley = ¢7/2, la onda viajera E~(t) tendra
dos contribuciones, una debida al espejo del laser y otra debida al espejo ex-
terno, E~(t) = roET(t) + Fey(t). Si consideramos miiltiples reflexiones entre
el espejo del ldser y el espejo externo, Ee(t) vendra dada por

Eo(t) = totyrsET(t —7)e ™7 +
t2téT3(—T2T3)E+(t — 2T)6_2iQT +
tQtIZT3(—T2T3)2E+(t - 37’)6732-QT + ...

donde € es la frecuencia de emision del ldser y ¢5 y ¢}, son los coeficientes de
transmisiéon para la amplitud del campo del espejo del laser, de izquierda a
derecha y de derecha a izquierda respectivamente. Utilizando que tot, = 1—R;
una expresion general para Fey(t) seria:

1—Ry & ,
— 2N (—rors)"ET (t — nr)e (1.84)

n=1

Eext (t) - e

Si la reflectividad del espejo externo es suficientemente pequena, podemos
simplificar (1.84) considerando solo una reflexién:

Eoi(t) = (1 — Ry)rs BT (t — 7)e ™. (1.85)

Para introducir este término en la ecuacién (1.83) vamos a seguir el esquema
desarrollado por Lang y Kobayashi en la referencia [105]. Si suponemos que
las ondas viajeras E* y E~ han alcanzado el estado estacionario, tendremos

E = T2E+ + (1 — R2)7'3E+€7ZQT. (186)
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Esto nos permite definir una reflectividad efectiva que incluira el efecto del
feedback:

reg = B~ JET = ry(1 4 ae 7)), (1.87)

con a = (1 — Ry)r3/re. Si ahora sustituimos ry por reg en la definicién de las
pérdidas de la cavidad (1.30) tendremos

1 .
I - —iQ2T
Q= Lln (1 + ae ) : (1.88)
El iltimo término en el segundo miembro de (1.88) tiene como consecuencia
modificar las pérdidas del laser, de tal forma que si @ < 1, entonces

Y = — L8 gior, (1.89)

Ahora introducimos este efecto en la ecuacién de balance (1.83), teniendo en
cuenta que el término debido al feedback es proporcional al campo en el tiempo
t—T:

Blt) = zm(a C)E() 4 ke TE(L— 1)+ J2BNEW),  (1.90)

donde k = av,/(2L). El tnico efecto del feedback sobre los portadores se pro-
duce a través del propio campo eléctrico, por lo que no es necesario modificar
la ecuacién de balance para el nimero de portadores.

1.1.7 Feedback conjugado

En esta seccién vamos a obtener la ecuacion de balance para el campo eléctrico
de un laser de semiconductor con feedback conjugado. Para ello primero es-
tudiaremos los mecanismos mediante los cuales es posible generar una onda
conjugada. La conjugacién de fase puede producirse a través de varios proce-
sos, como son el scattering no lineal estimulado, el efecto fotorrefractivo y el
proceso conocido como mezcla de cuatro ondas (“four wave mixing”, FWM).
Ejemplos de materiales que se pueden usar para producir conjugacion de fase
son BaTiO3, CSy o un gas atémico siempre que no estemos proximos a una
resonancia. Aqui nos centraremos en la conjugacién de fase mediante FWM.
El sistema que vamos a estudiar consiste en un medio no lineal, aislante, no
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\ 4

: 3

Figure 1.10: Representacion esquemdtica de un proceso de conjugacién de fase
mediante FWM.

magnetico y sin cargas libres que estd bombeado 6pticamente por medio de
dos ondas £, y £, que se propagan en la misma direccion y sentidos opuestos.
Sobre este medio incide la onda £ que llamaremos senal y que dard lugar
a la onda conjugada £, (Fig. 1.10). Partimos de las ecuaciones de Maxwell
(1.1)—(1.4), teniendo en cuenta que ahora J = py = 0. Vamos a modificar la
relacién de constitucién (1.5) para separar la contribucién de la polarizacién
no lineal:

D:€05+P265+PNL. (191)

Siguiendo el esquema de la seccion 1.1.2, obtenemos la ecuacién de onda

0?E *Pnr
V2E — lige = .
Ho 912 Ho 912

Para simplificar los calculos suponemos que todos los campos estan polarizados
linealmente en la misma direccion, por lo que a partir de ahora eliminaremos

la notacién vectorial. Vamos a considerar campos de la forma

(1.92)
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Ei(r,t) = % j(r,t)ei(“’ft’kf'r) +c.c. j=1,25,c.
Los campos de bombeo tienen que tener la misma frecuencia y su direccién
de propagacion puede ser cualquiera siempre que sea la misma para los dos
campos y tengan sentidos opuestos. Ademds exigiremos que sean uniformes
a lo largo del medio no lineal y mucho mas intensos que el campo senal, por
lo que podremos considerar que su amplitud es constante tanto en el tiempo
como en el espacio. Vamos a considerar que se propagan a lo largo del eje y:

1 .
@@Jy:§gdw*hw+oa j=1,2.

con ki = —ko. Escogemos como direcciéon de propagacion de los campos senal
y conjugado el eje z:

1 .
Ei(z, 1) = iEj(z,t)ez(“’jtfka) +c.c. Jj=s,c.

En cuanto a la frecuencia podemos distinguir dos situaciones: cuando w, =
wp = w se cumplird que w, = w y ks = —k. = k y estaremos en el caso de
FWM degenerado; si ws = wy, 4 ¢ entonces w, = w, —0 y estaremos ante FWM
no degenerado. Nosotros nos centraremos en el caso de FWM degenerado.
Aplicando la ecuacién (1.92) a los campos senial y conjugado y usando la
condicién de envolvente lentamente variable

OE, w  O0Ey  pow?

= = — P 1.
0z e T ok e (1.93)
OF., w  O0E,  pow?

_ v P, 1.94
92 R Tk (1.54)

donde P, y P, son las amplitudes de las componentes de la polarizacién no
lineal con vector de onda k y —k respectivamente. Para poder resolver estas
ecuaciones tenemos que encontrar una expresion para la polarizacion no lineal
en funcién de los campos incidentes. En ausencia de resonancias podemos
desarrollar la susceptibilidad dependiente del campo en la forma:

x (&) = xM + xPE + xVEE + ...
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El término x") es el responsable de la polarizacién lineal, que hemos incluido
en la definicién de e. El primer término no lineal, x(?, es el responsable,
entre otros fenomenos, de la generacion del segundo armoénico. Sin embargo
en cristales centrosimétricos como el que vamos a estudiar aqui este término
es nulo. Por el contrario los efectos de tercer orden, debidos a x®, aparecen
independientemente de la simetria del cristal. Teniendo esto en cuenta, la
polarizacién no lineal vendra dada por

P; = 4Xijk15j5k51

donde P; y &; son las componentes cartesianas de la polarizacién no lineal
Pnyr v del campo electrico total €, = €, + €, + €, + &, respectivamente
y hemos usado el convenio de suma sobre indices repetidos. Como hemos
considerado todos los campos polarizados linealmente en la misma direccién,
podemos eliminar los indices que denotan las componentes cartesianas. El
campo eléctrico total consta de ocho términos por lo que la polarizacién no
lineal constard de 512. De ellos los que contribuyen a la polarizaciéon con una
frecuencia w y un vector de onda k son:

1
Py =¥ [<|E1|2 + | B> + |E.* + §|Es|2> E, + ElEgEj] , (1.95)

donde y® = 6Xijri- Y lo equivalente ocurrira para el vector de onda —k:

1
P =y® [<|E1|2 + | B> + |E* + 5|EC|2> E, + ElEgE;‘] : (1.96)

Como hemos supuesto que el bombeo es mucho mas intenso que el campo
sefial se cumplird que |E1|? + |Ey|? > |E,|* + |E.|*>. Aplicando esta condicién
y sustituyendo (1.95) y (1.96) en (1.93) y (1.94),

0E, 10E, pow? (3) 2 2 «
oot = X [(IE1)* + | Bol?) By + EyERE;] - (1.97)
aEc laEc o -M0w2 (3) 2 2 *
e ((1E:)? + | Bol?) Be + EvER B ], (1.98)
donde hemos usado wupe/k = 1/v y v es la velocidad de propagacién del

campo eléctrico a través del medio. En estas ecuaciones podemos hacer varias
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simplificaciones. Aprovechando la condicién de bombeo uniforme podemos
definir las constantes

2
Low
¢ = BO(B P+ |BP)

2
w
M;k XOE B, =

y haciendo el cambio de variable

frow”
2% *

(3) |E1E2 |6i¢12

lip =

A, = FE.e ¢
As — EseiC’z
tendremos
0A, 10A, ) N
% + Tl —ikyA; (1.99)
0A., 10A, , .
5 o e ikp Al (1.100)

Las nuevas variables A; estan relacionadas con las amplitudes de los campos
E; a través de un cambio de fase y dado que ese cambio es igual para E, y
E%, no tendra ninguna consecuencia fisica. Las ecuaciones (1.99) y (1.100) se
pueden resolver facilmente aplicando la transformada de Laplace,

1 00
a;(z,s) = Ner /ﬂo Ai(z, t)e s dt i =s,c.

Utilizando la condicién a.(L,, s) = 0 (no hay campo conjugado incidiendo en
el medio desde la derecha, ver figura 1.10) tendremos

_ ikptan(BLy,)
a(0,5) = — +p§tan(ﬁLm)a5(0’ s), (1.101)

donde 8 = \/|kp|? + (s/v)?. Aplicando la antitransformada de Laplace obten-

dremos una expresién para la refelctividad rpeye®Pe™ = A.(0,t)/A%(0,t). En
el caso en que los campos hayan alcanzado el estacionario las ecuaciones (1.99)
y (1.100) se reducen a




54 CAPITULO 1

0A,

o= il (1.102)
0A, ,
9 ikp AL (1.103)

Estas ecuaciones fueron obtenidas por Yariv y Pepper en 1977 [106] e indepen-
dientemente por Bloom y Bjorklund [107]. Utilizando otra vez la condicién
A.(L,,) = 0 se pueden resolver facilmente:

L il )],
A = g feos( L)

) = S O

Utilizando la definicién anterior de reflectividad tendremos
: A.(0) K
ippcm . 7€ _ 4
rPeME = ——= = —i— tan(|r,|Lm). (1.104)
Ax(0) |Fip g

El cambio en la fase del campo conjugado respecto del conjugado del campo
senal depende de la fase relativa de los campos de bombeo:

Ppem = P12 — g (1.105)

Y la reflectividad para la intensidad vendra dada por

Rpou = 1oy = tan?(|s,| L ). (1.106)

Como se ve en esta expresion, la reflectividad de un espejo de conjugacién de
fase puede ser mayor que uno. El valor irreal de Rpcy = 00 que se obtiene para
|Kp| Ly, = 7/2 es debido a la suposicién que hemos hecho de que los campos
de bombeo son constantes: esta aproximacién es menos valida cuanto mayor
es la reflectividad. Siguiendo el procedimiento de la seccion 1.1.6, podemos
incluir el efecto del feedback conjugado en la ecuacién de balance para el campo
eléctrico [108]:

Blt) =2 zm(a _)E(t) + ket — 1)+ J2BNEW®),  (1.107)
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donde ahora x viene dado por

1— R2 Vg
= pCM 5 -

& o 2L

En este caso no aparece un cambio de fase proporcional a 7 como ocurre en el
caso del feedback convencional. Esto es debido a que el cambio en la fase del
campo eléctrico que se produce cuando viaja del laser al espejo se compensa
exactamente cuando recorre el trayecto inverso. Si aparece un cambio de fase
constante debido, como hemos visto, a los campos de bombeo. Sin embargo
esta traslacion de la fase no afecta a la dinamica del laser y puede ser elimi-
nada cambiando el sistema de referencia de la fase. La ecuacién (1.107) ha sido
derivada para campos monocromaticos y para el caso degenerado (las frecuen-
cias de todos los campos involucrados son iguales). Un estudio del caso casi
degenerado puede encontrase en las referencias [109, 110]. La aproximacién
de campos monocromaticos es equivalente a suponer que el espejo responde
instantaneamente. Para ver cuando esa aproximacion es razonable conviene
introducir la constante

ntan(|xy|Lim)

P
"e |’€p|

Cuando |ky|L,, < 1 se puede ver que t,, ~ nL,/c representa el tiempo que
el campo eléctrico tarda en ir de un extremo a otro del conjugador. Cuando
este tiempo sea claramente menor que la escala temporal que caracteriza la
dindmica del laser podremos suponer que la respuesta del espejo es instantanea.
Recientemente se ha obtenido la ecuacion de balance para el campo eléctrico
en el caso de un espejo con un tiempo de respuesta t,, arbitrario [111, 103]:

; 144
E(t) _ +

(G~ NE() + - /t E*(0 = 1) 5t df + J2BNE(D), (1.108)

2 m J—o0

donde ya ha sido eliminado el desplazamiento de fase ¢pcn y que para t,, — 0
se reduce a la ecuacién (1.107).
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1.2 Solitones en comunicaciones 6pticas

1.2.1 Perspectiva Historica

La primera observacion de un soliton fue hecha por J. Scott Russell en 1838.
Mientras paseaba a caballo por la orilla de un canal observé como la detencién
brusca de un bote provocaba una onda solitaria en el agua, que se propagaba
sin ningiin cambio aparente en la forma ni disminucién de su velocidad [112].
Desde entonces los solitones han sido observados en diferentes tipos de sis-
temas: hidrodindmicos, plasmas, superconductores (uniones de Josephson),
magnéticos, Opticos, etc. En todos estos casos los medios en los que se propa-
gan los solitones cumplen dos requisitos: son medios no lineales y dispersivos.
De hecho el solitén es una onda no lineal con una forma concreta que hace que
se compensen los efectos no lineales y los dispersivos. Entre las caracteristicas
mas destacadas de los solitones estan su estabilidad frente a las perturbaciones
y el hecho de que recuperen su forma después de una colisién. Este compor-
tamiento similar al de una particula hace que reciban el nombre de solitones.

Solo unos anos depués de aquella primera observacion de un solitéon ya
se conocia el principio de reflexién total interna [113], que es el responsable
del guiado de luz en una fibra éptica. Aunque entre 1920 y 1930 ya se fab-
ricaron algunas fibras de vidrio [114]-[116], hasta los afios 50 no se produjo
el primer gran avance en este campo, con la aparicion de las fibras con una
capa de recubrimiento [117]-[119]. En estas primeras fibras las pérdidas eran
enormes (~ 1000 dB/km). Sin embargo en los anos 70 la situacién cambi6
drasticamente: en 1970 las pérdidas se habifan reducido a 20 dB/km [120] y en
1979 eran de sélo 0.2 dB/km [121] para una longitud de onda de 1.55 ym, un
valor cercano al limite impuesto por el scattering Rayleigh. Este hecho no solo
supuso un gran avance en el campo de las comunicaciones 6pticas, sino que
provocoé un aumento en el interés por el estudio de los fendmenos no lineales
en la transmision de luz por fibra 6ptica. Dentro de este marco Hasegawa y
Tappert proponen en 1973 la posibilidad de propagar solitones 6pticos a través
de fibra [122]. La ecuacién que rige la propagacién de solitones en fibra dptica,
conocida como ecuacién de Schrédinger no lineal (“NonLinear Schrédinger
Equation”, NLSE), pertenece a la clase de ecuaciones diferenciales no lineales
integrables. Estas ecuaciones tienen en comun que son conservativas y que
se pueden derivar de un hamiltoniano. Para resolverlas se emplea el método
de scattering inverso [123]. Dos afos antes de la sugerencia de Hasegawa y



Introduccion 57

Tappert, en 1971, Zakharov y Shabat habian resuelto la ecuacién NLSE uti-
lizando el método de scattering inverso [124]. Sin embargo, hasta 1980 no
se produjo la primera observacion experimental de propagaciéon de solitones
en fibra déptica [125]. A partir de entonces se sucedieron los experimentos de
transmision de solitones en fibra dptica, que permitieron comprobar las predic-
ciones de la NLSE. Basandose en estos éxitos, Hasegawa propuso en 1984 el
empleo de solitones para un sistema de comunicaciones épticas sobre distancias
transocednicas sin repetidores [126]. Los sistemas de comunicaciones Gpticas
de aquella época necesitaban detectar, regenerar electronicamente y retransmi-
tir la senal en cada repetidor, para compensar la dispersion y las pérdidas. Por
otra parte los repetidores eran los elementos méds caros y los que mas limitaban
la velocidad de transmision de los sitemas de comunicaciones opticas, por lo
que su supresién suponia un gran avance. En la proposicion de Hasegawa la
dispersién no afectaria a la sefial debido a las especiales caracteristicas de los
solitones mientras las pérdidas se compensarian mediante la amplificacién Ra-
man de la propia fibra. Sin embargo este sistema, como demostraron Gordon
y Haus [127] estaba limitado en cuanto a la méxima distancia de transmision,
debido a un efecto del ruido en la amplificaciéon. Cuando se amplifica la senal
también se introduce ruido, que cambia de forma aleatoria la frecuencia de
los solitones. Debido a la dispersién de la fibra, solitones con distintas fre-
cuencias viajan a distintas velocidades, haciendo que el tiempo de llegada
de cada soliton al detector sea aleatorio. Este fenémeno es conocido como
efecto Gordon—Haus. Para los parametros propuestos por Hasegawa la distan-
cia maxima de propagacién para conseguir una tasa de error menor de 10°
era de 2800 km. A pesar de ésto en un experimento realizado en 1988 por
Mollenauer y Smith [128] consiguieron extender esta distancia hasta mas de
4000 km empleando una fibra con una dispersion més baja que la propuesta
por Hasegawa. En este experimento se utilizé por primera vez el método de
hacer circular los solitones en un anillo de fibra de unos pocos cientos de kms,
consiguiendo de esta forma distancias de propagacién arbitrariamente grandes.

Un ano antes de este experimento se habian desarrollado los primeros
amplificadores de fibra dopada con erbio (“Erbium Doped Fibre Amplifier”,
EDFA) [129]. En poco tiempo estos amplificadores sustituyeron a la amplifi-
caciéon Raman empleada hasta entonces. A diferencia de esta ultima, la am-
plificaciéon mediante EDFAs es una amplificacién localizada, es decir, solo se
produce en ciertos puntos del sistema de transmisién. Aunque en un principio
se crey6 que ésto impediria la formacién de solitones, luego se vié que bajo
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ciertas condiciones [130] las pérdidas y la amplificacién periddica producen un
solitén efectivo con un comportamiento similar al de un solitén en una fibra sin
pérdidas. Una de las condiciones que hay que imponer es que la distancia entre
amplificadores sea considerablemente menor que una cantidad caracteristica
del soliton, la longitud de dispersion. Esta longitud representa la distancia
que tiene que recorrer el soliton para que los efectos dispersivos empiecen a
ser importantes y es proporcional a la anchura del solitén al cuadrado.

A partir de aqui las mejoras en la capacidad de transmisién de estos sis-
temas se sucedieron continuamente. De los 4000 km a 0.1 Gb/s del experi-
mento de Mollenauer y Smith en el ano 1988 se pasé a los 14000 km a 2.5
Gb/s en 1991 [131]. Gracias al desarrollo de fibras de dispersién nula los sis-
temas de transmision lineal todavia estaban por delante (9000 km a 5 Gb/s) de
los sistemas de transmisién por solitones, que estaban limitados por el efecto
Gordon-Haus. Ese mismo afo, el grupo de Nakazawa demostraba la trans-
misién a 10 Gb/s durante 10° kms mediante el uso de moduladores de amplitud
[132]. Una forma alternativa y mds simple de corregir el efecto Gordon-Haus,
basada en el empleo de filtros, fue propuesta ese mismo ano por dos grupos
independientemente [133, 134]. El empleo de filtros requiere una amplificacién
extra que hace que el ruido crezca, por lo que el valor minimo del ancho de
banda de los filtros estd limitado. Para corregir ésto, Mollenauer propuso el
empleo de filtros con una frecuencia central que varie linealmente con la lon-
gitud de propagacién [136, 137]. Otro método que en la actualidad se esta
investigando para reducir el efecto Gordon-Haus es el uso de filtros de fre-
cuencia central fija junto con amplificadores no lineales [138].

En la actualidad en los sistemas de transmision de solitones se pueden
conseguir velocidades mayores de 100 Gb/s durante centenares de kms o ve-
locidades de 20 Gb/s para distancias transocednicas. La mayor limitacién
sobre la velocidad de estos sistemas viene inpuesta por la distancia entre am-
plificadores, ya que ésta tiene que ser considerablemente menor que la longitud
de dspersion. Para conseguir velocidades de transmision altas se necesitan pul-
sos muy estrechos, lo que hace que la longitud de dispersion sea muy pequena
(decenas de km) y por tanto la distancia entre amplificadores se reduce mucho.
En contrapartida, presentan una gran capacidad de multiplexacién. Esto hace
que no sea descabellado pensar en velocidades de transmision del orden de 100
Gb/s a distancias transocednicas en unos pocos afios [139]. Una revisién de
los avances realizados hasta 1995 puede encontrarse en la referencia [140].
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Figure 1.11: Esquema de una fibra 6ptica. El indice n; corresponde al niicleo,
no al recubrimiento y ng al aire.

1.2.2 Caracteristicas de las fibras 6pticas

Una fibra 6ptica consiste basicamente en un nticleo central de SiO4 rodeado de
una capa concéntrica de recubrimiento, cuyo indice de refraccion es ligeramente
mayor que el del nicleo (ver figura 1.11). Para aumentar el indice de refraccién
del nicleo se usan dopantes como GeO, y P;O5. Para disminuir el indice de
refraccién del recubrimiento se utiliza basicamente fluor. La variacién de indice
entre el nicleo y el recubrimiento puede ser brusca (“step-index”) o gradual
(“graded—-index”). Dos pardmetros que caracterizan la fibra son la diferencia
de indice relativa A, definida por

ny — N2

A =

ny

y la frecuencia normalizada V' definida por

2m
V= Ta\/n% —n2,

donde A es la longitud de onda de la luz que se propaga por la fibra, a es el radio
del niicleo y ny y ns son los indices de refraccién del niicleo y del recubrimiento,
respectivamente. El parametro V' determina el nimero de modos que se propa-
gan en la fibra: la fibra serd monomodosi V' < 2.405 [141]. En general las fibras
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monomodo se diferencian de las fibras multimodo en el tamano del niicleo. Un
valor tipico para fibras multimodo es a = 25— 30 pm. Sin embargo para fibras
monomodo con una diferencia de indice de A ~ 3 x 1072 el radio debe estar
en el rango a ~ 2—4 pm. El valor del radio del recubrimiento es menos critico
siempre que sea suficiente para contener por completo el modo. Un valor tipico
es ~ 50 — 60 um. En realidad una fibra monomodo puede propagar dos es-
tados de polarizacién ortogonales. En condiciones ideales (simetria cilindrica
perfecta y material isétropo) los dos modos se propagaran de forma independi-
ente. Pero en la préactica las desviaciones de este comportamiento ideal hacen
que se rompa la degeneracién de los dos estados de polarizacion, haciendo que
el campo eléctrico salte aleatoriamente de un estado de polarizacion a otro.
Sin embargo, aumentando artificialmente esta birrefringencia por medio de un
diseno adecuado de la fibra, se puede conseguir la propagacion de uno solo de
los estados de polarizacion [142] (fibras PM, “Polarization Maintaining”).

Una caracteristica de la fibra que es importante conocer es el valor de
las pérdidas. Si la potencia introducida en la fibra es P, la potencia a una
distancia z sera:

P(Z) = Pgeialz,

donde o es la constante de atenuacién, también conocida simplemente como
pérdidas de la fibra. Generalmente este pardmetro se suele expresar en dB/km

0. (P
Qap = —— log ( (Z)> — 4.3430,.
z P[)

Como puede verse en la figura 1.12, las pérdidas en una fibra dependen de
la longitud de onda. Este espectro de pérdidas es debido basicamente a dos
factores: absorcion y scattering Rayleigh. El silice presenta absorcién tanto
en la regién ultravioleta como en el infrarrojo lejano (A > 2 pm). Sin em-
bargo concentraciones relativamente pequenas de impurezas pueden dar lugar
a valores importantes de absorcién en la ventana 0.5 — 2 pm. Dentro de las
impurezas la mas perjudicial es el ibn OH™, que es el responsable del pico que
se ve en la figura 1.12 alrededor de 1.37 pm. En la actualidad las mejoras en
los procesos de fabricacion de las fibras permiten conseguir niveles de OH™
menores de una parte en 100 millones. A diferencia de la absorciéon por im-
purezas, el scattering Rayleigh es un fenémeno intrinseco de la fibra, debido
a fluctuaciones locales del indice de refraccién que dispersan la luz en todas
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Figure 1.12: Pérdidas de una fibra monomodo en funcién de la longitud de
onda.

las direcciones. La dependencia de las pérdidas por scattering Rayleigh con la
longitud de onda es de la forma A=, por lo que es el factor dominante a longi-
tudes de onda cortas. El valor minimo de las pérdidas en las fibras monomodo
actuales es ~ 0.2 dB/km para A = 1.55 um y es debido mayoritariamente al
scattering Rayleigh.

Otra caracteristica importante de la fibra es la dispersion de la velocidad
de grupo (“Group Velocity Dispersion”, GVD), que se manifiesta en una de-
pendencia del indice de refraccion con la frecuencia. Debido a ésto las distintas
componentes en frecuencia de un pulso viajan a distintas velocidades, dando
lugar a un ensanchamiento del pulso. Para ver el efecto de la GVD vamos a
suponer un campo eléctrico propagandose en la diraccién del eje z de la forma
E(z,t) = E(z,t) exp[—i(wot—koz)], donde E(z,t) es una envolvente lentamente
variable. Hacemos un desarrollo en serie del vector de onda dependiente de la
frecuencia k(w) = wn(w)/c alrededor de una frecuencia central wy:

1
k—ko=kK(w—wy) + §k"(w—w0)2+...

Aplicando esta expresion a la transformada de Fourier de F(z,t)
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E(Ak, Aw) = /oo /oo E(z,1)e!A9t=8k2) d o dy

donde Ak =k —ky y Aw = w—wy y antitransformado obtenemos la expresion

OF _ 0 K'O°F

—— S

. "o T2 T

Si cambiamos a un sistema de referencia que se mueva a la velocidad v, = 1/&
por medio del cambio de variables

Z = z

T = t—Fkz
obtendremos la ecuacién

OFE k'"O’E

— = — 1.109

"9z = 207 (1.109)
donde hemos despreciado derivadas de orden mayor que 2. El parametro
k' = 1/v, es el inverso de la velocidad de grupo y estd relacionado con el

indice de refraccién a través de la expresion

1 d
K= - [n + w—n] :
c dw W

El parametro k" es el responsable del ensanchamiento de los pulsos y su relacién
con el indice de refraccion viene dada por

l{;”:l

c e

R B R
dw?| _ - 2mc? d)\2

Este parametro también se suele representar por [, y serd ésta la notacion
que usaremos a partir de aqui. Como se puede ver estd relacionado con la
velocidad de grupo a través de la expresion

g = W Ly
2T ldw| T 2 dw |
wW=wo g wW=wo
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por lo que es conocido como pardmetro de dispersion de la velocidad de grupo.
Un pardmetro equivalente es el conocido como parametro de dispersion y viene
dado por

dk' 2me

= —— (3.

dA A2

A la GVD en una fibra contribuyen tanto el material como la propia guia de
onda. La GVD debida al material es tal que #, = 0 para una longitud de onda
Ap = 1.27 um, siendo positivo para A < Ap (dispersién normal) y negativo
para A > Ap (dispersiéon anémala). En la regién de dispersién normal las
componentes de frecuencias bajas viajan mas rapido que las componentes de
frecuencias altas y lo contrario ocurre en la region de dispersién anémala. Es
en esta region de dispersion anémala donde la fibra soporta la propagaciéon
de solitones. La dispersién de la guia de onda hace que el punto donde la
GVD es nula se desplace ligeramente, siendo este valor A\p ~ 1.31 para una
fibra estdndar monomodo. Sin embargo este desplazamiento depende de los
parametros de la fibra, pudiéndose conseguir fibras de dispersién nula en A\p =
1.55 pm [143] donde las pérdidas en la fibra son minimas. También mediante
el uso de varias capas de recubrimiento se han conseguido fibras con una GVD
muy pequena en el rango 1.3 — 1.6 pum [144]. Cuando estemos en la regién de
GVD pequena y para pulsos estrechos habra que tener en cuenta el efecto de la
dispersién de tercer orden (3 = d®k/dw?. Cuando |33] sea del orden de |3,|Ty,
donde T} es la anchura del pulso, esos efectos seran importantes. Para valores
tipicos de (s y (O3 la dispersién de tercer orden serd importante para pulsos con
anchuras Ty < 1 ps. Una cantidad que nos da idea de la importancia de los
efectos dispersivos es la longitud de dispersién Lp = T¢Z/|3,]. Si introducimos
un pulso gaussiano de anchura 7y en la fibra, al cabo de una distancia z la
anchura del pulso 7(z) serd

7(2) = Ton/1 + (2/Lp)>.

La densidad espectral del pulso no se modifica debido a la dispersién, pero
si se produce una variacién de la frecuencia a lo largo del pulso (“chirping”).
En el caso de dispersién anémala las frecuencias altas viajan mas rapido y se
colocan en la parte anterior del pulso, mientras las frecuencias bajas se colocan
en la parte posterior. Esto da lugar a una disminucion de la frecuencia con
el tiempo (chirping negativo), ya que la parte frontal del pulso corresponde a
tiempos mas bajos que la parte posterior.
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Como en cualquier otro dieléctrico, la respuesta de la fibra a la presencia
de campos eléctricos intensos no es lineal. Estos efectos no lineales de las fi-
bras épticas se pueden dividir en elasticos e inelasticos, dependiendo de si se
conserva la energia de los fotones o no. Entre los procesos ineldsticos destacan
el scattering Brillouin estimulado (“stimulated Brillouin scattering”, SBS) y el
scattering Raman estimulado (“stimulated Raman scattering”, SRS). En am-
bos procesos un fotén del campo eléctrico interacciona con un fonén del medio,
variando su energia. La diferencia entre los dos procesos es que en el caso de
SBS el fonén es actustico, mientras en el SRS intervienen fonones épticos. Las
diferentes relaciones de dispersion de los dos tipos de fonones llevan a diferen-
cias entre los dos procesos de scattering. La diferencia mas importante es que
el SBS solo se produce en el sentido contrario al de propagaciéon, mientras el
SRS domina en el sentido de propagacién. Ambos procesos presentan un valor
umbral de la energia, de tal manera que por debajo de ese valor sus efectos son
despreciables. Un valor tipico del umbral para SRS es ~ 1 W, mientras para
el SBS puede llegar a ser de solo 1 mW. Sin embargo el espectro de ganancia
del SBS es tan estrecho (< 100 MHz) que sus efectos son despreciables para
pulsos estrechos. Entre los procesos no lineales eldsticos se encuentran la gen-
eracion del tercer arménico, la mezcla de cuatro ondas y el efecto Kerr. Los
dos primeros requieren que se cumpla la condicién de concordancia de fase
(“phase-matching”) por lo que solo son importantes en fibras de dispersién
nula [145]. El efecto Kerr es debido a la respuesta no lineal de la polarizacién
del material y en concreto a la susceptibilidad de tercer orden x®, ya que
la de segundo orden x® es nula al presentar el SiO, simetria de inversién.
Como consecuencia de ello el indice de refraccién se hace dependiente de la
intensidad

n(l) = n+ ny|E|?

donde n es el indice de refraccién lineal, I = |E|* es la intensidad del campo
eléctrico dentro de la fibra y n, es el coeficiente de indice no lineal. A pesar de
que este coeficiente es muy pequeiio (un valor tipico es 3.2 x 107'% ¢cm? /W),
el hecho de que la luz esté confinada en una seccién transversal muy pequena
hace que sus efectos sean importantes. Cuando se propaga un pulso en la
fibra, el indice de refraccién es modulado por la envolvente del pulso, dando
lugar a su vez a una modulacién de la fase. Este fenémeno se conoce como
automodulacién de fase (“Self-Phase Modulation”, SPM). Un efecto similar
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es la modulacién de fase cruzada (“Cross-Phase Modulation”, XPM), que se
produce cuando se propagan simultdneamente mas de un campo a distintas
longitudes de onda. El cambio de fase debido al indice de refraccion no lineal
al cabo de una distancia z es de la forma A¢yy, = dn, P(0,¢)2z donde P(0,1) es
la potencia del pulso inicial y dny, es el parametro no lineal. Este pardmetro
esta relacionado con ns a través de la expresion

27T7’L2
AMeg

donde A.g es la seccién transversal efectiva. La distancia de propagacion
necesaria para producir un desplazamiento de fase significativo viene dada por
la longitud no lineal Lyi, = (on.FPp) !, donde Py es la potencia méxima del
pulso. Dado que la SPM solo modifica la fase, la forma del pulso no variara,
pero su espectro se ensanchara. El cambio en la fase produce un cambio en la
frecuencia instantanea de la forma

dP(0,t)

dt '
lo que da lugar a un chirping positivo. Este efecto es justo el contrario del
producido por la dispersién anémala, que da lugar a un chirping negativo.
Cuando las longitudes Lp y Ly, son comparables y estamos en la zona de
dispersién anémala los efectos dispersivos y los no lineales tienen magnitudes
parecidas y actuan en sentidos opuestos. Los solitones son unos pulsos con una
forma determinada que hace que para Lp = Lyi, esos efectos se compensen
exactamente.

AUJNL = —(SNLZ (1111)

1.2.3 Ecuacion de propagacion en la fibra. Solitones
opticos
La propagaciéon de pulsos de anchura > 1 ps en una fibra que mantenga la

polarizacién se describe, en un sistema de referencia que se mueve a la velocidad
de grupo, por medio de la ecuacién [146]

OF 1 0’FE Q
i = 23, —— — i |EIPE —i—=E 1.112
Zaz 252 9 NL| | v 5 ( )

donde F es la envolvente lentamente variable del campo eléctrico
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E(r,t) = F(x,y)E(z, t)e wot=koz)

y F(z,y) es la distribucién modal, que para el modo fundamental se puede
aproximar por una gaussiana [141]:

224y

F(z,y) =e w?

Aqui hemos supuesto la propagacién segin el eje z y la polarizacién del campo
eléctrico segin el eje x (ver figura 1.11). La unica dependecia de la ecuacion
(1.112) con la distribucién modal es a través de la seccién transversal efectiva

(TﬁF(x,y)Fdx dy)
Aeff = __ﬁooo ;
1P )y

incluida en la definicién de dy;, dada en (1.110). En ausencia de pérdidas,
la ecuacién (1.112) es equivalente a una ecuacién de Schréedinger con las
coordenadas temporal y espacial intercambiadas y con un potencial no lineal
proporcional a |E|%. Por esta razén es conocida como ecuacién de Schroedinger
no lineal (NLSE). Suponiendo que vamos a propagar pulsos de anchura Ty, es
conveniente renormalizar las variables z y ¢ mediante las constantes 7, y Tj:

2

4 = =

Zy

t

T = —

Ty

Sustituyendo en (1.112)

18E_1ﬁ282E ag

i——— = ————— — \|E|’E — i—E.
Zo0Z — 212 OT? wilEl 2
Esta ecuacién se puede simplificar si escogemos como constante de renormal-

izacién Zy la longitud de dispersién Lp = T¢Z/|(3| y renormalizamos el campo
mediante la transformacién ¢ = E/y/Py con Py = 1/(dxp.Lp):
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2

iaa—; + %% + |¢|’q = —ilq, (1.113)
donde T' = ayLp/2 y hemos supuesto que estamos en la zona de dispersién
anémala (f; < 0). La solucién de onda solitaria (que mantiene la forma
durante la propagacién) mas general de la ecuacion (1.113) sin pérdidas (I" = 0)
es de la forma [146]

o(T, Z) = nsechn(T + KZ)]e‘i(“T‘" g Z“”’), (1.114)

donde 7 representa tanto la amplitud como el inverso de la anchura del pulso,
Kk representa tanto su velocidad (respecto a la velocidad de grupo) como un
desplazamiento de la frecuencia respecto de wy y 0y es una constante de fase.
Esta solucién corresponde a un solitén de orden 1 y se puede ver que para
cualquier valor de n se cumple

2_ .2

Lp

=1
Lyy

Si el pulso que introducimos en la fibra es de la forma
q(T,0) = Nnsech(nT),

donde N es un entero, tendremos un solitéon de orden N y se cumplira la
relacion

Lp

=D _ N2
LNL

A diferencia de los solitones de orden 1, los solitones de orden N > 1 no
mantienen su forma durante la propagacion en la fibra sino que la varian
periédicamente, con un periodo zy = Lpm/2. Una caracteristica de los soli-
tones que se obtiene de las relaciones anteriores es que el producto PyTg es
proporcional a la dispersién de la fibra. Una consecuencia importante es que
se pueden conseguir solitones de orden uno con potencias del orden de mW,
siempre que la dispersién sea ~ 1 ps/(nm-km). En las variables originales un
soliton de orden 1 que se mueva a la velocidad de grupo vendra dado por

_ | B2 |Balz | .
E(z,t) =, 5NLT02$ech(t/T0)exp Z2T02 +iog | .
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En la region de dispersion normal también existe una solucién de tipo soliton
formada por un “fondo” de amplitud constante con una depresion en forma
de secante hiperbdlica. Estos solitones son conocidos como solitones oscuros
en contraposicién con los solitones brillantes que se producen en la regién de
dispersion anémala.

La NLSE describe correctamente la propagacién de pulsos en una fibra
optica siempre que se cumplan ciertas condiciones. Una de ellas es que la
fibra mantenga la polarizacion, por lo que en principio solo se pueden formar
solitones en fibras PM, que son més caras y presentan unas pérdidas mayores
que las fibras convencionales. En una fibra convencional la descripcion de
la propagacién de pulsos se hace a través de dos ecuaciones del tipo (1.113)
acopladas, una para cada uno de los dos estados ortogonales de polarizacion.
Sin embargo, dado que la birrefringencia de la fibra varia aleatoriamente a lo
largo de ésta en una escala pequena comparada con la longitud de dispersién,
su efecto se puede promediar [147], dando lugar a dos ecuaciones conocidas
como ecuaciones de Manakov [148] que son integrables y admiten soluciones
del tipo solitén. Basandose en ésto se han disenado sistemas que utilizan
multiplexacion de polarizaciéon para aumentar la capacidad de transmision
[149]. Otra condicién que se debe de cumplir para que la ecuacién (1.113) sea
valida es que los pulsos no sean muy estrechos (< 1 ps). En caso contrario
habria que incluir efectos dispersivos de orden superior asi como tener en
cuenta el tiempo de respuesta de los efectos no lineales en la fibra (efecto
Raman intrapulso).

1.2.4 Generacién y transmision de solitones. Efecto
Gordon—Haus e interaccion de solitones

Una caracteristica muy importante de los solitones es que son muy estables
frente a las perturbaciones. Esto hace que se puedan formar solitones a partir
de pulsos con formas muy distintas. Aunque en un solitén la frecuencia es
constante a lo largo del pulso, también se pueden formar solitones a partir de
pulsos con chirping [141]. En todos los casos en los que el pulso inicial no
es exactamente un solitéon una parte de la energia es dispersada en forma de
ondas lineales. Esto también ocurre cuando el pulso inicial tiene la forma de
un soliton perfecto pero su energia no es la adecuada. En concreto se formard
un solitén de orden uno siempre que se cumpla 1/2 < (Lp/Lxy)'/? < 3/2,
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pero si el cociente Lp /Ly, no es exactamente 1 el pulso radiard energia, hasta
formarse un solitén de energia menor que el pulso inicial. Esta propiedad
se ha usado para generar secuencias de solitones a alta velocidad mediante la
superposicion de dos ondas continuas con una diferencia de frecuencia Awy. El
patrén de interferencia que se produce da lugar a pulsos, que con una adecuada
relacién entre la potencia maxima y la anchura, dardn lugar a solitones. Este
esquema junto con un modulador de amplitud se ha utilizado como fuente de
solitones para comunicaciones [150]. También se ha demostrado recientemente
que es posible convertir una senal modulada siguiendo el esquema de no retorno
a cero (“Non Return to Zero”, NRZ) en una senal compuesta de solitones [151].

Varios tipos de laseres han sido usados en la generacién de solitones para sis-
temas de comunicaiones 6pticas. El grupo de los laboratorios Bell encabezado
por L. F. Molleauer ha usado ldseres de modos acoplados (“mode-locked”)
que producen solitones casi perfectos. El mayor incoveniente de estos laseres
es que la velocidad de modulaciéon no es variable. El grupo de la NTT en-
cabezado por M. Nakazawa ha usado diodos laser encendidos por ganancia y
modulados directamente a través de la corriente de inyeccién. En este tipo de
laseres la velocidad de modulacion si es variable, sin embargo presentan otro
tipo de incovenientes, como son el chirping y las fluctuaciones de frecuencia
entre pulsos. El chirping de los pulsos (variacién de la frecuencia a lo largo
del pulso) debido al cambio en el indice de refraccién producido por los por-
tadores da lugar a pulsos con un espectro muy ancho. Para que estos pulsos
den lugar a solitones es necesario filtrarlos. Un problema mas importante es
el debido a las fluctuaciones en frecuencia de un pulso a otro causadas por la
emision espontanea [152, 153]. Estas fluctuaciones en frecuencia se traducen
en fluctuaciones en velocidad durante la propagacién en la fibra, haciendo que
el tiempo de llegada de los pulsos al receptor sea aleatorio. Sin embargo, se ha
demostrado recientemente [154] que esas fluctuaciones se pueden reducir uti-
lizando una corriente de polarizacién ligeramente por debajo del umbral. De
esta forma los efectos de patrén (dependencia de las propiedades de un pulso
de la secuencia de bits anterior) desaparecen y es posible generar secuencias
aleatorias de solitones modulando directamente el laser.

Otra de las propiedades mas importantes de los solitones es su capacidad
de mantener la forma después de una colisién. Las colisiones de solitones
pueden producirse cuando se emplea multiplexacién en longitud de onda, ya
que los solitones de canales diferentes viajan a velocidades diferentes debido a
la GVD, pero también se pueden producir entre solitones con la misma frecuen-
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Figure 1.13: Interaccién de dos solitones (linea continua) en fase (linea dis-
continua) y en contrafase (linea de puntos).

cia central debido a la interaccion. La interaccién entre solitones es atractiva
cuando los pulsos estan en fase y repulsiva cuando estan en contrafase. Puede
darse una interpretacion cualitativa de la interaccion entre solitones basada
en el solapamiento de las colas de dos pulsos que estén suficientemente cerca
[155]. Como se puede ver en la figura 1.13, cuando los dos pulsos estdn en
fase (linea discontinua), la pendiente de la intensidad en la zona central de-
crece. Como consecuencia la variacién de la frecuencia debida a los efectos
no lineales es menor (ver ecuacién (1.111)) y no puede compensar los efectos
dispersivos. Esto hace que las colas en la zona central se ensanchen, provo-
cando que los pulsos se acerquen. El efecto contrario ocurre cuando los pulsos
estan en contrafase (linea de puntos en la figura 1.13), y los pulsos se sepa-
ran. Para reducir los efectos de la interaccion basta con mantener los solitones
separados una distancia > b57pwpwm, donde Tpwpwm representa la anchura a
media altura, aunque ésto limita la velocidad transmisiéon. Sin embargo, los
sitemas de control empleados para reducir el efecto Gordon—-Haus también son
eficaces para reducir la interaccién. Otros métodos empleados para este fin
son alternar solitones con dos estados ortogonales de polarizacién o alternar
solitones de amplitudes diferentes. En el caso de multiplexado en longitud
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de onda, la colisién de dos solitones en una situacién ideal de una fibra sin
péridas no tiene mas consecuencias que un pequeno desplazamiento temporal
de los dos pulsos. Sin embargo en un sistema real, con pérdidas y amplifi-
cadores, la situacién puede ser muy diferente. Si la colisién ocurre dentro de
un amplificador, donde la potencia de entrada es muy diferente a la potencia
de salida, la simetria de la colisién se rompe, y la velocidad de los solitones
se modifica. Este efecto es despreciable si los solitones solapan durante una
distancia L. = 2T,/(DAM) considerablemente mayor que la separacién entre
amplificadores L,. De nuevo esta condicién limita la velocidad de modulacion
por canal (inversamente proporcional a Tj).

Pero el efecto mas importante debido a los amplificadores es el efecto
Gordon—Haus. El ruido de emisién espontanea que los amplificadores anaden
a los solitones produce fluctuaciones de amplitud y de fase. Las fluctuaciones
de amplitud se traducen en fluctuaciones de anchura, ya que los solitones se
readaptan para mantener constante el producto PyT¢ siempre que las fluc-
tuaciones no sean muy grandes. Estas fluctuaciones no influyen de forma
significativa en el funcionamiento del sistema de transmisién. En cambio las
fluctuaciones de fase si son importantes, ya que cambian de forma aleatoria la
frecuencia de los solitones. Debido a la GVD, estas variaciones de la frecuen-
cia se traducen en un tiempo de llegada al receptor aleatorio. Este fenémeno,
conocido como efecto Gordon—Haus puede ser muy importante para distancias
transocednicas. La varianza de los tiempos de llegada al receptor viene dada
por

2D g 2_3
3Ty L,
donde S es la intensidad del ruido. Desde el descubrimiento del efecto Gordon—
Haus se han utilizado numerosas técnicas para compensarlo. El primer sistema
que se ide6 para superar el limite impuesto por el efecto Gordon—Haus se
basaba en la utilizacién de moduladores de amplitud [132]. De esta forma se
consiguié transmitir a 10 Gb/s durante 10° kms. Este experimento se realizé
en un anillo de fibra, lo que simplificaba la sincronizacién de los moduladores
con la senal, pero en una linea transoceanica este sistema es mucho mas compli-
cado de implementar. Por otra parte, si se utiliza el multiplexado en longitud
de onda, el proceso se complica aiin mas. Los moduladores compensan el
efecto Gordon—Haus corrigiendo la posicién de los pulsos y haciendo que vuel-
van al centro de la ventana temporal. Una forma alternativa y mas simple de

(6t%) =
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corregir el efecto Gordon—Haus, basada en el empleo de filtros, fue propuesta
ese mismo ano por dos grupos independientemente [133, 134]. La idea era la
misma que en el método de Nakazawa, pero en el dominio de frecuencias: los
filtros tienden a hacer que los pulsos permanezcan en el centro de la ventana
de frecuencias, con lo que reduce la diferencia de frecuencia de un pulso a otro.
Las mayores ventajas de este método frente al de Nakazawa son que los filtros
son dispositivos pasivos y que el sistema puede soportar el multiplexado en
longitud de onda. Sin embargo, el exceso de ganancia necesario para compen-
sar las pérdidas producidas por los filtros hace que la fraccién del ruido con
frecuencias proximas a la frecuencia central de los filtros vaya creciendo expo-
nencialmente con la distancia, ya que experimenta unas pérdidas menores que
los solitones. Este crecimiento limita el valor minimo del ancho de banda de los
filtros, ya que a filtros mas estrechos corresponde una ganancia extra mayor
y por tanto un mayor crecimiento del ruido. En un experimento sobre dis-
tancias transocedanicas se comprobo que la reduccién maxima de la desviacion
tipica de los tiempos de llegada que se podia conseguir con este método era
aproximadamente de un factor 2 [135]. Para corregir ésto, Mollenauer pro-
puso el empleo de filtros con una frecuencia central que varie linealmente con
la longitud de propagacién (“Sliding Filters”, SF) [136, 137]. De esta forma
el ruido es filtrado por igual a todas las frecuencias, mientras la frecuencia
central de los solitones, debido a las propiedades no lineales de los mismos,
es capaz de seguir a la frecuencia central de los filtros. Otro método que en
la actualidad se estd investigando para reducir el efecto Gordon-Haus es el
uso de filtros de frecuencia central fija junto con amplificadores no lineales
(“Nonlinear Gain”, NLG) [138]. La idea en este método es reducir el incre-
mento exponencial del ruido amplificando con una ganancia proporcional a la
intensidad, de forma que los solitones (més intensos) se amplifiquen més que
el ruido (menos intenso). Para ello se ha propuesto el uso de amplificacién
lineal mas un absorbente saturable, como en el caso de espejos de bucle no
lineal (“Nonlinear Loop Mirror”, NLM) [156, 157] o de rotacién no lineal de
la polarizacién junto con pérdidas dependientes de la polarizacién [158].



Chapter 2

(Gain Saturation And Pulse
Statistics In Single-Mode
Semiconductor Lasers

2.1 Introduction

Short optical pulses can be generated in semiconductor lasers by directly driv-
ing the laser diode (LD) biased below threshold with electrical pulses (gain
switching) [159]. The attractiveness of this technique is its simplicity. The
idea is to excite the first spike of relaxation oscillation without exciting the
subsequent ones. Experimental gain-switched pulse width obtained lies gen-
erally in the range of 15 to 40 ps. Ultrashort laser pulses can be generated by
mode-locking techniques [160]. The shortest pulses that can be generated by
gain switching are related to the strength of relaxation oscillation. Therefore
gain saturation is a serious limiting factor for the generation of short optical
pulses [159, 161]. This effect is more important in quaternary lasers. The effect
of gain saturation in short pulse generation by gain switching of semiconduc-
tor lasers has been analyzed in a deterministic framework [162]. However, the
timing jitter in the emission of the optical pulse [83] is an important limit-
ing factor of the performance of optical communication systems [163]. The
randomness of the turn-on time 7" of the pulse is originated by intrinsic spon-
taneous emission noise £. Nonlinear dynamics amplify the indeterminacy of
T so that pulses of different height and width occur. The statistics of 7" and

73
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maximum light intensity I,.. have been analyzed as a function of the bias
current C, and the operating point of the laser [83, 93]. The dependence of
timing jitter and pulse statistics on the modulation frequency has been also
considered [164]. It has been found analytically and numerically [93] that in
the absence of gain saturation I, depends linearly on 7. This result also
holds when gain saturation is considered but the slope is much smaller [165].
In all these works a positive gain suppression factor € is considered. How-
ever, it has been recently shown that it is possible to have a negative € due
to carrier heating for particular laser designs [82]. Here we analyze the effect
of gain saturation on the statistics of maximum light intensity, pulse energy
and pulse width. Both cases, negative and positive gain suppression factors,
are considered. When the gain suppression factor is negative, we always con-
sider values of this factor such that the laser is stable, i. e. with positive
damping frequency. We consider that pulses are generated under repetitive
gain—switching conditions. In this situation the initial condition is given by
the steady-state associated to the bias current. The pulse height I, and
the pulse energy A (area under the pulse) are shown to be linear functions
of the switch-on time T' (the time at which the laser intensity first reaches a
reference value I,.). The statistics of 7' can be obtained for lasers biased below
threshold by neglecting saturation effects [83, 93]. Then the statistics of Iy
and A can be also calculated by using the linear relations. The statistics of
the pulse width 7, obtained as A/Iax, is also derived. This magnitude is
compared with the full width at half maximum of the pulse. An expression
is obtained for I, as a function of T" including the effect of gain saturation.
The area A is calculated by solving numerically the deterministic nonlinear
rate equations. When the laser is biased above threshold the statistics of T is
obtained from numerical simulations.

The chapter is organized as follows. In Section 2.2 the rate equations
are described and the switch-on time statistics is given. In Section 2.3 the
maximum pulse intensity statistics is obtained. Pulse energy and pulse width
statistics are studied in Section 2.4. Finally, in Section 2.5, a summary and
conclusions are presented.
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2.2 Rate equations and turn—on time statis-
tics

Our analysis is based on noise driven rate equations [39] for a single-mode LD
for the number of photons I = FE* and carrier number N

dE

— = (1+ia)(G—v)§+\/2ﬁN§(t)a (2.1)

Cil—];[ =C(t) — Nv.(N) - GI, (2.2)
where gain saturation is included in the form G = g(IN — Ny)/(1 + €I) and
the inverse carrier lifetime is given by 7.(N) = A, + BN + C4N?%. The
spontaneous emission is modeled by a complex Gaussian noise £(t) of zero
mean and correlation (£(¢)€*(t')) = 26(t—t'). The meaning of the symbols and
typical values of the different parameters involved in these equations are listed
in Table 2.1. The injection current C'(¢) follows a square-wave modulation with
a value C,, during a time t,, and C}, during a time %,¢, large enough to reach
the stationary state determined by C}. We have also performed simulations
for an injection current with a finite rise and fall time of 12 ps, included in ¢,
and t,g¢ respectively, to consider the influence of device parasitics. We have
checked that such a modulation does not change the conclusions of this work.
The time t,, is chosen greater than the time #,,,, at which I, is reached, but
short enough to excite only the first spike of relaxation oscillations. A good
choice is to change the injection current before the time at which N reaches its
first minimum value [164]. In this way the subsequent relaxation oscillations
are avoided and the generated pulses are rather symmetric.

The statistical properties of pulse characteristics such as pulse height and
pulse width can be obtained from the switch—on time probability distribution.
The switch—on time 7" is defined as the time at which the laser intensity reaches
the reference value I, after the current switching to the value C,,. Under
repetitive gain—switching conditions the probability distribution for the turn—
on times P(T') has been obtained for lasers biased below threshold [83], [93].
The calculation of P(T) involves only the first stages of evolution when the
light intensity is small, so that gain saturation and the stimulated emission
term in the carrier evolution can be neglected. This situation corresponds to a
small enough value of I,. On the other hand this reference level must be high
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Parameter Meaning Value Units
g Gain parameter 5.6 x 10* st
A, Nonradiative recombination rate 2 x 108 s71
B Radiative recombination coefficient 1 st
Cy Auger recombination coefficient 7.9 x 1079 st
v Inverse photon lifetime 5x 10 st
Ve Inverse carrier lifetime at threshold 4.6 x 10® st
o] Spontaneous emission rate 1.1 x 10* st
a Linewidth enhancement factor 5 adim.
Ny Carrier number at transparency 1.2 x 108  adim.
Cin Threshold current 5.93 x 10'6 s7!

Table 2.1: Meanings and values of the parameters in (2.1) y (2.2)

enough, so that the evolution after reaching I, will be deterministic. Then
the laser intensity will not cross this reference level again after the switch—on
time, provided that the current is kept at the C,, value. In this way the rate
equations can be approximated by

Bo= TN - No) 0]+ \28NE () (2.3

N = C—~.N. (2.4)

The threshold value for the carrier number is given by
Nth - N[] + %

Since the carrier number changes slightly around its threshold value when the
bias current is close to threshold, the term 7,N in (2.4) can be approximated
by Ve Ny,. Then we obtain

N(t) = Ny, + (Con — Cth)(t — tth) (25)

where Ty, is the time taken by the carrier number to reach its threshold value
from the initial value N, = Cj/~,,

t —iln[ioon_ob]
e Ve C’on_c(th .
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We split now the complex field into two terms so that

E(t) = h(t)e?® (2.6)
where
Q) = =5 [ 1o () ~ No) ~ 7l 2.)

is the term leading to optical amplification and

h(t) = h(o) + | " RAN(E) e () e (2.8)

is a Gaussian stochastic process which retains all the information about the
spontaneous emission noise. The statistical properties of h(t) obtained from
(2.8) are given by

(n(t)) = 0 (2.9)

(RO = (I,)e 2RQ0) 1 45 / =R gy (2.10)

where (7,) is the mean value of the intensity in the steady-state associated to
Cy, that is given by [91]

4 C,

Ly=2_=
T) g Cin —Cy

Using this expression, (2.5) and (2.7) in (2.10) we obtain

(hHP) = 79(;1??”@)

+ 45Nth\/g [erf <\/g(t—tth)>+erf <\/gtth>}, (2.11)

where we have defined

448 (e L

v =g(Con — Cipn), (2.12)

and erf(z) is the error function. Since the ligth intensity is related to A(t) in
the following way
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I(t) = |h(t)Pet—tn), (2.13)
the probability density function of I(t) is given by [92]

I
e~ Ty

I00 = Ty

where the mean value of the intensity can be easily obtained from (2.11) and
(2.13). The probability that the swich—on time 7" is greater than a time ¢ cor-
responds to the situation such that the intensity is smaller than the reference
value at time t. Then it is given by

(2.14)

I
P(T > 1) :/ P(I,t)dl.
0
From the distribution function of T’
I
Fr(t) = P(T<t)=1— / P(I,t)dI,
0

we obtain the probability density function of the switch—on time

P(T) = —/IT OILY) f (2.15)
0 ot

In general this integral must be solved numerically. However, an analytical
expression can be obtained for P(T) by taking into account that in the usual
working conditions the stochastic process h(t) converges to a random variable
h(co) before the switch—on time. This corresponds to the fact that the in-
tensity evolution is deterministic after reaching the value I,. The statistical
fluctuations in I(t) correspond to different values taken by the carrier number
for different events when the reference level is crossed. Under this condition
(2.11) can be substituted by the following expression

(o)) = 45| L2 [ (1 at([51) ) + P emploti 2]

(2.16)
Note that the last two terms in (2.16) are related to the initial conditions and
they re only important when the bias current is very close to threshold [83].
Using this expression and (2.14) into (2.15) we obtain
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I, ) L oy
P(T) = -t (T =Ty )e V(T T)*/2 expl—ie VT=Tu)/2| ©(2.17)

(Ih(=0)[?) ([h(o0)[?)

An alternative way [93] to obtain P(T) is to perform a change of variable by
writing T as a function of h(c0),

2 I
T =t “n—" .
L o)

Then the probability density function of the switch-on time (2.17) can be
obtained from that of h(c0), that has an exponential form.
The mean turn-on time and its variance read

1/2
_ 2 0.577 1.645
T =Ty + <—T> l1 + ] op? = : (2.18)
14

2T 2Tv

where 7 = In(I,. /{|h(c0)]?)).

2.3 Pulse height statistics

The maximum pulse intensity is found to depend linearly on T with a positive
slope &; that is independent of the reference value I, used to define 7. A
negative slope is obtained in the Q-switching case [166]. We define T as
the time at which I reaches for the first time the value I, = 0.4[, where
I is the steady state value for C' = C,,. We plot in Fig. 2.1 I,.; as a
function of the switch-on time T for different positive and negative values of
the nonlinear gain parameter € and for t,, = 115 ps. All the points in Fig. 2.1
correspond to the same bias current below threshold C, = 0.9 Cy;, and to the
same injection current C,, = 3.5 Cyy,, where CY;, is the threshold current. The
different values taken by I... are associated with different switch-on times
T. The randomness of this time is due to the spontaneous emission noise and
causes timing jitter. In the gain-switching process the carrier number increases
until I reaches the value I, at the switch-on time 7. The later the pulse is
emitted, the larger the maximum value of N, and consequently the higher the
emitted pulse [93]. The evolution from 7" onwards is essentially deterministic,
so that [« is a well defined function of 7. Due to the smallness of the turn-on
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time jitter as compared to the mean turn-on time 7', the pulse height can be
approximated by a first-order expansion in 7' — T [93]. Therefore, a linear
relationship between I, and 7" is obtained. The results shown in Fig. 2.1 are
similar to those found without gain saturation [93], but the slope d; is much
smaller when € is positive [165] and it decreases when this factor increases.
For negative values of € the slope increases.

The linear dependence of the maximum pulse intensity on the turn-on time
allows us to reduce the problem of calculating the fluctuations of I, to those
already known for 7' [83], [93]. The dispersion of I ,,x can be obtained from
01,... = 0707, where or is the timing jitter. When C,, < (Y, an expression for d;
can be derived in the following way. After the pulse is emitted, that is for times
greater than T', the carrier number decreases due to the stimulated emitted
photons. The evolution of N for different events, associated to different turn-on
times, is mainly governed by the coupling of N with the pulse intensity. When
different turn-on events are considered, the term G in Eq. (2.2) changes more
than 14% at an intermediate time between T" and ¢,,,x , whereas the term C,, —
N~.(N) is nearly constant with a change smaller than 0.7 %. The variation of
the pulse intensity is due to the amplification of the initial indeterminacy in
the turn-on time. Therefore, in order to get the dependence of I, on T, i. e.
the slope d7, the current injection and carrier recombination can be neglected
in Eq. (2.2) for times ¢t > T. Since the evolution is deterministic after the
pulse emission, the spontaneous emission is also negligible for these times.
Using this approximation the deterministic rate equations can be integrated
with the initial conditions at T given by I, and N(T'). In this way we obtain

Imax(T) = - : (2.19)
where
o(T) = e(N(T) = Np) + > +;I’“, (2.20)
_gIN(T) = No) er\ !
b(T) = . A= (1 - ;> . (2.21)

Since the dispersion of T around its mean value T is small I, can be
approximated by a linear function of T"— T'. The slope of this straight line is
given from Eq. (2.1) by
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Figure 2.1: Pulse height I, and pulse energy A vs. the switch-on time T
for different values of the gain saturation factor e: squares corresponds to
—0.5x 1077; stars to 2 x 10~7; diamonds to 4 x 10~ and triangles to 8 x 10~".
The values of the injection current are C, = 0.9 Cy, and C,, = 3.5 Cyy,.
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Since the laser is biased below threshold the value of N(7T) can be obtained
by neglecting the carrier depression by the stimulated emission (GI ~ 0). A
simple expression can be derived in the following way. The evolution of N
from the time T}, at which it reaches its threshold value Ny, = Cly, /v, until T
is linear. This is due to the small increase of N from Ny, to N(T'). The value
of N(T) can be obtained as a linear function of T — T;;, by taking the term
N%.(N) in Eq. (2.2) as a constant given by its value at threshold, Ny,7ve(Nip).
The error in N(T) due to this approximation is always smaller than 0.1%. In
this way ¢&; is obtained as a function of T — Ty,.

The slope §; is obtained by using the value of T — T}y, given by Eq. (2.18)
in Eq. (2.22). Then ¢; depends on Ti, only through the parameter p. This
dependence is only important when the bias is very close to threshold, that is
for small values of Ti;,. In this case the evolution of N is linear and the value
of Ty, can be obtained in the same way than N(T') by using the approximation
N7e(N) = NipYe(Nin)-

Using Eq. (2.22) a good agreement is found with numerical simulations (see
Fig. 2.2). The slope ¢; decreases when the saturation parameter e increases.
This is due to the fact that the gain saturation decreases the amplification
of the initial indeterminacy in 7. For large positive values of € the slope in
Eq. (2.22) increases linearly with the excitation current Cy,: 05 ~ g(Cop —
Cin)/(ve). This linear behavior can be observed in Fig. 2.2 when € increases.
The dispersion of the pulse height o, . can be obtained from the timing
jitter or and the slope d;, oy,.,. = dror. Since or is independent of €, we
conclude that the dispersion of I, decreases when € increases. Concerning
the current, when C,, increases I,,x and the slope d; increase. The timing
jitter or for a laser biased below threshold given by Eq. (2.18) decreases as
(Con — Cin) Y2, Since 6; increases at least linearly with Cy, (see Fig. 2.2), the
dispersion of the pulse height must increase with C,,. For large positive values
of € the slope grows linearly with C,, and oy, increases as (Con — Cin)'/?.
This theoretical prediction seems to be confirmed by the numerical simulation
results (see Fig. 2.2).

We have also analyzed the statistics of pulse height as a function of the
bias current and the saturation parameter (see Fig. 2.3). The slope d; is nearly
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Figure 2.2: Slope d; and dispersion oy, of the pulse height as a function of the
current, for different values of e. Symbols correspond to numerical simulations
and solid line to theory for the same values of € as in Fig. 2.1. The bias current
is Cp = 0.9 Cip,.
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constant for different values of Cj below threshold. When Cj, > C};, the slope
decreases with the bias current. This is due to the fact that the carrier density
is reduced when the bias current increases. The slope is found to decrease
when € increases for any value of C',. The dispersion o;_, follows the behavior
of the timing jitter [83]: it is independent of the bias until C), is very close to
Cin, then it increases when C, approaches the threshold and it decreases above
threshold.

Time jitter comes from two different noise sources. The first one is the spread
of the field distribution in the initial biasing state. The second one is the noise
generated by the spontaneous emission events occurring until the build up of
the optical pulse. Only those photons emitted when the laser is near threshold
will cause stimulated emission to start. All the photons emitted before the
transparency condition is achieved, in fact, will be absorbed and the system
will maintain no memory of them. When the laser is below threshold, time
jitter is only due to the spontaneous emission events taking place around the
threshold time. Therefore, the dispersion of T" and I,,,. are independents of
Cy,. When the initial biasing is near threshold, the system has memory of
the initial conditions, so that the initial field distribution also contributes to
time jitter and o increases when approaching the threshold. This increase
corresponds to the last term in Eq. (2.16). Finally, when the initial state is
above threshold, only the intensity noise associated with the initial state is
important and the time jitter decreases [83].

2.4 Pulse energy and pulse width statistics

The pulse energy A (area under the pulse) is also found to be linearly related
with T (see Fig. 2.1). However, for large values of the saturation parameter the
slope is small and it is difficult to fit the data with a straight line. When C} <
Cipn the slope of A, d4, can be obtained by solving numerically the nonlinear
deterministic rate equations with the initial conditions given by I(T") = I, and
N(T) obtained by a first iteration of the rate equations from ¢ = T}, using as
the zeroth order the linear evolution for the carrier number without stimulated
emission. The results for 4 shown in Fig. 2.4 are calculated using 10 values
of A(T) for turn-on times in the interval (T — 207, T + 207). The values
obtained in this way for the slopes of A agree well with the values calculated
from numerical simulations of Eqs. (2.1)-(2.2).
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Figure 2.3: The same quantities as in Fig. 2.2 but plotted as a function of the
bias current for a fixed value of C,, = 3.5 Cyy,.
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The slope of the pulse energy decreases with the saturation parameter.
Then for large values of € similar values of A are obtained for different turn-
on times. This behavior comes from a decrease in the amplification of the
initial indeterminacy in the turn-on time when the nonlinear gain saturation
increases. This amplification increases with the injection current and the slope
04 increases with Cy,. This increase is linear for negative values of the satu-
ration parameter (see Fig. 2.4). §4 also increases with the current for positive
values of €, but for large values of this factor the slope becomes independent of
Con- Then the dispersion of A, 04, given by d,07, decreases for large positive
values of € when C,, increases in the same way than the timing jitter (see
Fig. 2.4). For small positive values of € 04 increases slightly with Cl,,.

We have also studied the behavior of the pulse energy with respect to Cj,.
The slope 4 is nearly constant for different values of C} below threshold.
Above threshold ¢4 decreases with C,. However for large positive values of
e the slope becomes very small and it is very difficult to fit the data with a
straight line. The dispersion o4 shows then the same behavior than the timing
jitter, except for large positive values of € due to the fitting problem mentioned
above.

Concerning the pulse width, the full width at half maximum (FWHM)
of the optical pulse 7/ can be approximated by 7,, = A/Inax (see Fig. 2.5).
Note that we have chosen the time t,, at which the current is changed from
Con to Cy short enough to excite only the first spike of relaxation oscillations
[164]. In this way the generated pulses are rather symmetric and 7, is a good
approximation of the FWHM 7. Using the linear relations for A and I« we
have

Tw = [A(T) + 64(T — T)]/Imax(T) + 6;(T —T)]. (2.23)

When Cy < Cy, A(T) and Iax(T) can be obtained by solving numerically
the nonlinear deterministic rate equations with the initial conditions given by
I(T) = I. and N(T) obtained by a first iteration of the rate equations from
t = T, taking as the zeroth order the carrier density without stimulated
emission. Then the statistics of 7,, can be obtained from Eq. (2.23) by using
the probability distribution of T" given by Eq. (2.17). Since the pulse height
increases much quicker than the pulse energy with the switch—on time, 7, is
found to decrease with T'. We plot in Fig. 2.6 the mean value and dispersion
of 7, for different values of the saturation parameter as a function of Cy,. A

good agreement is found between the results obtained from Egs. (2.23) and
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Figure 2.4: Slope ¢4 and dispersion 04 of the pulse energy as a function of the
current, for different values of e. Symbols correspond to numerical simulations
and solid line to theory for the same values of € as in Fig. 2.1. The bias current
is Cp = 0.9 Cip,.
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Figure 2.5: Typical pulse for a current value of C,, = 3.5 C}, during a time
ton = 115 ps. The dashed line corresponds to a triangle with the same height
(Imax) and area (A) as the pulse. The bias current is C, = 0.9 Cy,.
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(2.17) and numerical simulations. The agreement for the dispersion of 7, is
better when C,, increases. This is due to the fact that the theory for the turn-
on time statistics works better for large values of the injection current [93].
In Fig. 2.7 the mean value and dispersion of the FWHM are shown. These
results are obtained by numerical simulations of the noise driven rate equations
(2.1)-(2.2). A comparison between both magnitudes, 7, and 7y, shows that
they have the same behavior with respect to the injection current and to the
saturation parameter. The mean value of 7 is always smaller than that of 7,,.
This is due to the tail of the pulse (see Fig. 2.5). The difference between both
mean values is around 10%. Concerning the dispersion, the difference between
o;, and o, is larger but for injection currents C,, > 2CY, is of the order of
15%.

Figs. 2.6 and 2.7 show that the mean value of the pulse width decreases
with the current and increases with the saturation parameter. The dispersion
of the pulse width has the same behavior than the mean value. Since the
relative fluctuations of I,.x and A are small, we obtain by developing (2.23)
in powers of T — T the following expression for the variance of 7,

Uzw B <I 5, 5A)>2 2[ B 2.286r07 (2‘24)

702 \In(@)  AT)) "0 7 TaeT)

This expression gives results in good agreement with numerical simulations for
large values of the current (see Fig. 2.6). This is due to the decrease of time
jitter when C,, increases. Both the relative fluctuations of I,,,, and A increase
with e. Then o, /(7,) is nearly independent of the saturation parameter and
the dispersion of 7,, has the same behavior than (7,) (see Fig. 2.6).

2.5 Summary and conclusions

We have studied the statistics of pulse amplitude, pulse energy and pulse
width of gain switched semiconductor lasers for different positive and negative
values of the gain saturation factor. The mean value and dispersion of these
magnitudes have been obtained as a function of the injection current. Different
values of the bias current, below and above threshold, has been considered.
The values of the pulse amplitude and pulse energy obtained for a particular
gain-switching event are determined by the turn-on time for this particular
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Figure 2.6: Mean value (7,,) and dispersion o, of the pulse width as a function
of the current for different values of €. The symbols are obtained from numer-
ical simulations for the same values of € as in Fig. 2.1. Solid line corresponds
to (2.7) and (2.11) and dashed line to (2.12). The bias current is C, = 0.9 Cy.
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Figure 2.7: Mean value (1) and dispersion o, of the full width at half max-
imum as a function of the current for the same values of € as in Fig. 2.6
obtained from numerical simulations of equations (2.1)-(2.2). The bias cur-
rent is Cp = 0.9 Cyy,.
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event. We have shown that these two magnitudes depend linearly on the turn-
on time. These linear relationships reduce the problem of characterizing the
statistics of the pulse height and pulse energy to the well established knowledge
of the statistics of the turn-on time.

When the laser is biased below threshold an expression is derived for the
slope of the pulse height versus the turn-on time. Using this expression the
dispersion of the pulse height is obtained. The slope and the dispersion of the
pulse height increases with the injection current. These magnitudes decrease
when the nonlinear gain saturation increases. These results are checked with
numerical simulations. We have also studied the dispersion of the pulse height
as a function of the bias current. The dispersion has the same behavior than
the timing jitter. It is independent of the bias until Cj, is close to threshold,
then it increases when the threshold is approached and it decreases above
threshold.

The statistics of the pulse energy are obtained by using the slope of the
linear relationship between the pulse energy and the turn-on time. The slope
of the pulse energy follows the same behavior than that of the pulse amplitude
for small gain saturation. However, for large values of the gain saturation
parameter the slope of the pulse energy do not increase with the injection
current. As a consequence, for large gain saturation the dispersion of the
pulse energy decreases with the injection current.

Finally, the pulse width statistics are obtained from the statistics of the
pulse energy and pulse amplitude by taking the pulse width as the ratio of both
magnitudes. This ratio is found to compare well with the full width at half
maximum of the pulse. It is shown that the mean value and the dispersion
of the pulse width increase with the gain saturation and decrease with the
injection current.



Chapter 3

Effect of phase—conjugate
optical feedback on turn—on
jitter in laser diodes

3.1 Introduction

It is well known that the performance of a laser diode is extremely sensitive
to external optical feedback.[39, 95] The switch—on dynamics of a laser diode
subjected to optical feedback has been recently considered [98], finding that
the turn—on delay jitter is extremely sensitive to the reflector location. This is
due to the phase shift acquired in the external cavity, that can be eliminated if
the feedback occurs from a phase-conjugate mirror, phase—conjugate feedback,
since the phase of the returned light is reversed during reflection. Therefore
there are significant differences between the behavior of a laser diode with
phase—conjugate feedback and conventional optical feedback. Analysis of the
stability [167, 108, 101] of a laser diode in the presence of phase-conjugate
feedback have been reported. Concerning the noise characteristics, it has been
shown [101, 168] that for weak values of phase-conjugate feedback the in-
tensity and frequency noise are reduced at low frequencies. The objective of
this chapter is to investigate the effect of phase—conjugate feedback on the
turn—on time statistics of lasers diodes. A theory, validated by numerical sim-
ulations, is developed to obtain the turn—on time probability density P(T).
Our results show that, unlike the case with conventional feedback, [98] the
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turn—on time is not very sensitive to small variations in the position of the
phase—conjugate mirror on the optical wavelength scales. This property, due
to the lack of the external roundtrip phase change, is the main advantage
of phase-conjugate feedback compared to conventional feedback. However,
the effective laser threshold is dependent upon the phase that changes due
to chirping. Therefore P(T) becomes sensitive to the value of the linewidth
enhancement factor a. Moreover, when a # 0 the stability range of a laser
diode subjected to phase—conjugate feedback is reduced.[167, 101] This is the
main disadvantage of phase-conjugate feedback compared with conventional
feedback.

3.2 Rate equations model

Here we consider a degenerate four-wave mixing PCM in a fast-responding
nonlinear medium[101] with a time response smaller than 1 ps. Our analysis
is based on noise—driven rate equations for the optical field £ = E + iE, =
VTexp(i¢) (E; being the field components) and carrier number N. In the
presence of PCF, these equations can be written as (assuming single-mode
operation) [167, 108, 101]

%ﬁ’f) — GOE®) + kE*(t — )+ 28N (3.1)
P~ o) - Ny - o) (3.2)
where
dt) = a0)+ig) =G0 ~) (33)
V() - )
) = 1+ sI(t) (34)

and the meaning and values of the parameters involved in these equations
are listed in Table 3.1. The spontaneous emission is modeled by a com-
plex Gaussian white noise £(t) = & (t) + i€ (t) of zero mean and correlation

(€@)e (1) = 20(t = 1').
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Parameter Meaning Value Units
g Gain parameter 5.6 x 10* st
s Non-linear gain saturation parameter 1.2 x 10°® adim.
v Inverse photon lifetime 5x 101! s~
Ve Inverse carrier lifetime at threshold 4.6 x 108 s~
6] Spontaneous emission rate 1.1 x 10* st
Ny Carrier number at transparency 6.8 x 107 adim.
Cin Threshold current 3.76 x 106 st
a Linewidth enhancement factor variable adim.
K Feedback rate variable  ps~!
T External cavity round-trip time variable ps

Table 3.1: Meanings and values of the parameters in (3.1)—(3.4)

We consider a situation of repetitive gain—switching from stationary initial
conditions determined by the bias level. The injection current C(t) is switched
from a value Cp = 0.9 C}}, below the threshold current to a value C,, = 3.5 Cyy,
above it. The turn—on time T is defined as the time at which | E' |*= I,., where
I, = 3.04 x 10° corresponds to 13% of the steady-state intensity in the absence
of feedback.

3.3 Theoretical calculation of P(T)

In the initial stage of evolution the intensity is small, so the term G in Eq.
(3.2) and the non-linear gain saturation are negligible. Within this approxi-
mation G(¢) can be obtained [98] by solution of Eq. (3.2). For short external
cavities such that x7 is small, Eq. (3.1) can be approximated at early times
by

E=  (q—r*rexp(=27¢,))E(t) + xexp(—7¢*)E*(t)

+/2BN(&(t) — kT exp(=7¢")E"(1)). (3-5)

From the corresponding Eq. for I the carrier number needed for the beginning
of amplification (that is the effective threshold) is given to first order in 7 by

2
Ntef:f = Ny, — il [cos 2¢ + KT sin 2¢(av cos 2¢ — sin 2¢)],
g
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Figure 3.1: (a) Carrier number (dotted line). The effective threshold in (a)
and the turn-on time distribution in (b) correspond to numerical simulations
for a = 0 (dashed curves) and o = 5.5 (solid curves). The dashed—dotted
curves in (b) correspond to the theory. Feedback parameter values: k = 0.1

ps~!and 7 =1 ps.
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where Ny, = Ng+7/g. Then NS is phase-dependent. If the reinjected field is
in phase with the field in the cavity the threshold is reduced. The reverse effect
occurs in the phase opposition case. When « # 0 the instantaneous frequency
of the LD changes with time[39] (chirping). This leads to phase oscillations
that are followed by NE&T (see Fig. 3.1). When the linewidth enhancement
factor a is small (quantum-well lasers) the phase and N§! are nearly constant
in time. In the limiting case a = 0 the field components F; and E, decouple,
having E; a threshold given by the minimum and maximum values of NI,
Nthi = Nth + (—1)12I€/g

Our approach consists in calculating the turn-on time distribution P(T)
from

I df(I1,T)

P(T) = —/0 Sl (3.6)

where f(I,T) is the intensity distribution. f(I,T) is easily obtained from the
field distribution, which is Gaussian of moments, z; = (E?) and x5 = (E| E»).
The evaluation of the field moments from Eq. (3.5) is in general cumbersome.
We give here some explicit expressions in some cases with & = 0 and the
results in other cases are displayed in the figures. When o« = 0, x5 = 0. If in
addition « is small the two field components contribute to the laser switch—on
and we get

xz(t) = Qﬁi\/ithhi exp(%(t — tthi)2); (37)

where

g(Con_Cth)
S e e (38)
5
S )

and t;,; is the time needed for the carrier number to reach the effective thresh-
old Nini. When « increases only the component with the minimum threshold
contributes to the laser switch-on. Then z; is still given by Eq. (3.7), but x
is negligible. In this case the following expression is obtained for the turn—on
distribution,
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\/271'[)1@1( — tih1) eXp<_Z(T_tth1) >

xexp[—;—brle p< (T—tthl) )], (3.10)

where by = 20311/27/a; Nyp; -

For values of a # 0 typical of bulk LD P(T) changes from a single-
maximum distribution to a multimodal one by increasing x (see Fig. 3.1).
The maxima and minima of the turn-on time distribution correspond to the
effective threshold oscillations due to the chirping. Our theory reproduces well
P(T) for short external cavities.

We have obtained the mean turn—on time (7') and its standard deviation
(jitter) o when P(T) has a single maximum, i. e. when x and/or « are small.
The gross magnitude of (T') in Fig. 3.2 is mainly due to the time spent by the
carriers to reach threshold (see Fig. 3.1). We consider first the case with small
k for different values of a. Since T is defined in terms of the intensity, all
results are symmetric with respect to « changing sign. When « increases (T')
is found to increase, whereas the jitter decreases (see Fig. 3.2). As discussed
above when « is small the two field components F; have thresholds given by
the maximum and minimum values of N§T. The turn-on time is smaller than
the one in the absence of feedback due to the component with the minimum
threshold. However, the jitter increases with the PCFEF because of the different
turn—on times for photons with different phases. When « increases the effective
threshold oscillates in time with the phase, and these differences are washed
out. When the frequency of these oscillations is large, values of (T') and or
close to those without PCF are recovered. The same behavior is obtained
when the external cavity length increases, due to the decrease of the number
of the feedback photons that contribute to the switch—-on. When o = 0 the
jitter decrease with 7 corresponds to a reduction of the difference between the
field components in Eq. (3.7). We note that in contrast with the results for
conventional feedback [98] a non-oscillatory behavior with 7 is observed, due
to the lack of the external roundtrip phase change.

We now consider the low chirping case (o small). In the limiting case
a = 0 the theory simplifies and P(T') can be obtained from Eq. (3.7) for low
k and it is given by Eq. (3.10) for large k. The turn-on time decreases with
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Figure 3.2: Turn-on time < 7' > and its jitter o versus « for k = 0.02 ps™!,

7 = 1 ps (asterisks) and 7 = 5 ps (diamonds) from numerical simulations
(symbols) and theory (solid curves). The arrows show the values without
feedback.
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two values of a: 0 (asterisks) and 1 (diamonds). Solid curves correspond to
the theory and the dashed line to Eq. (3.10).
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and two values of a: 0 (asterisks) and 1 (diamonds). Solid curves correspond
to the theory.
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k since the minimum value of NET decreases. Fig. 3.3 shows that for a = 0
and small 7 the jitter increases with x until a nearly constant value is reached.
When « increases the range of phases of the spontaneously emitted photons
that contribute to the switch—on is reduced. Then the intensity noise and the
jitter increase until a constant value is reached when only photons with the
minimum threshold contribute. It is shown in Fig. 3.3 that the one-component
theory [Eq. (3.10)] is valid when & is greater than 0.04 ps~!. As discussed
above or is reduced when « increases for small x. However, for large x the
behavior is the opposite, since the photons have the same phase and the phase
evolution due to « increases the effective threshold and or. The differences
due to a are smaller for large enough &k, since the phase tends to be fixed by the
PCF. The behavior of the jitter with respect to the external cavity roundtrip
delay is also different for small and large x (see Figs. 3.2 and 3.4). When the
feedback is weak or decreases with 7. For strong feedback the photon phase
is fixed and only one component contributes to the jitter. The photon rate
amplification given by a; decreases with 7, resulting in a greater value of or.
When 7 is greater than 10 ps the theory is not valid and or decreases with 7
to the value without PCF, since the contribution of feedback photons can be
neglected.



Chapter 4

Statistical analysis of pulses in
systems with random
modulation: Application to gas
lasers

4.1 Introduction

Pulses in physical systems can be obtained by varying a control parameter
between two values that correspond to two states off and on, usually associ-
ated to small and large values, respectively, for the variable of interest. When
the control parameter is changed in such a way that the off state becomes
unstable, the evolution is in a first stage governed by fluctuations. Then the
analysis of this decay process is usually based on stochastic models of the
Langevin type, in which fluctuations are modeled by a white noise. The de-
cay of unstable states is one of the fundamental problems of nonequilibrium
statistical mechanics, in which nonlinearities and fluctuations are crucial to
have a correct description [169]. In most theoretical analysis the system is
in the off-steady state when the control parameter is either instantaneously
changed driving the system to an unstable state [169, 170], or swept across
the unstable state with a finite velocity [171]-[173]. Another interesting situ-
ation corresponds to the case of periodic modulation through the instability
point [174]. This problem is relevant for several physical systems: modulated
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convection [175], stochastic resonance [176], Q-switched lasers [177], and gain—
switched modulated semiconductor lasers [95]. In this case the system is not in
the offsteady state when the control parameter is changed because the initial
condition, at the beginning of a pulse, is determined by the final evolution
of the previous pulse. Hence, some kind of consistency condition for the sta-
tistical properties associated to two consecutive periods can be used to solve
this problem. This consistency condition has been indirectly used in different
methods: generalization [178] of Suzuki’s matching procedure [179], and path
integral approach [180]. In [174] we have developed a method in which the
consistency condition is explicitly worked out following the main idea of the
quasideterministic theory [170]. This theory has been applied to gas lasers
[174, 181] and semiconductor lasers [182].

In this chapter we develop a method to study the statistical properties
of pulses in randomly modulated stochastic systems. A random sequence of
“1” (pulses) and “0” (associated to the off-state) is produced by using two
different evolutions for the control parameter a during one period. In on—
periods a is changed through the instability point to generate a pulse, while
during off-periods a is kept below the instability point. Due to the random
sequence of off and on—periods new features appear with respect to the peri-
odic modulation case (only on—periods). One of the most interesting results is
the multimodal character of the probability density of some of the pulse char-
acteristics. The different peaks of the probability distribution are associated
to different periodic sequences. This problem is especially relevant in opti-
cal communication systems. In these systems the optical signal is a random
sequence of pulses generated by random modulation of semiconductor lasers
[95]. Numerical simulations have shown [164, 183] that for high bit rates a
multimodal distribution is obtained for the turn—on time of the optical pulse.
This yields undesirable pattern effects and a large timing jitter, that limits
the system performance. The dynamics of semiconductor lasers involves the
electric field and carrier density. In our analysis we consider a simpler model
with one degree of freedom that is applied to a gas laser. However, the main
features observed in semiconductor lasers are also obtained in one dimensional
systems. Moreover, analytical results can be obtained for these systems, that
are in good agreement with numerical simulations.

In our analysis we consider systems with random modulation of the control
parameter described by a one dimensional Langevin equation, in which fluctu-
ations are modeled by a white noise. The statistical properties of pulses for the



Statistical analysis of pulses in systems with random modulation... 105

“Intensity” (modulus of the variable of interest) are studied. The probability
density of the pulse characteristics, such as width and height, can be obtained
from the passage time distribution by using the deterministic evolution. The
passage time 7 is defined as the delay between the beginning of the on-period
and the emission of the pulse, given by the time in which a reference value is
reached by the intensity. After an initial transient the passage time distribu-
tion P(7) becomes independent of the initial conditions. In this steady—state
case the statistical properties of 7 are the same for two consecutive pulses.
An integral equation for P(7) is derived from this consistency condition in a
similar way than for the periodic modulation case [174]. The passage time
distribution is obtained by solving this equation and analytical expressions
are given in some cases. This method is applied to a randomly modulated gas
laser. In this system a random sequence of pulses and “zeros” is generated by
changing the quality factor of the laser cavity.

The chapter is organized as follows. In Sec. 4.2 we describe the method in
a one—dimensional general system, deriving the basic integral equation for the
passage time distribution. The method is applied in Sec. 4.3 to a randomly
modulated gas laser and analytical results are obtained in some cases. In Sec.
4.4 theoretical results are compared with numerical simulations.

4.2 Theory for randomly modulated systems

We consider systems that can be modeled by one dimensional equations of the
form:

#(t) = Fla(t), z) + n(t), (4.1)

where a(t) is a randomly modulated control parameter and 7(t) is a Gaussian
white noise with zero mean value and intensity D:

(n(t)n(s)) = Do(t — s). (4.2)
We assume for the nonlinear function F' the conditions:
F(a(t),0) =0; F(a(t),z) ~a(t)r when |z| <z, (4.3)

where z, is a reference value such that the noise can be neglected when |z| > z,.
Then the quasideterministic approach [170] can be applied by considering two



106 CHAPTER /4

T Toff

on

a(t)
|

ot 7'+6 T 2T 2T+T 37T

Figure 4.1: Time evolution for the control parameter a(¢) (in linear scale) and
the variable of interest |z(¢)| (in logarithmic scale) during an “on — of f — on”
sequence.

kinds of evolution. When the variable of interest |z| is small (|z| < x,) the
evolution is linear and noise effects are important. In the deterministic regime
(|z| > z,) noise can be neglected but nonlinear effects are important. It is
also assumed that there are two attractors z,q¢ = 0 and |z, > x, for |z
corresponding to values —aog < 0 and a,, > 0 of the control parameter,
respectively. Two different situations are considered: the attractors for z are
positive or the evolution is symmetric, F'(a(t),z) = —F(a(t), —x).

The control parameter a(t) can have two different evolutions during one period
T. During an on—period a crosses the instability point and a pulse is generated.
In this case the control parameter first increases reaching a maximum value
aon. A decreasing evolution follows towards a minimum value —ayg. In the
off-periods a is below the instability point and the system stays below the
reference value, |z| < x, (this corresponds to a “0”). A sequence of on and
off periods with a probability p for an on—period and (1 —p) for the off period
is considered. When p = 1/2 a fully random sequence of pulses and zeros is
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generated. A possible evolution for |z(¢)| and a(t) is shown in Fig. 4.1, where
a sequence “1 0 1” has been plotted.

We assume that in the on—periods all the pulses decay from its maximum
value to reach the reference value x,. This corresponds to a control parameter
that takes large negative values during a large enough fraction of the period.
The different evolution regions are shown in Fig. 4.1. The first region is defined
from the beginning of the on-—period with a(0) = a,, until a time 7’ such that
|z(7")| = z,. It is a region such that |z(¢)| < z, dominated by fluctuations
where the linear equation

#(t) = a(t)x(t) + n(t) (4.4)

holds (see (4.3)). In the second region from 7' to 7'4-6(7') such that |z(t)| > =,
the noise is not relevant. Then the time spent in this deterministic region 6(7’)
can be calculated from the deterministic equation

z(t) = F(a(t), z(t)) (4.5)

as a function of 7/. In this region the control parameter crosses the instability
point from above. The last region until the end of the period is similar to the
first one, but now the control parameter is below the instability point. In the
following off-period a is always below the instability point. Then it can be
considered as a prolongation of the last region of the on-—period. This region
lasts until the reference value x, is crossed at time 27 4 7 in the last pulse
shown in Fig. 4.1.

Having defined the model and the different evolution regions we now gen-
eralize the method used in the periodic modulation case [174] to the case of
random modulation. Our task is to obtain the passage time distribution P(7).
Since 7 is associated to pulse emission, it is defined only in the on—periods. The
passage time is defined as the delay between the beginning of the on-period
and the time in which the reference value z, is reached. In order to connect
two consecutive on—periods we consider the function WL (7/7') defined as the
conditional probability to have a passage time 7 in a on—period when the pas-
sage time of the previous on period was 7 and when there are m off-periods
between both periods.

If we define Py(7) as the probability density of having a passage time 7 in
the N on-period, the following chain equation
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Py(r) = io p(1—p)™ /0 W () Py () (4.6)

holds. The conditional probability can be obtained from the expression derived
for the periodic modulation case [174]. The m off-periods between two con-
secutive pulses can be considered as a prolongation of the last noise dominated
region of an on—period. Then we have

WE(r/r') = w7 (r/1), (4.7)

where W[)(mH)T(T /7') is the conditional probability corresponding to a periodic
case with a period (m + 1)T, that is formed by the on—period followed by m
off-periods. This conditional probability W (7/7') can be obtained in the
following way [174]. First, the time spent in the deterministic region 6(7') is
obtained from (4.5). Then the evolution from 7/ +6(7') until 7 +7 is described
by (4.4) (see Fig. 4.1 for T = 2T, that is m = 1). In this way the following
expression is easily obtained [174]

W (1/7") = Py(20(7))2]a(T) 20 (7), (4.8)
where

T

~(T—7'=0(r")

(1) = 22 exp l—z / a(s)ds] (4.9)

corresponds to the h? variable introduced in [174] and

Po(a(r) = — [exp (—@) +exp (—M)]

2V 2mz0 7 (7) 20%(7) 20%(7) )
4.10
The variance is given by
t (!
o2(r) = D/ : (2 ) gy (4.11)
—(T—7'=0(r") X

Note that the only parameter depending on the model is #(7') that can be
calculated from the deterministic equation (4.5).

In the stationary regime P(7) is independent of the initial condition and
the chain equation (4.6) becomes:
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P(r) = fjo p(1—p)™ /0 ! WO (12 P()dr (4.12)

This is the main equation that allows the calculation of the statistical prop-
erties of the passage time. Moreover, the statistics of the pulse characteristics
can be obtained from P(7). For instance, the probability density of the mod-
ulus of the pulse heights is given by

dr

P (y) = Plr(y)] ik (4.13)

where 7(y) can be obtained from the deterministic equation (4.5). Therefore
the statistics of all relevant magnitudes are known once the integral equation
(4.12) is solved.

4.3 Random on—off modulation. Model and
analytical results

The single-mode gas laser can be described near threshold in the good cavity
limit by a Langevin equation for the complex electrical field F = F; + iE5 as
[174]:

E =a(t)E — A|E|*E + ¢(t), (4.14)

where a(t) is the randomly modulated pump parameter and ¢ = ¢; + i is
the spontaneous emission noise taken as a complex Gaussian white noise of
zero mean, intensity D, and correlations

(0i(1);(t')) = Db o (t —t'). (4.15)

This model with a complex variable can be treated with the method shown in
the previous section by introducing the intensity I(t) = E?(t)+E2(t) and taken
into account that in the linear noise—~dominated region both field components
are decoupled. For small enough D a reference value for the intensity I,
can be introduced to separate this region, I < I, from the deterministic
region, I > I,. In a similar way than in the previous section (see [174] for a
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detailed calculation) one obtains for the conditional probability W/ (7/7') the
expression:

dl’
W o) = B ]| (410
where

['(r) = I, exp [—2/T asds]. 4.17
@ Rt (1.17)

The probability density of I is

1 (I, + ) zl,

Pr(z) = Eexp [— 202 ] Jo l a%] , (4.18)

where o is given by (4.11) and Jp is the Bessel function of the first order
[184]. The time expended in the nonlinear deterministic region, #(7'), can be
calculated from the deterministic equation for the intensity:

I =2a(t)I — 2ATI* (4.19)

with the initial I(7') = I, and final I(7' + ) = I, conditions. This equation
can be solved obtaining for # the implicit condition:

0+ s 0+
1+ 2AI, /,Jr exp [/, 2a(s)ds'] ds = exp [/,Jr 2a(s)ds] : (4.20)
Now we consider a kind of modulation that involves only two values of the
control parameter a(t). This modulation can be obtained, for instance, by
varying the quality factor of the cavity (Q-switching) with an acousto—optic
modulator [181]. In an on-period a(t) takes the value ao, > 0 above threshold
during the first T,, = T fraction of period T and the value —a,g < 0 below
threshold during the second part Tog = (1 — )T (see Fig. 4.1). Obviously,
during an off-period the parameter a(t) has the value —aor during all the
period time. We assume in the following that a pulse is always emitted during
Ton. The passage time is then smaller than Tg,. It is also assumed that
the reference level I, is crossed in the pulse decay during Tog. This kind of
modulation allows us to obtain §(7') from the condition (4.20):
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o) = (1+ AT, Jaog)

AIT‘ ! AIT- !
x ll el G § Il >] } (4.21)
Qon Qoff

1 e—2(aon+aoﬂr)(aT—T’)
- 2a0ff {

From (4.11) we obtain

o2 = Q[ 1 (1 B 672%3[779(7')4']) n L (1 _ 62%“)] 20 [T—0(r")=7']

2 Qoff Qon

(4.22)
where 7 and 7' are smaller than T,,. Finally W] (7/7') becomes from (4.16):

Qond, ’ ’
W[;T(T/T/) _ On2 r 620403[7—79(7' )—T ]672a0nT
0z

Ir (1 + 620’03[7—_0(7,)—7']—%10“7—)
2072 ]

X exp [—

X Jo

I_geaoﬂr[’l’—é‘(’r’)—’r’}—aon’r] ) (423)
0z

From these expressions and the integral equation (4.12) one can calculate
the stationary passage time probability P(7). The validity conditions of this
method can be explicitly obtained in the following way [174]. The reference
value I, must be in a deterministic region, I, > D/min{aoy, aor}, such that

saturation effects are negligible, AI, < min{aon, aog}. Then the following
condition is obtained

D< l(min{aj’%ﬁ}yl . (4.24)

To understand the behavior of the system under random modulation con-
ditions it is useful to introduce two dimensionless parameters:

Ton = aonTona Toff = aoffToff- (425)
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The first parameter r,, is associated to the pulse rising and it corresponds to
the ratio between the time spent by the laser above threshold and the time
needed to reach the on—state. The second one, rg, gives the ratio between the
time spent by the laser below threshold and the pulse decay time. These pa-
rameters can be used to characterize all possible situations. The case r,, < 1
is not considered because it corresponds to a situation such that the probabil-
ity of occurrence of a pulse in an on—period is low. Note that in our analysis
we have assumed that in an on—period a pulse is always emitted. In the op-
posite situation, r,, > 1, the laser spends enough time above threshold to
reach the on-state, given by I,, = aon/A. Then, all the pulses saturate to this
value. In this case a complete analytical treatment is possible (see below). In
the intermediate case r,, ~ 1 different pulse heights are obtained for different
values of 7. The probability density of the pulse maximum intensity, Py (I,,),
can be easily obtained [174] from P(7) (see (4.13)) by solving the deterministic
equation (4.19) with the initial condition I(7) = I,. The pulse height is given
by I, = I(aT) as a function of 7. By using the inverse function [174]

1 I (AL — agn)

I,) =aTl — 1 4.2
7(In) = o 200, " I (AL, — aon) (4.26)
we get the pulse height distribution

Py (1) = Plr(In)]/[21m (AL, — aon)]- (4.27)

As concerns pulse decay, two cases rog > 1 and rog ~ 1 are considered.
In the first case the off-state is reached at the end of an on-—period. Then
the initial condition for a pulse always corresponds to this state. However,
in the second case the behavior of the system during a pulse depends on the
previous sequence of “zeros” and pulses. Note that in this case r,g can not be
very small, since we have assumed that the reference level I, is always crossed
during the pulse decay.

4.3.1 Repetitive Q—switching (rg > 1)

For large values of 7,4 the laser is below threshold at the end of an on—period
during a large enough time T,g to reach the off-state. In this steady state
associated to a control parameter —aqg the laser intensity is mainly due to
spontaneous emission noise. In this case the laser is in the off-state at the
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end of all the periods. Then the initial condition at the beginning of a pulse
always corresponds to this stationary state (repetitive Q—switching), and the
conditional probability W()(m+1)T is independent of the number m of “zeros”
between two pulses. Therefore the passage time distribution is independent
of the kind of modulation, periodic or random. As shown in [174] in these
conditions the argument of the Bessel function in (4.23) is small. Then, using
[184] Jo ~ 1, the conditional probability (4.23) becomes separable and one

recovers from (4.12) and (4.23) the well known expression of P(7):

Qo Gon Iy _9
P.(7) = Nexp | —2a;,7 — —————————¢ %" | | 4.28
(1) = Nexp |~ = Tl ] (1.28
The mean passage time and variance are readily obtained as:

] ) -

2alon (aon + Qoft on

Y and ¢’ being the digamma function and its derivative, respectively [184].

4.3.2 Memory and pattern effects (r,g ~ 1)

When r,¢ is not large enough the off-state is not reached during the pulse
decay. Then the initial value for the intensity at the beginning of a pulse
depends on whether the previous bit was a “zero” or a “one” (a pulse). In this
case we say that the system has memory or that pattern effects are important.
The laser has a memory of length n (or n—periods memory) if the behavior of
the system during a pulse depends on the previous n periods. This memory
length can be estimated as the number of off-periods required after one pulse to
reach the off-state. In this case the laser stays below threshold with a = —aqg
during a time Tyem = Tog + 1" such that aggTmem > 1. Therefore, after n
“zeros” the initial condition for a pulse will correspond to the off-state. As
a consequence there are only n + 1 different terms in the integral equation
(4.12), since the conditional probability W corresponds to that of the
repetitive Q—switching case for m > n.

Due to the memory a multimodal distribution for the passage time can be
obtained. The statistical properties of the laser can be understood as a super-
position of the statistical properties associated to the last “one” of 2" different
periodic sequences. Each of these sequences, composed of n + 1 bits, is fixed
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and it is obtained by taking one of the 2" possible distributions of n bits “zero”
and “one” and a “one” as the last bit. The passage time distribution P(7) for
the random modulation case with p = 1/2 can be obtained in the following
way [164, 183]: When a sequence is periodically repeated the passage time
distribution associated to the last one of the sequence is obtained. P(7) is
given by the superposition of these 2" passage time distributions associated
to the different periodic sequences. The maximum number of peaks of P(7) is
2" in the n—memory case. However, it should be noticed that is not likely to
observe 2" peaks since many of the different sequences could give close peaks
which are not distinguishable. This will happen when the separation between
the peaks is smaller than the width of the passage time distribution associ-
ated to the sequences. Multimodal distributions due to memory effects have
been also observed in semiconductor lasers modulated at high speed [164, 183].
Two sequences are especially relevant: the periodic sequence without “zeros”
between pulses and the one associated to the repetitive Q-switching. This
last sequence corresponds in the n—memory case to n “zeros” between two
consecutive pulses. The number of photons at the beginning of a pulse de-
creases when the number of previous “zeros” increases. As a consequence, the
largest and smallest values for the passage time will correspond to the repeti-
tive and periodic sequences, respectively. Therefore, a multimodal distribution
will be observed when the overlapping between the probability distributions
associated to these two sequences is small [164, 183].

It is interesting to consider the limiting situation such that at the end of
a pulse the intensity is below the reference level I,., but large enough for the
fluctuations to be negligible. This case corresponds to small values of rqg.
Then in the periodic modulation case the number of photons at the beginning
of a pulse is also large, and the switch—on is mainly due to the stimulated
emitted photons. As shown in [174] in this deterministic limit when the laser
is above threshold on the average, i. e. rog < ron, a deterministic steady state
is reached for the periodic modulation case, P,y (7) = d(7 — 7p), where

. 1 [ln (AI,« (aon + CLOff)

™D = S ) + QGOHT(l — Oé)

Qon Aoff

hn(1- <>)] (130)

Since rog < ron the last term in 7p can be usually neglected. Then, the switch—
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on time in the periodic modulation case is approximately a linear function of
ot With a slope given by (ae,) ! [174]. In this deterministic limit an analytical
condition for the multimodal character of the distribution P(7) can be given.
Using the criterion based on the overlapping between the distributions associ-
ated to the periodic and repetitive sequences the condition (7, —7p) > o, (see
Eqgs. (4.29) and (4.30)) is obtained.

4.3.3 Pulse saturation r,, > 1

In this limiting case the pulses always saturate to reach the on-state: I,, =
aon/A. The intensity in an on—period at time Ty, is then given by I,,. There-
fore, the passage time 7 is independent of the passage time of the previous
pulse 7. After changing the pump parameter from above to below threshold
the laser spends a decay time

1 aon (G + AL)
= n
2aoff AIr(aoff + aon)

T (4.31)
to cross the reference level I,. Then 7+ (1) is a constant given by Ty, + 7
(see Fig. 4.1). Substituting 7' + 0(7") by this constant in (4.22) and (4.23),
we obtain a conditional probability WS(;Z +1)T(T) that only depends on 7. The
integral equation (4.12) can be trivially solved in this case obtaining for P(7)

P(r)= 3 o1~ p) WA () (1.32)

According to the previous discussion, when the memory length is n all the
terms in (4.32) with m > n corresponds to the repetitive Q-switching case
given by (4.28). Therefore, only (n + 1) different terms must be considered in
(4.32).

An interesting situation occurs when rog is small (deterministic periodic
modulation) and the memory length is 1, that is Ta,g > 1. In this case we
have WX (1) ~ §(r — 7p), whereas W™ ™7 (7) for m > 0 corresponds to the
repetitive Q-switching case (4.28). A better approximation for WZ, including
the effect of fluctuations can be obtained in the following way. As shown in
[174] the deterministic limit corresponds to a large value of the argument of
the Bessel function in (4.23). Then, using [184] Jo(x) ~ exp(z)/v27z and
replacing 7" 4+ 0(7') by T,, + 71 in (4.23) we get
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_ p—@on(T—7D) 2

exp (—aon (7 — 7p)) 1—e

Wslz;t (1) ~ Pp(7) = W X exp | — ( 202 0%, ) , (4.33)
D on
where
D(aon + aof) | AL (Gon + ofr)

2 _ on (¢ r\Won (0 2o 1l 4.34
7D 2Ira2na0ff Qon Aoff ¢ ( )

The mean and variance of the passage time associated to the deterministic
periodic modulation are given by 7p and 0%, respectively.

By using (4.28) and (4.33) in (4.32) the following distribution is obtained
for the random modulation case

P(1) ~ pPp(1) + (1 — p)P.(7). (4.35)

This distribution is bimodal when the separation between the peaks at 7p and
7, is greater than the width of P,(7) (see (4.29) and (4.30)). The mean value
of 7, ptp + (1 — p)7,, is given by

(7) =

D
. [QPTOH +pln AL — (1 —p) <w(1) +1In —)

I,

+(1—2p)ln (4.36)

Qon Aoff
Qon + Qoft

When p = 1/2 the last term in (4.36) is zero and the switch—on time is a linear
function of 7o with a slope given by (2a,,)~t. This slope is one half the one
for 7p in (4.30). The variance of 7 is given from (4.35) by

o2 = (1 —p)o? +pos +p(1 —p)(r, —m)> (4.37)
This variance has a maximum value when the probability p of pulses is

1 (o7 —0p)

max = = — ————=. 4.38
Pmax =5 (1, — 7p)? (4.38)
In the bimodal case when the peaks are clearly separated ppax ~ 1/2, that is
the result for a random variable that can take only two values.
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Figure 4.2: Probability density function P(7) for different values of the param-
eters: (a) T =2, aor = 10, « = 0.6; (b) T =2, aog = 3, « = 0.6; (¢) T = 1.2,
Ao = 3, o = 0.45. Other parameters are a = 10, A =1, D = 1073, I, = 0.1,
and p = 0.5. Histograms correspond to numerical simulations of Eq. (4.14),
solid lines correspond to theory (Eq. 4.12) and dashed lines to the analytical
approximations given by Eq. (4.28) (a) and Eq. (4.35) (b)
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4.4 Comparison between theory and numeri-
cal simulations

In this section we compare theoretical and simulation results for the pulse
statistics of randomly modulated gas lasers. The stationary passage time
probability density is obtained by solving the integral equation (4.12) with
a standard numerical algorithm. In some cases (see Sec. 4.3.3) an analytical
solution can be obtained. In the numerical simulations we have considered a
transient of 100 periods to ensure that the system has reached the steady—
state conditions. A very good agreement between theory and simulations is
observed in Fig. 4.2 for different types of distributions P(7). Figs. 4.2a and
4.2b correspond to the case of pulse saturation, r,, > 1, and different values
of rof. In Fig. 4.2a this parameter is large and P(7) is given by the repetitive
Q-switching distribution (4.28). When r.g is decreased a bimodal distribution
is obtained in Fig. 4.2b due to memory effects. This situation corresponds
to the last case discussed in the previous section with a memory length of
1 period. The two peaks are associated to the periodic modulation (nearly
deterministic) and the repetitive Q-switching. In this case the analytical re-
sult (4.35) for P(7) is in good agreement with the numerical simulations. In
Fig. 4.2c the period T decreases and then both r,, and r,g are also reduced.
As a consequence different pulse heights are obtained (no pulse saturation).
However, the passage time distribution is also bimodal, because the memory
length is similar to that of the case in Fig. 4.2b.

In Figs. 4.3 and 4.4 we show the mean value and variance of the passage
time versus 7.g for the pulse saturation case. Analytical results have been
obtained from (4.32). The values of a., and T are kept fixed and the value
of aog is changed. Two different values of o are considered that fulfill the
condition r,, > 1. In this way the value of rog can be changed by varying a.g
or Tog = (1 — a)T. Two different types of modulation, periodic (p = 1) and
random (p = 1/2), are compared in these plots. A very good agreement be-
tween theory and simulations is obtained. For large values of r,¢ the repetitive
Q-switching regime is reached and the results (see (4.29)) are independent of
the type of modulation. When rqg decreases (1) and o, are given by (4.36)
and (4.37), respectively. This situation corresponds to a deterministic periodic
modulation and 1 period memory. A linear behavior is observed for the mean
passage time versus ro¢ with a relation of one half between the slopes of the
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Figure 4.3: Mean switch—-on time < 7 > as a function of r.g for periodic,

p = 1, (upper plot) and random, p = 0.5, (lower plot) modulation. Asterisks
and crosses (diamonds and triangles), obtained from simulations, and solid
(dashed) lines, obtained from theory (Eq. 4.12) correspond to a = 0.4 (o =
0.6). Three-dot—dashed lines correspond to Eq. (4.29) and long-dashed lines
correspond to Eq. (4.36). Parameter values are the same as in Fig. 4.2, with
T = 2 and a.g variable.
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Figure 4.4: Variance of the passage time o, as a function of rog for the same
parameter values as in Fig. 4.3. Long—dashed lines correspond to Eq. (4.37).
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random and periodic modulation cases, as predicted by the theory. In the
random modulation case (7) is only a function of r,¢ and the same result is
obtained for the two values of . However, a slight difference is observed in
the periodic modulation case due to the last logarithmic term in (4.36). As
concerns the variance, when ryg¢ decreases a very different behavior is observed
in Fig. 4.4 for the periodic and random modulation cases. In the first case
(p = 1, only pulses) the number of photons at the beginning of a pulse in-
creases when r.,g decreases. Then the fluctuations decrease. However, in the
random modulation case a bimodal distribution appears, and o, is mainly due
to the separation between the peaks of P(7). Then the linear behavior of o,
with rog is due to the linear increase of 7p with this parameter.

The variation of the statistical parameters (7) and o, with the probability
p of occurrence of pulses is shown in Fig. 4.5. We have considered the pulse
saturation case for two different values of o. Both values correspond to the
situation described in Sec. 4.3.3 by (4.35). Then the analytical results can
be obtained from (4.36) and (4.37). A very good agreement is found between
theory and simulations. The first value o = 0.6 corresponds for p = 1/2 to
the bimodal distribution shown in Fig. 4.2b. In this case, according to (4.38),
the maximum value of the variance is obtained when p ~ 1/2. In the second
case (o = 0.4) the peaks of the distribution are not clearly separated, since we
have (1, —7p) ~ (0, +0p). Then the maximum of o, is obtained for a smaller
value of p ~ 0.3.

Finally we have analysed the statistics of pulse heights I,,. The corre-
sponding density Py(I,,) is obtained from the passage time distribution by
using (4.27). In Fig. 4.6a the pulse height distribution for the case of Fig.
4.2c¢ is shown. In this case r,, is not large enough for all the pulses to saturate
and a bimodal distribution for the pulse heights is obtained. When there is a
“zero” before a pulse the passage time is large, and then the on—state I, is
not reached during 7T;,. These passage times correspond to the broad peak in
Fig. 4.2c. The narrow peaks in Figs. 4.2c and 4.6a are associated to pulses
that follow another pulse. When the period is increased all the pulses have
enough time during Ty, to saturate and a distribution peaked around I,, is
obtained (see Fig. 4.6b). In this case the parameters are similar to those of
Fig. 4.2b.
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Figure 4.5: Mean value < 7 > and variance o, of the passage time as a function
of p for two values of « as obtained from simulation (symbols) and from theory

(lines). Asterisks correspond to o = 0.4 and diamonds to o = 0.6. Solid lines
correspond to Eq. (4.12) and dashed lines to Eqs. (4.36) and (4.37)
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Figure 4.6: Probability density function Pg(I,,) as a function of height for
T = 1.2 (upper plot) and T = 2 (lower plot). Histograms correspond to
simulation and dashed lines to theory (Eq. (4.27)). Other parameters are the
same as in Fig. 4.2(c)
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Chapter 5

Theoretical calculation of
turn—on delay time statistics of
laser diodes under Periodic

Modulation (PM)

5.1 Introduction

The light sources used in high—capacity, long-haul fiber-based communication
systems are typically single-mode laser diodes, either DFB or DBR lasers.
These devices remain in stable single-mode operation under fast modulation of
the injection current. For such laser sources one factor that limits the system
performance is timing jitter, i.e., the fluctuations in the delay between the
electrical and optical pulses (turn—on delay). This uncertainty in the switch—
on time of the laser is due to the stochastic nature of the spontaneous emission
process.

For periodic modulation at frequencies of the order of MHz timing jitter
strongly depends on bias current. Both turn—on delay time and jitter are
reduced when biasing above threshold, due to the fact that the spontaneous
emission noise is negligible compared to the stimulated emission. This slow
modulation regime corresponds to the repetitive gain—switching, i.e., the gain—
switching events are essentially independent. In this case enough time elapses
before each turn—on time pulse so that the laser starts from the stationary ini-
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tial condition fixed by the bias current. However, at modulation frequencies of
several GHz the timing jitter becomes almost independent of the bias current
in a periodic modulation regime. The initial condition at the beginning of a
pulse is not determined by the bias current, since the laser has not enough
time to relax to the steady state associated to this current. This initial con-
dition is given by the dynamics of the system, and plays an important role in
determining the evolution of the following pulse.

Most of the theoretical results for turn—on time statistics are based on nu-
merical simulations of the stochastic rate equations for the laser. However,
simulations can not give information on the rare events that contribute to
error rates as low as 107%, due to the large amount of computational time
required. A theory has been developed[182] to obtain the turn—on time prob-
ability distribution in the periodic modulation regime at GHz rates. The
theory is based on a consistency condition for the statistical properties associ-
ated with two consecutive pulses. This theory is valid also for low modulation
frequencies when the laser is biased below threshold. However, for bias current
above threshold it is restricted to large enough rates of the order of several
GHz. This range corresponds to the situation such that the photon number
between pulses is small. Then laser operation can be splitted into two regimes:
a stochastic regime with a low number of photons in which noise is relevant,
and a deterministic regime in which noise can be neglected.

Here we report a new combined method, numerical and analytical, for ob-
taining the turn—on time statistics for laser diodes under periodic modulation
of the injected current. This method is valid for lasers biased above threshold
for any modulation frequency. The main result of the method is an integral
equation for the turn—on time probability density. This equation is derived
from a consistency condition between two consecutive pulses [182]. However,
now the approach followed in Ref. [182] to obtain the kernel of this integral
equation is not useful, because the laser evolution can not be separated into the
two regimes, stochastic and deterministic. When the modulation frequency is
not very high the laser intensity relaxes to the steady-state associated to the
bias current above threshold. During these relaxation oscillations the stochas-
tic evolution of laser intensity can not be decoupled of the carrier number
dynamics.

The chapter is organized as follows. In Section 5.2 we describe the stochas-
tic rate equations, modulation regimes and the parameters used in the calcula-
tions. The method previously developed for the periodic modulation case[182]
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is also reviewed. A new method is introduced in Section 5.3 to obtain the turn—
on time distribution for lasers biased above threshold under periodic modu-
lation conditions. Turn—on time statistics for different bias currents above
threshold and different modulation frequencies are obtained. Theoretical re-
sults are compared with numerical simulations of the stochastic rate equations,
and a good agreement is obtained.

5.2 PM with bias current below threshold.

Our analysis is based on single-mode laser rate equations including a random
term that describes spontaneous emission noise

d]fzit) =- zm[G(t) —B(1) + 28N (1) €(1), (5.1)
dj?[.z—p = C(t) = N(t) - GO E®)P, (5.2)

where a gain—saturation factor of the form /1 + s|E(¢)|? is included in the
gain[185]

gV () = No|

1+ s|E(t)]?

Units have been chosen so that the laser intensity I = |E(¢)|* and N corre-
spond to the number of photons and the number of minoritary carriers within
the active layer, respectively. The meaning of the symbols and the values of
the different parameters appearing in (5.1)-(5.3) are listed in Table 5.1. The
random spontaneous emission process is modeled by a complex Gaussian white
noise term &(t) of zero mean and correlation

G(t) = (5.3)

| 2

(€@)E(t) = 26(t —1').

The injection current C(t) follows a square-wave modulation of period
T = ton + tomr, taking its “on” value Cy, during t,,, and then dropping to the
bias level, Cj, where it stays during f,s. For very large t,¢ the laser reaches
the stationary state given by C'. This situation corresponds to the repetitive
gain—switching regime. To study the dependence of the laser response on the
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Parameter Symbol Value Units
Threshold current Cun, 3.76 x 10'° st
Differential gain g 5.6 x 10* st
Carrier number at transparency Ny 6.8 x 107 adim.
Nonlinear gain saturation s 1.2 x 1075  adim.
Spontaneous emission factor 3 1.1 x 10* st
Linewidth enhancement factor « 2.5 adim.
Inverse photon lifetime v 4 x 10 st
Inverse carrier lifetime Ye 5 x 108 s

Table 5.1: Meaning and values of the different parameters appearing in the
model.

bias current, we fix C,, = 3.5C},, and to examine the dependence on the
modulation frequency, we take t,q¢ as a free parameter while we fix t,, = 90
ps. For the parameter values of Table 5.1 this choice of ¢,, gives a convenient
pulsed operation of the laser in which only the first spike of the relaxation
oscillations is excited[164].

The turn—on time 7 is defined as the delay between the beginning of the
period and the emission of the pulse, given by the time at which the laser
intensity first surpasses a reference level .. We take the reference intensity to
be 10 % of the steady—state intensity I corresponding to C,, for bias current
below threshold and 50 % of I for bias current above threshold. In this
way we avoid errors due to spurious turn—on induced by relaxation oscillations
during t.¢ for bias current above threshold. For the parameter values used in
this work a pulse is always emitted during t,, and all the pulses decay from
their maximum values to cross the reference level during g (see Fig. 5.1).

In the following we consider the turn—on time probability density function
P(7) in the stationary regime. In this regime this distribution becomes inde-
pendent of the initial conditions and the statistical properties of the turn—on
time are the same for two consecutive pulses. This consistency condition can
be used[182] to get the following integral equation for P(7),

T 00
P(r, NT):/0 dT’/O AN, W(r,N, /7' N,)P(r',N,) |, (5.4)

where W (7, N, /7', N,/) is the joint conditional probability of reaching I, at
time 7 with carrier number N, when the reference level is reached at time 7’
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Figure 5.1: Time evolution for the intensity I(¢), carrier number N(¢), and
injection current C(t) for periodic modulation. The bias current is C, =

0.95C}y,.
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in the previous period with carrier number N,/ (see Fig. 5.1). The fluctua-
tions of the carrier number N(0) at the beginning of a period are very small.
Since the dynamical evolution of the carriers is deterministic, the probability
distribution of N, is a delta function. N, can be obtained by neglecting the
stimulated emission term in the carrier evolution. This leads to a linear equa-
tion for the carrier number evolution uncoupled from photon dynamics. The
initial condition N(0) can be obtained from the numerical integration of the
deterministic nonlinear rate equations. An analytical estimation of this value
can be also given [182]. Then (5.4) reduces to the following equation,

P(r) = /0 L W NP (5.5)

An approximation for the conditional probability W (r/7'N,,) has been
obtained in reference [182] by splitting laser operation into two regimes, a
stochastic regime with low number of photons, I < I, and a deterministic
regime, [ > [.. This approximation is valid when the carrier dynamics is
not coupled to photon dynamics (stimulated emission is neglected) during the
stochastic regime. This corresponds to a small number of photons during g,
which is always the situation for lasers biased below threshold. However, when
Cy > C}y, this is not the case for modulation frequencies smaller than 2 GHz for
the parameters considered in this work. We consider in this section the case
of a bias current below threshold. In the following section a new method is
developed to obtain the kernel of the integral equation for lasers biased above
threshold.

We now review the method developed to obtain the kernel of the integral
equation for lasers biased below threshold [182]. In the stochastic regime we
can neglect the nonlinear gain saturation term in (5.3) and the stimulated
emission term in (5.2). The resulting stochastic rate equations are linear,
hence the statistical distributions are easily obtained[193, 182]. The initial
conditions in this stochastic regime (see Fig. 5.1) are I(7' + #) = I, and
N(7"+ 60) = Nyp. The time spent in the deterministic region #(7') can be
obtained by numerical integration of the nonlinear deterministic rate equations
with the initial 7(7') = I, N(7') = N, and final conditions I(7'+6) = I, (see
Fig. 5.1). The value of N,/ is obtained as explained before. The electric field
components are given (see Sect. 2.2) by
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B0) = hltyesp (5 [ {9IN(s) = NoJ = 1}ds) 5.6

where

N(t) = Nyesp[—elt = = 0)] + [ f+€ expl—ye(t — $)]C(s)ds,  (5.7)
and

hi(t) = Ei(t'+60)+ t /28N (")

7'46

<o (= [ LIV - Nl = )as) &t (59

are Gaussian processes of mean (h;) = F;(7' + 6) and variance

o2 = o = /1t 28N (Y exp (= [ {GIN(s) = No] — s ) dt'.  (5.9)
‘ 7'4+60 7' +0

The intensity I in the linear regime is given by

1) = B30 + B3(0) = P exp ([, {9IN(5) = Mo = }ds),  (5.10)

where ['(t) = h%(t) + h3(t). Substituting ¢ by 7 and I(¢) by I,, we find a
relationship between 7 and T'(7):

(r) = I, exp (- T;g{g[N(s) ~ N - 7}ds> . (5.11)

Note that I'(7) also depends on 7" and N, through Ny and . From eq. (5.11)
we can calculate the kernel of the integral equation through the statistical
properties of I'. The probability density Pr can be easily calculated from the
statistics of hy and hs, giving

Pr(z) = Lexp (—I’"+x>Io <ﬁ> (5.12)

20’h 20’h Ohp




132 CHAPTER 5

where Z; is the Bessel function of order zero.

It has been shown [182] that the results obtained with this method for the
switch—on time statistics are in good agreement with the numerical simulations
when C} < Cy, for any modulation frequency. However, for lasers biased above
threshold the theory fails when the modulation frequency is smaller than 2.5
GHz. Then a different approximation must be developed when C, > Cy, to
obtain the kernel W in the integral equation (5.5).

5.3 PM with bias current above threshold

In this section a new method is developed to obtain the switch—on time distri-
bution for lasers biased above threshold under periodic modulation conditions.
The method is also based on the integral equation (5.5), but now the approach
considered in the previous section to obtain the kernel W is not valid when the
modulation period is greater than 500 ps. In this case the number of photons
between pulses is not small (see Fig. 5.2), and the laser evolution can not be
separated into the two regimes, stochastic and deterministic. When I < I, the
stochastic evolution of laser intensity is coupled with carrier number during
the relaxation oscillations (see Fig. 5.2).

The integral equation (5.5) takes into account the fact that for modulated
systems the initial condition at the beginning of a pulse is dependent on the
previous pulse. For low enough modulation rates this “memory” effect dis-
appears. When t,g increases the steady state associated to the bias current
is reached at the end of a pulse. Then the initial state of the following pulse
corresponds to this steady steady state. Fig. 5.3 shows the memory effect for
different modulation frequencies. The results for the turn—on time statistics
are obtained from numerical simulations by considering the pulses that are
preceeded by a pulse with a given value of 7/. The dependence on the turn-on
time of the previous pulse corresponds to that of the conditional probability
on 7. Memory effects are observed in Fig. 5.3 for a laser biased 10% above
threshold even at frequencies of 1 GHz.

In order to obtain W (7 /7' N,/) we consider the stochastic equations in terms
of the field amplitude A = /T,

dA 1 [g(N - Ny)
E_le— ]A+[3 + /28BN (¢) £4(2) (5.13)
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Figure 5.2: Time evolution for the intensity I(¢), carrier number N(¢), and
injection current C(¢) for periodic modulation with a bias current Cj, = 1.1 Cyy,
and period T = 1590 ps. Solid lines correspond to numerical simulations of
Egs. (5.1) and (5.2), dot—dashed lines to the deterministic evolution, and
dashed lines to the linearization around the deterministic solution.
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dN gIN = No) o
— =C(t) = 7N - —=A 5.14
o =Ct) =, YT (5.14)
where £4(t) is a real white noise with correlation
(€a(D)€alt')) = 6(t = 1'). (5.15)

When I < I, the stochastic evolution of laser intensity is coupled with car-
rier number during the relaxation oscillations (see Fig. 5.2). However, the
deviation from the deterministic evolution in the relaxation oscillations can be
treated in a perturbative way. Then we linearize the rate equations around the
deterministic evolution, that is obtained by numerical integration of (5.13)-
(5.14) without the noise term. As shown in Fig. 5.2 for one typical realization
a good description of the dynamical evolution is obtained in this way. It is
expected that this approximation will work better when increasing the bias
current. The resulting equations are stochastic linear equations with time de-
pendent coefficients. The probability distribution of A(t) is Gaussian and it is
easily obtained. The photon number probability distribution P;(I,¢/7', N,/) is
derived from the field distribution. The turn—on time probability distribution
can be evaluated from P;(I,¢/7', N,;/) by noting that the probability that the
crossing time of the level I, will be greater than 7 equals the probability that
I is less than I, at time 7. Therefore, we obtain

I
W(T/T/,NT/) = —%/0 P[(I,T/T’,NT/) d[ . (516)

The results obtained with this method for the turn—on time statistics for
lasers biased above threshold are plotted in Figs. 5.4 for different values of the
bias current above threshold. A good agreement of the theoretical results with
numerical simulations is observed for a wide range of the modulation period,
even when the laser is biased close to threshold. The oscillations observed
in the mean turn—-on time and in the jitter correspond to the relaxation os-
cillations in photon and carrier number. The turn—on time distribution P(7)
obtained from the method is compared with numerical simulations in figure 5.5.
A qualitative agreement is obtained even for bias current close to threshold.
The agreement is better when C}, and/or the modulation period T increases.
In particular the repetitive gain—switching regime, that is achieved for long
values of t.g, is well described by the theory (see Fig. 5.6).
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Figure 5.3: Mean switch—on time (7) and timing jitter o, as a function of the
switch—on time of the previous pulse for C, = 1.1 C};, and two values of the
modulation period T solid lines correspond to T" = 590 ps and dashed lines

correspond to T = 990 ps.
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Figure 5.4: Mean switch—on time () and timing jitter o, vs. the modulation
period T for periodic modulation and different values of the bias current Cj
above threshold. Solid lines correspond to theory and symbols to numerical
simulations: diamonds for C}, = 1.1 C},, asterisks for Cj, = 1.15 C};, and squares
ﬂn'C% ::1.2C%h.



Theoretical calculation of turn—on delay time statistics... 137

T =800 ps T =1000 ps
040

- C=11C I c=11C. |
0.30 j b th 7: b th i
0.20 + + -

0.10 | + :

O_OO::111}:‘11}1‘11:11‘11111}‘1“

0.30 |

P(T)

0.20 -

0.10 -

0.00 ———
0.30 |
0.20 -

0.10 -

0.00 ! e
20.0 30.0

40.0 20.0 30.0 40.0 50.0

T [ps] T [ps]
Figure 5.5: Turn—on time distribution, P(7), for different values of the modula-

tion period T and bias current C}, > C}y,. Histograms correspond to numerical
simulations and solid lines to theory



138 CHAPTER 5

0.25[ ;
- = 34.28 ps (Sim.) |
0.20 - = 34.03 ps (Theo.) -
i 1.93 ps (Sim.) i
0.15F 1.80 ps (Theo.) |
r L ]
010 ]
0.05 .
oool . . .~ . . . o ]

0 20 40 60

7 [ps]

Figure 5.6: Turn—on time distribution, P(7), for the repetitive gain—switching
case (T = 4000 ps) with C, = 1.1 C},. Histogram corresponds to numerical
simulations and solid line to theory.

In conclusion, we have developed a new method for calculating the turn—on
time statistics for laser diodes biased above threshold under periodic modula-
tion of the injected current. The results obtained with this new method are in
good agreement with numerical simulations for any value of the modulation
frequency. When considering pseudorandom word modulation, the method can
be used to study sequences with any number of “0” bits before a pulse (“1”
bit). The main advantage of the method is that it allows to obtain the turn—on
time probability distribution without performing numerical simulations of the
stochastic rate equations. Then very low error rates can be estimated using
this method.



Chapter 6

Theoretical calculation of

turn—on delay time statistics of
laser diodes under PRWM

6.1 Introduction

The limitations imposed by directly modulated lasers on high capacity op-
tical communication systems are becoming more apparent as bit rates are
raised up to and beyond 10 Gb/s. The optimum performance of fiber—based
systems is obtained with monochromatic light sources, either DFB or DBR
lasers, that remain single-mode, even under fast large-signal pseudorandom
word modulation (random sequence of “1” and “0” bits). Recent laser develop-
ments have greatly improved direct modulation rates and have reduced spectral
widths, so that fiber dispersion causes less degradation. Noise in semiconduc-
tor lasers introduce fluctuations that can degrade the system performance
considerably[163, 83]. Two main limiting factors of high-speed intensity mod-
ulation/direct detection systems are timing jitter and the resulting chirp noise.
The fluctuations in the delay between the electrical and optical pulses (turn—on
delay) are due to the stochastic nature of the spontaneous emission process.
Nonlinear dynamics amplify the indeterminacy of the turn—on time so that
pulses of different pulse height, energy and width occur. The characteristics of
pulse statistics such as the distribution of pulse height[186, 187, 188, 93, 189],
energy[189] and width[189] are easily related to the statistics of turn—on time.

139
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Chirp noise is another important factor in fiber—based communication sys-
tems. The laser frequency chirping arises from the dependence of the laser
frequency on the refraction index, which varies with the carrier density as the
laser is modulated. Due to turn—on time fluctuations the chirp range during
each pulse fluctuates randomly (chirp noise). This leads in combination with
the chromatic dispersion of the fiber to differences in the spreading of optical
pulses observed in fiber transmission. As a consequence chirp noise can pro-
duce a bit—error—rate (BER) floor[190] in transmission (error rate floors occur
when large increases in power at the receiver only marginally improve the error
rate of the system). Since timing jitter and chirp noise depend on spontaneous
emission noise, both are related[165, 191, 192]. Then the calculation of the
laser turn—on time probability density function P(7) is essential to evaluate
the chirp noise induced error rate floor[193].

The statistical properties of the turn—on time in laser diodes have been ex-
tensively studied [83, 92, 93, 164, 182, 183], [193]-[209] either experimentally
or by theoretical calculations including numerical simulations of stochastic
rate equations. In most of these studies the statistics is based on essentially
independent gain—switching events. In this situation, called repetitive gain
switching, enough time elapses before each turn—on time event so that the laser
starts from the stationary initial conditions fixed by the bias current. For such
slow modulation regime, the turn—on delay time and jitter are reduced when
biasing above threshold[197, 199, 203], due to the fact that the spontaneous
emission noise is negligible compared with the stimulated emission. However,
when the laser is modulated at high frequencies, of the order of gigahertz, it
has been shown by numerical simulations[201, 164], analytical calculation[182],
and tested experimentally[202] that the situation becomes very different. Un-
der a periodic modulation (“...111...”) of the injected current, timing jitter is
almost independent of the bias current. In addition, pulse statistics become
rather independent of the modulation frequency when biasing slightly below
threshold. These results can be explained in the following way[183]. When
the laser is modulated at high frequencies, before a pulse begins, there is not
enough time for the laser to relax to its steady state determined by the bias
current. Then, at the beginning of each optical pulse the laser starts from
an effective initial condition given by the dynamics of the system itself. This
initial condition becomes essentially independent of the bias level and plays
an important role in determining the statistics of the following pulse.

Under pseudorandom word modulation (PRWM) at frequencies of 1 GHz
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it was found experimentally in DFB lasers[200] that the turn—on time prob-
ability density is bimodal (two maxima) when biasing below threshold. Nu-
merical simulations have shown[164, 205] that the situation changes at larger
modulation speeds. The distribution is always single peaked for bias slightly
below threshold, while for a given bias above threshold (not greater than 25 %
the threshold value) the distribution becomes double peaked for large enough
modulation speed. As a consequence for high frequencies, timing jitter and
the dispersion in the pulse height become larger when biasing above thresh-
old that when biasing below threshold[164]. The multimodal character of
the distribution functions is due to the fact that the laser has a “memory”,
i.e., it remembers a finite number of bits previous to a “1” bit. The dif-
ferent peaks of the turn—on time distribution correspond to different periodic
sequences[164]. Memory effects have been experimentally corroborated in fiber
lasers[210]. A memory diagram to study the memory dependence on bias level
and modulation frequency in laser diodes has been introduced[205, 183, 206].
A no-memory band (region where pattern effects are not important) is ob-
tained when biasing slightly below threshold for modulation frequencies above
1 GHz. Then this bias current avoids pattern effects, that have shown to be
the main cause of chirp noise[192].

Almost all available theoretical results for turn—on time statistics under
PRWM at high rates are based on numerical simulations of the stochastic rate
equations. The effect of pattern dependence[211] of the laser turn—on time
and the effect of coding[212] on the time jitter have been analyzed using a
deterministic model. However, the deterministic laser model, including the
impact of a random bit sequence, does not give the experimentally observed
error rate floors[193]. Then the stochastic nature of spontaneous emission must
be taken into account to calculate the BER of optical communication systems.
Error rate as low as 107! in audio and video communication systems or 104
in data transmission may be unacceptable. Simulations fall four or five order
of magnitude short of predicting realistic error rates, due to the large amount
of computational time required. Then theoretical analysis are needed to get
information of rare events. The influence of a previous pulse on the delay of a
given pulse has been investigated in Ref. [208]. The turn—on delay probability
density function including bit—pattern effects has been calculated[209] for zero—
biased lasers. The error rate floor due to laser turn-on delay fluctuations and
resulting chirp noise for lasers biased below and at threshold has been also
calculated[193]. In this calculation the turn-on time density function was
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obtained, but the combined dependence of this distribution on the bias level
and on the modulation frequency was not analyzed.

In this chapter we report a new combined method, numerical and analyti-
cal, for calculating the turn—on time statistics for single-mode semiconductor
lasers under pseudorandom modulation of the injected current. The laser is
described by stochastic rate equations that include the effect of the sponta-
neous emission noise. The method allows the calculation of the turn—on time
distribution for lasers biased below and above threshold, and for different mod-
ulation frequencies. The statistical properties of other pulse characteristics,
such as the height and the width, can be obtained[189] by using the determin-
istic evolution from the turn—on time. The method takes into account the fact
that for modulated systems the initial condition, at the beginning of a pulse, is
determined by the final evolution of the previous pulse. A consistency condi-
tion for the statistical properties associated with two consecutive pulses is used.
The main result of the method is the derivation of an integral equation for the
turn—on time probability density function from this consistency condition. A
similar method has been used to study gas lasers under periodic[174, 214] and
random[213] modulation conditions (see Chapter 4). The method follows the
quasideterministic approach, originally used[170] to study the decay from an
unstable state. In this approach two different evolution regimes, stochastic
and deterministic, are considered.

Gas lasers can be described in the good cavity limit by a one-dimensional
dynamical system. However, semiconductor lasers are two—dimensional dy-
namical systems due to the carrier population dynamics, that must be also
considered. Under a periodic modulation of the injection current (“...111...”)
at GHz rates, pulses switch off when the bias current is set at the bias level.
The small number of photons at the end of the pulse is rather independent of
the bias current, below or above threshold, because the laser has not enough
time to reach the steady state fixed by the bias current[164]. Then carrier
population dynamics is uncoupled from photon dynamics during the stochas-
tic regime[182, 193] with low photon number, and the system can be treated
as an one-dimensional system. Based on this fact a theory for the calculation
of semiconductor laser turn—on time distribution under periodic modulation
at GHz rates has been developed[182]. This theory has been applied to obtain
the error due to transient mode partition noise[214].

However, this theory fails[182] for bias current above threshold when the
laser is modulated at low rates. In this situation the laser approaches through
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relaxation oscillations the steady state given by the bias current. In this regime
carrier dynamics is coupled to photon dynamics, and both spontaneous emis-
sion noise and nonlinear deterministic dynamics must be considered to obtain
turn—on time statistics. The same problem occurs for lasers under PRWM
when the bias current is above threshold. A large number of photons is ob-
tained, even at high modulation frequencies, before a pulse (“1” bit) that
appears after several “0” bits, that is for sequences “...00001”. A new theory
has been developed in chapter 5 for lasers biased above threshold with peri-
odic modulation at low frequencies of the injection current. Using this theory
a similar method to that developed in Chapter 4 for gas lasers[213] can be
applied to get the turn—on time distribution for laser diodes under PRWM.

The chapter is organized as follows. In Section 6.2 we review the methods
developed for the periodic modulation case for bias below [182] (see Sect. 5.2)
and above threshold (see Sect. 5.3). In Section 6.3 we develop a method for
lasers under PRWM. Turn—on time statistics for different bias currents, below
and above threshold, and different modulation frequencies in the GHz range
are obtained. Theoretical results are compared with numerical simulations of
the stochastic rate equations, and a good agreement is obtained.

6.2 Periodic modulation regime

Our analysis is based on single-mode laser rate equations (5.1)—(5.2), that
includes a random term to describe spontaneous emission noise. The meaning
of the symbols and the values of the different parameters are listed in Table 5.1.

The form of the injected current C(t) (expressed as number of injected
carriers per unit time) depends on the modulation scheme chosen. Here we
consider a return—to—zero (RZ) scheme. The huge amount of standard single—
mode fibers installed in terrestrial systems makes the analysis of this modula-
tion format an interesting proposal[215]. It has been shown that for externally
modulated lasers RZ-transmission has a better performance than nonreturn—
to—zero (NRZ) transmission when short amplifier spacings[215] are considered.
For directly modulated lasers the pulses are more similar at the fiber output
for RZ than for NRZ. If the decision circuit is designed after the average pulses,
as in Ref. [190], RZ offers better pulse waveform reproducibility, and patterns
effects can be suppressed by biasing the laser slightly below threshold[192].
However, RZ requires a larger detector and driver bandwidth than the NRZ
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scheme.

Two different modulation regimes in the RZ scheme are considered: peri-
odic (PM) and pseudorandom (PRWM) modulation. In the PM regime the
injection current C'(t) follows a square-wave modulation of period T' = t,,+tofr,
taking its “on” value C,, during t¢,,, and then dropping to the bias level, Cj,
where it stays during t,¢. This behavior corresponds to a “1” bit. For very
large t,¢ the laser reaches the stationary state given by Cy. This situation cor-
responds to the repetitive gain—switching regime. In the PRWM regime the
injection current is composed of a random sequence of “0” and “1” bits with
equal probability for the two symbols. For a “0” bit the current stays constant
at the bias level during the full period T. Then the PM corresponds to a
sequence “...111...” only composed of “1” bits. The response of the system,
when it is used for transmission of a signal in the RZ scheme, is modeled by
using the PRWM regime. A sequence “01001” is shown in Fig. 6.1. To study
the dependence of the laser response on the bias current, we fix C,, = 3.5 Cyy,
and to examine the dependence on the modulation frequency, we take t,¢ as a
free parameter while we fix ¢,, = 90 ps. For the parameter values of Table 5.1
this choice of t,, gives a convenient pulsed operation of the laser in which only
the first spike of the relaxation oscillations is excited[164].

The turn—on time 7 is defined as the delay between the beginning of the
period for a “1” bit and the emission of the pulse, given by the time at which
the laser intensity first surpasses a reference level I,. We take the reference
intensity to be 10 % of the steady-state intensity I,, corresponding to Co,
for bias currents below threshold. If C, > Ci,, we take I, = 0.5 I,,, since in
this way we avoid errors due to spurious turn—on during “0” bits induced by
relaxation oscillations. For the parameter values used in this work a pulse is
always emitted for a “1” bit, and all the pulses decay from their maximum
values to cross the reference level during g (see Fig. 6.1).

In the following we consider the turn—on time probability density function
P(7) in the stationary regime. After an initial transient of around 10? periods
this regime is reached and the distribution P(7) becomes independent of the
initial conditions. In the stationary regime the statistical properties of 7 are
the same for two consecutive pulses. This consistency condition can be used
to get an integral equation for P(7). In the periodic modulation case the
following equation is derived[182]
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Figure 6.1: Time evolution for the intensity I(¢), carrier number N(t), and in-
jection current C'(¢) during a “01001” sequence for pseudorandom word mod-
ulation. The bias current is C, = 0.95C},.
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P(r) = /0 L W NP (6.1)

where W (r/7',N.+) is the conditional probability of reaching I, at time 7
when the reference level is reached at time 7' in the previous period (see Fig.
5.2). The value of N,/ is obtained by using the linear equation for the car-
riers uncoupled from photon dynamics (see Sect. 5.2). This equation is the
basis of the method used in Ref. [182] to obtain the turn—on time distribution
for lasers under PM at GHz rates. The method is valid for C}, below and
above threshold, because at these modulation frequencies the laser behavior
is rather independent of the bias current[164]. Before a period begins there
is not enough time to relax to the steady state given by C}. Then between
pulses the photon number is small, even when C}, > C};,, and carrier dynamics
is uncoupled from photon dynamics. The conditional probability W can be
obtained[182] by splitting laser operation into two regimes[193]: a stochastic
regime with a low number of photons I < I, in which noise is significant,
and a deterministic regime with I > I, in which noise can be neglected (see
Sect. 5.2). The turn—on time statistics obtained from this method are in good
agreement with numerical simulations for C, < Cy,. However, when Cj, > Cy,
the theory fails for small modulation frequencies[182]. In this case photon and
carrier dynamics are coupled when the laser approaches through relaxation
oscillations the steady state corresponding to C} (see Fig. 5.2). The pho-
ton evolution is stochastic, and then both noise and nonlinear deterministic
dynamics must be considered to get a correct description. The same prob-
lem appears, even at high bit rates, under PRWM for sequences of the type
“...00001”.

In Sect. 5.3 a new method has been developed to obtain the turn—on time
distribution for lasers biased above threshold under periodic modulation con-
ditions. The method is also based on the integral equation (6.1), but now a
new approach has been followed to obtain the kernel W. When I < I, the
stochastic evolution of laser intensity is coupled with carrier number during
the relaxation oscillations (see Fig. 5.2). However, the deviation from the
deterministic evolution in the relaxation oscillations can be treated in a per-
turbative way. Then the rate equations are linearized around the deterministic
evolution. The resulting equations are stochastic linear equations with time
dependent coefficients. The probability distribution of E(t) is Gaussian and it
is easily obtained. The photon number probability distribution Pr(7,t/7", N;)
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is derived from the field distribution. The turn—on time probability distribu-
tion can be evaluated from Py(I,t/7', N,/) (see Sect. 5.3) by noting that the
probability that the crossing time of the level I, will be greater than 7 equals
the probability that I is less than [, at time 7. The results obtained with this
method for the turn—on time statistics for lasers biased above threshold are in
good agreement with numerical simulations for a wide range of the modulation
period (see Fig. 5.4).

6.3 Pseudorandom word modulation regime

When the laser is under PRWM conditions the following equation is obtained
in the stationary regime

T 00 el .
P(r, N, /i) :/0 dT'/O AN, S(1/2)'W (7, N, /7', N i, j)P(', Ny /) |

j=0

(6.2)
where the P(1, N, /i) is the joint probability for the turn—on time 7 and carrier
number at 7 associated to a pulse that is preceeded by a number equal to %
of “0” bits (see Fig. 6.1 for i = 2). The kernel W of (6.2) is similar to the
kernel used for the periodic modulation case in (6.1), but now the number of
“0” bits preceeding a pulse is not fixed (see Fig. 6.1 for j =1 and i = 2). On
the contrary in the periodic modulation case this number is always zero. Then
for PRWM the number of “0” bits before a pulse must be taken into account
in the conditional probability TW.

The integral equation (6.2) is similar to that used for gas lasers in chapter 4
[213], but now the problem is two—dimensional due to the carrier dependence.
As in the periodic modulation case, the fluctuations in the carrier number for
a given number ¢ of “0” bits preceeding a pulse are negligible. In Fig. 6.2 and
Fig. 6.3 it is shown that for the any of the different sequences with i = 0,1,2...
the relative fluctuations are smaller than 0.3 %. Then the values of the carrier
number given by the deterministic evolution can be used in the kernel W. In
this way the following equation is obtained

o0

P(r/i) = /OT dr' > (1/2)W (/7' Ny, i, j)P(7'/5) . (6.3)

J=0
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Figure 6.2: Carrier number distribution at the end of a “1” period, P(N),
as obtained from numerical simulations for PRWM at a frequency f = 6.25
GHz with bias current C, = 0.92C},. Solid line histogram corresponds to
the total distribution, three—dot—dashed line to sequences “11”, dot—dashed
line to sequences “101”, dashed line to sequences “1001”, and dotted line to
sequences “10001”. Arrows indicate the deterministic values of the carriers for
the different sequences.
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Then the calculation of P(1) = X, P(7/i)(1/2)" is reduced to that of the
conditional probability W (7 /7', N+, 1, j).

Two different methods are used, as in the periodic modulation case, to ob-
tain the conditional probability W for bias currents below and above thresh-
old. When Cj < Cy, the laser evolution can be separated into the two regimes,
stochastic and deterministic, and the same method than in Ref. [182] is used.
For lasers biased above threshold the new method developed for the periodic
modulation case is applied to obtain W (7 /7', Ny, 1, ).

The results obtained for the mean turn—on time and timing jitter are in
good agreement with numerical simulations for different bias currents above
and below threshold, and for a wide range of the modulation period (see Figs.
6.4 and 6.5). As found in numerical simulations[201, 164], timing jitter be-
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comes larger under PRWM at GHz rates when biasing above threshold that
when biasing below threshold. This large jitter is related to the bimodal
character of the turn—on time distribution due to pattern effects. It is also
found that timing jitter is independent of the modulation frequency when C),
is slightly below threshold. At this bias current pattern effects are suppressed
and the laser response is almost independent of previous input bits[164, 183].
The turn—on time distributions for PRWM at GHz rates and bias above and
below threshold obtained from the theory are in good agreement with nu-
merical simulation results (see Figs. 6.6-6.9). Pattern effects appear below
threshold at frequencies around 1 GHz and above threshold at higher frequen-
cies (5 GHz). When the bias is slightly below threshold (C, = 0.98 Cy,) pattern
effects disappear and P(7) is independent of the modulation frequency. This
behavior has been analyzed in great detail in Ref. [164].

In summary we have developed a new method to obtain the turn—on time
probability distribution of lasers under PRWM. The method is valid for lasers
biased below and above threshold and for a wide range of modulation frequen-
cies. The distribution P(7) can be used following the approach of Ref. [193]
to calculate the bit error rate in optical communication systems for different
bias currents and bit rates.
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Figure 6.6: Probability density function P(7) for a bias current C, = 1.1C},
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numerical simulations and solid lines correspond to theory.
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Chapter 7

Soliton Generation by Direct
Modulation of Laser Diodes

7.1 Introduction

Linear transmission systems employing optical amplification are affected by
nonlinear and dispersion effects. The use of solitons is an attractive way to
overcome these effects in ultra—long distance and/or ultra—high speed optical
fiber systems. Many researches have demonstrated ultra—long distance[139,
216, 217] or ultra-high speed[218, 219, 220]. Several kinds of pulse sources at a
wavelength of 1.55 ym have been used. Pulse sources based on single—chip laser
diodes are interesting, due to their stability, reliability, compactness and high
repetition rate. Gain—switched DFB lasers [216, 219, 220], sinusoidally driven
monolithically integrated DFB lasers with electroabsorption modulators[217,
221], and monolithically integrated mode-locked lasers[222, 223] are promising
candidates. The first two pulse sources have also the advantage of a widely
tunable repetition rate.

Pulses generated by direct modulation of laser diodes are severely chirped
and narrow—band optical filters are required to achieve transform—limited pulse
generation[152]. The main advantage of this pulse source is that pseudo-
random sequences of solitons can be generated by direct modulation of the
injected current[154]. In this way external modulators to codify the mes-
sage can be avoided. However, when using gain—switched laser diodes a large
pulse spreading has been observed for transmission distances of a few thousand
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kilometers[131]. This pulse spreading is due to the pulse-to—pulse frequency
jitter originated during the gain-switching process by spontaneous emission
noise. The carrier frequency of the soliton pulse is randomly shifted, which
leads to changes in the group velocity through dispersive transmission fibers
and thereby the arrival time of the optical pulse fluctuates. This effect limits
the bit-rate product, as does the Gordon—Haus effect[127] due to the amplifier
noise. An optimum value for the laser bias current under pseudorandom word
modulation (PRWM) operation has been obtained[154] to reduce noise effects.
When the bias current is slightly below threshold the response of the laser to
a bit ”1” is independent of the previous input bits[183]. Then pattern effects
are avoided and fluctuations are strongly reduced.

Another factor that limits soliton transmission is soliton interaction[235].
The effect of soliton interaction is dependent on the soliton relative phase:
attraction for solitons in phase and repulsion for solitons out of phase. It is
expected that interaction effects will be reduced when solitons are generated
by direct modulation of laser diodes. Due to the spontaneous emission noise
that is intrinsic to the process of pulse generation, the soliton relative phase
will be random. Then the interaction should be smaller that in the case of
relative phases 0 and 7. However, at high bit rates pulse width must be re-
duced to avoid interaction effects. Pulse compression can be achieved by using
dispersion compensating fibers with normal dispersion at the laser wavelength.

Here we consider several factors that can limit gain—switched laser diodes
as pulse sources for soliton transmission. We analyze in Sect. 7.2 the noise
effects on soliton generation and transmission for different values of the bias
current. In Sect. 7.3 the energy transfer to the soliton component of the laser
pulse is obtained for different values of the linewidth enhancement factor. Sect.
7.4 includes a discussion of interaction effects for solitons generated by laser
diodes as compared to perfect solitons.

7.2 Generation of solitons under PRWM

We consider a single-mode laser diode that is modulated by varying the in-
jection current at frequencies in the GHz range. The transient response of the
laser is described by the noise driven rate equations for the electric field and
carrier number inside the cavity
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‘;—f = (G—v)(1+ia)§+\/25]\75(t) (7.1)
O =0t —N — G, (7.2)

where G = g(N — Ny)/+/(1+sI) and I = EE* is the light intensity. «
is the linewidth enhancement factor, that governs the transient dynamics of
the optical frequency. The spectral properties of the pulses emitted by the
semiconductor laser are then strongly dependent on the value of this factor.
The meaning of the symbols and typical values of the different parameters
involved in these equations are listed in Table 5.1. The random spontaneous
emission process is modeled by a complex Gaussian white noise term £(t) of
zero mean and correlation < £(#)£*(t') >= 26(t — t'). The injection current
C'(t) is periodically modulated with a step function of maximum value C,,
during a fixed ¢,, = 80 ps and a dc bias current C}, during tog (ton + tof iS
the whole period of modulation). Modulation frequencies in the GHz range
have been considered to generate solitons[152, 154]. The pulses obtained in
this way are far from being transform-limited, since a frequency down-chirp
inevitably occurs due to carrier density modulation. Therefore these pulses
are unable to generate solitons in the fiber. A narrow band Lorentzian filter
with GHz has been used to limit the bandwidth of the severely chirped laser
output[216, 152].

During gain switching the fluctuations of the switch—on time lead in the
leading edge of the optical pulse to random variations of the maximum instan-
taneous frequency[191]. Hence frequency chirping becomes a random process
and it is the responsible of the large pulse spreading observed[131] in soliton
transmission with gain switched lasers. In Fig. 7.1 we show the dynamical
evolution for the output power, carrier number and frequency of several typ-
ical pulses for a bias current 10% above threshold. The injected current is
periodically modulated (PM, a sequence composed of all ”1” bits) at 5 GHz.
Similar results are obtained when the laser is biased slightly below threshold.
The fluctuations in the turn—on time (timing jitter) are almost independent
on the bias current for modulation frequencies in the GHz range. This cor-
responds to the fact that the laser has not enough time during t,g to relax
to the steady state associated to the bias current. Then the initial condition
at the beginning of a pulse is determined by the laser dynamics and not by
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the bias current. However, when pseudorandom word modulation (PRWM) is
considered timing jitter is strongly dependent of the bias current. When the
laser is biased above threshold timing jitter increases due to pattern effects.
Under PRWM operation a random sequence of ”70” and ”1” bits is gener-
ated. The resulting pattern effects come from the correlation of the different
bits belonging to the random sequence[183]. The turn—on time distribution
becomes multimodal (see Figs. 6.6-6.8) with peaks that correspond to the dif-
ferent periodic sequences and thereby timing jitter increases. Fluctuations of
the pulse characteristics such as height, width and chirp range are related to
the statistics of the turn—on time. Then, for laser biased above threshold it is
not possible to generate pseudorandom sequences of solitons due to the large
pulse fluctuations[154]. In particular the fluctuations of the peak power and
the chirp range are of the order of 20 %, whereas in the PM regime they are
smaller than 10 %.

Pattern effects disappear when the laser is biased slightly below thresh-
old. The optimum value of the bias current is 2% below threshold (C, =
0.98C4,). For this special bias current the results are independent of the
modulation regime, periodic or pseudorandom, and of the modulation fre-
quency (see Fig. 6.9). However, it has been shown numerically that pseu-
dorandom sequences of solitons can be generated by direct modulation of a
laser diode with a bias current between 5% below threshold and the threshold
current[154]. This behaviour is reflected in the large power spectrum fluctu-
ations (see Fig. 7.2). When C, < Cy, power spectrum fluctuations are very
similar under PM and PRWM while for a laser biased above threshold these
fluctuations can increase in an order of magnitude under PRWM. The same
behavior than for Cj, = 0.98 Cyy, is observed in the range from 0.95 Cyy, to Cyy,.

To take into account only the effect of the initial frequency jitter (Gordon—
Haus effect is not considered), an ideal lossless fiber has been considered for the
transmission of filtered pulses[152, 154]. Pulse spreading during transmission
is related to the dispersion oy of the mean frequency f of the pulses at the
input of the fiber. The effect of the filter changes[154] with its center frequency
fo- The best position for the filter is the one that minimizes . When Cj is
slightly below C}y, the frequency jitter is less sensitive to fy than when using
a bias current above Cy, (see Fig. 7.3). It is also observed that the frequency
jitter is independent of the modulation frequency when the laser is biased below
threshold. A similar behavior is obtained for Cj, = 0.95C};, and Cj = Cy;, than
for ', = 0.98C},. This means that in this range of bias current, from 0.95
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Cin to Cy, the frequency jitter is independent of the modulation frequency
and flat enough to make the filter position not very important. This behavior
can be understood by considering the fluctuations of the laser power spectrum
before filtering[154]. The increase in the frequency jitter when the filter peak
is located at low frequencies is related to the increase of the power spectrum
fluctuations at these frequencies (see Fig. 7.2).

We finally consider the results obtained[154] for the timing jitter vs. the
transmission distance for the filtered pulses. The propagation of the filtered
pulses inside the fiber is described by the non-linear Schrédinger equation.
The dispersion and non-linear parameter values are the same as those of [39].
The chosen filter location fy corresponds to the minimum value of the fre-
quency jitter. The non-linear Schrodinger equation is numerically solved by
using the split-step Fourier method. Numerical calculations are performed over
propagation distances of 8,000 km. The pulses keep their shape for distances
z > 2,000 km with slight variations in their width and height (see Fig 7.4).
The mean width of the soliton pulses is 28 ps (26 ps) when the bias is above
(below) threshold. The pulse arrival time is random because of the frequency
jitter. This timing jitter can be characterized by using the standard deviation,
Ot,..., Of the timing of the maximum of the pulse, #;x.

We first consider sequences of solitons generated in the PM regime. The
results show that when C, < C};, the timing jitter is nearly independent of the
modulation frequency (see Fig. 7.5 a) and c)). However, when C, > Cy, the
timing jitter is smaller at 5 GHz than at 2.5 GHz and it approaches the values
obtained for a laser biased below threshold. When the laser is modulated
at 5 GHz the switch-on time is almost independent on the bias current and
the pulse fluctuations are similar for different bias currents above and below
threshold.

When the PRWM regime is considered the pulses emitted by a laser biased
above threshold can not generate solitons in the fiber as discussed above. It
has been shown that when using a special bias for the laser diode, C} ~
0.98 Cy, (5.88 mA for our laser parameters), the statistical properties of the
optical pulses at the laser output are independent of the modulation frequency
and also of the modulation regime (no pattern effects). Due to the lack of
pattern effects pulse fluctuations are similar in the PM and PRWM regimes
and pseudorandom sequences of solitons can be generated. It can be seen
in Fig. 7.5 that for this special bias current timing jitter is small and it is
independent of the modulation frequency and of the modulation regime (PM
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and PRWM). These results also hold when Cj, varies from 0.95Cy, to Cip.

7.3 Energy transfer to the soliton

Gain—switched pulses are far above the Fourier-transform limit, due to fre-
quency chirp. This effect is observed in the form of a time—bandwidth product
AtAf much higher than the value obtained for the unchirped pulse. Exper-
imental results with chirped pulses indicate that the loss of energy due to
chirping of the initial pulse forms a dispersive nonsoliton pedestal. This dis-
persive radiation can have a highly detrimental effect on soliton propagation.
Here we study the energy transfer from pulses generated by direct modulation
of laser diodes to the soliton component during fiber propagation. Several
values of the linewidth enhancement factor a are considered. The effect of
filtering on the energy transfer is also analyzed.

The optimum power and width of chirped pulses that maximize the energy
transfer to the fundamental soliton has been obtained[225] in an exact way
for field envelopes of the form E(t) = Asech'*/*(¢). The maximum achievable
energy transfer is given by Rma.. = 2/(1 + V1 + @?), normalized relative to
the initial pulse energy. Then for a value of & = 2 the maximum energy
transfer is R = 0.6 (see Fig. 7.6 (a)). The critical values of the « factor for the
fundamental soliton are given by a, = (442 —1)'/2, where A is the normalized
pulse amplitude. All these analytical results correspond to a model for the
pulse without filtering before the transmission in the fiber. Note than in this
case the maximum energy transfer decreases very quickly when the « factor
increases (see the inset of Fig. 7.6 (a) for & = 5). When the effect of filtering is
considered no analytical results can be obtained. We have performed numerical
simulations of the nonlinear Schrodinger equation for input pulses of the form
E(t) = Agsech'™*(¢/T;) and for a typical pulse generated by a DFB laser
(obtained by solving numerically the rate equations with o = 5). The value
of the pulse width before filtering is Ty = 8.5 ps. We have normalized the
pulse amplitude A to that of a soliton with the width of the pulse obtained
after filtering. When a narrow band filter is used the energy transfer is clearly
increased (see Fig. 7.6 (b) and (c)). It is also shown that the results are almost
insensitive to the value of the linewidth enhancement factor. The maximum
energy transfer is similar (around 85%) for sech—pulses and for the pulses
generated by the DFB when the filter bandwidth is small.
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Figure 7.7: Propagation of a pair of pulses with a pulse width of 18 ps and
a pulse separation of 66.7 ps for three different cases: solitons with a relative
phase of “0” (a), solitons with a relative phase of “zr” (b) and semiconductor
laser pulses (c).

7.4 Soliton interaction

When a pair of perfect solitons propagate in an optical fiber the interaction
strongly depends on the relative phase between them: if they are in phase
they attract and repel periodically while propagating. If the relative phase is
“m” they repulse to each other during the whole propagation distance. Two
solitons that are placed very close to each other behave as in figure 7.7 a) and
b) if the relative phase is “0” or “x”, respectively. In our example the distance
between the solitons was taken as ~ 67 ps (which would represent a frequency
of ~ 15 GHz), the full width at half maximum (FWHM) of the solitons 7 ~ 18
ps. This corresponds to a pulse separation of 3.7 7. The amplifiers were placed
at a relative distance of 20 Km. Amplifier noise was not considered to focus
on soliton interaction effects.

Pulses generated by a laser diode are far from being transform-limited
(1 - Af > 0.4, where Af is the spectral power width). A Lorentzian filter
with a bandwidth of 7.5 GHz was used to limit the bandwidth of the severely
chirped laser output. In figure 7.7 ¢) we show how a pair of solitons generated
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Figure 7.8: Pulse separation for the same cases as in figure 7.7.

by a diode laser propagates under the same conditions of the perfect solitons.
By carefully looking at the evolution it can be seen that the behaviour is not
as if they were in phase or antiphase. Moreover, they behave as if their relative
phase takes an intermediate value. This is exactly the case since the phase
between two consecutive pulses produced by a diode laser is random, due to
the fact that the pulse generation process is strongly influenced by spontaneous
emission in the laser. This fact appears as an advantage since the interaction
is reduced.

In figure 7.8 we have plotted the mean value of the pulse separation when
100 pairs of pulses are transmitted through 8000 km of fiber. In this figure it
is again evident that the evolution of the laser pulses is an intermediate state
between the evolution of solitons in phase and the evolution of solitons with
opposite phase. The reduction of interaction effects makes solitons generated
by laser diodes very attractive for soliton communication systems.

When amplifier noise is considered, soliton interaction have an important
effect on the probability distribution of soliton arrival time at the receiver.
For a single pulse the Gordon—Haus jitter follows a Gaussian distribution.
However, when the separation of in—phase solitons becomes lower than 2 pulse
widths, the jitter probability density function has higher values in the inner
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Figure 7.9: Same as in Fig. 7.8 but for an initial pulse separation of 2.5 pulse
widths.

wing of the distribution, due to soliton attraction, than the values given by a
Gaussian distribution [226, 227]. A method has been recently developed [228]
to evaluate the system performance for in—phase solitons. In this method it
is considered that when the soliton separation becomes lower than 2.5 pulse
widths the attraction of the pulses is rapid and the collision is inevitable.
However, when solitons are generated by laser diodes the situation is different
due to the random character of the phase difference of consecutive pulses.
We show in Fig. 7.9 that the interaction effects are clearly reduced for these
pulses. In this case no collision is observed. The increase of the mean value
of the pulse separation is probably due to the fact that for most of the phase
differences the interaction is repulsive.

In conclusion, we have shown that interaction of solitons produced by gain
switching of a diode laser is less strong than in the case of perfect solitons of
phase “0” or “m”. This behaviour corresponds to a random relative phase,
due to the spontaneous emission noise during the process of generation of the
soliton.



172 CHAPTER 7



Chapter 8

Comparison of the performance
of semiconductor and fiber laser
sources for soliton transmission
with two guiding—filter soliton
control techniques

8.1 Introduction

Soliton transmission offers a great potential for exploiting the enormous ca-
pacity of EDFA based transmission lines, with impressive demonstrations over
both transoceanic and terrestrial distances [229]. A critical component for the
implementation of high bit-rate soliton transmission systems is the optical
pulse source. Major demands for the produced optical pulses are related to
both their spectral and temporal characteristics (shape, duration, repetition
rate and wavelength) as well to their quality (transform limited, low jitter).
There are two main categories of soliton sources: i) semiconductor-based and
ii) fiber—based. Concerning the semiconductor sources, the simplest and most
practical approach is based on gain—switched DFB lasers [230]. However, due
to the frequency chirping induced by the large carrier density variations, the
produced pulses are far from being transform-limited. External cavity mode—
locked lasers have been also used for soliton generation [231], producing near
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transform—limited pulses. Another method for soliton generation is the use of
an electroabsorption modulator in combination with a DFB laser [232, 217],
with the advantages of the small size and easy integration with lasers and
other waveguide devices. A characteristic representative of fiber-based sources
is the actively mode-locked erbium fiber ring laser (EFRL), which is capable
of producing very high quality soliton pulses [233]. These sources produce
transform—limited pulses, with short pulse durations, high powers and broad-
band tunability, but suffer in terms of device compactness and stability [234].

As far as the pulse quality is concerned, the gain—switched DFB laser and
the erbium fiber ring laser represent two extreme cases. On the other hand the
first method has the advantages of compactness, reliability, a widely tunable
repetition rate and low cost. Another advantage of this pulse source is that
pseudorandom sequences of solitons can be generated by direct modulation
of the injected current[154]. In this way external modulators to codify the
message can be avoided. However, when using gain—switched laser diodes a
large pulse spreading has been observed for transmission distances of a few
thousand kilometers[131]. This pulse spreading is due to the pulse—to—pulse
frequency jitter originated during the gain-switching process by spontaneous
emission noise. This effect limits the bit-rate product, as does the Gordon—
Haus effect[127] due to the amplifier noise. Another factor that limits soliton
transmission is soliton interaction[235]. It is expected that interaction effects
will be reduced when solitons are generated by direct modulation of laser
diodes. Due to the spontaneous emission noise that is intrinsic to the process
of pulse generation, the soliton relative phase will be random. Then the inter-
action should be smaller that in the case of relative phases 0 and 7. So it would
interesting to find out the limits of the DFB source concerning ultra—long dis-
tance soliton transmission and to investigate in which cases the solution of
using the EFRL should be preferred.

In this chapter a comparison of the performance of a gain—switched semi-
conductor laser (SCL) and an EFRL source for soliton transmission is carried
out. Two models have been developed for the simulation of soliton generation
with the SCL and EFRL sources. The produced pulses are transmitted over
ultra—long distances (8000 km), with the use of two guiding—filter soliton con-
trol techniques, i) fixed—frequency filtering along with nonlinear gain and ii)
sliding—frequency filtering. In Sect. 8.2 a brief description of the laser models
is presented, while in Sect. 8.3 the two guiding-filter based control methods
are described. The results of the comparison of the performance of the two
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soliton sources, concerning the transmission of a single pulse, a pair of pulses
and pseudorandom bit sequences are given in Sect. 8.4.

8.2 Brief description of the laser models

8.2.1 Semiconductor Laser (SL)

The description of the semiconductor laser is based on single-mode rate equa-
tions (7.1)—(7.2) including a random term that describes spontaneous emission
noise The meaning of the symbols and the values of the different parameters
are listed in Table 5.1. In order to generate the pulses the injection current
C(t) (expressed as number of injected carriers per unit time) is modulated
using a return-to-zero (RZ) scheme. In this scheme C(t) follows a square-wave
modulation of period T = t,, + tof, taking its on value C,, = 3.5C}, dur-
ing t,, = 80 ps, and then dropping to the bias level, C, = 0.98C}y,, where
it stays during t,¢ = 120 ps with Cy, being the threshold current. The time
ton is chosen short enough to excite only the first spike of the relaxation os-
cillations [164]. In the case of pseudorandom sequences this corresponds to a
bit “1”. For a bit “0” the current stays constant at the bias level during the
full period T'. With this choice of C, the statistical properties of the pulses
at the laser output are independent of the modulation frequency and also of
the modulation regime [164] and pseudorandom sequences of solitons can be
generated [154]. In order to obtain sequences of pulses at 15 GHz we perform
time division multiplexing (TDM) of the original 5 GHz sequences.

Pulses generated in this way are far from being transform-limited (7-Af >
0.4, where 7 is the pulse width and Af is the spectral power width), because a
frequency down-chirp occurs as a result of carrier density modulation. There-
fore, these pulses are unable to generate solitons in the fiber. A Lorentzian
filter with a bandwidth of 7.5 GHz is used to limit the bandwidth of the
severely chirped laser output [216]. Besides that, pulses at the laser output
have a full width at half maximum (FWHM) of 7 ~ 25 ps. After TDM the
mean value of the separation between pulses is AT = 66.7 ps for a modula-
tion frequency of 15 GHz, giving rise to a very low value for the ratio pulse
separation/pulse width: AT /7 < 3. In order to reduce interaction during the
propagation through the fiber we produce pulse compression through 1.2 km
of a normal dispersion fiber (3, = 40 ps?/km) before filtering. In this way we
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Figure 8.1: A typical pulse from a semiconductor laser (solid lines) at the
laser output (top graphs) and after filtering and compression (bottom graphs),
compared with perfect solitons of the same width and height (dashed lines).

obtain a FWHM of 7 ~ 14 ps and a time-bandwidth product of 7- Af ~ 0.4.
In Fig. 8.1 we can see an example of a pulse produced by a semiconductor laser
at the laser output (top graph) and after filtering and compression (bottom
graph) compared with perfect solitons of the same width and height.

8.2.2 Fiber Ring Laser (FRL)

The configuration of the mode-locked Fiber Ring Laser that we consider is
depicted in Figure 8.2. The functional parts of the cavity are: the optical
filter, the erbium doped fibre, the amplitude modulator, the isolator and the
output coupler. The model considers that the initial optical field is low power
noise. The propagation along the fiber in every round trip, is governed by the
perturbed Non-Linear Schréedinger Equation (NLSE) [146]

O0F 1 _ O0°FE o
Zg = iﬁZW — (SNL|E|2E - ZElE, (81)

where F is the complex field envelope, ¢t the retarded time frame, z the lon-
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Figure 8.2: Schematic representation of the Erbium Fiber Ring Laser.

gitudinal coordinate, 3, the group velocity dispersion parameter, a; the fiber
loss coefficient, and dyy, the nonlinear parameter. The NLSE is numerically
solved with the well known Split-Step Fourier method [141]. The cavity fiber
is considered to be Polarization Maintaining (PM).

The signal undergoes a similar treatment during its propagation along the
Erbium doped fibre (EDF). The difference is that a gain term is added to the
NLSE. The total net gain that the optical field feels along the EDF is calculated
by a simple formula which takes into account the low power gain, the input
power saturation effect and the bandwidth of the optical amplification. The
optical filter acts in the frequency domain with a Lorentzian transfer function,
while the amplitude modulator acts sinusoidally in the time domain, assuming
a perfect timing with the incoming signal. During the first transient phase, the
field power is low, so the gain is almost equal to the “small signal gain”. From
round to round the field power increases and consequently the gain saturates.
This mechanism leads finally to the steady state. The number of round trips
that are required to achieve this convergence, is not known from the beginning
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Parameter Value Units

Optical filter central wavelength 1.55 pm
Optical filter bandwidth 1.5 nm
Optical filter loss 3.4 dB
Modulation frequency 2.5 GHz
Modulator losses 4.7 dB
Coupling ratio of output coupler 0.9 adim.
PM fiber length 5 km
Chromatic dispersion of PM fiber 16  ps/nm/km
Cross section of PM fiber 50 pm?
Doped fiber length 30 m
Chromatic dispersion of doped fiber —60 ps/nm/km
Cross section of doped fiber 20 pm?
Maximum optical amplification 26 dB
Amplifier bandwidth 30 nm

Table 8.1: Meanings and values of the parameters employed in the FRL model.

of the procedure. Typically, one hundred round trips are sufficient. With an
appropriate combination of the power level (controlled by the pumping power
of the active fibre) and the length of the fibers, the cavity can support the
generation of solitons. The main benefit from this fact, is that the width
of the solitons can be controlled by the pumping power. The FRL cavity
parameters that were used in this study are given in Table 8.1. In Fig. 8.3 we
can see an example of a pulse produced by a FRL (pulse width 7 = 14.1 ps)
compared with a perfect soliton of the same width and height. It is evident
that, contrary to the pulses produced by the SL, the FRL pulse quality is very
high both in the time and frequency domain (the time-bandwidth product is
TAf ~ 0.34).
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Figure 8.3: A typical pulse from a fiber ring laser (solid lines) compared with
a perfect soliton of the same width and height (dashed lines).
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8.3 Description of the transmission system
configuration and the guiding—filter con-
trol methods

A typical configuration of the transmission system under investigation, is
shown in Figure 8.4. It is supposed that each transmission segment con-
sists of a fiber line, a linear optical amplifier and a soliton control module.
The propagation of the pulses between two successive amplifiers is governed
by the perturbed Non-Linear Schréedinger Equation (8.1), which includes the
terms of fiber dispersion, nonlinearity and loss. The path-averaged power over
one amplification period is maintained equal to the fundamental soliton power
Py, according to the average soliton concept. The amplifier spacing is kept
smaller than the soliton period in this study. The addition of the ASE noise
to the soliton, changes its central frequency in a random way. In our model,
the noise is represented with complex numbers added to the signal in the time
domain. The real and imaginary noise parts follow a Gaussian distribution
with variance 02 = Ppgp/2, where Pagg is the noise power [236]:

Prsg = ngphv(G — 1)Av,

where ng, is the excess noise factor, v the central frequency, G' the power gain
of the amplifier and Av the noise bandwidth. The excess noise factor ng, is
related to the optical amplifier noise figure through the equation [141]:
G-1

NF = QnSPT'
We consider two guiding—filter soliton control techniques: i) fixed frequency
filtering alongh with nonlinear gain (NLG), and ii) sliding—frequency filter-
ing (SF). The filtering action in both control methods, is represented by the
multiplication of the pulse envelope in the frequency domain, with H(w) =
|1+ 2i(w — wy)/B| ™!, where w is the normalized angular frequency, wy is the
peak gain frequency of the filter, and B is the normalized filter bandwidth.
The real filter bandwidth BW is related to the normalized distributed filter
strength (3 through [237]:

c

b= T\ DBW?L,
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Figure 8.4: Schematic representation of the transmission line. Soliton control
methods are applied after each amplifier.

where c is the light velocity, A the operating wavelength, D the dispersion
parameter, BW the real filter bandwidth and L, the amplifier spacing. When
filtering is applied, an excess gain is necessary, in order to compensate for the
loss to the wings of the soliton spectrum due to the filter. In the cases where
nonlinear gain is applied (after the fixed-frequency filter), the field envelope
is multiplied in the time domain, with Gni, = exp[dn,Lq|E|?/(LpFy)] [237],
where 0y, is the nonlinear gain coefficient, Lp the dispersion length and P,
the soliton peak power. In this case, the filter strength 3, nonlinear coefficient
dn1, and excess gain 0, should satisfy the relation § = 241, + 39 [138]. Since
we have used a value of the excess gain d = 0.01 for all values of 3, the relation
dnt = (8—0.03)/2 holds. However, when pulses are generated by SL it is found
that soliton energy increases during the transmission when strong filtering is
applied. To avoid this instability the value of the nonlinear gain coefficient is
slightly reduced. For example, the corresponding value of dy, for = 0.3 is
reduced from 0.135 to 0.130.

In the sliding-frequency filtering technique, the central frequency wy of the
filter is gradually decreased along the transmission line, with a normalized rate
ap = —3/3 [136] or in real units:

Awy _ f
Az  1.7637Lp’

where 7 is the pulse width. The excess gain ¢ in this method, also depends on
the filter strength (3 [238]:

o = 0.39584.
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Symbol Parameter Value Units
A Operating wavelength ~ 1.55 pm
OB Fiber loss 0.24 dB
D Dispersion parameter 1 ps/nm/km
A Effective core area 35 pm?
T Pulse width 14.1 ps
Lp Dispersion length 50.2 km
Py Soliton power 5.443 mW
Py Peak power 13.515 mW
L, Amplifier spacing 40 km
Gr, Amplifier power gain 9.6 dB
NF Amplifier noise figure 4.3 dB

Table 8.2: Meanings and values of the parameters employed in the modelling
of the transmission line

8.4 Performance comparison of the two soli-
ton laser sources

In this section we compare the performance of soliton control techniques for
both different soliton sources, semiconductor lasers and fiber ring lasers. In
order to do that comparison we evaluate the timing jitter as a function of the
propagation distance and filter strength (3 for three different cases: sequences of
one pulse, sequences of two pulses and pseudorandom sequences of 12 bits. In
the case of two—pulse and pseudorandom sequences the initial pulse separation
is AT = 66.7 ps which corresponds to a modulation frequency of 15 GHz.
Since the average value of the initial pulse width is 7 = 14.1 ps, the ratio pulse
separation/pulse width has a value AT /7 = 4.7. With this value interaction is
expected to be important, specially for FRL pulses. In fact, with these values
of pulse width and pulse separation and in the absence of any control method
a pair of FRL pulses would collapse in ~ 2500 km. The transmission of one—
pulse sequences will allow us to evaluate the performance of soliton control
techniques when no interaction is present.
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8.4.1 One pulse transmission

In Figs. 8.5 y 8.6 we have plotted the timing jitter obtained from numerical
simulations for the propagation of 200 sequences of 1 pulse using both soliton
control methods and both soliton sources. In these figures we have used two
values of the normalized filter strength, # = 0.15 and # = 0.3, which corre-
spond to a filter bandwidth BW= 81.4 GHz and BW= 57.5 GHz, respectively.
Other parameters employed in the simulations are given in Table 8.2. Tt is
found that the use of the NLG method is generally more efficient in reducing
the timing jitter. As can be seen in Figs. 8.5 and 8.6 the increasing of timing
jitter is well controlled by both soliton control methods. In the worst case
(sliding filters and = 0.15 in Fig. 8.5) the jitter increases less than 3 ps. It
should be noticed here that the final jitter for SL pulses (Fig. 8.6) is always
higher than the final jitter for FRL pulses (Fig. 8.5), although the jitter in-
crement is smaller for SL pulses. The reason for that is the initial jitter of SL
pulses, caused by spontaneous emission in the laser diode, of about 3.5 ps. In
spite of this, the final value of the jitter for SL pulses is low enough to allow
transmission at 8000 km with a bit error rate (BER) smaller than 107°. The
best results for the jitter reduction are obtained for NLG and, as expected, for
the strongest filters (3 = 0.3) for both soliton sources (see Figs. 8.5 and 8.6).

8.4.2 Pulse pair transmission

When two pulses propagate together with a ratio AT/7 < 5, pulse interaction
is expected to play a role in the increasing of the timing jitter, specially in the
case of FRL pulses. In this case pulses have the same phase and interaction
is always attractive. However, this is not the case for SL pulses. The phase of
SL pulses varies randomly from pulse to pulse and then interaction effects are
reduced (see Sect. 7.4). This is clearly seen when comparing timing jitter for
1 and 2 pulse sequences transmission for both soliton sources. The increase of
timing jitter during propagation for pulses generated by laser diodes is of the
same order when sequences of 1 and 2 pulses are transmitted (see Figs. 8.6
and 8.8). On the contrary, for solitons generated by FRL an increase of timing
jitter due to interaction effects is observed when sequences of 2 pulses are
transmitted. The NLG method is effective in reducing this increase provided
that strong filtering is applied (see Figs. 8.5 and 8.7).
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Figure 8.5: Timing jitter as a function of the propagation distance for two
values of the filter strength 3 and for both soliton control methods as obtained
from numerical simulations. Averages are obtained from the propagation of
200 sequences of 1 pulse produced by the fiber ring laser.
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Figure 8.6: Same as in Fig. 8.5 for input pulses produced by the semiconductor
laser.
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Figure 8.7: Same as in Fig. 8.5 for 200 sequences of 2 pulses.
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8.4.3 Pseudorandom bit sequence transmission

We consider now the transmission of pseudorandom sequences of solitons gen-
erated by SL and FRL. It is expected that interaction effects play an inter-
mediate role between the case of transmission of sequences of 1 and 2 pulses.
Since for the pulses generated by the SL interaction effects are not important,
the results shown in Fig. 8.10 are similar to those obtained for sequences of
one and two pulses. On the other hand, for solitons generated by FRL timing
jitter is greater than for sequences of one pulse and smaller than for sequences
of 2 pulses, as expected.

When comparing the results for the transmission of solitons generated by
SL and FRL, we conclude that the increase of timing jitter is of the same order
for transmission over transoceanic distances. However, due to the initial jitter
of SL pulses originated in the gain—switching process, the timing jitter for SL
is greater than the one for FRL pulses. Therefore, if the same criteria are
used to evaluate the BER from timing jitter, the performance of FRL pulses is
better. However, due to interaction of these pulses a more restrictive criterion
must be used [228]. When the pulse separation becomes smaller than 2.5 pulse
width the attraction of the pulses is rapid and the collision is inevitable (see
Fig. 7.9). Then more restrictive time windows than for SL pulses must be
used. Here we consider a time window of 31.5 ps for the FRL pulses and
a time window of 66.7 for SL pulses. The results obtained in this way (see
Figs 8.11 and 8.12) show that it is possible to transmit solitons generated by
both sources at distances of 8000 km at 15 Gb/s with a BER lower than 10~°.
This BER is obtained for values of 3 in the range 0.15-0.3.

In summary, we have compared the transmission of solitons generated by
SL and FRL. Timing jitter is greater for SL pulses due to the initial fluctuations
during the gain—switching process. However, since the relative phase of two
consecutive SL pulses is random, the interaction effects are reduced. FRL show
no intial jitter since possible instabilities are not considered. The jitter due
to the transmission is similar for both soliton sources. Interaction effects are
shown to be more important for FRL pulses. Nonlinear gain is very effective
to reduce these effects, due to the pulse width reduction. BER evaluation
taking into account interaction effects for FRL pulses shows that transmission
of solitons over transoceanic distances at 15 Gb/s is possible for both soliton
sources.
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Figure 8.11: BER obtained from timing jitter for 50 pseudorandom sequences
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to SF.
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