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Dutch summary —
Nederlandstalige
Samenvatting

1. Inleiding

1.1 Optische telecommunicatie

Toepassingen zoals het verzenden van email, het uitwisselen van audio-
en videobestanden zorgen nog steeds voor een sterke toename van het
wereldwijde internet verkeer: in 2005 wordt een dagelijks trafiek van
anderhalf miljoen Terabits (!) per dag voorzien en verwacht wordt dat
dit exponentieel zal blijven groeien in de komende jaren [1]. Gelukkig
kunnen deze enorme hoeveelheden data over de hele wereld getrans-
porteerd worden door optische telecommunicatie netwerken gebaseerd
op WDM-technologie [2, 3, 4, 5, 6, 7, 8]. WDM staat voor "Wavelength
Division Multiplexing” en houdt in dat meerdere optische signalen (elk
met een verschillende golflengte) tot één optisch signaal gecombineerd
worden en over dezelfde optische vezel verstuurd worden. Dit laat toe
de gigantische bandbreedte van optische vezels (zo'n 25 THz) beter te
benutten, wat tevens een aanzienlijk kostenbesparing inhoudt [9].

Aanvankelijk werd WDM enkel toegepast in punt-tot-punt ver-
bindingen waarbij in elke netwerkknoop de data werd verwerkt door
elektronische schakelapparatuur. Een evolutie naar volwaardige op-
tische WDM-netwerken zonder intermediaire elektronische verwerk-
ing wordt echter verwacht [3, 4, 6, 7, 8, 10, 11]. Dergelijke netwerken
zullen gebruik maken van golflengteroutering en het optisch schake-
len van (groepen van) datapakketten. Verwacht wordt dat afstembare
halfgeleiderlasers een belangrijke rol zullen spelen in toekomstige op-
tische netwerktechnologieén [12, 13, 14].
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1.2 Lichtbronnen voor telecommunicatie
1.2.1 Vereisten

Om gebruikt te kunnen worden als signaalbron in optische telecom-
municatie netwerken, moeten (afstembare) laser diodes aan een aan-
tal strenge specificaties voldoen. Zo moet hun uitgangsvermogen vol-
doende hoog zijn, voor lange—afstand netwerken typisch tussen 10 en
20 mW voor netwerken in metropolische gebieden volstaan vermogens
tussen 2 en 5 mW [15, 16].

De lasers moeten ook beschikken over goede ruis— en spectrale ei-
genschappen. De ruiseigenschappen worden meestal gekarakteriseerd
a.h.v. de relatieve intensiteitsruis (eng. ’Relative Intensity Noise” of
RIN) en lijnbreedte [17, 18, 19]. De RIN is een maat voor de relatieve in-
tensiteitsfluctuaties in het uitgangsvermogen, de lijnbreedte staat voor
de spectrale breedte van de laser piek en is een maat voor de fase ruis
van het laser signaal. De RIN ligt typisch beneden -120 dB/Hz. De lijn-
breedte ligt typisch tussen 1 en 100 MHz. De spectrale eigenschappen
worden beschreven a.h.v. de zijmodeonderdrukking (eng. ‘Side Mode
Suppression Ratio” of SMSR). Dit is een maat voor de spectrale zuiver-
heid van de laser. De SMSR wordt gedefinieerd als de verhouding van
het vermogen van de hoofdmode en dat van de sterkste zijmode 40 dB.

Het is natuurlijk ook heel belangrijk dat de goede performantie van
de laser behouden wordt zolang hij in gebruik is. Dit houdt in dat de
laser een voldoende hoge betrouwbaarheid moet hebben.

1.2.2 Afstembare lasers

Afstembare halfgeleiderlasers bestaan typisch uit meerdere secties: een
actieve secties die het vermogen levert en één of meerdere passieve sec-
ties die toelaten de laserfrequentie te veranderen [20, 21]. Er bestaan
heel wat types afstembare lasers, elk met hun eigen specifieke opbouw
en eigenschappen. Het basisprincipe is echter steeds hetzelfde: een ac-
tieve sectie levert het vermogen, één of meerdere reflector secties staan
in voor de grove afstemming van de frequentie en een fase sectie staat
in voor de fijne regeling van de frequentie. Daarom zal de eenvoudige
drie-sectie gedistribueerde Bragg reflector (eng. Distributed Bragg Re-
flector of DBR) laser, bestaande uit een actieve sectie, een fase sectie en
een reflector sectie, als voorbeeld gebruikt worden doorheen dit werk.
om enkele belangrijke (dynamische) aspecten van multi-sectie afstem-
bare halfgeleiderlasers te onderzoeken. De behaalde resultaten en de
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conclusies die daaruit getrokken worden zijn meestal direct uitbreid-
baar naar meer complexe afstembare lasers. Voor meer achtergrond
ivm. afstembare laser, de afstemmechanises, de verschillende types
enz., verwijzen we graag naar [20, 21].

Momenteel kunnen afstembare lasers vervaardigd worden met de-
zelfde specificaties als de vaste-frequentie lasers (de zogenaamde "Dis-
tributed Feedback” of DFB lasers [19]) die normaal in optische netwer-
ken gebruikt worden, en dit over hun volledige afstembereik [14]. Het
gebruik van afstembare lasers i.p.v. vaste-frequentie lasers brengt een
aantal belangrijke voordelen met zich mee. Ten eerste wordt het inven-
tarisbeheer aanzienlijk vereenvoudigd omdat geen aparte DFB laser
meer vereist is voor elk golflengtekanaal. Een ander voordeel is dat
één afstembare laser kan gebruikt worden als reserve laser voor meer-
dere DFB lasers, wat een aanzienlijke kostenbesparing met zich mee-
brengt omdat niet voor elk golflengtekanaal een aparte reserve laser
moet voorzien worden. Het gebruik van afstembare lasers verhoogt
ook dit van het netwerk aanzienlijk: schommelingen in het dataver-
keer kunnen eenvoudig opgevangen worden en nieuwe diensten kun-
nen dynamisch voorzien worden [15, 16]. Het meest belangrijke en ook
meest uitdagende voordeel is echter dat nieuwe netwerktechnologieén
gebaseerd op golflengteroutering en het optisch schakelen van (groe-
pen van) datapakketten kunnen ontwikkeld worden dankzij afstem-
bare lasers [12, 13, 14]. Mede hierdoor zal het zogenaamde volledig op-
tisch netwerk ontwikkeld kunnen worden. Dit netwerk zal een grotere
capaciteit, functionaliteit, schaalbaarheid en flexibiliteit hebben en zal
transparant zijn voor modulatie- en coderingsformaten. Deze eigen-
schappen bieden de mogelijkheid op een eenvoudigere netwerk archi-
tectuur en kost—effectieve exploitatie van netwerken.

1.4 Uitdagingen - Doel van dit werk

Uit het bovenstaande is het duidelijk dat afstembare halfgeleiderlasers
belangrijke kandidaten zijn voor veel nuttige toepassingen in huidige
en toekomstige optische netwerken. Om echter aan de strenge eisen
van een netwerkomgeving te voldoen, moeten bepaalde aspecten nog
onderzocht en/of opgelost worden.

Een eerste aspect betreft het golflengteschakelgedrag van deze com-
ponenten. Voor optische schakel toepassingen zijn golflengte schakelti-
jden vereist van de orde van enkele nanoseconden. De golflengte van
afstembare halfgeleiderlasers kan snel veranderd worden op een elek-
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tronische manier, maar jammer genoeg treden hierbij problemen op
op een grotere tijdsschaal (orde micro— of zelfs milliseconden) door de
thermisch geinduceerde golflengtedrift. In dit werk zullen we het golf-
lengteschakelgedrag onderzoeken en oplossingen voorstellen om het
te verbeteren.

Een ander aspect betreft de degradatie van (afstembare) halfgelei-
derlasers. De betrouwbaarheidscriteria voor telecommunicatie netwer-
ken zijn zeer streng. Uitgangsvermogen, golflengte en zijmode onder-
drukking moeten op de vereiste waarden gehouden worden om signaal
degradatie en overspraak te vermijden. Dit houdt o.a. in dat de relatie
tussen deze grootheden enerzijds en de afstemstromen anderzijds al-
tijd correct moet blijven. Degradatie van de afstemsecties kan echter
een aanzienlijke verandering van de golflengte versus afstemstroom
karakteristieken veroorzaken, wat leidt tot een verminderde golflengte
(optische frequentie) nauwkeurigheid en een afname van de zijmode
onderdrukking. Daarom is een procedure die -liefst op een geautoma-
tiseerde manier— de afstemtabel kan actualiseren een vereiste opdat af-
stembare lasers in een telecommunicatie netwerk zouden kunnen ge-
bruikt worden.

Dikwijls wordt een optische versterker geintegreerd met een afstem-
bare laser om het beschikbare uitgangsvermogen te vergroten. Er moest
echter nog onderzocht worden wat de invloed hiervan is op belangrijke
laser karakteristieken zoals de RIN, lijnbreedte en SMSR.

1.4 Structuur van de thesis

Het golflengteschakelgedrag van afstembare halfgeleiderlasers wordt
onderzocht in hoofdstuk 2. Er zullen twee methodes voorgesteld wor-
den dit gedrag te verbeteren. De ene methode is gebaseerd op pre-
compensatie van de afstemstromen, de andere methode is gebaseerd op
optische terugkoppeling via een periodiek referentie filter. Het zal aan-
getoond worden dat praktische implementatie van het terugkoppel-
ingsschema moeilijk is met bestaande filters zonder dat de terugkop-
peling de laser destabiliseert. Daartoe moest een nieuw filter ontwik-
keld worden. Het ontwerp en de karakterisatie van dit filter wordt
beschreven in hoofdstuk 3. In hoofdstuk 4 wordt numeriek en expe-
rimenteel aangetoond dat het golflengteschakelgedrag van afstembare
halfgeleiderlasers kan verbeterd worden via optische terugkoppeling
van het nieuw ontwikkelde filter.
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In hoofdstuk 5 worden de verschillende degradatie mechanismen
die optreden in afstembare lasers behandeld. Er worden technieken
beschreven om de performantie van afstembare lasers te controleren.
Verder zal ook een eenvoudige procedure beschreven worden die toe-
laat op een automatische manier de volledige afstemtabel van een ge-
degradeerde afstembare laser te actualiseren, en dit enkel op basis van
de informatie die kan gehaald worden uit de verandering (door degra-
datie) in de afstemkarakteristieken van één golflengte kanaal.

De invloed van een geintegreerde optische versterker op de RIN,
liinbreedte en SMSR van een (afstembare) halfgeleiderlaser wordt on-
derzocht in hoofdstuk 6.

De belangrijkste besluiten van dit werk worden tenslotte gepresen-
teerd in hoofdstuk 7.

1.5 Publicaties

Het werk uitgevoerd in het kader van dit proefschrift werd gepub-
liceerd (of ingezonden voor publicatie) in een aantal internationale vak-
tijdschriften:

1. B. Moeyersoon, G. Morthier, R. Bockstaele, R. Baets, “Improve-
ment of the Wavelength Switching Behaviour of Semiconductor
Tunable Lasers Through Optical Feedback from a Periodic Ref-
erence Filter based on a Novel Prism-Based Implementation of a
Fox-Smith Resonator,” accepted for publication in IEEE Photonics
Technology Letters, October 2005.

2. B. Moeyersoon, G. Morthier, M. Zhao, "Degradation of the mode
suppression in Single Mode Laser Diodes due to integrated opti-
cal amplifiers,” IEEE Journal of Quantum Electronics, vol. 40, pp.
241-244, March 2004.

3. Ronan ODowd, Yonglin Yu , Gavin Mulvihill, Sean ODuill, G.
Morthier, B. Moeyersoon, “Transmitters for two-tier optical data-
packet labeling in advanced IP networks,” accepted for publica-
tion in IEE Proc. Optoelectronics, Special Issue Optoelectronic Devices,
Juni 2005.

4. G. Morthier, B. Moeyersoon, “Improvement of the direct modula-
tion behaviour of semiconductor lasers by using a holding beam,”
IEEE Photonics Technology Letters, vol. 16, pp. 1616-1618, July
2004.
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5. G. Morthier, B. Moeyersoon, “Intensity Noise and Linewidth of
Laser Diodes with Integrated Semiconductor Optical Amplifier,”
IEEE Photonics Technology Letters, vol. 14, pp.1644-1646, Decem-
ber 2002.

6. G. Morthier, B. Moeyersoon, R. Baets, ”A \/4-shifted Sampled or
Superstructure Grating Widely Tunable Twin-Guide Laser,” IEEE
Photonics Technology Letters, vol. 13, pp.1052-1054, October 2001.

De resultaten werden ook gepresenteerd op een aantal internationale
conferenties. Hiervoor verwijzen we naar de Engelstalige tekst.

2. Golflengteschakelgedrag van
afstembare laser diodes

In dit dit deel zullen we, na een korte inleiding, het golflengteschakel-
gedrag van afstembare lasers bespreken, alsook twee methodes voor-
stellen die kunnen gebruikt worden om dat gedrag te verbeteren. Deze
twee methodes steunen op pre—compensatie van de afstemstromen en-
erzijds en optische terugkoppeling via een stabiel referentie filter an-
derzijds.

2.1 Inleiding

In de huidige telecommunicatienetwerken gebeurt het schakelen en
routeren van de data in de knooppunten nog bijna uitsluitend op een
elektronische manier. Dit betekent dat de inkomende optische datas-
tromen eerst moeten worden omgezet naar het elektrisch domein en
dat na het schakelen de omgekeerde bewerking moet gebeuren. Boven-
dien wordt de doorvoercapaciteit van een knooppunt zo beperkt door
de maximaal haalbare snelheid van de elektronica die momenteel be-
perkt is tot zo'n 40 Gbit/s. Als men bedenkt dat de transmissieca-
paciteit van een standaard optische vezel typisch 25 THz is, is het dui-
delijk dat op deze manier een belangrijke ‘elektronische flessenhals’
wordt gecreéerd. Om dit te vermijden en ook om een flexibelere en ef-
ficiénter gebruik van de enorme beschikbare bandbreedte van de WDM
technologie te bereiken, wordt het verwacht dat toekomstige netwerk
technologieén gebruikt zullen maken van golflengteroutering en het
optisch schakelen van (groepen van) datapakketten [8]. Dit zal helpen
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het zogenaamd "volledig-optisch” netwerk te creéren. Dergelijke net-
werken hebben een grotere capaciteit, functionaliteit, schaalbaarheid
en flexibiliteit en zullen transparant zijn voor modulatie- en coderings-
formaten. Al deze voordelen houden een potentieel voor een vereen-
voudigde netwerk architectuur en koste efficiénte exploitatie van net-
werken in zich. Het spreekt voor zich dat snel (orde nanoseconden)
afstembare optische signaalbronnen één van de sleutelcomponenten
zullen zijn voor de ontwikkeling van dergelijke technologie [12, 13].
Sommige afstembare halfgeleiderlasers zijn in staat zo snel te schakelen
op een elektronische manier [22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33],
maar jammer genoeg treden hierbij problemen op op een grotere tijds-
schaal (orde micro- of zelfs milliseconden) door de thermisch geinduc-
eerde golflengtedrift. Deze drift wordt veroorzaakt door de temper-
atuursverandering te wijten aan het schakelen van de afstemstromen
[34, 35, 36, 37, 38, 39, 40, 41]. In de volgende secties zullen we deze drift
kwantificeren alsook twee methodes voorstellen die gebruikt kunnen
worden om deze drift tegen te werken.

2.2 Golflengteschakelgedrag van afstembare halfgeleiderlasers

De golflengte (of optische frequentie) van een afstembare halfgeleider-
laser kan op een vrij eenvoudige manier snel veranderd worden door
één of meerdere van de afstemstromen te schakelen [23]. In de vol-
gende drie secties zullen we achtereenvolgens een theoretisch model
voor het golflengteschakelgedrag (kort) bespreken, simulatie resultaten
verkregen via dit model tonen alsook experimenteel behaalde resul-
taten, die de geldigheid van het model aantonen, presenteren.

2.2.1 Theoretisch modelleren van het golflengteschakelgedrag

Theoretisch onderzoek van de dynamische eigenschappen van halfgelei-
derlasers gebeurt meestal a.h.v. balansvergelijkingen [17]. Voor een
afstembare laser wordt de dynamica van het de optische intensiteit be-
schreven door de optische en elektrische balansvergelijkingen van de
actieve sectie alsook door de elektrische balansvergelijkingen van de
passieve secties. Dit is zo omdat de absorptie in de passieve sectie ve-
randert met de stroom door deze secties. De golflengtedynamica wordt
beschreven door de elektrische en thermische balansvergelijkingen van
de passieve secties alsook door de thermische balansvergelijking van
de actieve sectie. De thermische effecten kunnen gemodelleerd wor-
den a.h.v. het bekende eenvoudige geconcentreerde—constanten model,
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waarbij de laser wordt opgesplitst in verschillende discrete deelcom-
ponenten. Van elke deelcomponent wordt verondersteld dat hij een
oneindig grote thermische geleidbaarheid heeft zodat op elk moment
de volledige deelcomponent op dezelfde temperatuur staat [34]. De
elektrische en thermische effecten beinvloeden de brekingsindex van
elke sectie en deze beinvloeden op hun beurt de laser golflengte A via
de fase voorwaarde nq(t)Lq + np(t) Ly + ng(t)Lefr = mT)‘ met L.f; met
n, en L, de brekingsindex en lengte van elke sectie, L.y, de effectieve
caviteitslengte van de DBR spiegel en m een geheel getal. De vergeli-
jkingen worden besproken in het Engelstalige deel van dit werk en we
zullen ze hier niet herhalen. Het model is opgesteld voor een drie—
sectie DBR afstembare laser, bestaande uit een actieve, een fase en een
reflector sectie. Afstembare lasers met meer dan twee afstemsecties
kunnen op een gelijkaardige manier behandeld worden en dezelfde
conclusies gelden als deze voor de hier behandelde laser.

2.2.2 Simulatie resultaten

De vergelijkingen van het theoretisch model vormen een stelsel niet—
lineair gekoppelde differentiaal vergelijkingen en werden opgelost met
het wiskundige programma Maple [42]. Figuur 1 toont de verandering
van de temperatuur van de actieve sectie, de reflector sectie, de fase
sectie, de laser chip en de laser drager (15, Ty, T}, 1. en T}) in de tijd
nadat de stroom door de reflector sectie I; geschakeld werd tussen 0
en 30 mA, met 1,=70 mA, I,=0 mA en Tp=300 K. De tijdschaal is log-
aritmisch zodat een gedetailleerd overzicht van een grote tijdspanne
bekomen wordt. Vlak na het schakelen van de stroom hebben de fase
en reflector sectie dezelfde temperatuur als de laser chip. Aangezien
I,,=0, blijft T}, = T,.. Aangezien de stroom door de reflector sectie wordt
veranderd, stijgt T; eerst. Daarna stijgen T, en T}, en uiteindelijk ook
T.. Omdat we een geconcentreerde—constanten model gebruikt hebben,
kunnen drie discrete tijJdsconstanten onderscheiden worden in figuur 1:
één op 3.38 ns (dit is van dezelfde grootte orde als de ladingsdrager
leeftijd), één rond 1.7 ps en een derde rond 500 us. Deze tijdsconstan-
ten zijn verbonden met de warmteoverdracht van golfgeleidersectie—
naar—chip, chip—naar-drager en van drager-naar—koelelement respec-
tievelijk.

Figuur 2 toont de corresponderende drift van de laser golflengte
(A1) en de Bragg golflengte (Ag) na het schakelogenblik. Dezelfde ti-
jdsconstanten als bij het temperatuursverloop kunnen onderscheiden
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Figuur 1: Verandering van de temperatuur in de tijd nadat I geschakeld werd
tussen 0 en 30 mA, met 1,=70 mA, I,=0 mA en 7,=300 K.

worden. De kleinste tijdsconstante wordt echter gemaskeerd door de
dynamische effecten van de ladingsdragers. De totale drift is ongeveer
40 pm of 5 GHz. Dit kan klein lijken, maar voor een ITU kanaal spatié-
ring van 50 GHz is de fout reeds 10 %. En zelfs voor hogere spatiéringen
kan een afwijking van de kanaalfrequentie van enkele GHz tot onaan-
vaardbare verschillen in vermogen leiden door de optische filtering van
de kanalen. Bovendien was de grootte van de stroomstap slechts 30 mA
en werd slechts één afstemstroom veranderd. In de praktijk zullen bijna
altijd (tenminste) twee afstemstromen moeten veranderd worden om
een mono-modaal laser spectrum te bekomen na het schakelen. Boven-
dien is de vereiste (statische) frequentie nauwkeurigheid voor een com-
mercié afstembare laser module typisch al 1 GHz of nog beter.

Figuur 3(a) en 3(b) tonen aan dat de grootte van de golflengte drift
afhangt van de grootte van de stroomstap. De drift wordt getoond voor
stroomstappen van 10 (laagste curve), 20, 30, 40 en 50 mA (hoogste
curve) na een periode van 10 s en 3 ms respectievelijk. Het blijkt dui-
delijk dat de grootte van de drift toeneemt met de stroomstap en dat
de tijdsconstanten dezelfde zijn voor elke stroomstap. De golflengte is
gestabiliseerd na 2.5 ms, wat ongeveer vijf keer de grootste tijdscon-
stante is.
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Figuur 2: Drift van de laser golflengte ()\;) en de Bragg golflengte (Ap) in de
tijd nadat I; geschakeld werd tussen 0 en 30 mA, met 1,=70 mA, I,=0 mA en
Ty=300 K.
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Figuur 3: Golflengte drift voor stroomstappen van 10, 20, 30, 40 and 50 mA na
een periode van 10 us en 3 ms respectievelijk(de laagste curve is telkens voor
10 mA, de hoogste voor 50 mA).
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Figuur 4: Gemeten golflengtedrift (volle lijnen) en de drift berekend vol-
gens het model met drie tijdsconstanten (symbolen) voor drie verschillende
stroomstappen (20, 30 en 40 mA respectievelijk).

Uit het bovenstaande blijkt duidelijk dat de golflengtedrift kan ge-
modelleerd worden als een som van exponentiéle functies, elk corre-
sponderend met één van de tijdsconstanten.

2.2.3 Experimentele resultaten

We hebben het golflengteschakelgedrag ook experimenteel onderzocht.
De gebruikte laser was een verpakte drie—sectie DBR laser van JDS
Uniphase. Het laser signaal werd door het afstembaar filter gestuurd
om de golflengtevariaties om te zetten in vermogenvariaties en het re-
sulterende signaal werd ingelezen door een digitale oscilloscoop. De
meetprocedure is in meer detail beschreven in het Engelstalige deel van
dit werk.

Figuur 4 toont de gemeten (absolute waarde van de) golflengtedrift
(volle lijnen) en de drift berekend volgens het model met drie tijdscon-
stanten (symbolen) voor drie verschillende stroomstappen (20, 30 en
40 mA respectievelijk). Er kunnen opnieuw drie tijdsconstanten onder-
scheiden worden (550 s, 30 iis en 1.5 us respectievelijk) en we zien een
goede overeenstemming tussen theorie en experiment. Na ongeveer
2 ms is de golflengte gestabiliseerd.
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Figuur 5: Onderdrukking van de golflengtedrift door pre-compensatie van
de afstemstromen d.m.v. eenvoudige RCfilters. De golflengteverandering na
een stroomstap van 40 mA is getoond, zonder compensatie en met compen-
satie door een eerste en tweede orde filter respectievelijk.

2.3 Pre—compensatie methode

Rekening houdend met de resultaten uit de vorige sectie, zou men er
aan kunnen denken de thermisch geinduceerde golflengtedrift te on-
derdrukken door het pre-compenseren van de afstemstromen d.m.v.
eenvoudige RCfilters [43]. Het bewijs van dit zeer eenvoudige principe
is getoond in figuur 5. Het blijkt duidelijk dat de drift reeds sterk
onderdrukt wordt door slechts twee tijdsconstanten te onderdrukken.
Jammer genoeg is het moeilijk deze techniek te optimaliseren voor ver-
schillende waarden van de stroomstap. Dit komt omdat de temper-
atuursverandering kwadratisch verandert met de stroom. Dit houdt in
dat voor stroomstappen groter of kleiner dan deze waarvoor de pre—
compensatie geoptimaliseerd was, onder— respectievelijk overcompen-
satie zal optreden. Bovendien hangt de golflengtedrift ook af van de
schakelgeschiedenis, waardoor het moeilijk is deze techniek te opti-
maliseren voor alle mogelijke schakelcombinaties.

Wegens de problemen verbonden aan de pre-compensatie meth-
ode, hebben we een nieuwe techniek ontwikkeld die is gebaseerd op
optische terugkoppeling via een stabiel periodiek referentie filter, waar-
mee het mogelijk is de thermisch geinduceerde golflengtedrift te onder-
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Figuur 6: Nieuw terugkoppelschema om het golflengteschakelgedrag van af-
stembare halfgeleiderlasers te verbeteren.

drukken onafhankelijk van de stroomstap. Dit betekent dat de compen-
satie onafhankelijk is van welk kanaal de golflengte naar geschakeld
wordt en ook onathankelijk van de schakelgeschiedenis. Deze techniek
wordt beschreven in de volgende sectie.

2.4 Optische terugkoppeling

Opdat het golflengteschakelgedrag van een afstembare laser zou kun-
nen verbeterd worden door optische terugkoppeling via een periodiek
optisch filter, moet dit filter stabiel blijven, onafhankelijk van de tempe-
ratuursveranderingen in de lasersecties. Daarom moet dit filter fysisch
gescheiden zijn van de laser. Een mogelijke implementatie van het
terugkoppelschema is getoond in figuur 6. Het schema bevat slechts
twee vermogensplitsers en een kamfilter dat fysisch en dus thermisch
is gescheiden van de laser. De sterkte van de terugkoppeling f..: (de
verhouding van het vermogen dat terug de laser caviteit binnentreedt
tot het uitgestraalde vermogen) wordt bepaald door de koppelfactoren
C1 en cy.

Het optisch terugkoppelen van het laser licht kan een grote invloed
hebben op de performantie van de laser, zowel in de positieve als de
negatieve zin. We zullen hier niet verder op ingaan, maar de geinteress-
eerde lezer verwijzen we naar de Engelstalige tekst en naar [44, 45, 46,
47,48, 49, 50, 51, 52, 53, 54, 55]. Wel willen we benadrukken dat, om te
vermijden dat de terugkoppeling instabiliteiten veroorzaakt, het zeer
belangrijk is dat enerzijds de externe caviteitslengte voldoende kort
(niet meer dan enkele centimeters) gehouden wordt en dat anderz-
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Figuur 7: Lijnbreedte Av in functie van de terugkoppelingssterkte f.,. voor
een laser onderhevig aan optische terugkoppeling.

ijds de terugkoppelingssterkte groot genoeg is (-10 dB of meer) [52,
55]. Zo niet kan de laser in een instabiel regime terechtkomen waar-
bij zowel de RIN als de lijnbreedte heel sterk toenemen. Dit gebied
kan zich uitstrekken over meerdere grootte—ordes van de terugkop-
pelingssterkte, i.e. van -40 dB tot -10 dB [50, 51, 53, 55]. Dit wordt
geillustreerd in figuur 7, waar de lijnbreedte van een laser onderhe-
vig aan optische terugkoppeling is getoond in functie van de terugkop-
pelingssterkte f.,: en dit voor een rondlooptijd in de externe caviteit
7 = 0.05 ns (vierkanten), 0.3 ns (driehoeken) en 2.4 ns (kruisen). Dit
correspondeert met een externe caviteitslengte van 7.5 mm, 45 mm en
360 mm respectievelijk. Het blijkt duidelijk dat voor fe,; < -16 dB
de lijnbreedte onaanvaardbaar groot (tot enkele tientallen GHz) kan
worden. Om instabiliteiten te vermijden zal f.;; dus zeker groter dan
-16 dB moeten zijn. In de praktijk zullen altijd koppelverliezen aan-
wezig zijn tussen de laser en het filter, daarom kiest men voor de vei-
ligheid best fc;+ > -10 dB. De resultaten in figuur 7 werden berekend
met de commercieel beschikbare software VPI Componentmaker [56].

Uit het voorgaande blijkt dat enerzijds de externe caviteitslengte
voldoende kort (niet meer dan enkele centimeters) moet zijn en dat de
terugkoppelingssterkte groot genoeg moet zijn (-10 dB of meer) om te
vermijden dat de terugkoppeling de laser destabiliseert. Dit is jam-
mer genoeg niet mogelijk voor de praktische implementatie van het
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terugkoppelschema in figuur 6 en dit wegens de aanwezigheid van

de twee vermogensplitsers die het moeilijk maken de externe caviteit-

slengte voldoende kort te houden. Er zijn twee vermogensplitsers nodig
omdat bestaande kamfilters (zoals het klassieke Fabry Perot etalon)

enkel een kamkarakteristiek in transmissie hebben en een tegengestelde

karakteristiek in reflectie met dippen op de plaats van de pieken in

transmissie [57]. Er bestaan ook filters met een kamkarakteristiek in

reflectie, maar deze filters hebben dan weer de tegengestelde karak-

teristiek in transmissie, waardoor er nog steeds een extra vermogen-

splitser nodig is in de terugkoppellus om een aanvaardbaar uitgangsver-
mogen uit de laser te krijgen. Daarom hebben we beslist zelf een filter te

ontwikkelen met een kamkarakteristiek in reflectie zowel als in trans-

missie, zodat er geen extra vermogensplitsers meer nodig zijn om de

laser met het filter te koppelen. Om de externe rondlooptijd zo klein

mogelijk te houden, moet het filter zo compact mogelijk zijn. Het on-

twerp van dit filter wordt beschreven in het volgende deel.

2.5 Besluit

In dit deel hebben we het golflengteschakelgedrag van afstembare lasers
besproken. Er werden twee methodes voorgesteld die kunnen gebruikt
worden om de thermisch geinduceerde golflengtedrift te onderdruk-
ken. De eerste methode berust op pre-compensatie van de afstem-
stromen. Dit is een zeer eenvoudige techniek, maar is jammer genoeg
moeilijk te optimaliseren voor alle mogelijke schakelcombinaties. Daar-
om werd een nieuwe methode ontwikkeld, gebaseerd op optische terug-
koppeling via een stabiel referentie filter waarmee de thermisch gein-
duceerde golflengtedrift kan onderdrukt worden, onafhankelijk van
het kanaal waarnaar de laser golflengte wordt geschakeld en onafhanke-
lijk van de schakelgeschiedenis. Belangrijk hierbij is dat de externe
caviteitslengte voldoende kort moet zijn en dat de terugkoppelingssterk-
te groot genoeg is om te vermijden dat de terugkoppeling de laser
destabiliseert. Daartoe moest een nieuw filter ontwikkeld worden, wat
wordt beschreven in het volgende deel. Het praktisch bewijs van de
verbetering van het golflengteschakelgedrag door de optische terugkop-
peling zal worden gegeven in sectie 4.
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3. Filter

In dit deel wordt de ontwikkeling van een nieuw filter ontwerp be-
schreven. De motivatie om een eigen filter te ontwikkelen komt voort
uit het onderzoek naar het verbeteren van het golflengteschakelgedrag
van afstembare halfgeleiderlasers, zoals beschreven in het vorige hoofd-
stuk. De golflengte van dergelijke lasers kan in 10 nanoseconden of
minder veranderd worden door 1 of meerdere afstemstromen snel te
veranderen [22, 23,24, 25, 26,27,28,29, 30, 31, 32, 33]. De thermische ef-
fecten geassocieerd met het schakelen van de afstemstromen veroorza-
ken echter een trage golflengte drift die de schakeltijd tot enkele mil-
liseconden kan verlengen [34, 35, 36, 37, 38, 39, 40, 41]. Om deze drift
te verhinderen, hebben we een nieuw optisch feedback schema ontwik-
keld waar een optisch kamfilter gebruikt wordt als een stabiele frequen-
tie referentie die onafhankelijk is van temperatuursvariaties in de laser
secties. Met een kamfilter wordt een filter bedoeld met een periodieke
karakteristiek waarbij de filterpieken op de standaard ITU-frequenties
liggen [58]. Dit schema werd in meer detail beschreven in het vorige
deel en in [59]. Simulaties hebben aangetoond dat met dit schema fre-
quentie afwijkingen tot 15 GHz kunnen onderdrukt worden. Om de
laser niet te destabiliseren door de terugkoppeling is het belangrijk dat
de terugkoppelsterkte (d.i. de verhouding van het gereflecteerde veld
tot het uitgezonden veld) groot genoeg is, typisch -10 dB of meer, dit
betekent dat het laser facet een anti-reflectie (AR) laag moet krijgen.
Bovendien moet de rondlooptijd in de externe caviteit voldoende klein
gehouden worden [50, 55]. In het vorige deel werd uitgelegd dat dit
niet mogelijk is met bestaande kamfilters zoals b.v. het klassieke Fabry
Perot etalon. Daarom hebben we beslist zelf een filter te ontwikkelen
met een kamkarakteristiek in reflectie zowel als in transmissie, zodat er
geen extra vermogensplitsers meer nodig zijn om de laser met het filter
te koppelen. Om de externe rondlooptijd zo klein mogelijk te houden,
moet het filter zo compact mogelijk zijn. Het nieuwe filter is gebaseerd
op een nieuwe prisma-gebaseerde implementatie van een Fox-Smith
resonator [60].

3.1 Filterontwerp
3.1.1 Constructie

Het nieuw filter is gebaseerd op het zelfde principe als een Fabry Perot
etalon, namelijk de interferentie van meerdere bundels [57]. Het be-
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Figuur 8: Schematische voorstelling nieuw filter.

langrijkste verschil is echter dat de eerste bijdrage in reflectie wordt
gescheiden van de volgende bijdragen, zodat in reflectie een kamkarak-
teristiek wordt bekomen, net als in transmissie. Dit geeft aanleiding tot
de volgende vorm van het nieuwe filter, zoals te zien in figuur 8.

Het filter bestaat uit twee rechthoekige prisma’s met brekingsindex
n en basislengte L die op elkaar gekleefd zijn met een UV-uithardende
brekingsindex-aangepaste lijm. Het licht zal invallen op facet A van
het bovenste prisma (prisma 1) en zal doorgestuurd worden naar facet
B, C en D en zal ook terug gereflecteerd worden naar facet A. De inval-
lende lichtbundels zullen meerdere reflecties ondergaan in het onderste
prisma (prisma 2) en de verschillende reflecties zullen afthankelijk van
de frequentie constructief of destructief interfereren, net zoals in een
klassiek Fabry Perot etalon. Het enige verschil is dat er nu drie spiegels
zijni.p.v. twee, namelijk de spiegels op de facetten S, C en D van het on-
derste prisma. De enige functie van prisma 1 is er voor te zorgen dat het
invallend licht horizontaal kan zijn (parallel aan facet B en D) opdat de
bundels in prisma 2 loodrecht zouden invallen op facet C en D, zonder
rekening te moeten houden met totale interne reflectie op de lucht-glas
scheiding aan S (als prisma 1 niet aanwezig zou zijn). Daarom moet
facet A van prisma 1 een AR laag krijgen. Aangezien de eerste reflectie
(op S) naar B gericht is en niet naar A zoals het geval zou zijn bij een
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gewoon Fabry Perot etalon, verwachten we een kamfunctie voor de re-
flectie karakteristiek in A (en voor de transmissie karakteristiek in C en
D). De eerste reflectie mag natuurlijk zo weinig mogelijk interfereren
met de overige bijdragen in A, C en D. Daarom moet ook facet B een
AR krijgen. In B krijgt men de klassieke Fabry Perot reflectie responsie,
met dippen op dezelfde frequenties als de pieken van de responsies in
A, C en D. De invloed van de reflectiecoéfficiénten van de facetten S, C
en D van prisma 2 is gelijkaardig aan die van de reflectiecoéfficiénten
van de spiegels van een gewoon Fabry Perot etalon. Dit betekent dat de
extrema breder worden en dat hun amplitude vermindert als de reflec-
tiecoéfficienten van de spiegels afnemen [57]. Om een voldoende se-
lectief filter te hebben, zullen de spiegels op facetten S, C en D daarom
hoog-reflectief moeten zijn. Er wordt in meer detail ingegaan op de re-
flectiecoéfficiénten in de volgende sectie. Het frequentie verschil tussen
de pieken (de FSR: Free Spectral Range), wordt voor dit filter gegeven
door FSR = c¢/2nL, met ¢ de lichtsnelheid, n de brekingsindex en L
de basis lengte van de prisma’s. Voor een brekingsindex van 1.5 en
een FSR van 100 GHz (de standaard waarde voor de frequentie schei-
ding tussen ITU-kanalen), zou de grootte van de prisma’s 1 mm zijn.
Dit is duidelijk compact genoeg om instabiliteiten veroorzaakt door de
terugkoppeling te vermijden. Het praktisch bewijs van dit nieuwe filter
principe wordt gegeven in sectie 3.3.

3.1.2 Fabricatie

Zoals uitgelegd in de vorige sectie, moet op facetten A en B een AR-
laag komen, en op facetten C, D en S een HR-laag. De AR- en HR-lagen
worden gerealiseerd op de klassieke manier. De AR-lagen bestaan uit
een kwartgolflengte laag met een brekingsindex die zo goed mogelijk
voldoet aan nsr = y/n1n2, met ny en ny de brekingsindices van de ma-
terialen waartussen de AR-laag wordt aangebracht. In dit geval zijn
dit lucht (n1=1) en BK7 (n9=1.44402 rond 1550 nm). BK7 is een mate-
riaal dat vaak gebruikt wordt voor prisma’s, lenzen en andere glazen
optische componenten. Dit leidt tot n4r = 1.202. Een materiaal dat
een brekingsindex heeft die deze waarde goed benaderd en dat vaak
gebruikt wordt als materiaal voor optische lagen is MgF; met een brek-
ingsindex van 1.34 rond 1550 nm. De dikte van de AR-laag is dan
dar = A/4nar = 294 nm. Dit leidt tot een vermogen reflectiviteit
van Rar = 1.27 % voor de AR-lagen en de corresponderende reflec-
tiecoéfficiént is dan rg4gr = —v/ RaR.
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De HR-lagen worden gerealiseerd als een stapel van kwartgolflengte
lagen bestaande uit materialen met afwisselend lage en hoge brekingsin-
dex. Voor de hoge brekingsindex werd amorf Si met ny = 3.73 genomen,
voor de lage brekingsindex AloO3 met n, = 1.63. De corresponderende
dikte is dan 104 nm voor de Silagen en 238 nm voor de Al;O3 lagen. De
volgorde van de lagen was steeds BK7-Si—Al>O3. Voor de spiegels op
facetten C en D werden drie paren genomen, wat leidt tot Ry = 98 %,

met corresponderende reflectiecoéfficiént rgr = —+/Rpr. De corres-
ponderende transmissiecoéfficiént is tgr = —n2 - /THR, met de trans-

mitiviteit gegeven door Tyr = 1 — Ryg. Indien de laagvolgorde omge-
keerd zou worden, i.e. eerst Al,O3 op BK7 en dan een laag Si, zou Rpr
(nagenoeg) onveranderd blijven, maar ryr zou positief worden i.p.v.
negatief. De fase van trg blijft onveranderd. Reflectiviteiten hoger
dan 98 % kunnen gerealiseerd worden met meer dan drie paren, maar
voor onze doeleinden volstaat 98 % ruimschoots. Op facet S valt het
licht in onder een hoek van 45 graden. Dit betekent dat de laagdiktes
moeten aangepast worden. Voor een centrale golflengte van 1550 nm
worden de corresponderende diktes 108 nm resp. 376 nm. Voor schuine
inval zal de reflectiviteit ook niet meer hetzelfde zijn voor TE- en TM-
polarisatie. Maar aangezien het licht van halfgeleiderlasers bijna ex-
clusief TE-gepolariseerd is, beschouwen we enkel de reflectiecoéfficién-
ten voor TE-polarisatie. Voor de HR-laag op facet S werd slechts 1
paar genomen, wat leidt tot R; = 70 %, met corresponderende reflec-
tiecoéfficiént r; = —y/R,. De corresponderende transmissiecoéfficiént
is ty = —/T;. De lichtbundels die vanuit A of B op S invallen, zullen de
omgekeerde laagvolgorde zien dan de bundels die van C of D komen.
Dit houdt in dat de fase van de reflectiecoéfficiént verandert (van 180
graden naar 0 graden). Voor reflectie op S in het bovenste prisma wordt
de reflectiecoéfficiént dan r] = /R, = —r;. De fase van de trans-
missieiecoéfficiént blijft onveranderd. De reden waarom slechts 1 paar
gebruikt werd voor de spiegel op S, zal duidelijk worden in de vol-
gende sectie. Al de lagen werden aangebracht in onze eigen stofvrije
ruimtes d.m.v. e-gun depositie. De gebruikte prisma’s waren hoge-
precisie rechthoekige prisma’s met een basis lengte L = 3.2 mm. Dit
komt overeen met een FSR van 32.5 GHz. Dit was de kleinste beschik-
bare standaard afmeting voor hoge-precisie rechthoekige prisma’s. Pri-
sma’s met kleinere afmetingen kunnen op aanvraag geproduceerd wor-
den, maar dit is natuurlijk heel wat duurder. En voor het aantonen van
het principe van de golflengte stabilisatie d.m.v. optische terugkoppel-
ing van het filter, was een FSR van 32.5 GHz een aanvaardbare waarde.
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De prisma’s hebben een dimensie tolerantie van +0.1 mm, een opper-
vlakte vlakheid van \/8 bij 632.8 nm en een hoektolerantie van +30
boogseconden. De prisma’s werden manueel aan elkaar gelijmd d.m.v.
UV-uithardende brekingsindex-aangepaste lijm met een brekingsindex
van 1.445 bij 1550 nm.

3.2 Reflectie- en transmissiekarakteristieken
3.2.1 Theoretische reflectie- en transmissiekarakteristieken

De theoretische karakteristieken kunnen afgeleid worden uit de relaties
die bestaan tussen de elektromagnetische velden door de reflecties en
de transmissies aan de verschillende facetten. Om interferentie fenome-
nen te bestuderen moet de fase van de velden in rekening gebracht
worden. We zullen daarom dit probleem behandelen in termen van
de (complexe) elektrische velden in het filter. Er wordt verondersteld
dat we te maken hebben met lineaire, isotrope en homogene materi-
alen, dat de dispersie in het filter medium kan verwaarloosd worden
en dat de reflectiecoéfficiénten en transmissiecoéfficiénten van de ver-
schillende facetten onafhankelijk zijn van de polarisatie. Aangezien er
geen bronnen van elektromagnetische straling in het filter aanwezig
zijn, moet er natuurlijk een externe bron zijn. De toepassing die we voor
het filter in gedachten hebben is het verbeteren van het golflengtescha-
kelgedrag van afstembare halfgeleiderlasers door optische terugkop-
peling via het filter. Het laser licht zal invallen op facet A en we zijn
vooral geinteresseerd in het licht dat wordt gereflecteerd en het licht
dat het filter verlaat via facet C. Men vindt voor de reflectiekarakter-
istiek R, respectievelijk transmissiekarakteristiek 7":

. . 2
totae 2Rl [y Ry + ret? — ryrerge20FE
R:Ta+aa [bs Dcs bleld } (1&)
. . 2
tetatse™RE [1 — ryrge 2R
- D (1b)

met

D=1-— [ra(rbRs + Tctg) + rd(rbtg + TCRS)] e~ 2IkL
+ rpre [(raRs + rdtg)(ratg +rqRs) — (rq — rd)QRstg] e YkL )
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waarin rq, rp, e, g €n v (tq, ty, te, trq en tg) de reflectiecoéfficiénten
(transmissiecoéfficiénten) voor reflectie (transmissie) aan facet A, B, C,
D en S respectievelijk zijn. ¢ is de transmissiecoéfficiént voor trans-
missie vanuit het prisma door de MgF, AR-laag naar lucht. ¢, is de
transmissiecoéfficiént voor propagatie in de tegenovergestelde richt-
ing. k = n - 27/\ is de propagatieconstante van de velden in het (ver-
liesloos) medium met brekingsindex n.

Om de theoretische karakteristieken af te leiden, werden enkele
vereenvoudigende veronderstellingen gemaakt zoals loodrechte inval,
alsook het verliesloos zijn van materialen en spiegels. Deze veronder-
stellingen doen echter niets af aan de geldigheid van de gevolgde re-
denering. Bovendien kunnen niet-loodrechte inval en verlieshebbende
materialen en spiegels eenvoudig in rekening gebracht worden als volgt.
Niet-loodrechte inval geeft aanleiding tot een fase factor £L cos § met 6
de hoek waaronder de velden propageren in het filter. Verlies in de
spiegels kan in rekening gebracht worden door complexe veld reflec-
tie en transmissiecoéfficiénten te beschouwen (i.e r = v Re/?). In dat
geval zal R+ T = 1— A, met A de absorptie in de spiegels. Verliezen in
de materialen tenslotte kunnen in rekening gebracht worden door een
complexe propagatie constante k = n - 2r/\ — ja met « het verlies in
het materiaal. Een meer uitgebreide behandeling vindt men in [57].

3.2.2 Voorbeelden

Figuur 9 en 10 tonen de reflectie- en transmissiekarakteristiek berek-
end volgens (1a) resp. (1b). Voor de reflectiecoéfficiénten van de ver-
schillende lagen werden de waarden vermeld in sectie 3.1 genomen:
R, = Ry, = Ryp =0.0127, R, = Ry = Ryg =098 and R, = 0.7. Uit
figuur 9 en 10 volgt duidelijk dat zowel in reflectie als in transmissie
een kamkarakteristiek bekomen wordt, met de pieken op dezelfde fre-
quenties. De FSR is 32.5 GHz, corresponderend met de basis lengte van
3.2 mm. De 3-dB breedte is 3.3 GHz. Het blijkt ook dat voor de gekozen
waarden van de reflectiecoéfficiénten de (piek) reflectie veel sterker is
dan de (piek) transmissie. De reden hiervoor is dat we een voldoende
grote terugkoppelsterkte willen om de laser niet te destabiliseren. De
terugkoppelsterkte moet typisch minstens —10 dB zijn [50, 55]. Ideaal
gezien zou 10 % reflectie van het filter dus moeten volstaan. Jammer
genoeg zullen er in praktijk steeds koppelverliezen zijn en we moeten
ook rekening houden met fabricage toleranties voor de verschillende
coatings. Daarom werd voor een voldoende hoge reflectie gekozen. Dit
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Figuur 9: Reflectie responsie van dubbel-prisma filter (R, = R, = 0.0127,
R.=Rq=098en R, =0.7).

is ook de reden waarom slechts 1 Si-Al,O3 paar op facet S werd aange-
bracht: voor meerdere paren was R, te hoog om nog een voldoende
hoge reflectie te krijgen.

We willen nog opmerken dat nog vele andere filterkarakteristieken
kunnen bekomen worden door de reflectiecoéfficiénten van de spiegels
aan te passen. Zo kan een hogere transmissie bekomen worden (ten
koste van een lagere reflectie natuurlijk). Het is zelfs mogelijk om een
klassieke Fabry Perot reflectie- en transmissiekarakteristiek te bekomen.
Hiervoor moet R;, voldoende groot gekozen worden.

3.3 Experimentele karakterisering

De werking van het nieuwe filter concept werd ook experimenteel gev-
erifieerd. Figuur 11 toont de experimenteel bepaalde reflectie- en trans-
missiekarakteristiek. We zien een zeer goede overeenkomst met de the-
oretische karakteristieken in figuur 9 en 10.

We kunnen dus besluiten dat dit nieuwe filter concept wel degelijk
werkt. Het kan dus gebruikt worden als een stabiele frequentie referen-
tie om het golflengteschakelgedrag van afstembare halfgeleiderlasers te
verbeteren. Dit wordt verder uitgewerkt in het volgende deel.
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Figuur 10: Transmissie responsie van dubbel-prisma filter (R, = R, = 0.0127,

R.=Ry=098en R, =0.7).
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Figuur 11: Experimenteel bepaalde reflectie- en transmissiekarakteristiek van
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het nieuwe filter type (R, = Ry =0.0127, R. = R4 =098 and R, = 0.7).
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4. Verbeteren van het golflengteschakelgedrag van
afstembare lasers door optische terugkoppeling via
een periodiek filter

In deze sectie zullen we aantonen dat het golflengteschakelgedrag van
een afstembare laser aanzienlijk kan verbeterd worden door optische
terugkoppeling via een stabiel periodiek referentie filter. Het filter is
gebaseerd op een nieuw ontwerp, beschreven in de vorige sectie, en
heeft een zowel in reflectie als in transmissie een karakteristiek die
bestaat uit periodiek gespatiéerde pieken. De verbetering van het golf-
lengteschakelgedrag wordt verwezenlijkt door het onderdrukken van
de thermisch geinduceerde golflengtedrift gerelateerd met het schake-
len van de afstemstromen. In een eerste deel zullen enkele simulatie
resultaten getoond worden die de invloed van de optische terugkop-
peling op de afstemtabel en het golflengteschakelgedrag van een af-
stembare laser aantonen. In het tweede deel wordt de verbetering van
het golflengteschakelgedrag experimenteel aangetoond.

4.1 Simulatie resultaten

De simulaties werden uitgevoerd met de laser simulatie software van
VPI [56]. Figuur 12 toont (een deel van) de afstemtabel van een drie-
sectie DBR afstembare laser onderhevig aan optische terugkoppeling
van een stabiel periodiek filter. De laserfrequentie is getoond als func-
tie van de stroom door de reflector sectie en dit voor enkele waarden
van de stroom door de fase sectie (I, =0, 1, 2 en 3 mA). Het terugkop-
pelschema werd reeds besproken in sectie 2.4 en is getoond in figuur 6.
Het uitgangsfacet van de laser heeft een anti-reflectie laag met een re-
flectiviteit van 0.01. Het filter was een Fabry Perot etalon met een FSR
van 100 GHz en een spiegel reflectiviteit van 0.9. De terugkoppel-
ingssterkte f.,; was -10 dB, de rondlooptijd in de externe caviteit 7p
was 0.3 ns. Uit figuur 7 blijkt dat de laser in een stabiel regime met
kleine lijnbreedte werkt.

Uit figuur 12 blijkt duidelijk dat de emissie frequenties nu bepaald
worden door de frequentie van de filter pieken. Als de pieken op de
ITU-grid gekozen worden, zal de laser automatisch licht uitzenden
op ITU-frequenties. Uit de vele verschillende werkingspunten op de
ITU-frequenties kan een werkingspunt met optimale karakteristieken
gekozen worden.

XXX1i



193.8

193.7
193.6 |
193.5
¥
E 193.4
193.3
193.2 1 = Ip=0mA
—=— Ip=1mA
193.1 4 —— Ip=2mA
—— Ip=3mA
193.0 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Figuur 12: laserfrequentie als functie van reflector stroom voor een drie-sectie
DBR afstembare laser onderhevig aan optische terugkoppeling van een stabiel
periodiek filter (I, = 0, 1, 2 en 3 mA). De terugkoppelingssterkte f.,; was -
10 dB, de rondlooptijd in de externe caviteit 7p was 0.3 ns.

Figuur 13 toont het schakelen van de laserfrequentie, met en zonder
terugkoppeling van het filter. Aangezien thermische effecten niet ge-
modelleerd worden in the simulatie software, werd de thermische drift
gesimuleerd door een lineair afnemende stroom door de reflector sectie
te sturen. Dit zal ook een afwijking van de laserfrequentie veroorza-
ken, en we zijn vooral geinteresseerd in de maximale frequentie afwi-
jking die door de optische terugkoppeling kan tegengewerkt worden.
De drift werd ook versneld zo dat kortere tijdsintervallen (enkele tien-
tallen nanoseconden i.p.v. enkele milliseconden) konden gesimuleerd
worden, aangezien de simulaties anders te veel tijd in beslag zouden
nemen. Uit figuur 13 volgt duidelijk dat de frequentie drift (en nader-
hand ook een modesprong) vlugger optreedt wanneer geen terugkop-
peling aanwezig is. Afwijkingen tot 15 GHz konden op deze manier
tegengewerkt worden.

4.2 Experimentele resultaten

Figuur 14 toont een schematische voorstelling van het koppelen van
een laser met het filter via een ballens (diameter 2 mm en brandpuntsaf-
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Figuur 13: Schakelen van de laserfrequentie, met en zonder terugkoppeling
van het filter. De terugkoppelingssterkte f.,; was -10 dB, de rondlooptijd in
de externe caviteit p was 0.3 ns.

stand 0.1 mm). De laser is een drie-sectie DBR afstembare laser met een
AR-laag.

Figuur 15 toont (een deel van) de experimenteel bepaalde afstemta-
bel van de externe caviteitslaser uit figuur 14. Naast de laserfrequentie
is nu ook de zijmodeonderdrukking (SMSR) getoond in functie van I,
voor I, = 100 mA en I, = 2 mA. Het verloop van de frequentie is geli-
jkaardig aan dat in figuur 12. De intermediaire frequentie sprongen
(b.v. rond I, = 11 mA) en het feit dat de SMSR niet voor elk frequentie
plateau boven 40 dB ligt, zijn te wijten aan de kleine FSR van het filter.
Deze is slechts 32.5 GHz en aangezien de 3—-dB breedte van de Bragg
piek typisch 100 GHz of meer is, zullen er steeds tenminste drie filter
pieken binnen de Bragg piek gelegen zijn. Dit betekent dat een kleine
afwijking reeds een modesprong kan veroorzaken. Dit kan sterk ver-
beterd worden door enerzijds de FSR van het filter beter af te stemmen
op de breedte van de Bragg piek (b.v. een FSR van 50 GHz of 100 GHz)
zo dat minder filter piek op hetzelfde moment binnen de Bragg piek
liggen. Anderzijds kan men ook de externe caviteitslengte zo kiezen
dat de spatiéring tussen de caviteitsmodes groter wordt, waardoor de
kans dat twee modes op hetzelfde moment binnen een filterpiek liggen
kleiner wordt. Echter, aangezien we hier vooral willen aantonen dat het
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Figuur 14: Schematische voorstelling van het koppelen van een laser met het
filter via een ballens.
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Figuur 15: Experimenteel bepaalde laserfrequentie (vierkanten) en zijmod-
eonderdrukking (driehoeken) als functie van reflector stroom voor een drie-
sectie DBR afstembare laser onderhevig aan optische terugkoppeling van een
stabiel periodiek filter (I, = 100 mA en I, =2 mA).
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Figuur 16: Experimenteel bepaalde verloop in tijd van de afwijking van
de laser golflengte van zijn eindwaarde na het schakelen, met en zonder
terugkoppeling van het filter. I, werd geschakeld tussen 0 mA en 40 mA
(kruisjes) en 0 mA en 61 mA (stippellijn) respectievelijk voor het geval zon-
der terugkoppeling en tussen 0 mA en 82 mA (vette lijn) voor het geval met
terugkoppeling (I, = 100 mA en I, werd aangepast om een maximale SMSR
te bekomen in beide gevallen).

golflengteschakelgedrag kan verbeterd worden, hebben we enkel twee
stabiele werkingspunten met hoge SMSR nodig. We willen ook nog
benadrukken dat de afstemtabel werd opgemeten zonder dat de laser
was opgenomen in een controle lus, zoals normaal gezien het geval
is [21]. Mede hierdoor ligt de SMSR niet boven 40 dB voor alle frequen-
tie plateaus.

Figuur 16 toont het experimenteel bepaalde verloop in tijd van de
afwijking van de laser golflengte van zijn eindwaarde na het schakelen,
opnieuw met en zonder terugkoppeling. De reflector stroom I, werd
geschakeld tussen 0 mA en 40 mA (kruisjes) en 0 mA en 61 mA (stip-
pellijn) respectievelijk voor het geval zonder terugkoppeling en tussen
0 mA en 82 mA (vette lijn) voor het geval met terugkoppeling I, =
100 mA en I, werd aangepast om een maximale SMSR te bekomen
in beide gevallen. Het blijkt duidelijk dat de golflengtedrift sterk ver-
minderd wordt door de terugkoppeling, ook al is de grootte van de
stroomstap 30 % respectievelijk 100 % groter dan in het geval zonder
terugkoppeling. De maximale afwijking werd met meer dan 50 % ver-
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minderd (van 6 GHz naar minder dan 3 GHz) en de eindwaarde werd
veel sneller bereikt (na 0.1 ms i.p.v. na 2 ms). Dit kan nog verder ver-
beterd worden door de FSR van het filter, de externe caviteitslengte en
de breedte van de Bragg piek van de laser nauwkeurig op elkaar af te
stemmen.

4.3 Besluit

In dit deel hebben we numeriek en experimenteel aangetoond dat het
golflengteschakelgedrag van afstembare halfgeleiderlasers kan worden
verbeterd door de laser te stabiliseren op (de pieken) van een periodiek
referentie filter. Een verdere verbetering is mogelijk door de FSR van
het filter, de externe caviteitslengte en de breedte van de Bragg piek
van de laser beter op elkaar af te stemmen. Een bijkomend voordeel
van het gebruik van het filter is dat het opstellen van een afstemtabel
wordt vereenvoudigd en dat de invloed van component degradatie of
onnauwkeurigheden in de afstemtabel verminderd wordt.

5. Degradatie van afstembare lasers — Monitoring en
actualisatieprocedure voor de afstemtabel

In dit deel zullen we de uitdagingen en problemen omtrent het de-
graderen, monitoren en updaten van afstembare halfgeleiderlaser bron-
nen. We zullen kort uitleggen wat degradatie van halfgeleider materi-
alen inhoudt en ook enkele technieken beschrijven om het uitgangsver-
mogen, de emissie golflengte en de zijmode onderdrukking te mon-
itoren. Het belangrijkste deel is echter gewijd aan het ontwikkelen
van een strategie om de afstemtabel van een verouderde afstembare
laser te actualiseren, enkel gebruik makend van de beperkte informatie
beschikbaar uit de verandering in de afstemkarakteristieken van één
enkel kanaal (nl. het kanaal waarop de laser heeft gewerkt).

5.1 Context

Afstembare halfgeleiderlasers zijn zoals reeds vermeld veelbelovende
kandidaten voor vele nuttige toepassingen in huidige en toekomstige
telecommunicatie netwerken. De betrouwbaarheidscriteria voor zulke
netwerken zijn echter zeer streng. Uitgangsvermogen, golflengte en zi-
jmode onderdrukking moeten op de vereiste waarden gehouden wor-
den om signaal degradatie en overspraak te vermijden. Dit houdt o.a.
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in dat de relatie tussen deze grootheden enerzijds en de afstemstromen
anderzijds altijd correct moet blijven. De waarden van de afstemstro-
men corresponderend met een bepaald kanaal (en de ermee correspon-
derende golflengte, uitgangsvermogen en zijmode onderdrukking) zijn
opgeslagen in de afstemtabel van de laser. Anders gezegd, wanneer de
waarden van de afstemstromen die in de afstemtabel staan, worden
toegepast, moet de laser werken op de juiste golflengte, met een vol-
doend hoog uitgangsvermogen en een hoge zijmode onderdrukking
(tenminste 40 dB). Degradatie van de actieve sectie van een (afstem-
bare) halfgeleiderlaser kan een vermindering van het uitgangsvermo-
gen veroorzaken. Dit stelt echter meestal geen probleem, aangezien dit
eenvoudig kan gedetecteerd worden en verholpen kan worden door
simpelweg de actieve laser stroom te verhogen. Voor afstembare laser
stelt zich een ander, meer serieus probleem. Degradatie van de af-
stemsecties kan een aanzienlijke verandering van de golflengte ver-
sus afstemstroom karakteristieken veroorzaken, wat leidt tot een ver-
minderde golflengte (optische frequentie) nauwkeurigheid en een af-
name van de zijmode onderdrukking. Daarom is een procedure die —
liefst op een geautomatiseerde manier— de afstemtabel kan actualiseren
een vereiste opdat afstembare lasers in een telecommunicatie netwerk
zouden kunnen gebruikt worden.

5.2 Degradatie

Lasers voor (lange-afstand WDM) optische telecommunicatienetwerken
worden gemaakt uit (een combinatie) van het III-V halfgeleider ma-
teriaal InGaAsP/InP en dit in een begraven hetero-structuur waarbij
de twee materialen (met verschillende bandkloof) tezamen worden ge-
stapeld. In een multi-sectie afstembare halfgeleiderlaser hebben de af-
stemsecties dezelfde structuur als de actieve sectie, maar met een an-
dere samenstelling en een verschillende bandkloof. Een gevolg van het
gebruik van halfgeleider materialen is dat deze lasers nadelige degra-
datie fenomenen vertonen [61, 62, 63, 64, 65] en dit zowel voor de ac-
tieve als de passieve secties. In de volgende twee secties zullen we de
degradatie van de actieve en passieve secties afzonderlijk behandelen.

5.2.1 Degradatie van actieve laser secties

Degradatie van de actieve sectie veroorzaakt een toenamen van de drem-
pelstroom en een afname van de externe differentiéle quantum efficién-
tie [61, 66, 67, 68]. Deze veranderingen zijn echter beperkt en ver-
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mits een afname van het uitgezonden optisch vermogen zoals reeds
vermeld eenvoudig kan verholpen worden, vormt degradatie van de
actieve sectie niet echt een probleem voor het gebruik van afstembare
halfgeleiderlasers in telecommunicatie netwerken. Levensduren tot 10°
uur voor een uitgangsvermogen van 5 mW bij een temperatuur van
25 °C zijn haalbaar [62].

5.2.2 Degradatie van passieve laser secties

Daar waar degradatie van de actieve sectie het langdurig gebruik van
een halfgeleiderlaser in een netwerk niet verhinderd, vormt het de-
graderen van de passieve secties wel een belangrijk probleem voor het
gebruik van afstembare lasers in een netwerk omgeving. Dit is vooral
omdat de degradatie een verandering van de afstemkarakteristieken
veroorzaakt [61, 62, 63, 64, 65]. Dit betekent dat bij toepassing van de
stroomwaarden in de afstemtabel —die opgesteld is voor het degraderen
van de laser— het resulterende werkingspunt hoogst waarschijnlijk de
verkeerde golflengte zal hebben en een te lage zijmode onderdrukking.
Dit is geillustreerd in figuur 17 en 18 waar de golflengte en zijmode on-
derdrukking van een drie-sectie DBR laser zijn getoond als functie van
de stroom door de reflector sectie, zowel voor als na degradatie van de
reflector sectie. Deze resultaten werden bekomen via simulaties. De ac-
tieve stroom was 100 mA (corresponderend met een uitgangsvermogen
van 18 mW), er vloeide geen stroom door de fase sectie. De laser werkt
meestal in het midden van een golflengte plateau in de afstem karakter-
istiek, waar de zijmode onderdrukking maximaal is t.o.v. de naburige
werkingspunten. Veronderstel dat het originele werkingspunt van de
laser punt A was en dit voor een periode waarin de laser is gede-
gradeerd tot op het punt dat de bovenste afstemkarakteristiek (stip-
pellijn) geldig is. Zolang de laser op het golflengtekanaal correspon-
derend met A blijft werken, houdt het controlesysteem van de laser
hem op de correcte golflengte en zijmodeonderdrukking door de af-
stemstromen zodanig aan te passen dat de veranderingen veroorza-
akt door de degradatie (of andere externe invloeden zoals een veran-
derende omgevingstemperatuur) tegengewerkt worden [69]. Indien
echter op een bepaald moment beslist wordt om het werkingspunt te
veranderen naar b.v. punt B, treden er problemen op. Aangezien de
originele afstemkarakteristiek (volle lijn) niet langer geldig is, zou de
laser naar een punt op de nieuwe karakteristiek schakelen, heel dicht
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Figuur 17: Laser golflengte vs. afstemstroom voor een drie—sectie DBR laser,
voor en na degradatie van de reflector sectie.

bij een mode sprong (figuur 17) en met een onaanvaardbaar lage zij-
modeonderdrukking (figuur 18).

Figuur 19 toont ook het uitgangsvermogen voor en na degradatie.
Het blijkt duidelijk dat degradatie van de afstemsecties niet veel in-
vloed heeft op het uitgangsvermogen: zelfs in punt B is het verschil in
uitgangsvermogen nog geen 5 %. De resultaten getoond in figuur 17,
18 en 19 zijn geen experimenteel bepaalde data, maar zijn bekomen
uit simulaties. De reden hiervoor is dat, in tegenstelling tot een com-
mercieel laser bedrijf, wij noch genoeg lasers, noch de infrastructuur
hebben om experimentele degradatietesten uit te voeren. Bovendien
zijn experimentele degradatie data een heel gevoelig iets wat bedrijven
—om voor de hand liggende redenen— niet zomaar willen distribueren.
De simulaties zijn uitgevoerd met software die is ontwikkeld op de vak-
groep INTEC [21]. Zowel actieve als passieve sectie degradatie wordt
veroorzaakt door een toename van de niet-radiatieve recombinatie, te
wijten aan het ontstaan van defecten [61, 62, 63]. Bijgevolg, kan het
degradatieproces gesimuleerd worden door de waarde van de niet-
radiatieve recombinatie parameter A te verhogen van b.v. 10® s naar
1.5x108 s!, waarden die overeenkomen met experimentele data [65].
De geldigheid van de simulaties wordt bewezen door het feit dat de re-
sultaten getoond in figuur 17, 18 en 19 zeer goed overeenstemmen met
gepubliceerde experimentele resultaten [62, 63, 64, 65].
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Figuur 18: Zijmodeonderdrukking vs. afstemstroom voor een drie-sectie DBR
laser, voor en na degradatie van de reflector sectie.
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Figuur 19: Uitgangsvermogen vs. afstemstroom voor een drie-sectie DBR
laser, voor en na degradatie van de reflector sectie.
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Degradatie van de actieve en passieve secties beinvloeden elkaar
niet. Dit betekent dat degradatie van de actieve sectie een verwaar-
loosbaar effect heeft op de afstemkarakteristiecken en dat degradatie
van de passieve secties een verwaarloosbaar effect zal hebben op de
lichtkarakteristieken (dit is het uitgangsvermogen in functie van de ac-
tieve stroom) [62]. De degradatie van de passieve secties hangt af van
de stroomdichtheid door die secties: hoe hoger de dichtheid, hoe groter
de verandering van de afstemkarakteristieken [62, 63, 64, 65]. Uit tal-
rijke (versnelde) degradatietesten is gebleken dat na een zekere tijd de
drift door degradatie vermindert [63, 64, 65, 67]. De nadelige invloed
van degradatie kan dus verminderd worden indien de laser eerst on-
derworpen wordt aan een aangepaste stress test. Er zal echter steeds
een zekere drift blijven bestaan. En aangezien in huidige netwerken
een frequentie nauwkeurigheid van enkele GHz vereist is, is een actu-
alisatie procedure voor de afstemtabel vereist. Dit zal in meer detail
worden besproken in sectie 5.4.

5.3 Monitoren van afstembare transmitters

Wanneer een laser of een andere component in een telecommunicatie
netwerk wordt gebruikt, is het heel belangrijk dat zijn karakteristieken
(uitgangsvermogen, laser golflengte, zijmodeonderdrukking, ...) bin-
nen bepaalde gespecifiéerde limieten blijven. Degradatie of omgev-
ingsinvloeden kunnen er echter een onaanvaardbare verandering van
de karakteristieken veroorzaken. Het is dan ook heel belangrijk de
systeem performantie te monitoren om in staat te zijn (beperkte) ve-
randeringen in de karakteristieken te detecteren en op te vangen. Dit
laatste gebeurt meestal door één of andere vorm van terugkoppeling.
Monitoren is vooral nuttig bij het opvangen van trage, graduele ve-
randeringen in de performantie van een component. Wanneer plotse
of grote fouten optreden, duidt dit meestal op een defecte component
die vervangen moet worden. In dit geval kan monitoren helpen om de
component in kwestie te lokaliseren.

5.3.1 Monitoren van het uitgangsvermogen

Het vermogen kan eenvoudig gemonitored worden m.b.v. een detector.
Deze zijn meestal geintegreerd in de verpakking van een commerciéle
laser. Een kleine fractie P,, wordt afgetapt en het vermogen wordt
dan gestabiliseerd door correcties toe te voegen aan de stroom door
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de actieve sectie evenredig met (P, — Py,) met P,.s evenredig met het
gewenste uitgangsvermogen.

5.3.2 Monitoren van de golflengte

Hiervoor worden vaak optische filters gebruikt om de golflengtevari-
aties om te zetten in vermogenvariaties [70, 71, 72]. Hiervoor zijn uit-
eraard heel stabiele filters vereist die weinig gevoelig zijn aan veran-
derende omgevingscondities. Aangezien een afstembare laser op meer-
dere (periodiek gespatiéerde) golflengtes kan werken, is een filter met
een hele brede karakteristiek of een periodiek filter nodig. Een Fabry
Perot etalon heeft een inherente periodieke transmissiekarakteristiek
en wordt vaak gebruikt als periodieke golflengte referentie en zijn com-
mercieel beschikbaar [73]. In dergelijke componenten wordt een kleine
fractie (= 5%) van het laser licht afgetapt voor het controleren van
de laser golflengte. Deze fractie wordt verdeeld in een deel dat di-
rect wordt gedetecteerd (P;) en een deel dat eerst door een hoog sta-
biel Fabry Perot etalon wordt gestuurd voor detectie (F»). De functie
log(nPy/P1), met 1 een calibratie factor, is dan vrij lineair als functie
van de frequentie in de buurt van een ITU frequentie en gaat door nul
bij die frequentie voor een correcte waarde van 7 [69]. Deze functie
kan gebruikt worden om de golflengte te monitoren en de golflengte
kan gestabiliseerd worden door correcties evenredig met log(nP»/P;)
aan de fase stroom toe te voegen. Het ongefilterde vermogen P; kan
bovendien gebruikt worden om het uitgangsvermogen van de laser
te controleren. In [74] wordt een golflengte monitor voorgesteld die
samen met een afstembare laser op één enkele chip kan gefabriceerd
worden.

5.3.3 Monitoren van de zijmodeonderdrukking

Een mogelijke methode om de zijmodeonderdrukking te monitoren
steunt op het feit dat wanneer een zijmode naast de hoofdmode in
het laser spectrum aanwezig is, er een hoog frequente zwevingscom-
ponent in de gedetecteerde intensiteit aanwezig zal zijn. Hoe sterker
de zijmode, hoe sterker het zwevingssignaal. Aangezien het frequen-
tie verschil tussen de modes van een afstembare halfgeleiderlaser typ-
isch van de orde van enkele tientallen GHz is, moet de detector een
voldoende hoge bandbreedte hebben. En zelfs dan kunnen enkel zij-
modes gedetecteerd worden die naast de hoofdmode liggen. Normaal
gezien zijn dit echter ook de sterkste zijmodes, en dus ook diegene die
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het belangrijkst zijn om te monitoren en te onderdrukken. De zijmod-
eonderdrukking kan ook afgeleid worden uit het vermogen in de zij-
modes die het dichtst bij de hoofdmode gelegen zijn. Immers, als dit
vermogen minimaal is, is de zijmodeonderdrukking maximaal. Hier-
voor kan opnieuw de component beschreven in [73] gebruikt worden.
Als we veronderstellen dat de golflengte van de hoofdmode Ay op
de ITU—grid ligt, zal P» maximaal zijn en dus een maat zijn voor het
vermogen in de hoofdmode Pysys. P; is natuurlijk een maat voor het
totale uitgangsvermogen P,,;. Aangezien P;,; = Pyrar + Psyr, met Psyy
het vermogen in de zijmodes en aangezien P;,; = aP; en Py = bPs,
zal Psyr = aP) — bP> met a en b calibratie factoren. De zijmodeonder-
drukking kan dus maximaal gehouden worden door de afstemstromen
zo aan te passen dat (aP; — bP%) minimaal blijft. Deze redenering is
natuurlijk maar correct, zolang de zijmodes niet op de ITU-grid liggen,
omdat anders Pg)s ook (gedeeltelijk) door het filter zou gaan. Gelukkig
is dit meestal het geval voor de gangbare afstembare lasers.

5.4 Actualisatieprocedure voor de afstemtabel

In deze sectie zullen we een procedure beschrijven om de afstemta-
bel van een gedegradeerde laser te actualiseren, en dit zonder de laser
uit het netwerk te verwijderen. De tabel zal niet volledig opnieuw
opgesteld worden zoals wanneer de laser voor de eerste keer werd
gekarakteriseerd voor gebruik [69]. De bestaande tabel zal worden ge-
actualiseerd a.h.v. de informatie die beschikbaar is uit de geobserveerde,
door degradatie veroorzaakte wijzigingen in de afstemkarakteristieken.
Deze wijzigingen kunnen geéxtraheerd worden uit de wijziging van
de afstemstromen die ontstaat wanneer het controle systeem van de
laser [69] de door de degradatie veroorzaakte golflengte drift probeert
tegen te werken. Het verloop van de afstemstromen in de tijd kan
eenvoudig worden bijgehouden door de micro-processor waarmee een
commerciéle transmitter gebaseerd op een afstembare laser steeds mee
is uitgerust. In de meeste gevallen is enkel informatie over de degra-
datie van één enkel kanaal —namelijk het kanaal waarop de laser heeft
gewerkt— beschikbaar om de tabel te actualiseren. Maar, zoals reeds
vermeld, is het heel belangrijk dat de volledige afstemtabel wordt geac-
tualiseerd. Aangezien de enige informatie waarover we beschikken de
door de degradatie veroorzaakte wijziging van de afstemstromen AJ
voor een bepaald golflengtekanaal is, moeten we zoeken naar een re-
latie tussen de golflengte en de afstemstromen. Het blijkt dat volgende
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uitdrukking kan bekomen worden uit de relatie tussen de stroom I
door een afstemsectie en de corresponderende ladingsdichtheid V:

AT =eV-AA-N'-6) 3)

Hierin is e de eenheid van elektrische lading, V' het volume van de
afstemsectie en A A de verandering van de niet-radiatieve recombinatie
parameter A. Verder is A = A\ — Ao met \g de golflengte correspon-
derend met een afstemstroom nul, N = (dN/d))[,, en no=1p=0. Bij de
afleiding van (3) werd er rekening mee gehouden dat de verandering
van de afstemkarakteristieken veroorzaakt wordt door een toename
van de niet-radiatieve recombinatie en dus door een verandering AA
van A [61, 62, 63, 67]. Voor meer details m.b.t. de afleiding verwijzen
we naar de Engelstalige tekst. Uit vergelijking (3) blijkt duidelijk dat de
verhouding AI/d\ constant is. Dit betekent dat als AI; gekend is voor
een bepaalde golflengte drift J)\; (corresponderend met een bepaald
kanaal 7), we dan automatisch Al; /§\; en dus Al; kennen voor alle an-
dere kanalen j. We willen opmerken dat § A in vergelijking (3) staat voor
de verschuiving van de Bragg golflengte §\p wanneer een DBR sectie
beschouwd wordt, of voor de verschuiving van het spectrum van de
caviteitsmodes 6\, wanneer een fase sectie beschouwd wordt. In een
praktische situatie zijn d A g en d\, meestal niet gekend. Maar aangezien
the laser golflengte die is van de caviteitsmode die het dichtst bij het
centrum van de Bragg piek is gelegen en sinds we toch te maken heb-
ben met vrij kleine golflengte verschuivingen, kan A\ g bepaald worden
uit de A — I, karakteristiek voor een bepaalde waarde van I, (diegene
corresponderend met het werkingspunt van de laser). Analoog kan d\,
bepaald worden uit de A — I, karakteristiek voor een bepaalde waarde
van I, (diegene corresponderend met het werkingspunt van de laser).
De A — Iy, en A — I, karakteristieken kunnen gemakkelijk afgeleid
worden uit de A — I, — I, karakteristiek, die opgeslagen wordt in
de afstemtabel tijdens de karakterisatieprocedure van de laser. Het al-
goritme afgeleid van vergelijking (3), dat zonet beschreven werd, zal
hierna geillustreerd worden a.h.v. enkele simulatie resultaten.

In [65] werd voor een laser met één afstemsectie experimenteel aan-
getoond dat bovenstaand algoritme werkt. De meeste afstembare lasers
hebben echter twee of meer afstemsecties. Het is daarom belangrijk
te controleren of het algoritme ook voor dergelijk lasers kan gebruikt
worden. In figuur 20 en 21 is een simulatie resultaat getoond voor
een drie-sectie DBR laser waarvan zowel de reflector als de fase sec-
tie gedegradeerd zijn (voor beide secties werd A verhoogd van 10° s7!
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Figuur 20: Laser golflengte vs. afstemstroom voor een drie-sectie DBR laser,
voor en na degradatie van de reflector en de fase sectie, en na actualisatie van
de afstemtabel.

naar 1.5x108 s, I,, was 5 mA). Opnieuw wordt een deel van de af-
stemtabel getoond (laser golflengte en zijmodeonderdrukking versus
de stroom door de reflector sectie), voor (volle lijn) en na (stippellijn)
degradatie. De driehoekige symbolen stellen hetzelfde deel van de
afstemtabel voor, maar nu voor de gedegradeerde laser met geactu-
aliseerde waarden voor de afstemstromen, bekomen via het hierboven
beschreven algoritme. Een nagenoeg perfecte overeenkomst tussen de
originele en de geactualiseerde afstemtabel wordt bekomen. In prak-
tische gevallen zal de verandering van A zelfs niet zo groot zijn als
degene gebruikt in de simulaties, vermits zoals reeds vermeld de laser
een stress test heeft ondergaan.

Voor de volledigheid toont figuur 22 dat ook de relatie tussen het
uitgangsvermogen en de afstemstromen kan hersteld worden a.h.v. het-
zelfde algoritme.

In al deze resultaten was slechts één AI (corresponderend met het
kanaal waarop de laser werkte) nodig per afstemsectie om de volledige
golflengte versus afstemstroom karakteristiek voor die sectie te actu-
aliseren. Uit bovenstaande resultaten volgt duidelijk dat de afstemta-
bel van een afstembare laser volledig kan geactualiseerd worden a.h.v.
het zeer eenvoudige algoritme dat hierboven beschreven is. Ook voor
lasers met meer dan twee afstemsecties kan hetzelfde algoritme op een
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Figuur 21: Zijmodeonderdrukking vs. afstemstroom voor een drie—sectie DBR
laser, voor en na degradatie van de reflector en de fase sectie, en na actualisatie

van de afstemtabel.
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Figuur 22: Uitgangsvermogen vs. afstemstroom voor een drie-sectie DBR
laser, voor en na degradatie van de reflector en de fase sectie, en na actualisatie

van de afstemtabel.
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voor de hand liggende manier toegepast worden aangezien de onder-
liggende fysische processen steeds dezelfde zijn.

5.5 Besluit

In dit deel hebben we de verschillende degradatie mechanismen die
optreden in afstembare lasers uitgelegd. Er werden technieken beschre-
ven om de performantie van afstembare lasers te controleren. Verder
werd ook een procedure beschreven die toelaat op een automatische
manier de afstemtabel van een afstembare laser te actualiseren. Hierbij
wordt een nagenoeg perfecte overeenkomst tussen de originele en de
geactualiseerde afstemtabel behaald.

6. Versterker

In dit deel onderzoeken we de invloed van een (geintegreerde) optische
versterker op belangrijke laser karakteristieken zoals de RIN, de lijn-
breedte en de SMSR. Er wordt theoretisch, numeriek en experimenteel
aangetoond dat de RIN en de lijnbreedte aanzienlijk kunnen toenemen
tengevolge van de versterkte spontane emissie (ASE) afkomstig van de
versterker die in de laser wordt geinjecteerd. De SMSR daarentegen zal
afnemen en dit door een toename van de spontane emissie die in de zij-
mode(s) inkoppelt, opnieuw tengevolge van de ASE van de versterker.
Zowel de toename van de RIN en de lijnbreedte als de afname van de
SMSR worden groter naarmate de versterking toeneemt.

6.1 Context

Veel van de geavanceerde laser diodes die gebruikt worden in de trans-
mitter modules voor (lange-afstand) telecommunicatie netwerken heb-
ben een beperkt uitgangsvermogen. Zo bevatten (breed-) afstembare
laser diodes [74, 75, 76, 77, 78, 79, 80] vaak passieve afstemsecties aan
één of beide zijden van de actieve sectie die een deel van het licht uitge-
zonden door de actieve sectie absorberen. Multi-golflengte lasers [81,
82] bestaan vaak uit een laser rij en een koppelaar die het licht van
de individuele lasers combineert en die aanzienlijke verliezen intro-
duceert. Omwille van de absorptie en verliezen die in deze lasers op-
treden, wordt dikwijls een optische versterker met deze componen-
ten geintegreerd. We zullen echter aantonen dat hierdoor zowel de
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ruiskarakteristieken (de RIN en de lijnbreedte [17, 18, 19]) als de spec-
trale karakteristieken (de SMSR) van de laser aanzienlijk kunnen gede-
gradeerd worden. Deze degradatie kan natuurlijk ook optreden wan-
neer de laser verbonden is met een aparte versterker zonder isolator er-
tussen, net zoals voor een laser die direct verbonden is of geintegreerd
met een op een optische versterker gebaseerde golflengte convertor [83].

6.2 Theoretische modellering

In deze sectie zullen we kort het theoretisch model bespreken dat kan
gebruikt worden om een analytische uitdrukking voor de RIN, lijn-
breedte en SMSR van een laser verbonden met een optische versterker
af te leiden. Voor meer details verwijzen we naar de Engelstalige tekst.

De afleiding vertrekt van een set verbeterde balansvergelijkingen
die meer algemeen geldig zijn dan de conventionele balansvergelijkin-
gen die b.v. in [17] kunnen gevonden worden. De afleiding van de
meer algemene balansvergelijkingen uit de dynamische gekoppelde-
golf vergelijkingen kan gevonden worden in [84]. De invloed van de
versterker op de laser bestaat uit (achterwaarts propagerende) ASE die
in de laser wordt geinjecteerd. Dit wordt in rekening gebracht door
in de algemene balansvergelijkingen een Langevin-functie op te ne-
men die de ASE karakteriseert. De RIN en de lijnbreedte kunnen dan
bepaald worden uit de frequentieafthankelijke klein-signaal oplossin-
gen van de balansvergelijkingen. De SMSR kan bepaald worden door
de toename van het vermogen in een zijmode in aanwezigheid van ASE
te bepalen. Voor meer details verwijzen we naar de Engelstalige tekst.
Het blijkt dat zowel de toename van de RIN en de lijnbreedte als de
afname van de SMSR door een zelfde (vereenvoudigde) factor bepaald
wordt:

RINSO4  AySOA -GN GRMoSO4 A=l @
RINnPoSOA = ApmoSOA —  GA[SRSOA a IH(A)

waarin A de versterking is van de versterker, ) een constante en a
een factor die de sterkte van de ASE die in de laser wordt geinjecteerd
beschrijft.

We hebben de invloed van een optische versterker op de laser karak-
teristieken ook numeriek en experimenteel onderzocht. De behaalde
resultaten worden in de volgende secties getoond en bevestigen de the-
oretische resultaten (en dus ook de geldigheid van de theorie).
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6.3 Toename van de RIN en de lijnbreedte

6.3.1 Simulatie resultaten

De simulaties werden opnieuw uitgevoerd met de laser simulatie soft-
ware van VPI [56]. De RIN en lijnbreedte werden berekend voor een
400 pm A\ /4-verschoven DFB laser met anti-reflectie lagen op de facetten,
eens met en zonder een geintegreerde halfgeleider optische versterker
(SOA). De laser heeft een genormaliseerde koppelingscoéfficiént Ly =
2. De SOA is 350 um lang, heeft een versterking A = 16 dB en heeft eve-
neens anti-reflectie lagen op de facetten. De inversiefactor van zowel
de laser als de SOA is 2.

Figuur 23 en 24 tonen de RIN respectievelijk de lijnbreedte voor een
toenemend ASE vermogen F,. dat in de laser wordt geinjecteerd, en
dit voor een laser uitgangsvermogen van 2 en 5 mW respectievelijk.
Deze waarden corresponderen met het uitgangsvermogen van de af-
zonderlijke laser, zonder aanwezigheid van de versterker. We willen
ook opmerken dat de numerieke waarden van P, in de figuur overeen-
stemmen met het totale ASE vermogen dat door de versterker wordt
uitgezonden wanneer geen laser aanwezig is en dit is verschillend van
het ASE vermogen dat in de laser koppelt. De stroom door de ver-
sterker werd constant gehouden en om het ASE vermogen dat in de
laser werd geinjecteerd te veranderden werd het ASE vermogen dat uit
de versterker komt door een regelbare attenuator gestuurd.

De degradatie van de RIN en lijnbreedte blijkt duidelijk uit figuur 23
en 24. De RIN neemt 15 respectievelijk 16 dB toe voor een laser uit-
gangsvermogen van 2 en 5 mW respectievelijk voor een toename van
P,se van 21 dB (van -33 tot -9 dBm). De lijnbreedte neemt zowel voor
een laser uitgangsvermogen van 2 als 5 mW 8.5 dB toe (van 50 tot
355 MHz en van 18 tot 126 MHz respectievelijk) voor een toename van
P,s. van 17 dB (van -37 tot —20 dBm).

De simulatie resultaten werden ook vergeleken met de theoretische
uitdrukking (4). De theoretische fits bekomen uit deze uitdrukking zijn
ook getoond (voorgesteld door -th in de legende) in figuur 23 en 24. We
zien een goede kwantitatieve overeenkomst tussen de theoretische en
simulatie resultaten en dit voor de verschillende laser uitgangsvermo-
gens.
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Figuur 23: Numeriek bepaalde RIN en theoretische fits versus P, van een
A/4-verschoven DFB met en zonder geintegreerde SOA voor een laser uit-
gangsvermogen van 2 en 5 mW respectievelijk (P, is het uitgangsvermogen
van de afzonderlijke laser, -th duidt de gefitte theoretische resultaten bekomen
via vgl. (4) aan).
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Figuur 24: Numeriek bepaalde lijnbreedte en theoretische fits versus P,s.van
een \/4-verschoven DFB met en zonder geintegreerde SOA voor een laser
uitgangsvermogen van 2 en 5 mW respectievelijk (P, is het uitgangsvermogen
van de afzonderlijke laser, -th duidt de gefitte theoretische resultaten bekomen
via vgl. (4) aan).
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Figuur 25: Experimenteel bepaalde RIN en theoretische fits versus Py, voor
een laser uitgangsvermogen van 4 mW (P, is het uitgangsvermogen van de
afzonderlijke laser, -th duidt de gefitte theoretische resultaten bekomen via
vgl. (4) aan).

6.3.2 Experimentele resultaten

Figuur 25 toont de experimenteel bepaalde RIN voor een toenemend
ASE vermogen P, voor een laser uitgangsvermogen van 4 mW. De
gebruikte laser was een verpakte afstembare drie-sectie DBR laser met
een anti-reflectie laag op het uitgangsfacet. De versterker was een po-
larisatie onafhankelijke SOA met een centrale golflengte van 1550 nm,
een versterking van 16 dB en een ASE vermogen van -7.5 dBm. De
ASE werd in de laser geinjecteerd d.m.v. een circulator en P, werd
gevariéerd d.m.v. een attenuator. Meer uitleg over de meetprocedure
is te vinden in de Engelstalige tekst.

We zien opnieuw duidelijk de degradatie van de RIN wanneer P,
toeneemt: voor een toename van P,,. van 8 dB (van -27.6 tot —19.6 dBm)
is de toename van (de piek van) de RIN 7.2 dB. De theoretische fits
bekomen via vergelijking (4) zijn ook getoond (voorgesteld door -th in
de legende) en we zien dat er ook een goede overeenkomst is tussen de
theoretische en de experimentele resultaten.

In de Engelstalige tekst worden nog verscheidene andere simulatie
en experimentele resultaten getoond.
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Figuur 26: Numeriek bepaalde SMSR en theoretische fits versus Py, voor
een laser uitgangsvermogen van 0.6, 2 en 5 mW respectievelijk (P, is het uit-
gangsvermogen van de afzonderlijke laser, -th duidt de gefitte theoretische
resultaten bekomen via vgl. (4) aan).

6.4 Afname van de SMSR
6.4.1 Simulatie resultaten

Figuur 26 toont de numeriek bepaalde SMSR voor een toenemend ASE
vermogen P, dat in de laser wordt geinjecteerd, en dit voor een laser
uitgangsvermogen van 0.6, 2 en 5 mW respectievelijk. We zien ook hier
duidelijk de degradatie van de SMSR voor toenemende F,.: voor een
toename van P,;. van 14 dB (van -23 tot -9 dBm) is de afname van
de SMSR 15 dB, 16 dB en 15 dB respectievelijk. De theoretische fits
bekomen via vergelijking (4) zijn ook getoond (voorgesteld door -th in
de legende) en we zien ook hier een goede overeenkomst tussen de
theoretische en de numerieke resultaten.

6.4.2 Experimentele resultaten

Figuur 27 toont de experimenteel bepaalde SMSR voor een toenemende
P,sc, en dit voor een laser uitgangsvermogen van 2.3, 4.9 en 7.9 mW
respectievelijk. Opnieuw zien we duidelijk de degradatie van de SMSR
wanneer P, toeneemt: een toename van P, van 16 dB (van —29.5 tot
-13.5 dBm) leidt tot een afname van de SMSR 7 dB, 8 dB and 7.5 dB
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Figuur 27: Experimenteel bepaalde SMSR en theoretische fits versus P, voor
een laser uitgangsvermogen van 2.3, 4.9 en 7.9 mW respectievelijk (P, is het
uitgangsvermogen van de afzonderlijke laser, -th duidt de gefitte theoretische
resultaten bekomen via vgl. (4) aan).

respectievelijk. De theoretische fits bekomen via vergelijking (4) zijn
ook getoond (voorgesteld door -th in de legende) en we zien ook hier
een goede overeenkomst tussen de theoretische en de experimentele
resultaten.

Ook voor de SMSR worden in de Engelstalige tekst nog verschei-
dene andere simulatie en experimentele resultaten getoond.

6.5 Besluit

In dit deel hebben we theoretisch, numeriek en experimenteel aange-
toond dat de RIN, lijnbreedte en SMSR van een laser (sterk) kunnen
degraderen wanneer de laser verbonden wordt met een optische ver-
sterker. Dit is te wijten aan de versterkte spontane emissie van de ver-
sterker die in de laser wordt geinjecteerd. De degradatie wordt erger
naarmate de versterking toeneemt. De nadelige invloed van de ver-
sterker kan alleen onderdrukt worden door een isolator te voorzien
tussen de laser en de versterker.
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7. Besluit

In dit werk hebben we enkele dynamische aspecten verbonden met
multi-sectie afstembare halfgeleiderlasers grondig onderzocht. Derge-
lijke lasers dragen veel potentieel in zich als optische signaalbron voor
huidige en toekomstige optische communicatie netwerken gebaseerd
op de (D)WDM technologie. Om echter aan de strenge eisen van een
netwerkomgeving te voldoen, moeten bepaalde aspecten nog onder-
zocht en/of opgelost worden.

Een eerste aspect betreft het golflengteschakelgedrag van deze com-
ponenten. De golflengte kan snel veranderd worden op een elektron-
ische manier, maar jammer genoeg treden hierbij problemen op op een
grotere tijdsschaal (orde micro— of zelfs milliseconden) door de ther-
misch geinduceerde golflengtedrift. Er werden twee methodes voor-
gesteld om deze drift tegen te werken. De eerste is gebaseerd op pre—
compensatie van de afstemstromen en is een zeer eenvoudige techniek,
maar is jammer genoeg moeilijk te optimaliseren voor alle mogelijke
schakelcombinaties. Daarom werd een nieuwe methode ontwikkeld,
gebaseerd op optische terugkoppeling via een stabiel referentie filter
waarmee de thermisch geinduceerde golflengtedrift kan onderdrukt
worden, onafhankelijk van welk kanaal de laser golflengte naar wordt
geschakeld en onafhankelijk van de schakelgeschiedenis. Belangrijk
hierbij is dat de externe caviteitslengte voldoende kort moet zijn en
dat de terugkoppelingssterkte groot genoeg is om te vermijden dat de
terugkoppeling de laser destabiliseert. Daartoe moest een nieuw filter
ontwikkeld worden met een kamkarakteristiek in reflectie zowel als in
transmissie. Het ontwerp en de karakterisatie van dit filter werd be-
schreven in hoofdstuk 3.

In hoofdstuk 4 werd de invloed van de optische terugkoppeling via
een periodiek referentie filter (in een korte externe caviteit) op een af-
stembare halfgeleiderlaser onderzocht. Simulatie resultaten toonden
aan dat afwijkingen tot 15 GHz onderdrukt kunnen worden door de
terugkoppeling. De verbetering van het golflengteschakelgedrag werd
ook experimenteel aangetoond: de maximale afwijking werd met meer
dan 50 % verminderd (van 6 GHz naar minder dan 3 GHz) en de eind-
waarde werd veel sneller bereikt (na 0.1 ms i.p.v. na 2 ms). Dit kan nog
verder verbeterd worden door de FSR van het filter, de externe caviteit-
slengte en de breedte van de Bragg piek van de laser nauwkeurig op
elkaar af te stemmen. Een bijkomend voordeel van het gebruik van het
filter is dat het opstellen van een afstemtabel wordt vereenvoudigd en
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dat de invloed van component degradatie of onnauwkeurigheden in
de afstemtabel verminderd wordt.

In hoofdstuk 5 werden de verschillende degradatie mechanismen
die optreden in afstembare lasers uitgelegd. Er werden technieken
beschreven om de performantie van afstembare lasers te controleren.
Verder werd ook een eenvoudige procedure beschreven die toelaat op
een automatische manier de volledige afstemtabel van een gedegra-
deerde afstembare laser te actualiseren, en dit enkel op basis van de
informatie die kan gehaald worden uit de verandering (door degra-
datie) in de afstemkarakteristieken van één golflengte kanaal. Hierbij
werd een nagenoeg perfecte overeenkomst tussen de originele en de
geactualiseerde afstemtabel behaald.

In hoofdstuk 6 tenslotte werd theoretisch, numeriek en experimen-
teel aangetoond dat de RIN, lijnbreedte en SMSR van een laser (sterk)
kunnen degraderen wanneer de laser verbonden wordt met een op-
tische versterker. Het is belangrijk met deze degradatie rekening te
houden wanneer de laser in een telecommunicatie netwerk gebruikt
wordt, omdat daar de RIN en lijnbreedte bij voorkeur zo klein mogelijk
zijn en de SMSR zo groot mogelijk.
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Chapter 1

Introduction

1.1 Optical telecommunication

Sending e-mail, surfing the worldwide web, having visual contact with
people you know abroad through a webcam, book a flight with a low—
cost airline, download your favorite music and movies, etc... We have
become so familiar with these (broadband) internet applications, that
it is hard to imagine life without them anymore. All those fancy ap-
plications generate enormous amounts of data: the worldwide internet
traffic is expected to grow to 1.5 million Terabits (!) per day in 2005
and this number will continue to grow exponentially in the coming
years [1]. Fortunately, we can count on a worldwide telecommunica-
tion network, based on optical fibre technology to transport that huge
number of bits all over the world [2]. The transport medium in these
optical networks is standard single-mode fibre, which has a potential
bandwidth of 25 THz, this is about 1000 times the bandwidth of the
RF radio spectrum of our planet. This 25 THz bandwidth corresponds
to the region of low propagation loss of optical fibre, situated around
a wavelength of 1.55 um. In this region the propagation loss can be
as low as 0.1-0.2 dB/km, enabling propagation of optical signals over
hundreds of kilometers (for comparison: a classical coaxial cable has a
propagation loss around 30 dB/km).

The most suitable way to fully use the complete bandwidth of (in-
stalled) optical fibres is to use WDM (Wavelength Division Multiplex-
ing): signals coming from different light sources —each at a different
wavelength— are combined (‘'multiplexed’) to one optical signal and
are sent over the same optical fibre [3, 4, 5, 6, 7, 8]. The cost reduction
that can be achieved deploying WDM technology is considerable: for a

1



Introduction

connection over 500 km installing a new fibre costs $30.000 more than
the introduction of 8 new wavelength channels in an already installed
tibre [9]. The wavelength (or optical frequency) of WDM wavelength
channels has been standardized by the International Telecommunica-
tion Union (ITU) [58]. The so—called ITU-grid consists of equally spaced
frequencies, centered around 193.1 THz. Currently the frequency spac-
ing is 100 GHz, but an evolution towards 50 GHz and even 25 GHz
is expected. Today, the bit-rate per wavelength channel is typically
2.5 or 10 Gbit/s, but an evolution towards 40 Gbit/s is already notice-
able [8, 11]. Each wavelength signal itself can consist of many multi-
plexed signals with bit-rates ranging from (multiples of) 64 kbit/s (i.e.
a single digitized phone conversation) up to 10 Gbit/s (e.g. a dedi-
cated 10 Gbit/s leased line). Furthermore, all of the multiplexed signals
can have a different modulation and coding format. The data-rate per
wavelength channel can be further increased by enhanced Time Divi-
sion Multiplexing (TDM). Using TDM, bit-rates higher than 300 Gbit/s
are expected [85]. Of course a trade-off exists between the bit-rate
per channel and the channel spacing, since e.g. a channel bit-rate of
80 Gbit/s can not be combined with a channel spacing of 25 GHz.

Initially optical (WDM) technologies were only used for point-to—
point transmission between network nodes in long-haul backbone net-
works. In each node the data are processed by electronic routers. This
means that the data that travel through the optical fibres in the network
tirst has to be converted from the optical to the electrical domain upon
arrival at a network node and back to the optical domain after pro-
cessing. Obviously, a major "electronic bottleneck” is created this way.
Therefore, an evolution is expected towards optical networks where
there will be direct optical connections between begin and end point
without electronic processing in between [3, 4, 6,7, 8, 10, 11]. These net-
works will employ wavelength routing as well as optical packet/burst
switching. It is expected that tunable semiconductor lasers will play an
important role in these future optical network technologies [12, 13, 14].
In the next section we will discuss some general requirements for trans-
mitters in optical networks, we will also briefly describe single mode
laser diodes and more in particular tunable laser diodes.

1.2 Light sources for telecommunication

Like any communication system, optical telecommunication systems
basically exist of a transmitter, a transmission medium (optical fibre)
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and a receiver. In this work the focus will be on the transmitter side and
more in particular on advanced multi-section tunable semiconductor
lasers. In the next sections we will first describe some general require-
ments for lasers diodes in optical telecommunication networks, after
which we will briefly describe single mode lasers and tunable lasers.

1.2.1 Requirements and specifications

Important characteristics for a telecommunication (light) source are out-
put power, frequency accuracy, noise properties and spectral proper-
ties.

For long—haul optical fibre networks, output powers of 10 to 20 mW
are required, for metropolitan area networks (with shorter propagation
distances) values between 2 and 10 mW are common [15, 16].

For multi—channel systems like WDM the frequency accuracy is typ-
ically required to be better than 10 % of the channel spacing, i.e. an
accuracy of 10, 5, or 2.5 GHz for a channel spacing of 100, 50 or 25 GHz
respectively.

The noise properties of a laser diode are usually described by the
relative intensity noise (RIN) and the linewidth parameters [17, 18, 19].
The RIN is a measure for the relative strength of the intensity fluctu-
ations in the laser output power compared to the average intensity of
the laser signal. The linewidth stands for the spectral width of the laser
peak and is a measure for the phase noise of the laser signal. Obvi-
ously, the RIN and the linewidth of a laser source are preferably as low
as possible when that laser is to be used as a transmitter in a telecom-
munication network. Typically the RIN lies well below —-120 dB/Hz.
The linewidth typically ranges between 1 and 100 MHz. For systems
based on coherent detection the linewidth is preferably not higher than
a few MHz [2].

The spectral properties are usually described by the side mode sup-
pression ratio (SMSR). This parameter is a measure for the spectral
pureness of the laser. To avoid problems caused by fibre dispersion,
laser sources for (long-haul) optical communication preferably are sin-
gle mode lasers, i.e. the optical power is mainly confined within the
narrow frequency range of one spectral line (mode) in the laser spec-
trum [2]. The SMSR is defined as the ratio of the power in the main
mode and that of the strongest side mode. For telecom lasers it is re-
quired that the SMSR is at least 40 dB.
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It is of course very important that the performance of the laser is
not degraded while it is being used, i.e. that the reliability of the laser
should be sufficiently high.

1.2.2 Single mode lasers

As mentioned above, telecommunication lasers are preferably single
mode lasers. The classical Fabry Perot laser-diode has multiple longi-
tudinal modes in its spectrum. Therefore, techniques have been devel-
oped to select one of the longitudinal modes and suppress the others.
This is also the case for the distributed feedback (DFB) laser, one of the
most widespread optical signal sources, especially in long-haul optical
networks [19]. In a DFB laser a periodic structure (a Bragg grating) is
integrated on top of the active layer to enhance the wavelength selec-
tivity of the laser cavity. The purpose of the Bragg grating is to filter
out the longitudinal mode that lies around the Bragg wavelength. For
an elaborated treatment, the reader is referred to [19].

DEFB lasers fulfill all requirements mentioned above, they are based
on a proven technology with a well established fabrication process,
they have excellent wavelength stability and they are highly reliable.
Unfortunately, their emission frequency cannot be tuned over a wide
range. Limited tuning is possible by changing the temperature of the
laser, which translates in a slow tuning speed. Due to the limited tuning
range and the slow switching speed, DFB lasers are not able to meet the
requirements for future optical network technologies like wavelength
routing or optical packet/burst switching. Instead, tunable transmit-
ters are required that have a wide tuning range and that can be rapidly
tuned. This is discussed in the next section.

1.2.3 Tunable lasers

Tunable semiconductor lasers typically consist of multiple sections: an
active section supplying the optical power and one or more passive
sections enabling the tuning of the emission frequency [20, 21]. This is
illustrated in figure 1.1, which show the schematic structure of a three-
section distributed Bragg reflector (DBR) tunable laser, consisting of an
active section, a phase section and a reflector section.

By changing the current through the reflector section, the spectral
position of the Bragg peak can be changed and another longitudinal
mode can be selected. By changing the current through the phase sec-
tion, the optical length of the laser cavity can be changed, i.e. that the
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Figure 1.1: Schematic structure of a three-section DBR tunable laser.

cavity
modes

Figure 1.2: Schematic representation of the Bragg peak and the cavity modes
for a three-section DBR tunable laser.

position of the entire comb spectrum of the cavity modes can be shifted.
In other words, a longitudinal mode can be nicely aligned with the cen-
ter of the Bragg peak by changing the phase current. This is illustrated
in figure 1.2 which shows a schematic representation of the Bragg peak
and the cavity modes for a three-section DBR tunable laser.

The tunable laser type shown in figure 1.1 is limited in tuning range
to about 2 THz. This is obviously a lot smaller than the available fibre
bandwidth. Therefore advanced tunable laser types were developed
which have a wider tuning range. These lasers are usually denoted
widely tunable lasers. The tuning range of widely tunable lasers is
enlarged by using the Vernier effect between two comb reflectors [20,
21]. Examples of widely tunable lasers are the sampled grating DBR
(SG-DBR) [86], the super-structure grating DBR (SSG-DBR) [87], the
grating-assisted codirectional coupler sampled reflector laser (GCSR) [88]
and the modulated grating Y-branch lasers [89]. The SG-DBR and
SSG-DBR have a reflector on each side of the active section, the GCSR
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uses a grating-assisted codirectional coupler tunable filter to select one
of the peaks of a comb reflector (SG or SSG), with the filter and the
reflector on the same side of the active section. In a Y-branch laser
both reflectors are placed on the same side of the active section using a
power splitter. Of course, each of these lasers also contains a phase sec-
tion. It should be clear that the basic principle is always the same: an ac-
tive section supplies the optical power and two or more tuning section
enable tuning of the wavelength. Therefore, the simple three-section
DBR tunable laser will be used as an example throughout this work to
investigate some important (dynamical) aspects of multi-section tun-
able semiconductor lasers. The obtained results and the conclusions
drawn from them will usually be equally valid for more complicated
tunable lasers.

The tunable lasers discussed so far are all of the monolithic type.
Other types of (widely) tunable lasers exist. As already mentioned,
the wavelength of a DFB can be tuned over a limited range by chang-
ing the temperature of the device. A wider tuning range can be ac-
cessed by combining a number of DFB’s (each with another output
wavelength, spaced about 3 to 4 nm apart) in an array using a mul-
timode interference coupler or a MEMS (micro-electromechanical sys-
tems) mirror. The wavelengths between those of the individual com-
ponents can be accessed by changing the temperature of the whole
chip, but this leads to a rather high power dissipation [14]. Another ap-
proach is a tunable vertical-cavity surface—emitting laser (VCSEL) us-
ing a movable MEMS-based top mirror. VCSELs are traditionally used
at wavelengths around 850 nm and 1330 nm, unfortunately at wave-
lengths around 1550 nm, construction of the VCSELs is difficult [14].
Yet another example of a tunable laser is an external cavity laser incor-
porating a wavelength—selective filter in the external cavity. Usually,
the filter is a diffraction grating and the wavelength is changed by ro-
tating and/or translating the retro-reflecting mirror that completes the
external cavity [14]. Just like the DFB array and VCSEL based tunable
lasers, the external cavity lasers based on movable mirrors have the
disadvantage that they cannot be used for fast wavelength switching
applications. The focus of this work will therefore be on monolithic
tunable lasers.

For more background on the construction of tunable lasers, tuning
mechanisms and the different types of semiconductor tunable lasers
etc., we would like to refer to [20, 21] and references therein.
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Today, monolithic (widely) tunable lasers can be manufactured that
have the same specifications as fixed—frequency DFB lasers over their
whole tuning range [14]. This means that every DFB could be replaced
by a tunable laser. There are however important advantages related to
the use of tunable lasers instead of fixed—frequency lasers. A first one is
related to inventory reduction: one tunable laser can be used as a source
for different wavelength channels, so that one does not need a large in-
ventory containing a separate DFB laser for each wavelength in the net-
work. Another advantage is that one tunable laser can act as a back—up
for several DFB’s, reducing the cost for spare transmitters considerably
and again simplifying inventory management. Other advantages are
related to the increased flexibility that is obtained using tunable lasers:
traffic fluctuations can be handled better (‘bandwidth on demand’) and
dynamic provisioning of new services is possible [15, 16]. However,
the most important advantage is that future optical network technolo-
gies based on wavelength routing and optical packet/burst switching
will be feasible using (widely) tunable lasers [12, 13, 14]. This will help
create the so-called ”all-optical” network. The all-optical network will
have an increased capacity, functionality, scalability and flexibility and
will be transparent to modulation and coding formats. All these ad-
vantages hold a potential for network architecture simplification and
cost—effective exploitation of networks.

1.3 Remaining issues — Goals of this work

From the previous sections it is clear that tunable semiconductor lasers
are promising candidates for many very useful applications in current
and future optical networks. Unfortunately, some issues remain to
be solved. The first one —and probably the most important one—
concerns the fast wavelength switching of these devices. For optical
packet/burst switching applications, wavelength switching times in
the order of a few nanoseconds are required. Semiconductor tunable
lasers allow such rapid tuning but unfortunately problems occur on a
larger time scale (in the order of microseconds or even milliseconds)
due to the thermally induced wavelength (or optical frequency) drift.
In this work, we will investigate the wavelength switching behaviour
of tunable lasers and propose solutions to improve it.

Another issue is related to the degradation of (tunable) semicon-
ductor lasers. In order to be used in a telecommunication network en-
vironment, reliability requirements are very stringent. Output power
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should obviously be kept at a sufficiently high level. Furthermore the
lasing wavelength should remain at its predefined value on the ITU
grid throughout the device lifetime. Otherwise the emission wave-
length could drift out of its assigned channel band or —in a worst-case
scenario— even a mode hop could occur. Even when the wavelength
(optical frequency) remains within the assigned channel band, small
frequency changes (e.g. 5 GHz) already result in power changes due
to the optical filtering of the signals. In both cases this would cause
severe signal degradation and crosstalk, obviously to be avoided at all
time. To avoid wavelength drift and mode hops, it is important that
the relation between a channel wavelength and the corresponding val-
ues of the tuning currents always remains correct. Le., when applying
the values of the tuning currents that are stored in the look-up or tun-
ing table of the laser, the laser should emit at the correct wavelength,
with sufficient output power and a high SMSR (at least 40 dB). Ag-
ing of the tuning sections can cause the wavelength versus tuning cur-
rent characteristics to change significantly, leading to a reduced wave-
length accuracy and a decrease of the SMSR, accompanied by the prob-
lems mentioned above. Therefore, a mechanism to update —preferably
automatically— the tuning table is a prerequisite for tunable lasers to
be used in a telecommunication network environment. Such a mecha-
nism will be presented in this work.

Very often an optical amplifier is integrated with a tunable laser to
boost its output power. However, it still has to be investigated how this
will influence important laser characteristics like the RIN, linewidth
and SMSR and this is also a goal of this work.

1.4 OQOutline of thesis

In chapter 2 the wavelength switching behaviour of tunable semicon-
ductor lasers will be investigated and two possible methods for im-
provement of the wavelength switching behaviour will be proposed
and discussed. One method is based on the pre-compensation of the
tuning currents, the other is based on optical feedback from a periodic
reference filter. It is shown that practical implementation of the optical
teedback scheme is difficult using existing filters without destabilizing
the laser by the feedback. Therefore, a novel filter was developed, the
design of which is described in chapter 3. In chapter 4 it is shown that
the wavelength switching behaviour of a semiconductor tunable laser
can be improved by stabilizing the laser through optical feedback from
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the novel filter. It is shown, both numerically and experimentally, that
not only the wavelength switching behaviour is considerably improved
but also that the tuning characteristics are simplified, which is a nice ex-
tra, since tunable —and especially widely tunable— lasers are not that
easy to control with their multiple (two to four) tuning currents.

Chapter 5 deals with the issues and problems associated with ag-
ing, monitoring and updating of tunable laser sources. Techniques to
monitor the performance of a laser that is working in a network envi-
ronment are described. The development of a strategy to update the
complete tuning table of a tunable laser, using only the limited infor-
mation obtained from the aging-induced changes in characteristics of
a single channel is also described.

The influence of an (integrated) optical amplifier on the RIN, linewidth
and SMSR of a (tunable) semiconductor laser is investigated in chap-
ter 6.

Finally, in chapter 7 the main conclusions of this work will be pre-
sented and an outlook for the deployment of (widely) tunable lasers in
future optical networks will be given.
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Chapter 2

Wavelength switching of
tunable semiconductor
lasers

In this chapter we will investigate how the wavelength switching be-
haviour of tunable semiconductor lasers can be improved. First we
will explain how wavelength switching can be realized with a tunable
laser, what the possible applications are and which problems and is-
sues remain to be solved. We will present a theoretical model that can
be used to numerically investigate the wavelength switching. Together
with measurement results, this will allow us to quantitatively identify
the related problems and their implications. Based on the conclusions
drawn from the theoretical and numerical results, two possible meth-
ods for improvement of the wavelength switching behaviour will be
proposed and discussed: pre-compensation of the tuning currents and
optical feedback from a stable reference filter.

2.1 Introduction

In present (D)WDM networks most of the routing of the data packets
in the crossconnects and add-drop multiplexers is done in an electronic
way. This means that the data that travel through the optical fibres in
the network first has to be converted from the optical to the electrical
domain upon arrival at a network node. This conversion is not as easy
as it sounds. As explained in chapter 1 an optical fibre typically carries
several signals at different wavelengths, whereby the data-rate at each

13
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wavelength is 2.5 Gbit/s, 10 Gbit/s or even 40 Gbit/s. Furthermore,
each wavelength signal itself can consist of many multiplexed signals
with bit-rates ranging from (multiples of) 64 kbit/s (i.e. a single digi-
tized phone conversation) up to 10 Gbit/s (e.g. a dedicated 10 Gbit/s
leased line). On top of that, not all the multiplexed signals have the
same modulation and coding format. This means that the incoming
signal first has to be de-multiplexed at least to the level of individual
wavelength signals and most likely even further down to allow the dif-
ferent data packets to be switched. Then, after the switching electronics
have determined to which output port of the node each data packet has
to be transmitted, the different signals are multiplexed again and con-
verted back to the optical domain. Bearing in mind that the transmis-
sion capacity of an optical fibre is typically 25 THz and that the speed
of top of the line electronics currently is limited to 40 Gbit/s, it should
be clear that a major “electronic bottleneck’ is created this way.

In order to avoid the electronic bottleneck of current network routers,
and also to have a more flexible and efficient usage of the very high
bandwidth capacities of the WDM technology, it is expected that future
network technologies will employ wavelength routing as well as opti-
cal packet/burst switching [3, 4, 6, 7, 8, 10, 11]. This will help create
the so-called ”all-optical” network. The all-optical network will have
an increased capacity, functionality, scalability and flexibility and will
be transparent to modulation and coding formats. All these advan-
tages hold a potential for network architecture simplification and cost-
effective exploitation of networks. Obviously, rapidly (in the order of
a few nanoseconds) tunable transmitters will be one of the key compo-
nents for such a technology [12, 13, 14]. Some semiconductor tunable
lasers allow such rapid, electronic tuning [22, 23, 24, 25, 26, 27, 28, 29, 30,
31, 32, 33], but then one encounters problems on a larger time scale (in
the order of microseconds or even milliseconds) due to the thermally
induced wavelength (or optical frequency) drift. This drift is due to the
temperature change caused by the heating associated with the switch-
ing of the tuning currents [34, 35, 36, 37, 38, 39, 40, 41]. A consequence
of the slow frequency drift is that it limits the residency time (this is
the time the frequency remains within a certain band around the cen-
ter channel frequency). This means that the maximum packet length in
packet switching application has to be limited so that the wavelength
is already switched to another wavelength before the thermal effects
start to work. Still, when two or more packets have to be switched to
the same output wavelength, problems due to the thermally induced
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wavelength drift might occur. Another negative consequence is that in
wavelength routing applications e.g. one has to wait until the steady-
state wavelength is reached. Since this can take up to a few millisec-
onds, this is not really an option in high-speed, high-capacity networks.
Furthermore, in communication systems with narrow channel spacing
(nowadays the standard is 100 GHz, but an evolution towards 50 GHz
or even 25 GHz is expected [58]), a signal might drift into a neighboring
channel band and cause crosstalk. This is obviously to be avoided at all
time.

It should be clear that it is very important to switch the channel fre-
quency in a fast and stable way. In the following sections of this chapter
we will quantify the thermally induced wavelength drift as well as pro-
pose two methods that can be used to counteract this wavelength drift.

2.2 Wavelength switching of semiconductor tunable
lasers

The wavelength (or optical frequency) of a semiconductor tunable laser
can be switched in a rather simple and straightforward manner, i.e. by
switching one or more of the tuning currents of the laser [23]. A dis-
tinction can be made according to the time scale and the amplitude of
the wavelength switching.

According to the time scale of the switching one can make a distinc-
tion between fast switching on a nanosecond scale (required for opti-
cal packet switching as already mentioned above) and (relatively) slow
wavelength switching on a time scale of a few milliseconds. Wave-
length switching on a millisecond timescale is for instance required for
protection switching [8]. Protection switching is the substitution of a
failed light path with a new working one. A light path being a signal at
a certain wavelength connecting two network nodes over optical fibre.
When this signal is interrupted, it is important to restore the connec-
tion as soon as possible. This is handled by the control infrastructure of
the network [8], which will try to set up a new light path (at the same
wavelength as the failed path). Of course, every wavelength in the
network has to be protected this way. And since many wavelengths
are travelling through a WDM network, it would be very expensive to
supply a back-up laser for each wavelength. A tunable laser with a tun-
ing range spanning (part of) the wavelength range of the network is a
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much more cost effective solution, because it can act as a back-up laser
for more than one wavelength.

According to the amplitude of the switching a distinction can be
made between the switching of the optical frequency over several chan-
nel spacings (the frequency is thereby switched from one longitudinal
mode to another) and the modulation of the optical frequency called
Frequency Shift Keying or FSK (where the laser mode is not changed).
FSK can be obtained by simply modulating one of the tuning currents,
while for a frequency switch usually all tuning current have to be switched
simultaneously. FSK can be used e.g. to attach a label to an optical
channel in order to enhance switching of (bursts of) optical packets in
DWDM networks [90]. The label information is hereby modulated in
FSK format (at a moderate bit rate, e.g. 155 Mbit/s), orthogonally to the
payload information (which is encoded using amplitude modulation).

In all cases it is very important to ensure, both for the operation
points before and after the switch has taken place, that the wavelength
is stable, that the output power has the correct value and that the SMSR
is sufficiently high. A prerequisite for this is that the tuning table (con-
taining the relation between the laser wavelength, output power and
SMSR on the one hand and the tuning currents on the other hand) of
the tunable laser is very accurate. Methods for constructing accurate
tuning tables have already been developed [21]. Using the information
in the tuning tables, the tuning currents must be switched so that sta-
ble laser operation at the desired wavelength is achieved within a few
nanoseconds or milliseconds, depending on the application. How this
can be achieved and how possible obstacles can be circumvented will
be explained in the next sections.

2.2.1 Theoretical modelling of wavelength switching

In this section we will present a theoretical model that can be used
to numerically investigate the wavelength switching of semiconductor
tunable lasers. Theoretical investigation of the dynamic characteristics
of semiconductor lasers is usually done using rate equations [17]. For a
tunable laser, the dynamics of the optical intensity are described by the
optical and electrical rate equations of the active section as well as by
the electrical rate equations of the passive tuning sections. The wave-
length dynamics are described by the electrical and thermal rate equa-
tions of the passive tuning sections as well as by the thermal rate equa-
tion of the active section. The model will be given for a three-section
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DBR tunable laser, consisting of an active section, a phase section and
a reflector section. Tunable lasers with more than two tuning sections
can be treated in a similar manner and the same conclusions hold as for
the device treated here.

Rate equation model

The build-up of optical power through the injection of electrical car-
riers in a (tunable) semiconductor laser can be described by the rate
equations for the photon density S and the carrier density N, in the
active section. These equations are given by:

49 S
—r = Lavggn(No = No)S + nBaNy = — (2.1a)
p
AN, oI,
at ZV — (AaNa + BaNg + CuNg ) = Tavggn(No — No)S - (2.1b)

where I',, is the optical confinement factor of the active section, v,
is the group velocity, gn is the linear gain coefficient, Ny is the carrier
density at transparency, 7 is a coefficient representing the coupling of
the spontaneous emission into the lasing mode and 7, is the photon
lifetime. In the equation for the carrier density o is the current injection
efficiency, e is the unit of electron charge, V; is the volume of the active
layer and A,, B, and C, are the non-radiative, bimolecular and Auger
recombination coefficients of the active section respectively. Since we
are mainly interested in the change of wavelength with the tuning cur-
rents, we have neglected nonlinear gain suppression in the above equa-
tions. The photon lifetime 7, is determined by:

jp - Li {( . %ln (ngfRd(A))} 2.2)
where c is the speed of light, L. is the effective cavity length, ¢ is
the total absorption within the cavity, { is a coupling coefficient and Ry
and R4(\) are the power reflectivities of the facet and the DBR respec-
tively. 1/7, represents the total cavity loss. The effective cavity length
L. is determined by L. = nqL, + npLy + ngLcsr where ng, nyp and ng
are the refractive indices of the active, the phase and the reflector sec-
tion respectively. L, and L, are the lengths of the active and the phase
section respectively and L. is the effective length of the DBR mirror.
The total cavity absorption ( is determined by:
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¢ =TutaLa + TpapLy + TgorgLess 2.3)

with I', and I'g the optical confinement factor of the phase and re-
flector section respectively and o, o, and «aq4 the internal absorption
of the active, phase and reflector section respectively. The internal ab-
sorption depends on the carrier density through:

;= o + 5Bj§éNi (2.4)

From this equation it is clear that the photon density in the ac-

tive section, and thus the emitted power, will depend on the current

through the passive tuning sections. This means that we also have to

take into account the rate equations for the carrier density N; and N,
in the reflector and phase section respectively. These are given by:

de O'Id 2 3

—% = —%— (AgNg + ByN, N, 2.
TR (AgNg + ByNi + CyNy) (2.5a)
AN, ol 2 3

F b (ApN, + BN, + C,N,)) (2.5b)

with Vg (V}) the volume of the reflector (phase) section and A, (4,),
B; (Bp), and Cy (Cp) the non-radiative, bimolecular and Auger recom-
bination coefficients of the reflector (phase) section respectively.

Equations (2.1) to (2.5) form a set of coupled non-linear differential
equations that have to be solved to investigate the dynamics of the laser
output intensity.

The wavelength dynamics are determined by the carrier and ther-
mal effects in the tuning sections and by the thermal effects in the active
section. The electrical rate equations for the tuning sections are already
given by (2.5). For the investigation of the wavelength switching we
will use the following simplified form which can be obtained from (2.5)
by only taking into account the linear term for the carrier recombination
contribution (the second term in the right-hand side of the equations):

dNg ol; Ny
—_— = = — 2.6
dt eVy T (2.62)

dN, oI, N,
_ % 2.6b
at eV, (2.60)
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where 7, represents the carrier lifetime. We have made this sim-
plification because in this form the equations can be solved analyti-
cally, which is handy since we want to simulate effects that work over
a rather large time span. The only consequence is that the simulated
switching shows a small deviation up until a few nanoseconds after the
switching moment. This is however not a major problem, since we are
mainly interested in the influence of the much slower thermal effects.

The thermal effects can be modelled using the well known simple
concentrated-constant thermal model. The laser is split up into several
discrete sub-components. Each sub-component is assumed to have an
infinite thermal conductivity so that at each moment the whole sub-
component has the same temperature. As a consequence the temper-
ature will not be a continuous varying function, but will have a con-
stant value for each sub-component. Every sub-component can then
be represented by a thermal capacity and the heat flow between sub-
components can be modelled by a thermal resistance. Since the con-
tact surface beween the active and phase section waveguides and the
phase and reflector section waveguides respectively is very small, it
is assumed that there is no thermal flux between the waveguides. This
means that we assume that the waveguides only dissipate heat through
their bottom contact, this heat flow is represented by R;. Figure 2.1
shows a schematic representation of the thermal model of a three-section
DBR laser consisting of an active, a phase and a Bragg section. The laser
chip is mounted on a subcarrier which is mounted on a heat sink. The
heat flow between the laser chip and the subcarrier and the subcarrier
and the heat sink is represented by R» respectively R3. The heat sink
is assumed to have an infinite heat capacity and thus has a constant
temperature Tp.

The thermal rate equations can now be written as follows [34]:

dT; o Prdn o 1;i—T1¢

CZE = EZO'IrL + Zn: m(()’[l) Rl (27&)
ch P5d0 2 E - Tc Tc - Ts

Ce = 1 — 2.7b
dt woLo L + ; Rl R2 ( )
dTS TC - TS TS - TO

Cs— = — 2.7
dt Ro R3 2.7¢)

where C; is the heat capacity of each section and is determined by
C; = CyipyiVi with C,; the specific heat, p,; the density and V; the vol-
ume of each section. C. and C; are the heat capacity of the laser chip
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Figure 2.1: Thermal model of a three-section DBR laser.
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Figure 2.2: Schematic representation of the waveguide structure.

and the subcarrier respectively. F; is the junction voltage, p,, and d,, are
the ohmic resistivity and the thickness of the n-th region. With n = 3,
4, 5 for each section, corresponding to the thickness of the waveguide,
the InP and quaternary contact layers respectively. this is schematically
represented in figure 2.2. L; and w; are the length and width of each
section and L( and wy are the length and width of the total laser chip.

Equations (2.7) express that the (thermal) power that is dissipated
in a subcomponent equals the power that is supplied to that subcompo-
nent minus the power that flows away to other subcomponents. Supply
of power can come from subcomponents that have a higher tempera-
ture or from thermal sources (e.g. Joule heating). Since not all of the
current that is injected into a section effectively flows through that sec-

tion, a leak current I;, = (1 — o) ) I; has to be taken into account. Fur-
i
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thermore, the current flowing through the active section is partly con-
verted to optical power. However, since this is typically a very small
fraction (10 to 20 %), we will neglect this fraction. Equation (2.7a) de-
termines the temperature of each laser section T; (i = a,p, d). The first
term on the right-hand side of (2.7a) represents the heat generated by
the electrical power dissipation in each section. The second term rep-
resents the heat generated by the Joule effect, i.e. the power dissipated
by the current through a section in the Ohmic resistor with length d;,
surface w;L; and resistivity p,. The third term on the right-hand side
of (2.7a) represents the heat flux between each section and the laser
chip. Equation (2.7b) determines the temperature of the laser chip. The
first term on the right-hand side represents the Joule heat generated by
the leak current in the laser chip, while the second and third term rep-
resent the heat flux between the laser chip and the waveguide sections
and the subcarrier respectively. Equation (2.7c) determines the temper-
ature of the subcarrier and takes into account the heat flux between the
subcarrier and the laser chip and the heat sink respectively.

The carrier density and temperature effects that are described above
both influence the refractive index n; of each section. This can be ex-
pressed as follows [20]:

& VS neom. dt T dT di 2.8)

with )¢ the laser wavelength, ¢y the permitivity and m, the carrier
weight.

Once the refractive index of each laser section is known, the laser
wavelength can be determined from the phase condition:

A
Na(t)La + np(t) Ly + ng(t) Legs = % (2.9)

with L.y the effective cavity length of the DBR mirror and m an
integer. It is assumed that the laser wavelength is the wavelength ful-
filling (2.9) that lies closest to the Bragg wavelength. Mode competi-
tion [26] has not been taken into account in this model.

2.2.2 Simulation results

The system of non-linear coupled rate equations described above was
solved using the math tool Maple [42]. The differential equations can
be solved symbolically by transforming them to the Laplace domain.
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Figure 2.3: Change of temperature in time after I; was switched between 0
and 30 mA, with /,=70 mA, I,=0 mA and 75=300 K.

This yields a set of closed expressions for the temperature, carrier den-
sity and refractive index in the different sections which can be used to
determine the laser wavelength. Table 2.1 summarizes the parameter
values [34] that will be used in the numerical calculations.

Figure 2.3 shows the change of temperature (7}, Ty, 1), T and T;) in
time after the current through the reflector section I; was switched be-
tween 0 and 30 mA, with 1,=70 mA, I,=0 mA and Tp=300 K. The graph
has a logarithmic time-scale, so that a detailed view can be given for a
large time span. Right after the current switch the phase and reflector
section have the same temperature as the laser chip. And since there
is no current flowing through the phase section it remains on the same
temperature as the laser chip. Since the current through the reflector
section is switched (to a higher value) the temperature of this section
starts to rise first. Then the active and phase section and laser chip tem-
perature rises and finally also the temperature of the subcarrier rises.

Since we have used a concentrated-constant thermal model, three
discrete time constants can be distinguished in figure 2.3: one at 3.38 ns,
which is of the same order of magnitude as the carrier lifetime. The
second time constant lies around 1.7 us and the third one lies around
500 ps. These time constants are associated with the heat transfer from
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Table 2.1: Laser parameters used for the thermal modelling of a three-section
DBR laser [34]

Parameters [[ Symbol [[ Active | Phase [ DBR | Unit
Length L; 300 250 300 pm
Effective Length Leyy 135 pm
Width w; 1.0 1.5 1.5 pum
Thickness d; 0.15 0.25 0.25 pm
Refractive index n; 3.20 3.18 3.19 -
Confinement factor Ty 0.325 0.488 0.488 -
Coupling coefficient £ 0.8 -
Current injection coeff. o 0.75 -
Reflectivity of facet Ry 0.35 -
Reflectivity of DBR Ra(AB) 0.35 -
Internal absorption oy 20-103 [ 1510% [ 1510° m~ !
Shift of absorption da; /dN; 1.8-10~ 2 m?
Non-radiative rec. coeff. A; 1.4-108 0.5-108 0.5-108 s~ 1
Bimolecular rec. coeff. B; 100 100 100 s~ 1um3
Auger rec. coeff. C; 7.5.10~° 25107°% | 25.107° s~ 1pumb
Spont. emission n 1.0.10~7% -
coupling coeff.
Gain coefficient IN 483.10~ 21 m?
Transp. carrier dens. No 1.37-10%% m—>
Shift of refractive index dn;/dT 1.1.107% 1.6:10~* | 1.6:10~% KT
Junction voltage E; 0.83 0.95 0.95 Vv
Specific heat Chi 3.125-102 | 3.123-10% | 3.123-102 | m2s—2K~!
Density Pui 4.83-103 482103 | 4.82-103 kg/m?3
Laser chip heat capacity Ce 2.46-10~7 J/K
Submount heat capacity Cs 5.32.10~6 J/K
Ry 24.0 K/W
Thermal resistance Ry 7.0 K/W
R3 9.4 K/W
Heat sink temperature To 300 K
03 9.24-107° Om
Ohmic resistivity P4 2.19-10~3 Om
05 2.23.1073 Qm
Thickness dg 3 pm
ds 50 pm
wo 300 pum
Laser chip dimensions Lo 1000 pum
do 100 pm
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Figure 2.4: Change of the lasing wavelength ();) and the Bragg wavelength
(Ap) in time after I; was switched between 0 and 30 mA, with [,=70 mA,
I,=0 mA and 7;,=300 K.

waveguide-to-chip, chip-to-subcarrier and subcarrier-to-heat sink re-
spectively.

Figure 2.4 shows the change of the lasing wavelength ()\;) and the
Bragg wavelength (Ag) in time after the current through the reflec-
tor section I; was switched between 0 and 30 mA, with I,=70 mA,
I,=0 mA and T=300 K. Since the lasing wavelength fulfills the phase
condition (2.9), it changes stepwise during the switching of the reflector
current. The different steps correspond with the different cavity modes
that lie in the center of the Bragg peak during the switch. It can be
seen that after the switch (strong decrease of the wavelength) the wave-
length drifts (slight increase of the wavelength) towards its steady state
value.

Since the wavelength drift is so small compared to the wavelength
switch, figure 2.5 shows a detail of figure 2.4 after the switch. The same
time constants that appeared in the change of the temperature can also
be distinguished in the wavelength drift. The smallest time constant is
however masked by the carrier density dynamic effects.

The total drift is around 40 pm or 5 GHz. This might seem small.
However, for an ITU-channel spacing of 50 GHz the error is already
10 %. And even for higher spacings, a deviation of a few GHz of the
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Figure 2.5: Drift of the lasing wavelength ();) and the Bragg wavelength (\p)
in time after /; was switched between 0 and 30 mA, with /,=70 mA, I,=0 mA
and T,=300 K.

channel frequency can lead to intolerable power differences between
channels due to the optical filtering of the signals. Furthermore, the
current step was only 30 mA and only one tuning current was switched.
In practice nearly always at least 2 tuning currents will have to be
switched to ensure single-mode operation before and after the switch.
Also, the (static) frequency accuracy of a commercial tunable laser mod-
ule is typically required to be 1 GHz or better.

The dependence of the wavelength drift on the size of the switch-
ing current step can be seen in figure 2.6(a) and 2.6(b) which show the
(absolute value of the) wavelength drift for switching current steps of
10, 20, 30, 40 and 50 mA after a period of 10 us and 3 ms respectively.
In each graph the lowest curve corresponds with a switching current
step of 10 mA, the next corresponds to 20 mA, up to the upper curve
which corresponds to 50 mA. The time scale of these graphs is now lin-
ear. From figure 2.6 it clearly follows that the wavelength drift increases
as the switching current step increases and that the time constants are
the same for every switching current step. The wavelength is stabilized
after 2.5 ms, which is about 5 times the biggest time constant.

From the above it is clear that the wavelength drift can be mod-
elled by a sum of two exponential functions: one corresponding to the
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Figure 2.6: Wavelength drift (absolute value) for switching current steps of 10,
20, 30, 40 and 50 mA after a period of 10 us and 3 ms respectively (each time
the lowest curve is for 10 mA, while the highest is for 50 mA).

time constant of 1.7 us, the other one corresponding to the time con-
stant of 500 us. Since we are interested in the thermally induced (i.e.
slow) wavelength drift, the smallest time constant can be omitted. Fig-
ure 2.7 shows the dependence of the amplitude of each of the exponen-
tial contributions on the switching current step. For increasing current
steps, the (wavelength) deviation also increases. The increase is slightly
quadratic, which is obviously due to the quadratical dependence of the
Joule heating on the current.

2.2.3 Experimental results

The wavelength switching behaviour of semiconductor tunable lasers
also was investigated experimentally. The measurement setup is shown
in figure 2.8. The laser is a three-section DBR packaged tunable laser
from JDS Uniphase. There are no RF-connections to the tuning sections,
but since we are investigating the influence of slow thermal effects, this
is not a major problem. The laser currents and temperature are con-
trolled by the laser diode controller. The reflector current is switched
using a pulsed current source with a pulse width of 3.225 ms and a
duty cycle of 50 %. The laser output is sent through the tunable filter of
the spectrum analyzer to convert the wavelength variations to power
variations. The resulting signal is monitored on a digital sampling os-
cilloscope which is triggered from the pulsed current source. The data
on the scope are read out using a Labview program and are further
treated using Excel.
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Figure 2.7: Amplitude of the exponential contributions (with time constant
1.7 ps and 500 pus resp.) in the thermally induced wavelength drift versus
increasing switching current step.
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Figure 2.8: Measurement setup to characterize the wavelength switching be-
haviour of semiconductor tunable lasers.
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Figure 2.9: Measured (full lines) wavelength drift (absolute value) versus the
drift calculated using a three time constant model (symbols) for three different
step amplitudes (20, 30 an 40 mA respectively).

By carefully tuning the filter in the spectrum analyzer, the drift can
be determined quantitatively. The filter is tuned to a wavelength that
is slightly smaller then the destination wavelength. The power of the
signal after the filter will then decrease due to the drift after a switch to
a higher current (i.e. a switch to a lower wavelength followed by a drift
towards higher wavelengths). Using the measured filter characteristic,
the wavelength versus time response can now be determined from the
power versus time response of the filtered signal [42].

Figure 2.9 shows the measured (full lines) wavelength drift and the
drift calculated using a three time constant model (symbols) for three
different step amplitudes (20, 30 an 40 mA respectively). The graph
shows the absolute value of the wavelength drift. Again, three time
constants, independent of the step amplitude can be observed and there
is good agreement between theory and experiment. The time constants
are 550 ps, 30 ps and 1.5 s (these are the same for each step amplitude).
After 2 ms the steady-state wavelength has been reached.

Figure 2.10 shows the measured amplitude of the exponential con-
tribution with a 550 us time constant in the thermally induced wave-
length drift for increasing switching current steps. Again, we see a
slightly quadratic increase when the switching current step increases.
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Figure 2.10: Measured amplitude of the 550 us time constant contribution in
the thermally induced wavelength drift versus increasing switching current
step.

2.3 Pre-compensation method

Taking into account the results presented in section 2.2, one could think
of counteracting the thermally induced wavelength drift by pre-com-
pensating the tuning currents using simple first order RCfilters [43].
Proof of this very simple principle is shown in figure 2.11. It can be
seen that the drift is already strongly suppressed by only compensating
two time constants. Unfortunately, due to the quadratical dependence
of the heating on current, compensation for different current step val-
ues is difficult to obtain using only linear elements. For current steps
bigger or smaller than the one the pre-compensation was optimized
for, under- respectively over compensation occurs, as is shown in fig-
ure 2.12. Furthermore, the wavelength drift depends on the switching
history, making it difficult to optimize this technique for all possible
switching combinations.

Due to the problems associated with the RC pre-compensation tech-
nique, we developed a novel method, based on optical feedback from
a stable reference filter, that can be used to suppress the thermally in-
duced wavelength drift independent of the size of the current step. Le.
the compensation is independent from which channel the wavelength
is being switched to and also independent from the switching history.
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Figure 2.11: Suppression of wavelength drift using simple RCfilters to pre-
compensate the tuning currents. The wavelength change after a current step
of 40 mA is shown, without compensation and with compensation of a first
and second order filter respectively.
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Figure 2.12: Over- and under compensation for current steps smaller (25 mA
and 30 mA) resp. bigger (43 mA) then the one the pre-compensation was
optimized for (40 mA).
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Figure 2.13: Novel feedback scheme to improve the wavelength switching
behaviour of semiconductor tunable lasers.

In the next section we will describe the principle of the stabilization.
A short theoretical background on the influence of optical feedback on
a semiconductor laser will be given together with some numerical re-
sults.

2.4 Optical feedback

In this section we will investigate how the wavelength switching be-
haviour of semiconductor tunable lasers can be improved through op-
tical feedback from a periodic optical filter. The filter should be physi-
cally separated from the laser so that it is not influenced by temperature
variations in the laser and can thus act as a stable reference for the laser
wavelength, independent from the time evolution of the tuning cur-
rents. A possible implementation of the feedback scheme is shown in
figure 2.13. The scheme only contains two power splitters and a comb
filter that is physically —and thus thermally— separated from the laser,
thus providing a stable frequency reference, independent of tempera-
ture changes in the laser sections. The feedback strength is determined
by the splitting ratios ¢; and cz. The reason why the right facet of the
laser is anti-reflection coated will become clear below. If the feedback
is correctly applied, the laser will then operate on wavelengths (optical
frequencies) determined by the filter peaks. What “correctly” means,
will be explained in the following sections.

For a laser that is to be used in a telecommunications network, the
filter peaks should obviously be situated at the ITU-frequencies. In that
case the peak separation will typically be 100 GHz or 50 GHz [58]. In
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order not to have too much interference between adjacent peaks, the 3—
dB width (or the FWHM: Full Width Half Maximum ) of the filter peaks
should be smaller than 10 GHz. On the other hand, the peaks cannot
be too narrow (e.g. smaller than 1 GHz), because then the feedback
will become too weak to obtain stable external cavity operation. This
will be explained in the following sections. More details about the filter
specifications will be given in chapter 3.

24.1 Theoretical background

Optical feedback can have a large influence on the performance of a
semiconductor laser. Already for very low feedback levels (-40 dB or
less) the static, dynamic and spectral behaviour can be strongly af-
fected. Such low feedback levels can for instance be caused by a reflec-
tion at the end of a fibre pigtail. Hence, an isolator is often integrated
in the package of a laser that is coupled to fibre to ensure error-free
operation of the laser.

Optical feedback has some practical applications like the enhance-
ment of single longitudinal mode operation, linewidth narrowing and
wavelength tuning [44, 45]. But unfortunately, as we will see, opti-
cal feedback can also cause instabilities and laser performance can be
severely degraded. In this section we will give an overview of the dif-
ferent phenomena that can occur when a semiconductor laser is subject
to optical feedback.

During the past decades and up until today, a lot of research has
been conducted towards the influence of optical feedback on laser per-
formance. It is certainly not our aim to fully explain the theory behind
optical feedback —this alone could be (has been) the subject of several
doctoral theses. Nor will we try to give a complete overview of the
literature concerning this subject. We simply want to provide some ba-
sic knowledge to be able to understand the problems that (can) occur
when one tries to improve the (wavelength switching) behaviour of a
semiconductor (tunable) laser through optical feedback. References to
key publications in the field of semiconductor lasers subject to optical
feedback will also be given.

Rate equation model

The analysis of a laser subject to optical feedback (or a laser in an exter-
nal cavity configuration), usually starts from the rate equation for the
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electric field E(t) in its complex form. Neglecting spontaneous emis-
sion and assuming that the solitary laser (i.e. the laser without feed-
back) is mono modal one gets [46]:

L =i+ g e ED - 2] b B0 + SEe-1) @10

In this equation w (V) stands for the angular optical frequencies of
the longitudinal modes of the laser diode cavity. These are determined
by the Fabry Perot resonance condition (i.e. the phase difference after
one round trip in the cavity should be a multiple of 27):

prc

w(N) = n(w, N)Lp

(2.11)
for the p—th longitudinal mode, where p is an integer, [V is the carrier
density in the laser diode cavity, c is the speed of light, n(w, N) is the
effective refractive index of the laser medium and Lp is the length of
the laser diode.
As mentioned earlier, it is assumed that the solitary laser oscillates
in a (single) longitudinal mode with angular frequency

wo = w(Nip) (2.12)

with Ny, the threshold carrier density of the solitary laser.
G(N,|E|?) is the modal gain per second and 7, is the photon life-
time. The gain can be expressed as

G(N,|E*) = Gn(N — No)(1 — T |E[) (2.13)

with Gy the differential gain, Ny the transparency carrier density,
¢ the nonlinear gain suppression coefficient and I" the confinement fac-
tor, which are all constants. When no feedback is present /Vy, can be
determined from G(Ny,, 0) = 7,7

The last term on the right hand side of (2.10) represents the external
teedback contribution. 7p and 7 are the round-trip times in the laser
and external cavity respectively. x represents the coupling of the re-
flected field back into the laser mode. For a Fabry Perot laser or for a
tunable laser where the reflected field enters the laser through the facet
of the active section (e.g. two- or three section DBR lasers), an expres-
sion for x can easily be derived. Considering figure 2.14 and neglecting
multiple reflections in the external cavity (i.e. we assume that k <1),
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Figure 2.14: Schematic representation of an external cavity laser diode

the ratio of the field component that enters back into the laser cavity
after one round trip in the external cavity and the field component that
is directly reflected at the right laser facet is given by

223 e=dwor (2.14)
T2
with ¢9, 79, 73 the field transmission and reflection coefficients of the
right laser facet and the external reflective surface respectively, n the
(power) coupling efficiency between the two cavities and wy the laser
frequency. Since r = VR and (for normal incidence) t> = T = 1 — R,
we get for k

fext
=(1— 2.1
k= (1 — Rg) Ry (2.15)
where we have introduced the feedback fraction
Jeat = 772R3 (2.16)

which is the ratio of the power entering back into the laser cavity to
the power emitted from it. For DFB lasers, the expression for x becomes
slightly more complicated and x may become complex [91], but for the
rest the analysis of (2.10) remains unchanged.

Now that we have explained all variables and parameters in equa-
tion (2.10), we will split it up in an equation for the amplitude and the
phase of the (complex) electrical field E(t). Using the plane wave and
the slowly varying envelope approximation, E(t) can be written as

E(t) = Ey(t)el@ot+o(b) (2.17)

where Ey(t) and ¢(t) are both real and slowly varying functions of

Inserting (2.17) into (2.10), one obtains:
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B _ 2 [G(N, E3) - Tlp] Eo(t) + 2= Bo(t — 1) cos(wnr + A(0)
(2.18a)
de(t) k Eo(t—1) .
R w(N) —wy — %OEOW sin(wor + A(t)) (2.18b)

where A(t) = ¢(t) — ¢(t — 7) is the phase delay over an external
cavity round-trip time 7. Since the instantaneous optical angular fre-
quency is given by w = wg + d¢/dt it follows that

4=

t
A

/ w(t)dt' = wg + — (2.19)
T

t—1

which shows that A /7 can be regarded as an average frequency de-
viation from the oscillation frequency of the solitary laser.

For a semiconductor laser amplitude and phase variations are cou-
pled through the carrier density dependence of the refractive index.
This coupling is described by the linewidth enhancement factor o [92]

_,wo On/ON
ng 0G/ON

where ng = n + wy(0n/0w) is the group effective index. The minus
sign in this definition is chosen so that « is positive at semiconductor
laser wavelengths. Typically « lies between 3 and 6 for GaAs/AlGaAs
and InP/InGaAsP semiconductor lasers [92].

We will now introduce « into the rate equations by expanding w
around wy = w(Vy,). We will assume that the carrier density NV for the
external cavity laser lies around [V, as is the case for a laser without
feedback, so that we can limit the expansion of w(/V) to the first order
term:

(2.20)

d
W(N) = wp + 22 AN 2.21)
dN N=N,,

With dw/dN from (2.11) and using (2.20) it follows that

wo On a 0G
w(N)=wy— —==AN =wp + = —=AN. (2.22)
ng ON 2 ON

Equation (2.18b) then becomes
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sin(wor + A(t)) (2.23)

To complete our laser model, the rate equation for the (average) car-
rier density in the laser section is also considered:

dN N
—=J-— -G, E2E2(t) (2.24)

with J the injection current density and 7. the carrier lifetime.

Steady-state solutions

First we will consider the steady-state or stationary solutions of the rate
equations. From these solutions the feedback-induced change of the
(steady-state) gain AG and that of the oscillation frequency Aw can be
obtained. AG and Aw are solutions of equations (2.18a) and (2.23) (in
their stationary form) and thus determine the possible modes of the
external cavity system consisting of the laser and the external cavity.
Hence, these modes are called external cavity modes.

A steady-state solution satisfies Fy(t) = Ey, ¢(t) = Awt (or w =
wo + Aw) and N(t) = N where Ey, Aw and N are time-independent.
Substitution in (2.18a) renders:

1 [G(N, L2) — 1} + = cos(woT + AwT) =0 (2.25)
2 Tp D
Using G(Ny,,0) = 7,7!, this leads to:

AG =2 cos(wT) (2.26)

™D
From (2.23) it follows that

do 10G K.
i Aw = ia—NaAN T sin(wr) (2.27)

So that using AN (0G/ON) ~ AG leads to:

Aw = —Ti [ cos(wT) + sin(wT)] (2.28)
D

or

Awt = —C'sin(wT + arctan(«)) (2.29)
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Figure 2.15: Optical feedback induced shift of the laser frequency versus the
external phase shift for the solitary laser frequency, for a feedback coefficient
C of 0.6 and 3 respectively and with o = 6.

with C = %T\/ 1+ a2. Equation (2.29) is the phase condition for
the external cavity modes.

The linewidth of an external cavity laser can also be calculated from
the above rate equations. We will not resume the calculation here, but
refer to [45] instead.

A
v = 70 . (2.30)
[1+ C cos(wT + arctan «)]

with Avy the linewidth of the solitary laser. The above expression
only holds when the external cavity round-trip time 7 is smaller than
the coherence time of the laser [45].

The parameter C' in the above equations is the feedback coefficient
and is often used to describe the stability of lasers under weak to mod-
erate external optical feedback [55]. The feedback coefficient is propor-
tional to the coupling coefficient and thus is a measure for the feedback
strength.

To illustrate the influence of (increasing) external optical feedback,
AwTt, AGT and Av/Avy (determined by (2.29), (2.26) and (2.30) respec-
tively) are shown in figure 2.15, 2.16 and 2.17 respectively versus the
phase change in the external cavity for the solitary laser frequency woT.
The results are shown for two different values of the feedback coeffici-
entC <1(C=0.6)and for C >1(C =3).

From figure 2.15(a) it can be seen that as long as C' is smaller than
unity, there is only one steady-state solution. This means that the ex-
ternal cavity laser will emit light in a single (external cavity) mode, the
linewidth of which is narrowed or broadened depending on the phase
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Figure 2.16: Optical feedback induced shift of the threshold gain versus the
external phase shift for the solitary laser frequency, for a feedback coefficient
C of 0.6 and 3 respectively and with o = 6.

of the feedback, cfr. figure 2.17(a). This can already be noticed for feed-
back levels as low as -80 dB [50]. As soon as C' becomes larger than
unity, the system becomes much more complex and can have multiple
solutions. This is illustrated in figures 2.15(b), 2.16(b) and 2.17(b). The
laser emits in multiple external cavity modes and shows noise-induced
frequency hopping between the different modes [50, 51, 53]. Since C de-
pends on the external cavity round-trip time, the transition to this sec-
ond regime not only depends on the the feedback strength, but also on
the distance to the reflector. In [50, 51, 53] it is also shown that the pre-
ferred external cavity modes are those with minimum linewidth, that
the magnitude of the splitting depends on the strength of the feedback
and on the external cavity length and that the rate of the mode hop-
ping decreases for increasing feedback. When the feedback strength
is increased further, a third regime is entered where the laser locks to
the (external) cavity mode with minimum linewidth. This is explained
in [93] using a potential model. The laser is now operating in a single,
relatively stable narrow linewidth mode. The corresponding feedback
levels lie between -50 and -40 dB. This stable condition is unfortunately
not maintained for increasing feedback levels. Already for feedback
levels as low as -40 dB, the laser can enter an unstable state, denoted
as “coherence collapse” [48, 49, 50, 51, 52, 53, 55]. This is accompanied
by a drastic increase in linewidth and RIN, rendering the external cav-
ity laser totaly useless for application in a telecommunication network.
This unstable state can be maintained for feedback levels spanning sev-
eral decades, i.e. from -40 dB up to -10 dB [50, 51, 53, 55]. Since in the
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Figure 2.17: Optical feedback induced change of the linewidth versus the ex-
ternal phase shift for the solitary laser frequency, for a feedback coefficient C
of 0.6 and 3 respectively and with a = 6.

coherence collapse state laser performance is seriously degraded, it is
obviously to be avoided at all time. Therefore, an isolator is mostly in-
tegrated in the package of laser to be used as a transmitter in a network.

For very high feedback levels the laser can enter a fifth feedback
regime [50, 52, 53, 55]. In this regime the laser operates in a stable nar-
row linewidth mode for all phases of feedback. The linewidth is still
influenced by the feedback phase but the laser always stays stable, in-
dependent of the phase. The linewidth stays within the same order of
magnitude for all phase shifts and does not exceed the linewidth of the
solitary laser. When a very narrow linewidth is required, the linewidth
can be minimized by adjusting the phase (mechanically) by changing
the distance between the laser and the filter. This is not always possible
and furthermore very difficult to control in a stable manner. For a tun-
able laser however, the phase can always be adjusted electronically by
changing the current through the phase section. The fifth regime can
only be reached for feedback levels above -10 dB, this means that the
laser has to be anti-reflection coated.

From the above it is clear that five regimes of feedback effects can
be distinguished for a semiconductor laser experiencing optical feed-
back. In the first regime for very low feedback levels (below -70 dB)
the laser operates on a single external cavity mode and linewidth nar-
rowing or broadening occurs depending on the phase of the feedback.
In the second regime the laser is no longer mono-modal and shows
noise-induced frequency hopping between the different external cav-
ity modes. The corresponding feedback strength lies between -70 and
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-50 dB, depending on the distance to the external reflection. The third
regime is reached for feedback levels between -50 and -40 dB for which
the laser operates in a stable single narrow mode. Unfortunately, this
stable regime is rather narrow and if the feedback strength is increased
further the laser enters the fourth regime: the unstable coherence col-
lapse regime, characterized by a drastic increase in linewidth and RIN.
The corresponding feedback levels range from -40 dB up to -10 dB. The
fiftth regime finally, can only be reached for feedback levels above -
10 dB. In this regime, the laser operates in a stable narrow linewidth
mode for all phases of feedback. It is in this regime that we want the
tunable laser with optical feedback from a periodic reference filter to
operate. Therefore —as mentioned before— the laser facet will have to
be anti-reflection coated in order to obtain a sufficiently high feedback
level. Furthermore, it is extremely important to avoid the laser from
entering the coherence collapse regime (regime IV). To this end it is rec-
ommended to keep the external cavity length as short as possible. For
lasers with a very short external cavity (shorter than 5 mm) it has been
found that the laser remains stable for any feedback level, without the
occurrence of coherence collapse [52].

It could be remarked that in the fifth regime one could consider
the system as a laser with an extended cavity, rather than a laser with
optical feedback. Asis common practice in the literature on this subject,
we will use the terms "feedback” and ’external cavity laser’.

The existence of the five feedback regimes and the distinct separa-
tion between them has been experimentally verified rather early on in
the work on optical feedback [50]. Theoretical verification of the ob-
served effects and their dependence on laser parameters was achieved
in a number of preceding and following papers [46, 45, 47, 49, 51, 52,
93, 53, 54, 55] and references therein. All five regimes can be described
by equations (2.18a) and (2.23). For low to moderate feedback levels
(regime I to IV) the equations can be solved analytically [46, 45, 47, 49]
but for higher feedback levels numerical calculations are necessary [51,
52, 53, 54].

2.4.2 Simulation results

In this section we will numerically investigate the influence of the feed-
back strength (fc,¢) and the external cavity length on some general
semiconductor laser characteristics like the RIN and the linewidth, with
the focus on the fifth feedback regime. For this we will use the commer-
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Figure 2.18: Linewidth for an external cavity laser subject to optical feedback
from a periodic filter. Results are shown for an external cavity round-trip time
7 =0.05 ns (squares), 0.3 ns (triangles) and 2.4 ns (crosses).

cially available software VPI Componentmaker [56]. In chapter 4, the
influence of the feedback parameters on characteristics more specific to
semiconductor tunable lasers (like the tuning table and the wavelength
switching behaviour) will be investigated.

Figure 2.18 and 2.19 show the calculated linewidth and the RIN ver-
sus the feedback strength for an external cavity laser subject to optical
teedback from a periodic filter, and this for an external cavity round-
trip time 7 = 0.05 ns (squares), 0.3 ns (triangles) and 2.4 ns (crosses)
respectively. These round-trip times correspond to an external cavity
length of 7.5 mm, 45 mm and 360 mm respectively. The laser had an
AR—coating with a reflectivity of 0.01 and the output power of the soli-
tary laser was 4 mW. It is obvious that both the linewidth and RIN can
reach intolerable high values if f.,; becomes smaller than —16 dB. The
linewidth can reach values up to a few ten GHz, the RIN values up to
-100 dB. As mentioned in chapter 1, these values are much too high to
be used in a telecommunication network. On the other hand, for high
feedback levels (corresponding to the fifth feedback regime, mentioned
above) the linewidth can be reduced up to a few kHz. It can also be
noticed that for longer external cavities it is more difficult to reach the
tifth feedback regime or that it is not even reached. The reason that the
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linewidth and RIN are rather high for feedback levels below -50 dB is
that the laser facet is AR—coated.

In the previous section it was mentioned that for very short exter-
nal cavity lengths (smaller than 5 mm) it has been found that the laser
remains stable for any feedback level, without the occurrence of coher-
ence collapse [52]. For our feedback scheme we have not simulated
external cavity lengths smaller than 7.5 mm. This is because for prac-
tical coupling of the laser with the filter, a spacing of at least 5 mm is
required, this will become clear in chapter 3 and 4. However, from fig-
ure 2.18 and 2.19 it is clear that even for an external cavity length of
45 mm, stable external cavity operation can be obtained, provided that
the feedback level is sufficiently high. For completeness, figure 2.20
shows the RIN of a Fabry Perot laser subject to optical feedback from
a mirror, and this for an external cavity round-trip time 7 = 0.0133 ns
(squares) and 0.3 ns (triangles) respectively. These round-trip times cor-
respond to an external cavity length of 2 mm and 45 mm respectively.
The laser had an AR-coating with a reflectivity of 0.01 and the output
power of the solitary laser was 7 mW. For an external cavity length of
45 mm we see the same behaviour as in figure 2.19, but for an external
cavity length of 2 mm it can clearly be seen that the coherence collapse
regime does not occur.

Another advantage of the external cavity configuration is that the
high-frequency modulation behaviour is improved and that the chirp
is decreased, making direct modulation at speeds above 10 GHz pos-
sible [94, 95]. This falls outside the scope of this work however, so we
will not go into further detail on it.

2.4.3 Practical implementation

Practical implementation of the feedback scheme shown in figure 2.13
is hindered by the fact that two power splitters are required, making it
difficult to keep the external cavity round-trip time sufficiently small.
The scheme requires two power splitters because existing comb filters
like Fabry Perot etalons only have a comb-like response in transmis-
sion, the response in reflection has a complementary form with dips in
stead of peaks on the ITU-frequencies [57]. There are filter types (for
instance based on fibre Bragg gratings [96]) that have a comb-like re-
sponse in reflection, but since these filters have the complementary re-
sponse with dips in transmission, one still needs one extra power split-
ter to obtain a reasonable output power from the laser. Furthermore,
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Figure 2.19: RIN for an external cavity laser subject to optical feedback from
a periodic filter. Results are shown for an external cavity round-trip time
7 = 0.05 ns (squares), 0.3 ns (triangles) and 2.4 ns (crosses).
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Figure 2.20: RIN for an external cavity laser subject to optical feedback from a
mirror. Results are shown for an external cavity round-trip time 7 = 0.0133 ns
(squares) and 0.3 ns (triangles).
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tibre Bragg grating based filters are usually quite long (a few centime-
ters or more), making it more difficult to avoid feedback induced insta-
bilities. Therefore we decided to develop a filter that has a comb-like
response in reflection as well as in transmission and that is as small
as possible. The construction of the filter will be described in the next
chapter.

2.5 Conclusion

In this chapter we have investigated the wavelength switching behavi-
our of semiconductor tunable lasers. Using a theoretical model we have
shown that the wavelength of these devices can rapidly (in the order
of a few nanoseconds) be changed electronically by switching the tun-
ing currents. Unfortunately the thermally induced wavelength drift
related to the switching of the tuning currents causes an increase of the
switching time up to a few milliseconds. This was evidenced both by
numerical and experimental results.

Based on the conclusions drawn from the theoretical and numeri-
cal results, two possible methods to counteract the thermally induced
wavelength drift were presented. Pre-compensation of the tuning cur-
rents is a very simple technique, but it is difficult to optimize for all
possible switching combinations. Therefore, a novel method based on
optical feedback from a periodic reference filter was developed. This
method can be used to suppress the thermally induced wavelength
driftindependent from which channel the wavelength is being switched
to and also independent from the switching history. The effect of op-
tical feedback on laser characteristics was described using a theoret-
ical model and simulation results. The important conclusion is that
the feedback level must be high enough and the external cavity length
short enough to avoid feedback induced instabilities. To obtain this, a
novel filter has to be developed, the design of which is described in the
next chapter. Practical evidence of the improvement of the wavelength
switching behaviour will be given in chapter 4.



Chapter 3

Filter

In this chapter we will describe a novel filter design that we developed
to enhance the wavelength switching behaviour of semiconductor tun-
able lasers. After indicating what was the rationale for developing our
own filter we will explain the design of the filter and describe how it
is fabricated. Then we will study the reflection and transmission char-
acteristics and the influence of different design parameters on them.
Finally, the results of the experimental characterization of the filter will
be presented.

3.1 Rationale

The development of this novel filter design was inspired by our work
on wavelength switching of semiconductor tunable lasers. The wave-
length of these devices can be changed in 10 ns or less [22, 23, 24,
25, 26, 27, 28, 29, 30, 31, 32, 33], as required for applications like op-
tical packet/burst switching. The wavelength switching is obtained by
rapidly changing one or more of the tuning currents. Unfortunately
thermal effects associated with the switching of the tuning currents
cause the wavelength to drift, increasing the switching time up to the
order of a few milliseconds [34, 35, 36, 37, 38, 39, 40, 41]. To counteract
this drift, we developed an optical feedback scheme where an optical
comb filter is used as a stable frequency reference that is independent
of temperature changes in the laser sections, as is explained in more de-
tail in chapter 2. The schematic representation of the feedback scheme
is shown in figure 2.13. The comb filter is a filter with a periodic re-
sponse with its peaks on the ITU-frequencies [58]. An example of a
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comb filter is the well know Fabry Perot etalon [57]. Apart from the
filter, the feedback scheme only contains two power splitters.

In [59] it was shown numerically that frequency deviations up to
15 GHz from the channel frequency can be suppressed using this scheme.
It was also shown that it is very important that the feedback ratio (i.e.
the fraction of the power emitted by the laser that is coupled back into
the laser) is sufficiently large (-10 dB or more, hence the facet of the
laser facing the filter must be AR-coated) and that the external cavity
round-trip time is kept sufficiently small (preferably the external cavity
length is less than 10 cm). This is required to avoid instabilities caused
by the feedback (e.g. coherence collapse) [50, 52, 55].

The feedback scheme requires two power splitters because existing
comb filters like Fabry Perot etalons only have a comb-like response
in transmission, the response in reflection has a complementary form
with dips in stead of peaks on the ITU-frequencies [57]. The fact that
two splitters are required makes it difficult to keep the external cavity
round-trip time sufficiently small. There are filter types (for instance
based on fibre Bragg gratings [96]) that have a comb-like response in
reflection, but since these filters have the complementary response with
dips in transmission, one still needs one extra power splitter to obtain
a reasonable output power from the laser. Furthermore, fibre Bragg
grating based filters are usually quite long (a few centimeters or more),
making it more difficult to avoid feedback induced instabilities. There-
fore we decided to develop a filter that has a comb-like response in re-
flection as well as in transmission and that is as small as possible. The
construction of the filter will be described in the next section.

3.2 Design

3.2.1 Construction

Our filter is based on the same principle as a Fabry Perot etalon, namely
the interference of multiple beams [57]. A Fabry Perot etalon consists of
a plane parallel plate with refractive index n and thickness d, placed in a
surrounding medium with refractive index ng. Another way of looking
at it is that it consists of two parallel mirrors, separated by a medium
with refractive index n and thickness d. A schematic representation of a
Fabry Perot etalon is shown in figure 3.1, where we have assumed that
the surrounding medium on both sides is air (with a refractive index of
1).
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Figure 3.1: Schematic representation of a Fabry Perot etalon.

To study interference effects, the phase relation between the inter-
fering fields has to be taken into account. Therefore we will treat this
problem in terms of the (complex) electrical fields travelling through
the etalon. We will assume that we are dealing with linear, isotropic
and homogeneous media. If, for simplicity, we also assume that the in-
cident field F;,, is normal to the mirrors, we can write an electrical field
travelling along the optical axis Z (which we assume perpendicular to
the mirrors) in the form of a monochromatic plane wave [97]:

E(z) = Ege % (3.1)

where k = n - 2w/ ) is the propagation constant of the plane wave in
a lossless medium with refractive index n, Ej is the constant complex
amplitude of the electrical field.

When a beam E), is incident on the front mirror, it will be split into
two parts: one that is reflected back and one that is transmitted through
the front mirror towards the back mirror where it will also will be split
into two parts etc. The overall reflection and transmission of an etalon
can easily be obtained by simply adding the different contributions in
reflection and transmission respectively. For the total reflected field it
follows:

E, =E;,, {r + 'y eIk |1 4 p2em2kd | g1 —jdkd ] } (3.2)

where r and 7’ (¢ and t') are the field reflection (transmission) coef-
ficients for reflection (transmission) from the surrounding medium (air
in this case) into the medium between the mirrors and vice versa. r,
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', t and ¢’ are determined by the Fresnel formulas and for normal in-
cidence r = —r’ and t = t’ so that the power reflectivity R and power
transmissivity 7 are given by R = r? = r? and T = tt' = t* respec-
tively [97]. When the mirrors are lossless R + 7" = 1. The term in
(3.2) between straight brackets is a power series and can be reduced to
1/(1 — r?e=27k), The total reflected field can thus be written as:

VE(1 — e=2kd)
(1 — Re—2ikd)

The reflection response of a Fabry Perot etalon is then given by:

E, = E (3.3)

Er 2 4 )
A Rsin kd' i (3.4)
E; (1 - R)?2+4Rsin” kd

The transmission response can be derived in an identical way and
is given by:

Rpp =

(1-R)?
Tpp = 35
PP (1= R)2+ 4Rsin kd (3:5)

Equation (3.4) and (3.5) are often written in the following form:

Fsin2 kd

Rpp = — 1 B¢ 3.6
P Fsin? kd (36)
and
Top— — (3.7)
B Fsin?kd ’

with the parameter F’ determined by F = 4R/(1 — R)2.

To obtain (3.4) and (3.5) we made some simplifying assumptions,
i.e. normal incidence, lossless mirrors and lossless media. These as-
sumptions do not change the validity of the above reasoning, however.
Furthermore, non-normal incidence, lossy mirrors and lossless media
can easily be taken into account. Non-normal incidence will lead to a
phase factor kdcos 6 instead of kd, with 6 the angle under which the
tields propagate in the etalon. Mirror loss can be taken into account by
considering complex field reflection and transmission coefficients (i.e.
r = \/Rew). Obviously, then R + T = 1 — A, with A the absorption in
the mirrors. Losses in the media finally, can be taken into account by
using a complex propagation constant k = n - 27 /A — ja with « the loss
of the medium. For a more elaborated treatment, the reader is referred
to [97].
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Figure 3.2: Reflection response of a Fabry Perot etalon.

Typical reflection and transmission responses are shown in figure 3.2
and 3.3 respectively. The (power) reflection coefficient of each of the
mirrors was 0.9, n was 1.5, the mirrors and the medium in between
them were assumed to be lossless. The peaks (dips) occur for frequen-
cies that fulfill the condition d = m.\/2, with A the wavelength of the
incident beam and m an integer. The separation between the peaks
(dips) is called the free spectral range (FSR) and fulfills FSR = ¢/2nd,
with ¢ the speed of light. In this example the FSR was 50 GHz, cor-
responding with a thickness of 2 mm. As the reflection coefficients of
(one of) the mirrors decrease, the extrema will become less pronounced
(i.e. they will become wider and their amplitude will decrease) [57].

For a Fabry Perot etalon, it is the interference of the first reflection
of the incident beam on the front mirror with the multiple (delayed)
reflected beams from the second mirror that gives rise to the form of
the reflection response as can be seen in figure 3.2. This is actually the
opposite of the comb-like form we want to obtain. But if we could
somehow separate the first reflection from the others, the resulting re-
flection response would resemble the form of the transmission response
shown in figure 3.3, thus we would have a filter which has a comb-like
response, both in reflection and transmission.

The above reasoning gave rise to the form of our filter, shown in
tigure 3.4. The filter consists of two right-angle prims with refractive
index n and base length L, cemented together with UV-curable index-
matching glue. The light will be incident from the left, on facet A of
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Figure 3.3: Transmission response of a Fabry Perot etalon.

prism 1 and will be transmitted to facet B, C and D and also reflected
back to facet A. The beams will undergo multiple reflections in prism
2 and the different reflections will interfere constructively or destruc-
tively depending on the frequency of the light, just like in a normal
Fabry Perot etalon. Only now there are three mirrors instead of two,
namely the three facets S, C and D of the lower prism. The only func-
tion of prism 1 is that the incident light can be horizontal (parallel to B
and D) for the beams reflecting in prism 2 to be perpendicular to C and
D and this without having to worry about total internal reflection on
the air-glass interface S (when prism 1 would not be present). For this
reason, facet A of prism 1 should be anti-reflection coated.

Since the first reflection (on S) of the incident light is directed to-
wards B and not towards A as would be the case for a normal Fabry
Perot etalon, one expects a comb-like reflection response in A (and a
comb-like transmission response in C and D). It is of course very im-
portant that this first reflection interferes as little as possible with the
outputs in A, C and D. That is why facet B also has to be anti-reflection
coated. In B one gets the classical Fabry Perot reflection response shown
in figure 3.2. The influence of the reflection coefficients of facet S, C and
D of prism 2 is analogous to that of the reflection coefficients of the
mirrors of a normal Fabry Perot etalon, i.e. that the extrema become
wider and their amplitude decreases when the reflection coefficients
of the mirrors decrease [57]. Like in a classical Fabry Perot etalon, the
mirrors on facet S, C and D will be highly reflective in order to have a



3.2 Design 51

Figure 3.4: Schematic representation of new filter.

sufficiently selective filter. We will go into more detail on the reflection
coefficients of these facets in section 3.2.2.

The FSR of this filter is given by FISR = ¢/2nL, with L the base
length of the prisms. Thus for a refractive index of 1.5 and a FSR of
100 GHz respectively 50 GHz (standard values for the frequency sep-
aration between ITU-channels [58]), the size of the prisms would be
1 mm respectively 2 mm. This is more than small enough to avoid
feedback induced instabilities. Practical evidence of this principle will
be given in section 3.4.

It should also be noted that the filter basically acts as a 4-port device.
The transmission to the (unused) output port at the top facet has peri-
odic dips, while the transmission to the (unused) bottom facet port is
similar in behaviour to the transmission to the right facet. These output
ports can be used for monitoring purposes.

It was only after we had “invented’ this filter and wanted to patent
it, that we found that it was in fact a novel prism-based implementation
of a Fox-Smith resonator [60]. This resonator consists of three mirrors
in a triangular configuration, which can be compared with the bottom
prism of our filter.
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3.2.2 Fabrication

As was explained in the previous section, facets A and B should be anti-
reflection coated, while the facets S, C and D should receive a highly
reflective coating.

A classical way of realizing an anti-reflection coating between two
materials with different refractive indices n; and ny is to apply a layer
of a quarter wavelength thickness and with a refractive index of nar =
\/ning between the two materials. The prisms we used were made
of BK7 material (a material often used for lenses and other glass op-
tical components) which has a refractive index ny = 1.44402 for wave-
lengths around 1550 nm. The surrounding medium is air, thus n; = 1.
This leads to nag = 1.202. A material that has a refractive index that
approximates this value and that is often used as an optical coating
material is MgFs. It has a refractive index of 1.34 around 1550 nm.
The corresponding layer thickness of the anti-reflection coating is then
dar = A4nag = 294 nm. The calculated (power) reflectivity over the
wavelength range between 1450 nm and 1650 nm for normal incidence
on a \/4 layer of MgF; between air and BK7 is shown in figure 3.5. The
corresponding phase of the (field) reflection coefficient is constant (£).
Around 1550 nm the reflectivity is R4r = 1.27 % and the corresponding
reflection coefficient is 74g = —/Ragr. When loss in the MgF, layer is
neglected, the transmissivity is Tar = 1 — Rar = 98.73 % and the cor-
responding transmission coefficient is tf4 r = —i-vTar/na [97], with
ng = 1.44402 the refractive index of the prism material BK7. For trans-
mission from the prisms through the anti-reflection coating into air, the
corresponding transmission coefficient would be t% , = —i - \/TuRr - no.

It should be mentioned that an even lower reflectivity can be ob-
tained with more complex multiple layer coatings from selected mate-
rials. But since for our purpose, a remaining reflectivity of around 1 %
could be tolerated, we opted for the fastest and cheapest solution.

The highly reflective mirrors were realized by depositing a stack
of alternating high and low refractive index A/4 layers on top of the
BK7 material. This is also a classical way of realizing highly reflective
coatings. For the high refractive index material we used amorphous
Si with ng = 3.73, for the low refractive index material we used AlyOg3
with nz, = 1.63. The corresponding thickness (again for a central wave-
length of 1550 nm) of the Si layers is then 104 nm, that of the Al,O3
layers 238 nm. Figure 3.6 shows a schematic representation of a highly
reflective mirror consisting of three Si-Al,O3 pairs.
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Figure 3.5: Calculated reflectivity for a A\/4 MgF, AR-coating on top of BK7
material, for normal incidence from air into BK7.
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Figure 3.6: Schematic representation of a highly reflective mirror consisting of
three Si-Al, O3 pairs.
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Figure 3.7: Calculated reflectivity for an HR-coating consisting of three Si-
Al; O3 pairs on top of BK7, for normal incidence from BK7 into air.

For the coatings on facet C and D three pairs were applied, on facet
S only one pair was applied. In all cases the order of the layers was
BK7-Si—-Al,O3. The calculated reflectivity for normal incidence out of
the lower prism through a stack of three Si—-Al,O3 pairs on top of BK7 is
shown in figure 3.7. Around 1550 nm the reflectivity is Ry = 98 % and
the corresponding reflection coefficient is ryr = —/Rpupg. The phase
of the field reflection coefficient is constant (). The transmissivity is
Tur =1 — Rur =2 % and the corresponding transmission coefficient
is tgr = —ng - VI Hp. If the layer order would be reversed, i.e. first
a layer of Al,O3 on top of the BK7 and then a layer of Si, Rgr would
remain (nearly) unchanged, but gz would become positive instead of
negative. The phase of ¢tz remains unchanged.

Higher reflectivities can be obtained by using more pairs, but for
our purposes 98 % suffices.

On facet S the light will be incident under an angle of 45 degrees.
This means that the layer thickness will have to be adapted. For a
central wavelength of 1550 nm the thickness of the Si layers becomes
108 nm, that of the Al,O3 layers becomes 376 nm. For non-normal in-
cidence the reflectivity for TE- and TM—-polarization will no longer be
the same. However, since light from semiconductor lasers is almost
exclusively TE—-polarized, we will only consider the reflection coeffi-
cients for TE-polarization. Figure 3.8 shows the calculated reflectiv-
ity for TE-polarization, for incidence under 45 degrees from the lower
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Figure 3.8: Calculated reflectivity for TE-polarization for an HR-coating con-
sisting of a 5i-Al,O3 pair on top of BK7, for incidence under 45 degrees in
BK?7.

prism through the Si-Al,O3 pair into the upper prism. The phase of
the field reflection coefficient is constant (£7). Around 1550 nm the
reflectivity is R, = 70 % and the corresponding reflection coefficient is

ry = —VRs. The transmissivity is Ts = 1 — Ry = 30 % and the cor-
responding transmission coefficient is t; = —+/7s. The rays that are

coming from facet A or B and that are transmitted through facet S, will
see a different layer order than the rays that are reflected at facet C or
D. The layer order for rays coming from facet A or B is BK7-Al,O3-Si
instead of BK7-Si—Al;O3. The angle of incidence is also 45 degrees for
rays coming from facet A or B and the reflectivity also stays the same.
The corresponding phase however does change: for reflection in the
upper prism on facet S the phase of the reflection coefficient is 0 de-
grees instead of —180 degrees, so that rf = /Rs; = —r;. The phase
of the transmission coefficient remains unchanged at 180 degrees. The
reason that only one pair was used for the mirror on facet S will be
explained in section 3.3.

All the coatings were applied in our own clean-room facilities by
e-gun deposition. The prisms that we used were high-precision right-
angle prisms with a base length L of 3.2 mm, giving rise to a FSR of
around 32.5 GHz. This was the smallest available standard size for
these high-precision right-angle prisms. In a network environment, a
prism base length that corresponds with a FSR of 100 GHz (or 50 GHz)
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Figure 3.9: Nomenclature of the electrical fields in the filter.

would be more desirable. In that case the base length would be around
1 mm and 2 mm respectively and one would require custom-made
prisms. For a proof of principle however, a FSR of 32.5 GHz is an ac-
ceptable value. If necessary, any prism size and thus any FSR can be
custom made. The prisms have a dimension tolerance of +0.1 mm, a
surface flatness of \/8 at 632.8 nm and an angle tolerance of £30 arc-
seconds. The two prisms were manually cemented together with UV-
curable index-matching paste with a refractive index of 1.445 at 1550 nm.

3.3 Reflection and transmission characteristics

3.3.1 Theoretical derivation

In this section we will determine the reflection and transmission charac-
teristics of our filter. As we explained when deriving the reflection and
transmission characteristics of a Fabry Perot etalon, the phase relation
between the interfering fields has to be taken into account. Therefore
we will also treat this problem in terms of the (complex) electrical fields
inside the filter. Assuming that we are dealing with linear, isotropic
and homogeneous media and with the coordinate axes chosen as in
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tigure 3.9 we can write an electrical field travelling along the X-axis in
the form of a (monochromatic) plane wave [97]:

E*(z) = ExeTihe (3.8)

where k = § — ja, with 3 = n - 21/ the propagation constant of the
filter medium (with refractive index n) and « the loss of the medium,
E is the constant complex amplitude of the electrical field. E*(z) is
the field propagating along the direction of the X-axis and E~(z) the
tield propagating in the opposite direction. Similar observations hold
for fields travelling along the Y-axis.

We will also assume that dispersion in the medium can be neglected
and that the reflection and transmission coefficients of the different
facets are independent of wavelength and polarization. The fields will
be denoted as represented in figure 3.9

The reflection and transmission characteristics of the filter can now
be deduced from the relations that exist between the fields due to the
reflections and transmissions at the different facets. In the center of the
filter (x = y = 0) the following relations hold:

A(0) = rFB~(0) +t;C(0) (3.9a)
BT(0) =rfAT(0) +t:DT(0) (3.9b)
C*(0) = t;AT(0) +r; DT (0) (3.9¢)
D™(0) = t,B~(0) +r;C~(0) (3.94)
or
a” =71 b +tsc” (3.10a)
bt =rtat +tdt (3.10b)
ct =tsa® +r;d" (3.10¢)
d-=tb” +r;c (3.10d)

where r] and 7, are the reflection coefficients for reflection at facet S
in the upper and lower prism respectively. As was explained in sec-
tion 32275 = —r; = VR,. t, is the transmission coefficient for trans-
mission at facet S (as also explained in section 3.2.2 this is the same for
transmission from the upper into the lower prism as for transmission
in the opposite direction).

The fields will also reflect (and refract) at the different facets. In
this way, A*(-%), B~(%), = (%) and D*(—%) will be coupled with
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A=(=%), BT (%), C* (%) and D~ (—£%) respectively through the reflec-
tion coefficients of the corresponding facets.

Since there are no sources of fields inside the filter, there obviously
has to be an (external) input field E;,, incident on the filter. The applica-
tion we have in mind for this filter is the stabilization of the wavelength
switching behaviour of tunable lasers through optical feedback from
the filter. As already mentioned above, the laser light will be incident
on the filter at facet A and we are interested in the light leaving the filter
through facet C. In that case we have a comb-like reflection character-
istic, the peaks of which will provide a stable frequency reference to
the laser. But we will also have a comb-like transmission characteristic
with its peaks on the same frequencies as the peaks of reflection charac-
teristic. This means that on the frequencies the laser is stabilized on, the
output power will not be suppressed by dips in the filter transmission
characteristic.

Thus, we will calculate the reflection and transmission characteris-
tics of the filter for an input field E;;, incident on facet A. The reflection
of A=(—%), B*(£),C*(5) and D~ (—%) at facet A, B, C and D respec-
tively, leads to the following relations:

at =rpa”e IR 4 taEme_jk% (3.11a)
b~ = rybTe IR (3.11b)
¢ =recte Ik (3.11¢)
dt = rgd=e Ik (3.11d)

where r,, 1y, e and r4 are the reflection coefficients for reflection at facet
A, B, C and D respectively and where we have taken the incidence of
the input field E;, on facet A into account.

If we now substitute (3.10d) into (3.11d), it follows that:

d¥ =rg(tsh™ +ryc)e IR (3.12)

So that, substituting (3.11a) and
(3.12) into (3.10b) respectively (3.10c) yields:

bt = rj(tae_jk%Em N A tsra(tsb™ + rs_c_)e_jkL (3.13)

and

ct = ts(taefjk% Ein +rqa” e ) v Trg(tb™ + 5 e )e IRE (3.14)
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Substituting (3.10a) into (3.13) respectively (3.14) and using (3.11b)
and (3.11c¢) yields for b* and ¢

L Y
b ritee™F2 By 4 rito(rg — rg)ree” PRt

= A 3.15
1 — ry(roRs + rqt2)e=2kL (3.15)
and
. L Y
- totse %2 By, + rts(ry — rq)rye” PRt (3.16)
1 — 7e(rat? 4+ rgRs)e 2k '
where we have used 7} = —r; and rj2 = r;z = R,.

So that substituting (3.15) into (3.16) finally yields for C+(%) =
cteikg:

—jkL —2jkL

O+(£):tatse J [l—rbrde J ]
2 D

where we have used t2 + Rs = 1. In the above equation the denom-

inator D is determined by:

E; (3.17)

D =1 — [ra(ryRs + ret2) + ra(rpts + reRs)] e~ kL
+ rpre [(raRS + 7gt2) (rat? + 7qRs) — (14 — rd)QRstg] e~k (3.18)

Now, B (%) = b+e %% can be obtained from (3.15):

L tarteIkL [1 —r rde_2jkL]
+ 7y — a' s (& .
B (2) 5 E; (3.19)
Finally, A=(-%) = a~e %% and D= (-%) = d=e=*% can be ob-
tained from (3.10a) and (3.10d) using (3.11b), (3.11c), (3.17) and (3.19):

I te KL [ R 42 —2jkL

D‘(—é) tee T HR Tty — )
27 D

The (power) reflection and transmission characteristics of the filter
can now be obtained from A~ (—%), B¥(%), C*(%) and D~ (-%) as
follows:

E; (3.21)
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R | + tZEjl_(—é) ’ (3.22a)
Ty = t”B]; (3) ‘2 (3.22b)
T = tcbj(g) 2 (3.22¢)
T — th;?i(—é) : (3.22d)

to is the transmission coefficient for transmission out of the prism
through the MgF, anti-reflection coating into air. The ¢, used in the
other equations is the transmission coefficient for the opposite direction
of propagation.

3.3.2 Examples

We will now show some reflection and transmission characteristics of
our filter, calculated using the expressions we have just derived. As
values for the reflection coefficients of the different coatings we will
use the values mentioned in section 3.2.2: R, = R, = Ragr = 0.0127 for
the anti-reflection coatings on facet A and B, R, = R; = Ryr = 0.98
for the highly reflective coatings on facet C and D and R, = 0.7 for
the highly reflective coatings on facet S. As explained in section 3.2.2,
care has to be taken to determine the phase of the corresponding field
reflection and transmission coefficients. For the AR coatings we have
applied, the field reflection and transmission coefficients are given by

Tqg = — Ra, Ty = —\/R ,té =—1- \/Ta/nBK7, tg = —17- Ta *NMBK7 and
ty = —i-/Ty'npr7, where t}, is the field coefficient for transmission from

air into BK7 and ¢, and t{ are the field coefficient for transmission from
BK7 into air. For the HR coatings we have applied, the field reflection
and transmission coefficients are given by r. = —/R., rq¢ = —V/Rq,
t2 = —npg7 - VI, t9 = —nprr - /Ty for the HR coating consisting of
three Si-Al,O3 pairs on facets C and D. As mentioned in section 3.2.2,
the phase of r. and 74 can be changed from -180° to 0°. For the coating
consisting of one Si-Al,O3 pair on facet S we have rf = Ry = —r

and t; = —/T.

s
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Figure 3.10: Reflection response of double-prism filter. The reflection coeffi-
cients of the HR coatings are chosen so that the reflection at the peaks is at
least 80 % (R, = R, =0.0127, R. = R4 =0.98 and R, =0.7).

As already mentioned, we are especially interested in the reflection
back to the laser R and the transmission through the filter 7'. Figure 3.10
shows the reflection calculated from (3.22a) and figure 3.11 shows the
transmission calculated from (3.22c).

From figure 3.10 and 3.11 it is clear that we have a comb-like re-
sponse in reflection as well as in transmission, with the peaks on the
same frequencies. The FSR of the filter lies around 32.5 GHz, which
corresponds with a base length of the prisms L = 3.2 mm. The FWHM
of the filter peaks is about 3.3 GHz. As mentioned in section 3.2.1, the
FWHM will increase (decrease) when the reflectivity of (one of) the
coatings decreases (increases). It can also be seen that for these val-
ues of the reflection coefficients of the different coatings, the (peak) re-
flection back to the laser is a lot stronger (more than 80 %) than the
(peak) transmission through the filter (which is less than 10 %). The
reason that we designed the filter like this is that we want to stabilize
the wavelength switching behaviour of a semiconductor tunable laser
through optical feedback from the filter. In chapter 2 it was explained
that not only should the external cavity round-trip time be kept suffi-
ciently small, but that it is also very important that the feedback ratio
(i.e. the fraction of the power emitted by the laser that is coupled back
into the laser) is sufficiently large to avoid instabilities caused by the
feedback (e.g. coherence collapse) [50, 55]. Typically, the feedback ratio
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Figure 3.11: Transmission response of double-prism filter. The reflection coef-
ficients of the HR coatings are chosen so that the reflection at the peaks is at
least 80 % (R, = R, =0.0127, R, = R4 =098 and R, =0.7).

should be at least —10 dB. In an ideal situation 10 % reflection from the
filter should thus suffice. Unfortunately, in practice one has to deal with
coupling losses between the laser and the filter. Furthermore, one has
to take into account manufacturing tolerances for the different coatings.
For these reasons and since our main goal was to prove the stabiliza-
tion of the wavelength switching behaviour of a tunable laser through
optical feedback from the filter, we opted for a reflection of a least 80 %.

This is also the reason why only one Si—-Al,O3 pair was applied on
facet S. For two Si-Al; O3 pairs R, would already be 97 % and with this
value for R, it is not possible to obtain a high reflection back to the laser.
This is illustrated in figure 3.12 where R is shown for R, = R, = 0.0127,
R. = Rq =098 and R = 0.97. Comparing figure 3.10 and figure 3.12, it
can be clearly seen that the FWHM of the filter peaks decreases when
the reflectivity of (one of) the coatings increases.

For completeness figure 3.13 shows the upward and downward
transmission through facet B and D, calculated from (3.22b) and (3.22d)
respectively for R, = R, = 0.0127, R, = Ry =098 and R; = 0.7. As
explained in section 3.2.1 the transmission through facet B resembles
a classical Fabry Perot reflection response, while in facet D one gets
a classical Fabry Perot transmission response. As a verification of the
theoretical expressions for R, T, T and Tp, thesum R+ T + T +1p,
which must equal unity, is also shown on figure 3.13.
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Figure 3.12: Reflection response of double-prism filter for a HR coating on
facet S consisting of two Si—Al,Os3 pairs (R, = Ry = 0.0127, R, = Rq = 0.98
and R, =0.97).
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Figure 3.13: Upward and downward transmission response of double-prism
filter. The sum R+Tg+T+1T}p is also shown (R, = R, =0.0127, R, = R4 =0.98
and R; =0.7).
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Figure 3.14: Reflection and upward transmission response of double-prism
filter for perfect AR coatings on facet A and B (R, = Ry =0, R. = R; =0.98
and R, =0.7).

The small ripple that is visible between the filter peaks in figure 3.10
and figure 3.12 and between the filter dips in figure 3.13 is due to the
imperfect AR coatings on facet A and B. This is illustrated in figure 3.14
where the reflection back to the laser R and the upward transmission
Tp are shown for R, = R, =0, R. = R4 =098 and R, =0.7.

For application in a telecommunication network, an as high as pos-
sible laser output power is desirable. Therefore a higher transmission
through the filter would be necessary. It is possible to have more trans-
mission (at the cost of a lower reflection of course) by adapting the
reflection coefficients of the different coatings. However, the reflec-
tion back to the laser should remain high enough to avoid feedback
induced instabilities. Since at least 10 % reflection is required and since
the coupling loss of the light from the laser to the filter and back into
the laser will be a least 3 dB [98], a design aimed at 30 to 40 % reflec-
tion would be preferable. This can be obtained by appropriately choos-
ing the reflection coefficients of the different HR coatings. Basically we
want to divide the input power between the reflection through facet A
and the transmission through facet C. Therefore, to avoid loss of power
through facet D, the reflectivity of this facet should be as high as pos-
sible. The maximum obtainable reflectivity is of course R; = 1. From
equation (3.22c¢) it can be found that appropriate values for R, and R;
would be 0.9. The values of the reflection coefficients of the AR coat-
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Figure 3.15: Reflection response of double-prism filter. The reflection coef-
ficients of the HR coatings are chosen so that the reflection at the peaks is
between 30 and 40 % (R, = R, = 0.0127, R, = R, =09 and Ry =1).

ings remain R, = R} = 0.0127. Figure 3.15 and 3.16 show the reflection
and transmission response of the filter with the reflection coefficients of
the HR coatings chosen in such a way that the reflection at the peaks is
between 30 and 40 %.

It can be remarked that even in the case where there is only about
40 % reflection back to the laser, there still is an additional loss of about
50 % or -3 dB compared to the case without filter. This does not pose a
major problem however, since this additional loss can be compensated
by increasing the laser gain, which can be achieved e.g. by making the
gain section of the laser (slightly) longer.

So far we only have discussed very few of the obtainable reflection
and transmission responses of this filter. There are many more combi-
nations of reflection coefficients (amplitude and phase) possible, how-
ever not all with equal practical usefulness. It is not the goal of this
thesis to investigate all possible combinations of reflection coefficients.
One thing we would like to show however, is that our filter can also
behave as a classical Fabry Perot etalon. ILe. that the reflection from
facet A R will resemble a classical Fabry Perot reflection and the trans-
mission through facet C 7" will resemble a classical Fabry Perot trans-
mission. To obtain this, it is clear from section 3.2.1 that R should be
increased. This is illustrated in figure 3.17 where R and 7" are shown
for R, = 0.0127, Ry = R. =09 and R; = R, = 0.98. The phase of r,
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Figure 3.16: Transmission response of double-prism filter. The reflection co-
efficients of the HR coatings are chosen so that the reflection at the peaks is
between 30 and 40 % (R, = R, = 0.0127, R, = R, =09 and Ry =1).

and 74 was changed from -180° to 0°. In practice this can be achieved
by reversing the layer order of the HR coatings from BK7-Si-Al,O3 to
BK7-Al,O3-5i.

So far we have always assumed that the light was incident normal
to facet A (i.e. parallel to the X-axis in figure 3.9). This is also the way
the filter will be used in practice. Because for non-normal incidence (ei-
ther because the laser plus lens or the filter or both are not positioned
perfectly horizontally) a few complications arise. First of all, the re-
flected rays will not leave the filter at the same vertical position. This
is illustrated in figure 3.18: the first three rays leave the filter at differ-
ent vertical positions. As a consequence, part of the beams will not be
captured by the lens . Furthermore, even a part of the rays that are cap-
tured by the lens will not be able to re-enter in the (very small) active
layer of the laser. Other beams will even be reflected under opposite
angles. This is also illustrated in figure 3.18: the fourth contribution
(ray 4 on the figure) to the overall reflection has first reflected on facet
D before leaving the filter through facet A and it will leave the filter
under a different angle than the first three contributions. Another con-
sequence of non-normal incidence is that the frequency of the peaks in
the filter response will shift [57].

It should be clear that for non—normal incidence less beams will be
able to re-enter the active layer of the laser than for normal incidence.
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Figure 3.17: Reflection and transmission response of double-prism filter be-
having like a Fabry Perot etalon (R, = 0.0127, R, = R. = 09 and Ry =
R, =0.98).

Figure 3.18: Schematic representation of the rays for non-normal incidence.
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Figure 3.19: Reflection response for normal incidence and for incidence under
an angle of 2° with the X-axis (R, = Ry =0, Rc = Rg =1and R, =0.7).

This means that the resulting interference will be less strong. This is
illustrated in figure 3.19 which shows the reflection of the filter for nor-
mal incidence and for incidence under an angle of 2° with the X-axis
(i.e. the axis perpendicular to the page). These results were calculated
with the ray-tracing tool ASAP. In ASAP, a laser beam is represented by
a Gaussian beam, which gives a more accurate result than a simple ray
representation. To speed up the calculations, we assumed that the AR-
coatings on facet A and B were perfect (i.e. R, = Rp = 0) and that the
HR-coatings on facet C and D were perfect mirrors (i.e. R, = Rq=1),
the reflectivity of the coating on facet S was as before (i.e. R, =0.7).
It can be seen that the response for normal incidence agrees very well
with that shown in figure 3.14. As was expected, for non-normal in-
cidence the response has shifted and is less pronounced. Figure 3.19
even gives an over-estimation for the reflection that will re-enter in the
laser for the case of non-normal incidence, since the lens was assumed
to be ideal and the detector was bigger than the typical dimensions of
the active layer of a semiconductor laser.

We did also take into account the influence of the glue layer between
the prisms. This layer has a slightly different refractive index (1.445
versus 1.44402 for the prism material at 1550 nm) and was assumed to
be around 1 um thick. As can be seen from figure 3.19, the glue layer
does not have a noticeable effect on the filter response.
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Figure 3.20: Measurement setup for determining the filter responses. The
filter is mounted on a 3D-translation/2D-rotation stage (TL = tunable laser
source, PD = photo detector, 3-dB = 3-dB fibre coupler, GRIN = GRIN-lens).

3.4 Experimental Characterization

A prototype of the filter design described in section 3.2 has been ex-
perimentally characterized to determine the viability of the novel fil-
ter concept. The responses were obtained by collimating the light of a
tunable laser through a GRIN-lens and making it incident on the filter.
Then the output power at the respective output ports was measured
while the wavelength of the laser was swept. The reflection response
was measured by coupling the reflected light through the GRIN lens
back into the fibre coming from the tunable laser source. The backward
propagating light in the fibre was sent to a photo detector using a 3-
dB fibre coupler. Figure 3.20 shows a schematic representation of the
measurement setup with the filter mounted on a 3D-translation/2D-
rotation stage (TL is the tunable laser source, PD is a photo detector,
3-dB represents the 3—dB fibre coupler, GRIN is the GRIN-lens).

The experimentally determined outputs at facet A (the reflection
response R — broken line) and C (the transmission response 7' — full
line) are shown in figure 3.21. For completeness the output at B (the
upward transmission 7Tz) is shown in figure 3.22. It is clear that the ex-
perimentally determined responses R, T' and Ts agree very well with
the corresponding theoretical responses shown in figure 3.10, 3.11 and
3.13 respectively. Small differences (e.g. the fact that Tz does not com-
pletely drop to zero in figure 3.22) are due to losses in the mirrors, the
filter material and in the glue layer, and due to fabrication tolerances
on the different coatings. For the same reasons, the measured FWHM
of the filter peaks is higher than expected: 4.2 GHz instead of 3.3 GHz.

It is clear that we have succeeded in our main goal, which was
to develop a compact filter with a comb-like response in reflection as
well as in transmission. Using this filter it will be possible to improve
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Figure 3.21: Experimentally determined reflection (broken line) and trans-
mission (full line) response of the novel filter type (R, = Ry = 0.0127, R, =
Ry =098 and R, =0.7).

the wavelength switching behaviour of a semiconductor tunable laser
through optical feedback. The strong reflection of more than 70 % will
ensure a feedback ratio (i.e. the fraction of the power emitted by the
laser that is coupled back into the laser after reflection on the filter) that
is sufficiently large to avoid instabilities caused by the optical feedback.

3.5 Conclusion

In this chapter, we have described the design of a filter that has a comb-
like response in transmission as well as in reflection. The filter was
based on a novel prism-based implementation of a Fox-Smith resonator.
The reason we developed this filter is that we needed such a filter to en-
hance the wavelength switching behaviour of semiconductor tunable
laser through optical feedback from a reference filter. And since exist-
ing comb filters only have a comb-like response in transmission, it was
difficult to implement the feedback scheme without destabilizing the
laser by the feedback.

We have described the design of the filter, derived theoretical ex-
pressions for its reflection and transmission characteristics and showed
numerical examples of possible filter characteristics. The processing
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Figure 3.22: Experimentally determined upward transmission response of the
novel filter type (R, = Ry =0.0127, R, = R4 =0.98 and R; =0.7).

of a prototype device was described and experimentally determined
reflection and transmission responses where shown, proving that the
novel filter concept indeed works. The filter can thus be used as a ref-
erence filter where the wavelength of a semiconductor (tunable) laser
can be stabilized at through optical feedback. The improvement of
the wavelength switching behaviour of a tunable laser through optical
feedback from the filter will be described in the next chapter.
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Chapter 4

Improvement of the
wavelength switching
behaviour of tunable lasers
through optical feedback
from a periodic filter

In this chapter we will show that the wavelength switching behaviour
of semiconductor tunable lasers can be considerably improved through
optical feedback from a stable periodic reference filter. The filter is
based on the novel design described in the previous chapter and has
a response consisting of periodically spaced peaks, both in reflection
and transmission. The improvement of the wavelength switching be-
haviour stems from the suppression of the thermally induced wave-
length drift associated with the switching of the tuning currents. In a
first section some numerical results will be presented that show the in-
fluence of the optical feedback on the tuning table and the wavelength
switching behaviour of a tunable laser. In the second section experi-
mental characteristics of a tunable laser optically coupled with the filter
will be shown.

4,1 Simulation results

In this section we will numerically investigate the influence of the op-
tical feedback on the tuning table and the wavelength switching be-

73
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Figure 4.1: Laser frequency of a solitary three-section DBR tunable laser as a
function of reflector tuning current for I, =0, 1, 2 and 3 mA.

haviour of a tunable laser. More in particular we will investigate the
influence of the external cavity length and the feedback strength. The
simulations were again performed using the commercially available
software VPI Componentmaker [56]. First we will briefly review the
tuning characteristics of a tunable laser without feedback.

4.1.1 Tunable laser without feedback

Figure 4.1 shows (part of) the calculated tuning table of a three-section
DBR tunable laser without any form of feedback. The laser frequency is
shown as a function of the tuning current through the reflector section
I, and this for a couple of different values of the tuning current through
the phase section (I, =0, 1, 2 and 3 mA). The current through the active
section was 60 mA, the output facet was not anti-reflection coated and
had a reflectivity of 0.32.

The frequency—tuning current relation shown in figure 4.1 is well
known and typical for tunable lasers. For fixed I, the frequency in-
creases discontinuously with I,: tilted plateaus are separated by fre-
quency jumps which correspond to (longitudinal) cavity mode jumps
[20]. The lasing mode is the mode with the highest netto round-trip
gain (for a fixed gain this corresponds to the mode with the lowest cav-
ity loss). For a tunable laser the gain (or loss) is not only determined
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by the material gain of the active section, but also by the filtering effect
of the Bragg grating in the reflector section. This means that the las-
ing mode is the cavity mode (fulfilling the phase condition of the laser
cavity) that lies closest to the center of the Bragg peak. As already men-
tioned in chapter 1, the position of the Bragg peak can be shifted by
changing the current through the reflector section. After a certain shift
of the Bragg peak (approximately equal to half of the cavity mode spac-
ing) one of the neighbouring modes of the lasing mode will experience
a lower loss and will become the lasing mode. This is accompanied by
ajump of the laser frequency from one mode to another. Between mode
jumps, the laser frequency increases slightly because the refractive in-
dex of the reflector section decreases when I, increases. This causes
a spectral shift of the entire cavity mode spectrum. It can also be no-
ticed from figure 4.1 that the frequency plateaus become wider when
the tuning current increases. This is due to the non-linear relationship
between current and carrier density in a tuning section (as expressed
e.g. by equation (2.5)).

The spectral position of the cavity modes can also be changed by
changing the current through the phase section of the laser. This leads
to a shift of the laser frequency versus reflector current characteristic
when the phase current is changed. For a fixed reflector current the
laser frequency (i.e. the frequency of the cavity mode with minimum
loss) can be tuned continuously over a certain range by changing the
phase current. This corresponds to a shift of the lasing mode through
the Bragg peak. After a certain shift, a neighbouring cavity mode will
experience a lower loss and will become the lasing mode. Hereby the
laser frequency jumps back to the value corresponding to the starting
value of the phase current. This is illustrated in figure 4.2 which shows
the laser frequency as a function of phase tuning current for I, = 10 mA.
It can again be noticed that the tuning becomes less efficient due to the
non-linear relationship between current and carrier density.

The mode spacing of a three-section DBR laser is determined by the
total (optical) cavity length and is given by [20]:

)\2
2(ngaLla +ngpLp +ngrLefs)

Ay, = (4.1)

with ng ., ng, and ng, the effective group indices of the active,
phase and reflector section respectively and L, and L, the length of
the active and phase section and L.y the effective length of the reflec-
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Figure 4.2: Laser frequency of a solitary three-section DBR tunable laser as a
function of phase tuning current for 7, = 10 mA.

tor section. In this case, the mode spacing lies around 60 GHz. This
value of course (slightly) depends on the value of the tuning currents.

A more detailed explanation of the different tuning mechanisms
discussed above can be found in [20] and [21]. Here, we will not go into
more detail on the tuning characteristics, we are mainly interested in
how they are influenced by optical feedback from a periodic reference
filter. Apart from the laser frequency, the output power and especially
the SMSR are other important laser parameters. We will just briefly
mention them here, for a detailed treatment of the influence of the dif-
ferent tuning parameters on the output power and the SMSR we again
refer to [20] and [21]. The output power of the solitary laser varied be-
tween 11.5 and 12.3 mW. The SMSR varied between 20 and 48 dB. An
operating point at a certain wavelength and a SMSR higher than 40 dB
can be obtained by carefully selecting the tuning currents. A procedure
to construct the tuning table so that the laser emits at ITU-frequencies
with sufficiently high output power and a SMSR higher than 40 dB is
described in [21].
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4.1.2 Tunable laser with feedback from a periodic reference
filter

Tuning table

Figure 4.3 shows (part of) the calculated tuning table of a three-section
DBR tunable laser subject to optical feedback from a stable periodic
reference filter. The feedback scheme has already been discussed in
chapter 2 and it is shown in figure 2.13. The output facet of the laser
in now anti-reflection coated and has a reflectivity of 0.01. The laser
frequency is again shown as a function of the tuning current through
the reflector section I, and this for a couple of different values of the
tuning current through the phase section (I, = 0, 1, 2 and 3 mA). The
filter was a Fabry Perot etalon with a FSR of 100 GHz and a mirror re-
flectivity of 0.9, corresponding to a 3-dB width or FWHM of the filter
peaks of 3.3 GHz (this corresponds to the FWHM that is expected for
our filter, as described in chapter 3). The central frequency of the filter
was chosen so that the peak frequencies lie on the ITU-grid. The feed-
back ratio fe.: (i.e. the ratio of the reflected power to the power emitted
by the laser) was -10 dB (for frequencies around the filter peaks), the
external cavity round-trip time 7p was 0.3 ns (corresponding to an ex-
ternal cavity length of 4.5 cm and an external cavity mode spacing of
around 3.2 GHz). According to the results shown in section 2.4.2, the
laser should work in feedback regime V for these values of the feed-
back parameters, i.e. it operates in a stable narrow linewidth mode for
all phases of feedback.

From figure 4.3 it is clear that the emission frequencies are now
determined by the frequency of the filter peaks. It can be seen that
the frequency plateaus are horizontal contrary to the (slightly) tilted
plateaus of a free-running DBR laser. As already explained, the tilt of
the plateaus for a free-running DBR laser is caused by the spectral shift
of the entire cavity mode spectrum due to the decrease of the refrac-
tive index of the reflector section for increasing I,. For an external cav-
ity laser, this shift is reduced due to the increased cavity length of the
laser. This can be understood as follows. The phase condition of the
(external) laser cavity can be expressed as:

A
Ng,ala + ngplp +ngrLepp + Mg eotLext = m§ (4.2)

with ng er¢ Lest the total external optical cavity length and m an in-
teger. For typical tunable semiconductor laser dimensions (e.g. to be
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Figure 4.3: Laser frequency as a function of reflector tuning current for a three-
section DBR tunable laser subject to optical feedback from a stable periodic
filter (I, =0, 1, 2 and 3 mA). The feedback ratio f.;: was -10 dB, the external
cavity round-trip time 7p was 0.3 ns.

found in table 2.1 in chapter 2) and L¢,;; = 10 mm it follows from ex-
pression (4.2) that for wavelengths around 1550 nm m is already more
than five times larger than for the solitary laser (corresponding with
Legt = 0). This means that a certain refractive index change (caused
by a change in tuning current or by a temperature change) will lead
to a spectral shift of the cavity modes that is five times smaller for the
external cavity laser.

As for the solitary laser, the lasing mode will be the (external) cavity
mode (fulfilling the phase condition) that experiences the lowest loss.
In this case the modes with lowest loss are those lying within a peak
of the filter that lies within the Bragg peak. This is schematically rep-
resented in figure 4.4 which shows the Bragg peak, the filter peaks and
the external cavity modes for the laser used in the simulations. The
width of the Bragg peak of this laser was 100 GHz.

It is obvious that the tuning table becomes simpler due to the feed-
back, since the emission frequencies are now determined by the filter
peaks. If the frequency of the filter peaks are chosen on the ITU-grid,
the laser automatically emits at ITU frequencies. From the many dif-
ferent operating points on the ITU-frequencies an optimum point can
then be chosen. On a coarse scale (e.g. corresponding to the ITU chan-
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Figure 4.4: Schematic representation of the Bragg peak, the filter peaks and the
external cavity modes for a three-section DBR tunable laser subject to optical
feedback from a stable periodic filter.

nel spacing of 100 GHz or 50 GHz), the frequency can be changed by
changing the current through the reflector section of the laser so that
another peak of the filter is "selected” by the Bragg peak. Fine tuning
of the frequency can be achieved by changing the current through the
phase section so that an (external) cavity mode is aligned with the cen-
ter of the filter peak that is selected by the Bragg peak. If the FSR of
the filter is not too small compared to the width of the Bragg peak and
if the phase current of the laser is carefully adapted so that an (exter-
nal cavity) mode is aligned with the filter peak lying within the Bragg
peak, stable operation can be obtained, with high SMSR.

The effect of the relation between the FSR and the width of the
Bragg peak on the SMSR of the external cavity laser is illustrated in
figure 4.5. The SMSR is shown as a function of I, for I, = 0 mA and
for a FSR of 100 and 50 GHz respectively. For a FSR of 50 GHz the re-
flectivity of the filter mirrors was changed to 0.8 so that the FWHM was
again 3.3 GHz. The width of the Bragg peak was 100 GHz in both cases,
the other parameters were the same as in figure 4.3. For completeness
the SMSR of the solitary laser is also shown. It can be clearly seen from
figure 4.5 that for a FSR of 50 GHz it is more difficult to obtain a high
SMSR.
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Figure 4.5: SMSR as a function of I, for I, = 0 mA and for a FSR of 100 and
50 GHz respectively.

Increasing the feedback strength will not help to increase the SMSR.
Some improvement might be obtained by decreasing the external cav-
ity length so that the cavity mode spacing is increased, but this might
not be feasible in practice. The influence of the feedback strength and
the external cavity length on the SMSR is illustrated in figure 4.6 which
again shows the SMSR as a function of I, for I, = 0 mA and for a FSR
of 50 GHz, once for 7p = 0.3 ns and f.,; =-10 dB, once for 7p = 0.3 ns
and f.;; =-7 dB and once for 7p = 0.1 ns and f.,; =-10 dB.

The width of the filter peaks also has to be chosen properly. It can
not be too small, because then the risk exist that the feedback level be-
comes too low (e.g. when there is a small deviation of the tuning cur-
rents) so that the laser will become unstable. On the other hand, the
filter peaks should not be too wide, because if too many cavity modes
lie within a filter peak, it becomes difficult to obtain a high SMSR. One
could of course increase the cavity mode spacing by decreasing the ex-
ternal cavity length, but as already mentioned, this is not always pos-
sible in practice. Furthermore, it should be realized that for wide filter
peaks the risk of interference between adjacent filter peaks increases.
An appropriate value for the 3—dB width of the filter peaks would lie
between 2 and 5 GHz.
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Figure 4.6: SMSR as a function of I, for I, = 0 mA, once for 7p = 0.3 ns and
fext =-10 dB, once for 7p = 0.3 ns and f.,; =-7 dB and once for 7p = 0.1 ns
and fe,y =-10dB.

Wavelength switching behaviour

Figure 4.7 shows a simulated frequency switch, with and without feed-
back. The frequency is shown relative to a center frequency of 193.1 THz.
In both cases I, was switched between 0 and 12 mA and I, was kept
constant (at 0 mA). This corresponds to operation points lying in the
center of a frequency plateau in the tuning table, i.e. they have a high
SMSR. The end frequency is of course different in both cases, as could
also be expected from figure 4.1 and figure 4.3 respectively. The feed-
back parameters were the same as before. Since thermal effects are not
included in the simulation software, the thermal drift was simulated by
applying a linearly decreasing current to the Bragg section. This will
also cause a deviation of the laser frequency and what we are mostly
interested in, is the maximum frequency (or wavelength) deviation that
can be counteracted by the optical feedback. The drift was also sped up
so that shorter time spans (a few tens of nanoseconds in stead of a few
milliseconds) could be simulated, since the simulations would other-
wise take too much time. The drift was initiated at t = 40 ns. From fig-
ure 4.7 it can be seen that the frequency drift (and eventually the mode
hop) occur earlier when there is no feedback applied. As explained be-
fore, this is because on one hand the frequencies of minimum loss cor-
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Figure 4.7: Simulated frequency switch, with (upper trace) and without
(lower trace) feedback. I, was switched between 0 and 12 mA, I, = 0 mA.

respond to the filter peaks whose spectral position is not affected by the
thermal effects in the laser cavity. On the other hand, the spectral posi-
tion of the cavity modes is less sensitive to refractive index changes in
the laser sections for the external cavity laser. Deviations up to 15 GHz
can be counteracted this way.

Figure 4.8 shows the output power during the frequency switch,
with feedback. It can be seen that the output power decreases due to
the imposed drift. This is caused by the shift of the Bragg peak (due to
the temperature change in the Bragg section) which leads to a decrease
of the round-trip gain of the lasing mode and thus to a decrease of the
output power. This does not pose a major problem however, since one
has to take into account that in reality this drift takes place over several
tens of microseconds (or even milliseconds) so that the power decrease
can easily be counteracted by increasing the active section current using
an electronic feedback loop.

To prove that the improvement of the wavelength switching be-
haviour is independent of the value of the current step (and also of
the switching history), figure 4.9 shows a frequency switch for a switch
of I, from 0 to 32 mA.
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Figure 4.8: Output power during the frequency switch, with feedback. I, was
switched between 0 and 12 mA, I, = 0 mA.
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Figure 4.9: Simulated frequency switch, with feedback. I, was switched be-
tween 0 and 32 mA, I, = 0 mA.
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Figure 4.10: Schematic representation of the coupling of a semiconductor (tun-
able) laser with the filter through a ball lens (diameter = 2 mm, focal distance
=0.1 mm).

4.2 Experimental results

Figure 4.10 shows a schematic representation of the coupling of the
laser with the filter through a ball lens. The laser is a three section DBR
tunable laser with an AR-coated facet and an output power of 5 mW
for an active current I, of 100 mA. The ball lens has a diameter of 2 mm
and a focal distance of 0.1 mm. Both the ball lens and the prisms of
the filter are low-cost standard components that are readily available.
By developing this novel filter type, we were able to keep the external
cavity length below 10 cm. Even with a short external cavity it is still
required to ensure a sufficiently high feedback level. Therefore, good
coupling of the laser with the filter is very important.

Figure 4.10 shows a picture of the top view of the laser coupled
with the filter through the ball lens on the measurement setup. The
laser is contacted using four probe needles: one for the active, phase
and reflector section and one for the ground connection.

Figure 4.12 and 4.13 show a part of the experimentally obtained tun-
ing table of the external cavity laser shown in figure 4.10. The lasing fre-
quency respectively the SMSR are shown versus the current I, through
the reflector section for I, = 100 mA and this for a couple of different
values of the tuning current through the phase section (I, = 2, 3 and
5 mA). It can be seen that the frequency plateaus are horizontal con-
trary to the (slightly) tilted plateaus of a free-running DBR laser. As
explained above this is because the frequency of each plateau is now
determined by a fixed peak of the filter, while for a free-running DBR
laser it is determined by the (quasi-)continuously shifting Bragg peak.
The difference between the plateaus is (a multiple of) the FSR of the fil-
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Figure 4.11: Picture (top view) of (tunable) laser coupled with the filter
through a ball lens on the measurement setup.

ter, whereas for a free-running DBR laser this is the cavity-mode spac-
ing. The intermediate frequency jumps (e.g. around I, = 11 mA for I,
= 2 mA) and the fact that the SMSR is not above 40 dB for every fre-
quency plateau can both be attributed to the small FSR of the filter. The
FSR is only 32.5 GHz and since the 3-dB width of the Bragg peak is typ-
ically 100 GHz or more, there are always at least three filter peaks lying
within the Bragg peak. The round-trip gain is thus nearly the same for
these filter peaks, so that minor deviations (e.g. a small parasitic change
of the external cavity length or noisy tuning currents) can already cause
a mode hop to an adjacent filter peak. This can be greatly improved on
one hand using a filter with a FSR that is better adapted to the width
of the Bragg peak (e.g. a FSR 50 GHz or 100 GHz) so that less filter
peaks lie within the Bragg peak at the same time. On the other hand
one could also adapt the external cavity length to change the external
cavity mode spacing so that the probability that two cavity modes lie
within a filter peak at the same moment decreases. However, since our
goal is to prove that the wavelength switching behaviour can be im-
proved using this principle, we only need two stable operating points
with high SMSR to switch between. We also want to stress that the tun-
ing table was recorded without any control loop applied to the laser as
is normally the case [21]. This is also a reason why the SMSR is not
above 40 dB for all frequency plateaus. By properly adjusting the tun-
ing currents it is possible to obtain a SMSR above 40 dB for every filter
peak within the tuning range of the laser. An extra advantage is that
it is easier to build a tuning table for a tunable laser that is stabilized
to an (external) frequency reference, since one no longer has to search
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Figure 4.12: Excerpt from the experimentally obtained tuning table. The las-
ing frequency is shown versus I, for I, = 100 mA and I, =2, 3 and 5 mA.

for the desired frequencies in the frequency vs. tuning currents plane.
Furthermore, aging of the tuning sections or tuning table inaccuracies
will have a reduced influence. The maximum output power after the
filter for each frequency plateau lies around 1.4 mW. This value criti-
cally depends on the beam quality within the Fox-Smith resonator and
therefore on the lens quality. Replacement of the simple ball lens by a
high quality lens is expected to increase the output power considerably.

Figure 4.14 shows experimentally obtained traces of the (absolute
value of the) deviation of the laser wavelength from it’s steady-state
value after switching, both with and without feedback from the fil-
ter. These traces were obtained with the same measurement setup as
the one in figure 2.8. The reflector current was switched at t = 0 ms
between 0 mA and 40 mA (crosses) and 0 mA and 61 mA (broken
line) respectively for the case without feedback and between 0 mA and
82 mA (thick line) for the case with feedback. The active current was
100 mA in both cases and the phase current was adjusted for maximum
SMSR each time. It can be clearly seen that the drift is considerably re-
duced by the feedback, even though the switching current is 30 % re-
spectively 100 % higher compared to the situation when no feedback
is present. The maximum deviation is reduced and the steady-state
value is reached much faster. Without feedback the steady-state is not
reached before 2 ms after the switch, with feedback it is reached already
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Figure 4.13: Excerpt from the experimentally obtained tuning table. The
SMBSR is shown versus I, for I, = 100 mA and [, =2, 3 and 5 mA.

after 0.1 ms. The fact that no complete suppression of the thermal drift
is obtained is again (partly) due to the low FSR of the filter. On top
of that, the current source that was used to switch I, only had a lim-
ited resolution (0.1 mA), which —taking into account the low FSR of the
filter— makes it even more difficult to obtain stable switching between
channels with high SMSR.

One could remark that even without feedback the maximum devi-
ation is only 50 pm or 6 GHz. However, for an ITU-channel spacing of
50 GHz the error is already above 10 %. And even for higher spacings,
a deviation of a few GHz of the channel frequency can lead to intoler-
able power differences between channels due to the optical filtering of
the signals.

4.3 Conclusion

In this chapter we have shown that the wavelength switching behaviour
of a semiconductor tunable laser can be improved by stabilizing the
laser at (the peaks of) a periodic reference filter. It was shown, both nu-
merically and experimentally, that the tuning characteristics are sim-
plified and that the wavelength switching behaviour is considerably
improved. Simulation results showed that drifts up to 15 GHz could
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Figure 4.14: Experimentally obtained traces of the deviation of the laser wave-
length from it’s steady-state value after switching, both with and without
feedback from the filter. I, was switched between 0 mA and 40 mA (crosses)
and 0 mA and 61 mA (broken line) respectively for the case without feedback
and between 0 mA and 82 mA (thick line) for the case with feedback (I, =
100 mA in both cases and I, was adjusted for maximum SMSR each time).



4.3 Conclusion 89

be suppressed through the optical feedback. Experimental results also
showed that the wavelength switching was considerably improved: the
maximal deviation was reduced by more than 50 % (from 6 GHz to less
than 3 GHz) and the steady-state value was reached much faster (af-
ter 0.1 ms in stead of 2 ms). This can be further improved by better
adapting the FSR of the filter, the external cavity length (and thus the
cavity mode spacing) and the width of the Bragg peak of the laser to
each other. The use of the filter will furthermore facilitate the genera-
tion of tuning tables and will reduce the influence of component aging
and tuning table inaccuracies. Another advantage of this external cav-
ity laser is that the small external cavity length allows integration in a
standard butterfly package.
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Chapter 5

Degradation of tunable
lasers - Monitoring and
tuning table updating
procedure

In this chapter, we will describe the issues and problems associated
with aging, monitoring and updating of tunable laser sources. After
situating the problem, we will explain the different aging mechanisms
that occur in tunable lasers, without going into much detail on the un-
derlying physical mechanisms causing the degradation. We will also
briefly describe some techniques that can be used to monitor the out-
put power, emission wavelength and SMSR of tunable lasers. The main
part of this chapter however, will be dedicated to the development of
a strategy to update the complete tuning table of a tunable laser, using
only the limited information obtained from the aging-induced changes
in tuning characteristics of a single channel (i.e. the operating laser
channel).

5.1 Context

As was mentioned in chapter 1, tunable and widely tunable lasers are
promising candidates for many very useful applications in current and
future optical networks.

However, in order to be used in a telecommunication network en-
vironment, reliability requirements are very stringent. Output power

91
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should obviously be kept at a sufficiently high level. Furthermore the
lasing wavelength should remain at its predefined value on the ITU
grid throughout the device lifetime. Otherwise the emission wave-
length could drift out of its assigned channel band or - in a worst-case
scenario - even a mode hop could occur. Even when the wavelength
(optical frequency) remains within the assigned channel band, small
frequency changes (e.g. 5 GHz) already result in power changes due
to the optical filtering of the signals. In both cases this would cause
severe signal degradation and crosstalk, obviously to be avoided at all
time. To avoid wavelength drift and mode hops, it is important that the
relation between a channel wavelength and the corresponding values
of the tuning currents always remains correct. Le., when applying the
values of the tuning currents that are stored in the look-up or tuning
table of the laser, the laser should emit at the correct wavelength, with
sufficient output power and a high SMSR (at least 40 dB).

Aging of the active section of a semiconductor (tunable) laser can
cause a decrease of the output power. This usually does not pose a big
problem as it can be easily detected and overcome by simply increasing
the active laser current.

For tunable lasers however, there is another and more serious prob-
lem. Aging of the tuning sections can cause the wavelength versus tun-
ing current characteristics to change significantly, leading to a reduced
wavelength (frequency) accuracy and a decrease of the SMSR, accom-
panied by the problems mentioned above. Therefore, a mechanism to
update —preferably automatically— the tuning table is a prerequisite
for tunable lasers to be used in a telecommunication network environ-
ment.

5.2 Degradation

Since the wavelength of minimum propagation loss lies around 1.55 ym
for Silica optical fibres, lasers for (long-haul WDM) optical telecommu-
nication networks are usually made of (a combination of) III-V semi-
conductor material. The reason for this is that the bandgap of these
semiconductors corresponds with wavelengths in the 1.55 ym region.
For telecommunication lasers InGaAsP/InP is almost exclusively used,
and this usually in a buried heterostructure (BH) construction where
two semiconductor materials (InGaAsP and InP) with different band-
gaps are stacked together. The reason such a structure is used, is that it
a.0. provides better carrier and light confinement. In a multi-section
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Figure 5.1: Schematic representation of the layer stack of an InGaAsP/InP BH
laser.

semiconductor tunable laser, the tuning sections have the same BH
structure as the active section, but with a different InGaAsP compo-
sition and a different band-gap wavelength. A rudimentary represen-
tation of the layer stack of an InGaAsP/InP BH laser is shown in figure
5.1.

A consequence of using semiconductor material is that tunable lasers
for telecommunication suffer from degradation phenomena when they
age [61, 62, 63, 64, 65]. Furthermore, unlike conventional Fabry Perot
or DFB lasers, multi-section tunable lasers not only suffer from degra-
dation of the active section, the passive tuning sections also suffer from
degradation. In the next two sections we will treat degradation of the
active and passive sections separately.

5.2.1 Degradation of active laser sections

Degradation of the active section may cause an increase of the threshold
current and a decrease of the external differential quantum efficiency
[61, 66, 67, 68]. These changes are however limited. And since further-
more the decrease of the emitted optical power can easily be counter-
acted by increasing the current through the active section, degradation
of the active section does not pose a major limit on using semiconduc-
tor tunable lasers in a (WDM) telecommunication network. The device
lifetime can be defined as the time needed for the operating (active)
current under a constant optical output power to increase with 50 %. In
that case, estimated lifetimes of 106 hours for 5 mW of output power at
a temperature of 25 °C are feasible [62]. A lifetime of 10° hours corre-
sponds to 42667 days or a period of 114 years, which should be more
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than sufficient for a component to be used in a telecommunication net-
work.

For completeness, we want to mention briefly the physical mecha-
nisms underlying the degradation of the active section of BH semicon-
ductor tunable lasers (or the degradation of BH semiconductor Fabry
Perot lasers). The increase of the threshold current is caused by a de-
crease of the carrier lifetime through an increase of the non-radiative
recombination rate due to the formation of point defects in the active
layer. The decrease of the external differential quantum efficiency on
the other hand is caused by the increase of the absorption coefficient
due to degradation. The formation of the defects is related to the fab-
rication process of the BH structure [61, 66, 67, 68]. However, as men-
tioned before, the influence of these effects is minimal, especially for
lasers which are made with current state-of-the-art production tech-
niques from high quality semiconductor wafers.

5.2.2 Degradation of passive laser sections

While degradation of the active section usually does not prohibit long
term use of a semiconductor laser, degradation of the tuning sections
does pose a major problem for the use of tunable lasers in a network
environment. This is mainly because it causes a change in the tuning
characteristics of the laser [61, 62, 63, 64, 65]. This means that when
applying the tuning currents stored in the look-up table of the laser
—which was obtained before the laser aged— the resulting operation
point will most likely have the wrong wavelength and probably with
a low SMSR. This is illustrated in figure 5.2 and in figure 5.3 where
the wavelength respectively the SMSR of a three-section DBR laser are
shown versus the reflector current, both before and after aging of the
reflector section. These results were obtained from simulations. As will
be explained below, aging of a semiconductor laser can be simulated
by increasing the value of the non-radiative recombination parameter.
The active section was biased at 100 mA corresponding to an output
power around 18 mW, no current was flowing through the phase sec-
tion and the current through the reflector section was changed from 0 to
30 mA. The laser is usually operated in the center of one of the wave-
length plateaus in the tuning characteristic, where the corresponding
SMSR is maximal compared to neighbouring operation points. Sup-
pose that the laser has been operating at the wavelength channel corre-
sponding with a reflector current of 21 mA (point A on the graph), and
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Figure 5.2: Laser wavelength vs. tuning current of a three section DBR laser,
before and after aging of the reflector section.

this for a period long enough for the laser to age up to the point where
the upper (dashed line) tuning characteristic is valid. As long as the
laser is operated at the same wavelength channel, the control system
of the laser will keep it at the correct wavelength and SMSR by adapt-
ing the tuning currents to counteract the changes caused by aging (or
other external influences like a change in the environmental temper-
ature) [69]. However, suppose that at a certain moment the decision
would come to operate the laser at a different wavelength channel, say
the one around a reflector current of 5 mA (point B on the graph). In
that case, since the original tuning characteristic (full line) is no longer
up-to-date, the laser would switch to a point on the new tuning charac-
teristic (dashed line) very close to a mode hop (figure 5.2) and with an
unacceptable low value for the SMSR (figure 5.3).

Figure 5.4 shows the output power of the same three-section DBR
laser as above, again before and after aging of the reflector section.
From figure 5.4 it is clear that the output power does not suffer a lot
from the aging of (one of) the tuning sections. The difference in power
between the original tuning characteristic and the new tuning charac-
teristic is not even 5 % near point B. Furthermore a slight decrease (or
increase) of power is not nearly as bad as a shift in wavelength or a de-
crease of the SMSR and it can be easily counteracted by increasing (or
decreasing) the current through the active section.
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Figure 5.3: SMSR vs. tuning current of a three section DBR laser, before and

after aging of the reflector section.
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Figure 5.4: Output power vs. tuning current of a three section DBR laser,

before and after aging of the reflector section.
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The data shown in figures 5.2, 5.3 and 5.4 are not experimental ag-
ing data, but are obtained from simulations. The reason for this is that,
unlike a commercial laser company, we do not have enough lasers nor
the infrastructure to perform real-life aging tests. Furthermore, ex-
perimental aging data is very sensitive matter which —for obvious
reasons— companies are not eager to distribute or share with the re-
search community. Therefore, we had to perform simulations to study
the influence of passive section degradation on the tuning characteris-
tics of tunable lasers. The simulations were performed with software
developed at INTEC [21]. As was the case for the active section, the
degradation of the passive sections is caused by an increase of the non-
radiative recombination due to the development of defects when the
laser ages [61, 62, 63]. Hence aging of a tunable laser can be simulated
by increasing the value of the non-radiative recombination parameter
A, e.g. from 108 57 to 1.5x108 571, values corresponding to experimental
pre- and post-aging data [65]. The validity of the simulations is proven
by the fact that the results shown in figures 5.2 and 5.3 agree very well
with published experimental results [62, 63, 64, 65].

Active and passive section degradation do not interfere with each
other. This means that degradation of the active section will only have
a negligible effect on the tuning characteristics. This is illustrated in
figures 5.5 and 5.6 which show the wavelength and SMSR of a three-
section DBR laser versus the reflector current, once before and after the
active section has aged. For the wavelength as well as for the SMSR
there is no noticeable difference before and after aging, proving that ac-
tive section degradation has a negligible influence on the tuning char-
acteristics.

Vice-versa degradation of the passive sections will only have a neg-
ligible effect on the light characteristics (i.e. output power versus active
section current) [62]. This is illustrated in figure 5.7 which shows the
light characteristic of a three-section DBR laser, once before the laser
suffered from any aging, once after only the active section aged and
once after only the reflector section aged. It is clear that the light char-
acteristic is practically the same in all three cases, proving that passive
section degradation has a negligible influence on the light characteris-
tic and also that the effects of active section degradation are limited, as
mentioned in section 5.2.1.

The reason for the limited change of the light characteristic is that

the active section carrier density is clamped once the laser is above
threshold. Unfortunately this is not the case for the passive sections,
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Figure 5.5: Laser wavelength vs. tuning current of a three section DBR laser,
before and after aging of the active section.
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Figure 5.7: Light characteristic of a three section DBR laser, before and after
aging of the reflector and active section respectively.

hence passive sections suffer more from degradation than active sec-
tions [61, 65]. The degradation of the passive sections also depends on
the tuning current density: the higher the tuning current density, the
bigger the change in tuning characteristics will be [62, 63, 64, 65].

From numerous (accelerated) aging tests it has appeared that after
an initial period with rather large drifts, the wavelength drift saturates
[63, 64, 65, 67]. Hence, the detrimental influence of aging on the tun-
ing characteristics can be reduced if a proper burn-in is applied to the
laser. A residual drift remains however, and often a frequency drift of
no more than a few GHz can be tolerated in current optical networks.
This is because typically a frequency accuracy of 10 % of the channel
spacing is required and nowadays this spacing is 100 GHz and an evo-
lution towards 50 GHz or even 25 GHz is expected [58]. Therefore, in
order to be used in a real-life network environment, a mechanism is
required to update the tuning currents so that the aging-induced wave-
length drift is compensated for. This will be discussed in more detail in
section 5.4.
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5.3 Monitoring of tunable transmitters

When using a laser or any other component in a telecommunication
network, it is mandatory that its characteristics (output power, emis-
sion wavelength, SMSR. . .) remain within certain specified limits. How-
ever, component degradation or environmental influences can lead to
an unacceptable change of the characteristics. It is therefore crucial
to monitor system performance to be able to detect and counteract —
mostly by some sort of feedback— (limited) changes in device charac-
teristics. Monitoring is especially useful in counteracting slow, gradual
changes in device performance. When sudden or large errors occur,
this mostly indicates component failure and in that case the defective
device needs to be replaced anyway. Here too, monitoring can be help-
ful to locate the device in question.

For a tunable laser, important characteristics that need to be mon-
itored are the optical output power, the emission wavelength and of
course the modal stability (expressed by the SMSR).

5.3.1 Power monitoring

The output power can easily be monitored using photodiodes. A mon-
itor diode is usually integrated in the package of commercial lasers.
A small fraction P, of the output power is tapped off and measured
by the monitor diode. The power can then be stabilized by correcting
the current through the active section by an amount proportional to
(Pref — Pr), with P,y proportional to the desired output power.

5.3.2 Wavelength monitoring

Optical filters are often used to monitor and stabilize the emission wave-
length by translating wavelength values (variations) into power values
(variations). Several types of filters can be used: a fiber Bragg grat-
ing [70], an arrayed waveguide grating (AWG) [71] or a Fabry Perot
etalon [72]. In order to be used as a wavelength reference, filters that
remain very stable over time and show low sensitivity to environmen-
tal changes have to be used. Since a tunable laser can be used to emit at
multiple ITU wavelengths, periodically spaced by 50 GHz or 100 GHz,
a filter with a very broad characteristic or a periodic wavelength refer-
ence is required. If a broad filter is chosen so that the different wave-
length channels lie on the slope of the filter characteristic, each channel
will correspond to a different value of the transmission of the filter.
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If the wavelength of a certain channel starts to drift, the transmission
through the filter will obviously change for that channel and the wave-
length can be stabilized by adding corrections proportional to the devi-
ation from the original value of the transmission to the phase current.
For a periodic wavelength reference, a Fabry Perot etalon with its inher-
ently periodic transmission characteristic seems to be a very suitable
candidate for wavelength stabilization of tunable lasers. Fabry Perot
wavelength lockers (FPWL) are commercially available [73]. In such a
component, a small fraction (= 5%) of the laser light is tapped off for
wavelength monitoring. This light is again divided in a fraction that is
directly detected (power P;) and a fraction that is first sent through a
highly stable Fabry Perot etalon with a free spectral range of 100 GHz
(or 50 GHz) before detection (power P). The function log(nP:/P),
with 7 a calibration factor, is then fairly linear in function of frequency
around an ITU frequency and crosses zero at that frequency for the cor-
rect value of 7 [69]. This function can thus be used to monitor the wave-
length and by adding corrections proportional to log(nP>/P;) to the
phase current, the wavelength can be stabilized. The unfiltered power
Py can furthermore be used to control the output power of the laser.

The techniques discussed so far all require external devices to mon-
itor the wavelength. In [74] an interference based wavelength monitor
is presented that can be fabricated on a single chip with a tunable laser.
The sensitivity of the presented device is still rather low (50 GHz), but
can be improved by better design of the component [74].

5.3.3 SMSR monitoring

Apart from keeping the emission wavelength constant, it is also very
important that the laser spectrum is kept monomodal. This translates in
keeping the SMSR sufficiently high. In [69] a scheme is presented where
the active section voltage is kept at a minimum to ensure high SMSR.
Unfortunately, this scheme can only be used for SG-DBR and SSG-DBR
widely tunable lasers and not for GCSR lasers due to the absence of
clear local minima in the active section voltage versus tuning currents
characteristic for this type of laser. In general, the scheme works for
lasers with sharp reflection peaks or sharp peaks in the round-trip gain
and does not work for laser with less sharp peaks.

A possible method for monitoring the SMSR —independent of the
type of tunable laser— could be the following. When a side mode
is present, an RF beat component will appear in the intensity when
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it is detected with a photodetector. The stronger the side mode, the
stronger the beat signal will be. Since the frequency separation be-
tween the modes of a semiconductor tunable laser is typically of the
order of several tens of GHz, the photodetector needs to have a suf-
ficiently high bandwidth. Even then, only beat signals caused by the
modes lying next to the main mode can be detected. Normally how-
ever, these modes are also the strongest side modes, and thus the ones
that are most important to monitor and suppress. This method is illus-
trated in figure 5.8(a) and figure 5.8(b) which show simulation results
obtained with the VPI Componentmaker software [56]. Figure 5.8(a)
and figure 5.8(b) show the power versus time for a tunable laser, tuned
so that the SMSR is 40 dB and 17 dB respectively. In figure 5.8(b) we
can clearly see the beat signal with an oscillation frequency of 60 GHz,
corresponding to the frequency separation of the main and the nearest
side mode. Obviously, a very high bandwidth detector is required for
this.

The SMSR can also be derived from the power in the side mode(s)
closest to the main mode. Because if the power in the side modes is
minimal, the SMSR will be maximal. To measure this power, one can
use a FPWL. If we assume that the tuning currents are adjusted so that
the wavelength of the main mode A/ lies on the ITU-grid, the power
transmitted through the Fabry Perot filter (P») will be maximal and will
be a measure for the power in the main mode Py, the directly de-
tected power P is of course a measure for the total output power P;.
Since Piot = Pyrv + Psy, with Psyy the power in the side modes and
since Py = aP; and Py = bPs, Psyy = aP; — bPy with a and b cali-
bration factors. The SMSR can thus be kept maximal by adjusting the
tuning currents so that (aP; — bP») stays minimal. The above reasoning
is of course only correct if none of the side modes lies on the ITU-grid,
because then Pg)s would also pass (partly) through the filter. However
the strongest side modes are nearly always the cavity modes closest to
the main mode, and most tunable lasers are constructed so that their
cavity mode spacing is different from 50 GHz.

5.4 Tuning table updating procedure

In this section we will describe a procedure to update the tuning table
of a tunable laser that has been affected by aging. When the laser is be-
ing used as a working component in a network environment, it would
not be efficient to remove it from the network to completely construct
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the tuning table again as has been done when the laser was charac-
terized [69] before it was used for the first time. Instead, we want to
update the existing tuning table using the information that is avail-
able from the observed aging-induced changes in tuning characteris-
tics. These changes can be observed from the changes in tuning cur-
rents —that can easily be logged by the micro-controller a commercial
transmitter based on a tunable laser is always equipped with— that
occur when the control system of the laser [69] tries to counteract the
aging-induced wavelength drift. Mostly, only information about the
aging of one channel —the working channel— is available to update
the laser. Nonetheless, as was explained in 5.2.2, it is very important
to update the whole tuning table. To determine when an update is re-
quired, e.g. a 10 % deviation of the tuning currents from their initial
values could be chosen as a limit.

Since the only information we have is the value of an aging-induced
shift in tuning current for a certain wavelength, we should look for a
relation between tuning current and wavelength. We start from the
relation between the current I through a passive section and the corre-
sponding carrier density V:

I =eV - (AN + BN? + CN?) (5.1)

In this equation e is the electron charge, V' is the volume of the tun-
ing section, A, B and C' are the non-radiative, the bimolecular and the
Auger recombination parameter respectively. Since the wavelength A
depends on the carrier density, a mathematical relation \(V) exists be-
tween NV and A and since this is a non-singular relation the function
N(X) can be determined. If we now substitute the Taylor expansion of
N(X) in that of (V) we get, after neglecting higher order terms:

A N"
_ . /. N2 A . 2
I=¢eV - [AN'-6x+ B(N') (1+QB( ,)2)
B N”"
N3 I 3
FCWNP (1 + G pa) OV

(5.2)

In this equation A = X\ — Ao with A\ the wavelength corresponding
to zero tuning current, N = (d() N/d\®) ’)\0 and no=1p=0. If we now
take into account that the change in the tuning characteristics is caused
by an increase in non-radiative recombination and thus a change AA
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of A[61, 62, 63, 67], and if we neglect the second derivative N " we get
for the shift of tuning current caused by aging:

Al =eV-AA-N'-6) (5.3)

From equation (5.3) it is clear that the ratio AI /) is constant. This
means that if we know AI; for a certain wavelength shift §)\; (corre-
sponding to a certain channel i), then we automatically know AI;/é\;
and thus AI; for all other channels j. We want to point out that d\
in equation (5.3) stands for the shift in Bragg wavelength dA\p when
dealing with a DBR section, or for the shift of the comb spectrum of
the cavity modes J )\, when dealing with a phase section. In a practical
situation 0 Ap and 0\, are usually not know, but since the lasing wave-
length will be the one of the cavity mode lying closest to the center of
the Bragg peak and since we are dealing with rather small wavelength
shifts anyway, dAp can be derived from the A\ — I, characteristic for
a certain value of I, (the one corresponding with the operation point
of the laser). Likewise 6\, can be derived from the A — I, characteris-
tic for a certain value of Iy, (the one corresponding with the operation
point of the laser). The A — I3, and A — I, characteristics can easily be
obtained from the whole A — Iz, — I, characteristic, which is stored in
the tuning table of the laser during the characterization procedure of
the laser. The algorithm derived from equation (5.3), described above,
is illustrated in the following simulation results. Figures 5.9 and 5.10
again show part of the tuning table (the laser wavelength versus the
current through the reflector section /4, for a phase current of 0 mA)
of a three-section DBR laser before aging (solid line) and after aging
(broken line). The triangles represent the same part of the tuning table,
but now for the aged laser and with updated values for the tuning cur-
rent, obtained through the algorithm described above. We see a nearly
perfect match between the original and updated tuning table. Only the
DBR section suffered from aging in this case, the current through the
phase section was kept zero. To simulate the aging, we again increased
the value of the non-radiative recombination parameter A from 108 s
to 1.5x10% s™.. In most cases, when the laser has been through a period
of burn-in, the changes in A will not even be as big as the ones we used
in our simulations.

In [65] experimental proof of the above algorithm is given for a laser
with only one tuning (DBR) section. Most tunable lasers have more
than one tuning section however, so it is important to check if our algo-
rithm also works if more than one tuning section has suffered from ag-
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Figure 5.10: SMSR vs. tuning current of a three section DBR laser, before and
after aging of the reflector section, and after updating.



5.4 Tuning table updating procedure 107

1.5525 5

Before aging
------- After aging
1.5515 - y s Updated

15520 °

1.5510 _

1.5505 e

A (un)

1.5500
1.5495
1.5490

1.5485

1.5480 \ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30
In (MA)

Figure 5.11: Laser wavelength vs. tuning current of a three section DBR laser,
before and after aging of the reflector and phase section, and after updating.

ing. Figures 5.11 and 5.12 shows a simulation result for the same laser
used above, but now both the phase and DBR section have suffered
from aging (for both sections we changed A from 108 s! to 1.5x10% s,
I, was 5 mA). Again we see a nearly perfect match between the original
and updated tuning table.

For completeness figures 5.13 and 5.14 show that the A — I, and
SM SR~ I, characteristics can also be completely updated, even if both
the phase and DBR section have suffered from aging. In this case, care
has to be taken to determine )\, because of the periodic nature of the
A — I, characteristic. If we would simply calculate 0\ as A = XA — Ag,
with A and Ag the laser wavelength for I, # 0 and I, = 0 respectively,
dA would be zero for those phase current for which A = Ao, suggesting
that for those currents there is no aging-induced drift, which is obvi-
ously not correct, as can also be seen from figure 5.13. Instead we have
to calculate 6\ as A = A, — Ao, with )\, the wavelength of the cavity
mode that was the lasing mode for I, = 0. This can easily be done by
compensating the discontinuous A — I, characteristic from figure 5.13
with the wavelength period —corresponding to a cavity mode hop—
each time a mode hop occurs, yielding the continuous and monotonous
Ap — I, characteristic.

Finally, figure 5.15 shows that also the power-tuning current rela-
tion can be restored using the same algorithm.
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Figure 5.15: Output power vs. tuning current of a three section DBR laser,
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In all these results, only one AI (corresponding to the channel the
laser would be operating at) needed to be known per tuning section,
to update the complete wavelength versus tuning current characteris-
tic for that section. From the above results it is clear that the tuning
table of a tunable laser can completely be updated using the very sim-
ple algorithm we described above. For lasers with more than two tun-
ing sections, or for lasers with complex reflector sections like SG-DBRs
or SSG-DBRs, the same algorithm can be applied in a straightforward
manner since the underlying physical processes are always the same.

5.5 Conclusion

In this chapter we explained the different aging mechanisms that can
occur in tunable lasers and the problems they can cause. We stressed
the importance of reliability and described techniques to monitor the
performance of tunable transmitters. We also described a strategy to
update the complete tuning table of a tunable laser that has suffered
from aging, using only the value of the aging-induced shift in tuning
current(s) corresponding to the operating channel of the laser. Our re-
sults show that a nearly perfect match between the original and up-
dated tuning tables can be obtained using the described strategy.



Chapter 6

Lasers with integrated
optical amplifier

In this chapter we will investigate the influence of an (integrated) op-
tical amplifier on important laser characteristics such as the relative in-
tensity noise (RIN), the linewidth and the side mode suppression ratio
(SMSR).

It is shown that the RIN and the linewidth of a laser diode can in-
crease significantly if an optical amplifier is integrated with the laser
diode. This increase is due to the amplified spontaneous emission from
the optical amplifier that is injected into the laser. The increase of the
RIN and the linewidth depends on the amplification factor of the am-
plifier and is more severe when the amplification factor increases.

It is also shown that the SMSR in single mode laser diodes, such as
DFB or DBR laser diodes, can be reduced by 10 dB or more if an op-
tical amplifier is integrated with the laser diode. The reduction of the
side mode rejection is due to an increase of spontaneous emission that
couples into the side mode, an increase which in turn is due to ASE
originating in the optical amplifier. Like the RIN and the linewidth in-
crease, the SMSR reduction also depends on the amplification factor
of the amplifier and is more severe when the amplification factor in-
creases.

6.1 Context

As already explained in chapter 1, core optical networks require trans-
mitter modules capable of delivering high optical power levels. How-
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ever, many of the more advanced laser diodes used in such transmitter
modules are limited in optical power. In order to boost the power lev-
els, a semiconductor optical amplifier (SOA) is sometimes integrated
with the laser diodes. This is e.g. the case for several types of tun-
able or widely tunable laser diodes [74, 75, 76, 77, 78, 79, 80] as well
as for many types of multi-wavelength lasers [81, 82]. Widely tun-
able laser diodes often have passive tuning sections incorporated on
one or both sides of the active section. These passive sections absorb
part of the light that is emitted by the active section. This absorption
furthermore changes when the current through the tuning sections is
changed to tune the laser frequency. The added absorption obviously
limits the maximum output power and necessitates the use of an in-
tegrated semiconductor optical amplifier for (widely) tunable lasers.
Multi-wavelength lasers often consist of laser arrays and a combiner
in which the light of the individual lasers is combined. The combiner
introduces significant losses, which are preferably compensated by an
integrated amplifier.

We will show however that by integrating an optical amplifier with
a laser diode, the noise characteristics of the laser diode can be seri-
ously degraded. The noise properties of a laser diode are usually de-
scribed by the RIN and the linewidth parameters [17, 18, 19]. The RIN
is a measure for the relative strength of the intensity fluctuations in the
laser output power compared to the average intensity of the laser sig-
nal. The linewidth stands for the spectral width of the laser peak and
is a measure for the phase noise of the laser signal. Obviously, the RIN
and the linewidth of a laser source are preferably as low as possible for
a laser that is to be used as a transmitter in a telecommunication net-
work. Unfortunately, as will be shown in this chapter, both the RIN and
the laser linewidth can increase with one or more orders of magnitude
due to the amplified spontaneous emission noise from the amplifier.

The side mode suppression ratio or SMSR is another important laser
diode characteristic. Transmitters for high-end optical communication
systems typically need to have side mode rejection over 40 dB. Lower
SMSR values may indeed lead to intolerable intensity noise through
mode partition noise or to large levels of crosstalk in WDM systems.
The power in a side mode typically consists of amplified spontaneous
emission and its level is determined by the spontaneous emission rate
and by the difference between the threshold gain and the mode loss
of the side mode (i.e. the mode discrimination). In this chapter it will
be shown that the ASE from the amplifier also seriously degrades the
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Figure 6.1: Schematic structure of a laser diode integrated with a semiconduc-
tor optical amplifier.

SMSR of single mode laser diodes. A degradation of the SMSR of 10 dB
or more is possible due to the presence of an integrated SOA.

The degradation of the RIN, linewidth and SMSR can obviously
also occur when a laser diode is connected to a separate booster am-
plifier without an isolator in-between. A related configuration, a laser
diode directly connected to or integrated with an SOA-based wave-
length converter, will suffer from a similar noise degradation [83].

6.2 Theoretical modelling

In this section we will derive analytical expressions for the RIN, the
linewidth and the SMSR of a semiconductor laser connected to an opti-
cal amplifier. These expressions will be derived from a set of alternative
rate equations that are more generally valid than the conventional rate
equations.

Figure 6.1 shows the schematic structure of a laser diode integrated
with a semiconductor optical amplifier. The laser part in this structure
can represent a general multi-section DFB or DBR laser diode. The in-
fluence of the SOA on the laser diode consists of (backward propagat-
ing) amplified spontaneous emission noise that is injected in the laser
diode at z = Lg. This spontaneous emission noise is characterized by
a Langevin function F;(t), which has the following second order mo-
ment:

eap[(Tg — a)aLa — 1
(I'g — a)q

with hv the photon energy, L, the amplifier length and (I'g)4, nsp,a,
o, the modal gain, inversion factor and internal loss of the amplifier

<Fi(L,t)FZ—*(L,t’)> = hv(Tg)anspa S(t—t) (6.1)
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respectively. It is assumed that the fields are normalized such that their
squared amplitude represents the power.

6.2.1 Rate Equations for a laser connected to an optical ampli-
fier

To model the influence of an integrated optical amplifier on laser per-
formance, we will use a set of improved rate equations that are more
generally valid than the conventional rate equations which for instance
can be found in [17]. The more general rate equations can be derived
from the dynamic coupled-wave equations [84]. We will not go into
much detail on the derivation, the interested reader is referred to [84]
for a more elaborate treatment.
The dynamic coupled-wave equations are given by:

ORT 1 0RT
- A + = 1 i - F+ )
g: T, ar TIACET = (Rt i)+ Rz (622)
OR~ 1 0R-
—_ I ‘A —: * . * + F* ‘
or tog o TIART = (R IRDRETHFT(0  (6.2D)

In these equations R* and R~ are the amplitudes of the forward
and backward propagating fields respectively, v, is the group velocity,
Ap is the complex Bragg deviation [84], ; represents the index cou-
pling and x4 the gain coupling. F't and F~ are uncorrelated Langevin
functions with the following second-order moments:

<F+(z, t)F+*(z', t’)> = <F_(z, HE (2, t')>

6.3
Tz — o —t)

with (I'g); and ns,; the modal gain and the inversion factor of the
laser respectively. The field amplitudes and the complex Bragg devia-
tion can be expanded as follows:

RE(2,t) = RE(2) + 0R® (2, 1) (6.4a)
With R(jf(z) the field amplitudes obtained under static operation

and Afy(z) the Bragg deviation under static operation. R{(z) and
R (z) obey the static coupled-wave equations which are given by:
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ORy . n N
W + jAﬂORO == (K/g + ]K"L')RO (6.5&)
aRa - — * -k —+

5, + JABo Ry = (ky + jri) Ry (6.5b)

After substitution of the expansions given by (6.4) into (6.2), a few
terms can be removed if (6.5) is taken into account. Next we multiply
the resulting equations with Ry respectively Ry and likewise multi-
ply (6.5) with R~ respectively dR*. If we then subtract the resulting
equations for 6R" and R;; and those for R~ and R, we obtain:

d(Ry6RT) 1 0(RyoRY)

o + VT + j6(AB)RTRy =
(kg + jri) Ry 6RT — (k% + jki) Ry SR + Ry F™*
(6.6a)
+ 5 p— + s p—
_8(Rg;5R ) +Ulga(ROafR ) L SARRRE =
— (kg + jri) Ry 6RY + (k) 4 jr;)R§OR" + R{F~
(6.6b)

Adding (6.6a) and (6.6b) and integrating from the laser facet on the
left-hand side (z = 0) to the laser facet on the right-hand side (z = Lg)
yields:

Lg
§(AB) [Ry R + R§R™ | dz =
0
i0 /Ld [Ry6R" + RTOR™| d (6.7)
Ug 8t 0 0 0 i '
Lq
_j / [Ry F* + REF~ d= — jts R (La) Fi(t)
0

For the integration leading to (6.7) we have taken into account the
boundary conditions at = = 0 (i.e. R = r R, and dRT = rdR")
and z = Ly (i.e. Ry = roR{ and 6R™ = r6R’ + t2F;), with r; the
reflection coefficient of the left-hand side laser facet and r9 and t; the
reflection and transmission coefficient of the right-hand side laser facet.
For the rest of the derivation the fields are normalized such that the
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photon density S(z,t) = \RﬂQ + |R_|2. It is also assumed that the
spatial profiles of R and dR~ are the same as the spatial profiles of
the static fields. This can be expressed as:

SR (2,1) = R§ () [VI+ () — 1]
6S(z,t) = So(2)f(t)

with f a real and z-independent function of time and Sy(z) the static
optical power profile. Using (6.8) equation (6.7) can now be written as:

(6.8)

Lq
vgv/ 1+ f/o (AL, (2)dz =

6.9)
(VT +  RiaR@m
JM + vgFe(t) — ]tzvg%

ot 2 [ Ry Ry dz
with the longitudinal confinement factor I',(2):

+ —
P.(z)= ot (6.10)
Jo * B Ry dz

and v, F¢(t) determined by its second-order moment:

Ly +12 2 2
Ry +|R dz
<'Uch(t)Fc*(t/)’Ug> = W(S(t _ t/) ! 0 |:‘ 0 } ‘ 0 } j| ]
av Vact

‘foLd R(J)FR(;dZ‘

K,
= (Fg)l”sp,l”gm5(t —t')

(6.11)

with K, the longitudinal Petermann factor [84], S, the spatial aver-
age of the photon density and V, the active layer volume. We will de-
note the third term on the right-hand side of equation (6.9) as —jvy Fiy,;(t),
with the second-order moment of vy F;,,;(t) given by:

(Vg Finj () Fip i (t )vg) =

K. LA-1 taf? | RE (L) St t)
SavVaet Lg ln(A) %d foLd [‘RS_F i ‘Ra ‘2} dz

(F9>ansp,avg

(6.12)



6.2 Theoretical modelling 117

with A the total (net) amplification of the optical amplifier. The fac-
tor between the curly brackets is a factor that depends on the laser
structure only; it is the extraction efficiency from the right-hand side
facet and will be denoted further as «,L,. For AR-coated lasers this
factor is generally very close to unity.

In equation (6.9) §(Ap) still has to be expressed as a function of laser
parameters. If for the sake of simplicity we neglect the non-linear gain,
d(ApB) can be expressed as follows:

Aw 14+ jay

5(A5):E+j 5

GadN(2) (6.13)

with Aw the small-signal variation of the optical frequency of the
mode, ay the linewidth enhancement factor, defined by (2.20) and G4
the modal differential gain of the laser waveguide. To determine NV (z)
we can decompose N(z,t) in a uniform part and a part with the same
axial variation as (So(z) — Sqv) [84]:

N(z,t) = No(t) + Nl(t)w 6.14)
Equation (6.9) can then finally be written as:
14
VIt {Aw +j *;O‘HG; [6No + SN (x — 1)]} —
(6.15)
OH1+ ,
J(atf) + vgFe(t) — jugFinj(t)

with G/, = v,G 4 and where Y is a complex factor that describes the
influence of spatial hole burning and is a function of the field distribu-
tions in the laser cavity only [84].

6.2.2 Derivation of relative intensity noise and linewidth

For the derivation of laser characteristics rate equation (6.15) has to be
combined with the carrier density rate equations. The derivation of
the rate equations for Ny and N; can be found in [84]. To simplify the
derivation further, we neglect spatial hole burning from now on and
assume that the carrier density in the laser cavity is uniform. We also
ignore the noise terms in the carrier density rate equations. This implies
a.o. that our derivation of the RIN will only be valid at low or moderate
power levels. The rate equation for Ny then is:
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dNo J Ny
dt ed  T(No)

with J the injection current density, e the unit of elektron charge, d
the thickness of the active layer, 7(Ny) the carrier lifetime, G;(/Vy) the
modal gain and 3(2v, F.) the imaginary part of 2v,F... The RIN can be
derived from the small signal, frequency-dependent solutions. For this
we take the Fourier transform of (6.16) and of the real and imaginary
part of (6.15). Then one obtains for the Fourier transform F(2) of f(¢):

— G1(No)Sup + SavS(20,F.) (6.16)

1
F(Q) {jQ {jQ t—+ G:iSav:| + GIdGl(NO)Sav} =
. ¢ , 6.17)
[jQ +—+ GQSM] R(2vgFing) — (jﬂ + ) S (2ug Fy)
Td Td

So that we obtain for the RIN, which is determined by RIN=(| F'|?):

2
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We want to remark that equation (6.18) gives the RIN as would be
measured just outside the laser, e.g. at the left-hand side facet of the
chip (2=0). At the right-hand side facet of the chip (2 = Ly + L,), i.e.
after the amplifier, the RIN that is measured is modified further by the
beat noise between the laser signal and the forward propagating ASE
of the amplifier. This extra RIN has been described before and is usu-
ally negligible [99]. If furthermore the amplifier is saturated, then the
intensity noise from the right-hand side laser facet will be suppressed
in the amplifier.

From a similar derivation, but assuming only low frequencies €2,
one finds for the linewidth:

GI(NO)nsp,l Kz
4m SavVact

Av = (1 + a%)

(6.19)

A B 1 & (Fg)an5p7aa Ld

x |1+ -
IH(A) Ld (Fg)lnsp,l



6.2 Theoretical modelling 119

From equations (6.18) and (6.19) it can easily be seen that both the
RIN spectrum and the linewidth of the solitary laser are increased by
the presence of the optical amplifier with the factor between square
brackets. The linewidth and RIN increase due to the ASE noise from
the optical amplifier can easily be estimated. We consider a A/4-shifted
DFB laser, for which o, Ly=1 (i.e. kL =~ 1.25). We also assume that laser
diode and semiconductor optical amplifier have equal length, equal
gain and equal inversion factors. In that case, both the RIN and the
linewidth are increased by a factor 1 + (A — 1)/In(A). This factor is
around 5 (7 dB) for an amplification of 10 (10 dB), but increases to 22.5
(13 dB) for an amplification of 20 dB. In section 6.3 elaborated numeri-
cal and experimental examples will be given.

Almost at the same time as we published the results described above
in [100], other researchers have published a paper about the linewidth
broadening of a DFB laser with an integrated SOA [101]. Their theoret-
ical model is based on a two-dimensional transverse carrier transport
model coupled to a longitudinal model based on the Green’s function
method. For the case of a perfectly anti-reflection coated SOA facet
(Rq = 0) they find an analytical expression (expr. (54) in [101]) similar
to (6.19), also indicating that the linewidth broadening is caused by the
ASE coming from the SOA that is coupled into the lasing mode. Their
model also neglects non-linear gain compression, but it does take into
account the effect of spatial hole burning in the laser. From their results
it appears however that spatial hole burning only has a considerable
influence for lasers with a high normalized coupling coefficient kL and
even then the broadening factor (i.e. the factor between square brack-
ets in (6.19)) remains very well within the same order of magnitude
as the values we have found (for an amplifier gain of 10 they find a
broadening factor of 5 resp. 7 for a L of 2.6 resp. 3.6). The biggest dif-
ference is that the material linewidth enhancement factor ag in (6.19)
is replaced by the effective linewidth enhancement factor .. This is
because we have neglected spatial hole burning (i.e. the contribution of
dNp in (6.15)) and therefor we obtain a result with oz instead of .

The influence of a finite reflectivity of the SOA facet was also in-
vestigated in [101]. When the SOA facet has a non-zero reflectivity, the
laser will be influenced by the optical feedback from this facet, on top
of the amplifier ASE that is injected into the laser. As was already ex-
plained in chapter 2, the linewidth can either be increased or decreased
by the feedback, depending on the phase of the feedback. These oscil-
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lations can lead to a linewidth broadening that is even higher than the
one predicted by (6.19).

In our model we also have not taken into account the saturation
of the amplifier by the laser light. This would lead to a reduction of
the gain and the ASE emitted by the SOA. However, in [101] it is also
shown that the broadening is not much influenced by the reduction of
the ASE caused by the saturation of the optical amplifier by the laser
output power.

6.2.3 Derivation of side mode suppression ratio

To derive an expression for the decrease of the SMSR of a laser-amplifier
cascade, we will again start from equation (6.15). For the derivation
of equation (6.15) RE and N, have to be chosen such that they ful-
fill the static coupled wave equations (i.e. also without spontaneous
emission). For a side mode, this means that Ny is the threshold carrier
density of that side mode. If a main mode is lasing at lower threshold
and spontaneous emission is present, then the power in the side mode
will be amplified spontaneous emission and 6NV can be regarded as the
deviation from Ny due to this amplified spontaneous emission.

Equation (6.15) can be rewritten as

0
87{:2j\/1+f[Uch_j'UgFinj]_2j(1+f) {Aw+j

1+ jan
2

GgaN}

(6.20)

where we have again neglected the influence of spatial hole burn-
ing. The first term on the right-hand side gives rise to the DC—contribut-
ion of the noise and this term can easily be calculated using a pertur-
bation approach. Taking the real part of (6.20) and taking into account
that f, Aw and 0N are much smaller then unity, gives the following
solution for f:

t
ft) =% / [2jvg Fe(t') + 2vgFyj ()] dt’ (6.21)

where R represents the real part of the integral. If we then substitute
this expression in (6.20), linearize in f and take the statistical (or time)
average, we obtain:
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So that when linearizing equation (6.20) and separating it into real
and imaginary parts, the equation for f should be written as:

of

i 20y [R(Finj) — S(Fe)] + GLSN

6.23
Rspl+Rspa1 (A ) Ld ( )

Sav Vact

With R,,; and R, , the spontaneous emission rate per time unit
for laser and amplifier respectively. From now on, we ignore the noise
and concentrate on the spontaneous emission that couples into the laser
mode. And if we replace S,, Vet by the (static) number of photons in
the laser cavity S, equation (6.23) can then be expressed as:

asm A-1L,
e N ;
o = GuONS{ + Rt + Rupa - AT

As already mentioned above, for a side mode ¢V is the difference
between the actual carrier density in the presence of amplified sponta-
neous emission and the threshold carrier density for that mode and
hence G{6N = Gy, — 1/7, with 7, the photon lifetime for the side
mode and Gy, the threshold gain of the main mode. The static solu-
tion of (6.24) can therefore be written as:

L ¥ (6.24)

Rspl + Rsp aln( ) L ¢y Ly
So = 6.25
0 1/Tp - Gth ( )
With Sy representing the power in the side mode. This power is
obviously increased due to the presence of the optical amplifier and

the increase is with a factor:

504 Ly AL, (L'g)ansp,a
SSLOSOA - h’l(A) Ld (Fg)lnSPJ

oy Ly (6.26)
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As can be seen from equation (6.19), this is exactly the same factor
that was found for the linewidth increase due to the ASE of an inte-
grated optical amplifier. This can be attributed to the fact that both
SMSR and linewidth depend on the total spontaneous emission that
couples into a laser mode. This factor is of course the factor by which
the SMSR, measured at the left-hand side facet (at 2=0), decreases.

Shortly after we published our results on the decrease of the SMSR
of a laser-amplifier cascade in [102, 103], the same researchers who al-
ready published the paper about the linewidth broadening of a DFB
laser with an integrated SOA [101], also published a paper on the degra-
dation of the SMSR in a DFB laser with an integrated SOA [104]. Their
results are based on the same theoretical model as the one used in [101]
and are again in good agreement with our results. As they did for the
increase of the linewidth, they also investigated the influence of a fi-
nite reflectivity of the SOA facet on the decrease of the SMSR. The same
oscillations that appear in the linewidth also occur in the SMSR. These
oscillations can make the SMSR decrease even more severe than the one
predicted by (6.26).

6.3 Increase of relative intensity noise and linewidth

6.3.1 Simulation results
Relative intensity noise increase

We have verified the above theory using the laser simulation software
Componentmaker from VPI [56]. To this end, we calculated the RIN
and linewidth of a 400 ym long quarter-wave shifted, AR-coated DFB
laser with and without additional SOA at the right-hand side facet. The
laser has a normalized coupling coefficient KL, = 2. The SOA is 350 ym
long and gives an amplification of 16 dB and has anti-reflection coated
facets. The inversion factor of both laser and SOA is 2.

Figure 6.2 shows the RIN for increasing levels of ASE power P,
injected into the laser and this for two different laser output powers of
2 and 5 mW respectively. These values correspond to the output power
of the solitary laser, without the presence of an amplifier. For clarity we
would also like to note that the numerical values of P, in this graph
correspond to the total ASE power emitted by the SOA when no laser
would be present, this is different from the ASE coupling into the laser
mode. The total emitted ASE power from the SOA is proportional with



6.3 Increase of relative intensity noise and linewidth 123

-95 4

—— Po=2mW

—>— Po=5mW
Po=2mW-th
Po=5mW-th

-100 4

-105

-110 4

A5

-120 /

-125 T T T T

RIN (dB/Hz)

P.s (dBm)

Figure 6.2: Calculated RIN and theoretical fits versus P,;. of a \/4-shifted
DFB with and without integrated SOA for a laser facet output power of 2 and
5 mW respectively (P, is the output power of the solitary laser, -th indicates
the fitted results obtained from eq. (6.27)).

R a(A —1)/In(A). However, instead of varying the amplification to
vary the ASE injected into the laser, we have applied various levels
of attenuation on the ASE emitted from the SOA, while keeping the
current through the SOA constant.

From figure 6.2 one can clearly see the degradation of the RIN for
increasing P,,.. For an increase of Py, of 21 dB (from -30 to -9 dBm)
the increase of the RIN is 15 dB and 16 dB for laser output powers of 2
and 5 mW respectively. The numerically obtained results were fitted to
the following expression for the RIN increase, which was derived from
equation (6.18) by taking the attenuation a, by which the ASE emitted
by the amplifier is attenuated (the ASE is proportional to (I'g) 4nsp,q (A—
1)/InA), into account and by grouping the remaining parameters into a
proportionality factor #:

(6.27)

RINS0A [ nA-— 1]

skl S b I
RINn0SOA + aln(A)

To fit this expression to the numerical results, an appropriate value
for RIN™594 and A were chosen and 7 was varied to obtain a good
fit. The theoretical fits obtained from (6.27) are also shown (using -th
in the legend) on figure 6.2 and we see good quantitative agreement
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Figure 6.3: Calculated RIN spectrum of a A/4-shifted DFB with and without
integrated SOA for a laser facet output power of 0.6 mW. (1) is the RIN spec-
trum of the solitary laser, (2) is the RIN spectrum of the laser with the SOA
calculated with the simulation software, (3) is the RIN spectrum of the laser
with the SOA and is obtained from (1) using expression (6.18).

between the theoretical and simulated results, and this for the different
laser output powers.

The RIN spectrum as would be measured on the left-hand side facet
facet is shown in figure 6.3 for the solitary laser (curve (1)) as well as
for the laser with integrated SOA (curve (2)). The laser was biased such
that the output power from the laser (e.g. from the left-hand side facet)
was 0.6 mW without amplification. From expression (6.27), one finds
that the RIN of the laser increases by 12.5 dB due to the ASE from the
SOA. This is very similar to what is obtained from the numerical sim-
ulations, especially at low frequencies. At very high frequencies, the
simulations predict a RIN increase with 15 dB, ie. 3 dB more than ex-
pression (6.18). This discrepancy could be due to e.g. our simplification
of the carrier density dynamics and the neglect of the carrier density
shot noise.

Linewidth increase

Figure 6.4 shows the linewidth for increasing levels of ASE power P
injected into the laser and this for two different laser output powers of
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Figure 6.4: Calculated linewidth and theoretical fits versus P,s. of a A\/4-
shifted DFB with and without integrated SOA for a laser facet output power
of 2 and 5 mW respectively (P, is the output power of the solitary laser, -th
indicates the fitted results obtained from eq. (6.27)).

2 and 5 mW respectively. These values correspond to the output power
of the solitary laser, without the presence of an amplifier.

From figure 6.4 one can clearly see the degradation of the linewidth
for increasing FP,,.. For an increase of F,, of 17 dB (from -37 to —
20 dBm) the increase of the linewidth is 8.5 dB (from 50 to 355 MHz
and from 18 to 126 MHz respectively) for both laser output powers
of 2 and 5 mW respectively. The numerically obtained results for the
linewidth increase were also fitted to expression (6.27). The theoretical
tits that are obtained this way are also shown (using -th in the legend)
on figure 6.4 and we again see good qualitative agreement between the
theoretical and simulated results, and this for the different laser output
powers.

Figure 6.5 shows the optical spectrum for a laser output power of
2 mW and for an ASE power Py, of -37 dBm and -20 dBm respectively
(this corresponds to a linewidth increase of 8.5 dB, cfr. figure 6.4). The
broadening of the spectrum can clearly be seen.
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Figure 6.5: Calculated optical spectrum of a A\/4-shifted DFB with and with-
out integrated SOA for a laser facet output power of 2 mW and for an ASE
power Py, of -37 dBm and -20 dBm respectively.

6.3.2 Experimental results
Relative intensity noise increase

Further verification of our theory was again obtained by performing
measurements on the RIN of a semiconductor laser coupled with an
optical amplifier. The measurement setup is shown in figure 6.6.

The laser was a packaged tunable three section DBR laser with an
AR-coated facet and without isolator in the package. We used differ-
ent optical amplifiers (OA on the figure) as ASE source. The ASE was
injected into the laser using a circulator and the injected F,s. could be
varied using an attenuator (Att. on the figure). The actual amount
of (attenuated) ASE that is injected into the laser could be monitored
with the integrated photo detector (PD on the figure) of the attenuator.
The output of the aggregate system was monitored using a computer-
controlled electrical spectrum analyzer (ESA on the figure). In this con-
tiguration the amplifier will not be saturated by the laser light, which
would be the case for an integrated amplifier. Nevertheless, we will
be able to investigate the influence of (different levels of) ASE coupled
into a laser diode on the laser performance, more in particular on the
RIN and the linewidth.
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Figure 6.6: Schematic of the measurement setup to measure the RIN of a cas-
cade of a laser and an optical amplifier (ESA = Electrical Spectrum Analyzer,
Att. = attenuator, PD = Photo Detector).
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Figure 6.7: Measured RIN values and theoretical fits versus P,,. for a laser
output power of 4 mW (P, is the output power of the solitary laser, -th indi-
cates the fitted results obtained from eq. (6.27)).
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Figure 6.8: Measured RIN spectrum of a laser-SOA cascade. The RIN spec-
trum is shown for the solitary laser (thick line) and for the cascade with the
SOA injecting -19.6 dBm of ASE into the laser (broken line).

Figure 6.7 shows the RIN for increasing levels of ASE power P,,.
injected into the laser. The bias current through the active section of
the laser was 80 mA, corresponding to an output power of 4 mW for
the solitary laser (i.e. without the presence of an amplifier). The ampli-
fier was a polarization independent SOA with a center wavelength of
1550 nm, an amplification of 16 dB and an ASE power of -7.5 dBm.

From figure 6.7 one can clearly see the degradation of the RIN for
increasing P, .. For an increase of P,;. of 8 dB (from -27.6 to -19.6 dBm)
the increase of (the peak of) the RIN spectrum is 7.2 dB. The theoretical
fits obtained from (6.27) are also shown (using -th in the legend) in
figure 6.7 and we see good agreement between the experimental and
theoretical results.

Figure 6.8 shows the measured RIN spectrum for the solitary laser
and for the cascade with the SOA injecting -19.6 dBm of ASE into the
laser. For the solitary laser, the peak value of the RIN spectrum was
-123 dB/Hz. For an injected P, of -19.6 dBm the increase of the RIN,
compared to the RIN without amplification, is then 17 dB. This is even
more than the increase predicted by (6.27). This is possibly due to the
fact that we neglected the shot noise in the rate equation for the carrier
density. This shot noise becomes more and more dominant when the
laser output power increases.



6.3 Increase of relative intensity noise and linewidth 129

-115 4

B no ASE

B Pase = -15dBm
-120 A N

-125 4

-130

RIN (dB/Hz)

-135 4

-140 A

-145 T T T T i

f(GHz)

Figure 6.9: Measured RIN spectrum of a laser-EDFA cascade. The RIN spec-
trum is shown for the solitary laser (thick line) and for the cascade with the
EDFA injecting -15 dBm of ASE into the laser (broken line).

We performed the same measurement with an EDFA as ASE source.
The EDFA had a gain of around 30 dB. Figure 6.9 shows the measured
RIN spectrum for the solitary laser and for the cascade with the EDFA
injecting -15 dBm of ASE into the laser. For low frequencies, the in-
crease of the RIN is only 7 dB, for higher frequencies the increase is
around 10 dB. This is lower than one would expect from (6.27). A pos-
sible explanation lies in the fact that the ASE spectrum of the EDFA is
different from that of a SOA. The values of the injected P,s. are mea-
sured with a power meter and represent the total amount of ASE power
in the ASE spectrum of the amplifier. Hence, these values do not give
any information about the spectral content of the amplifier ASE. This
means that in the spectral band of the laser gain, the ASE emitted by the
EDFA could be lower than the ASE emitted by the SOA. The important
fact remains that the RIN of the laser is increased when it is connected
to an optical amplifier.

Figure 6.11 shows the increase of the RIN (spectrum) for a laser-
amplifier cascade with a direct connection between the laser and the
amplifier. The measurement setup is shown in figure 6.10. The ampli-
tier will now be saturated by the laser light, causing a decrease of the
ASE emitted by the amplifier. The output power of the solitary laser
was 4 mW and the total ASE power the amplifier injected into the laser
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Figure 6.10: Schematic of the measurement setup to measure the RIN of a
laser-SOA cascade with a direct connection between the laser and the SOA
(ESA = Electrical Spectrum Analyzer, Att. = attenuator, PD = Photo Detector).
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Figure 6.11: Measured RIN spectrum of a laser-SOA cascade with a direct
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solitary laser (thick line) and for the cascade with the SOA injecting -20 dBm
of ASE into the laser (broken line).
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Figure 6.12: Measured RIN versus amplifier current for a DFB laser integrated
with an optical amplifier with a non—perfect AR-coating. The laser bias cur-
rent was 80 mA and 120 mA respectively.

was -20 dBm. The amplifier was a regular SOA with a non-saturated
gain of 13 dB. Again we see that, even though the amplifier is satu-
rated by the laser light, there is an increase of the RIN. The peak RIN
increases about 4 dB (from -123 dB/Hz to -119 dB/Hz). For higher fre-
quencies the increase is even 11 dB (from -141 dB/Hz to -130 dB/Hz at
10 GHz). It has to be remarked that in this setup the RIN is measured
at the SOA facet. This means that the measured RIN will be influenced
by the beat noise between the laser signal and the (forward propagat-
ing) ASE of the SOA. But as was mentioned before, this contribution is
usually negligible [99].

All the measurements that we have shown so far were obtained us-
ing stand-alone components. Le. that the laser and the amplifier were
not integrated on one chip, but were connected by optical fibers via a
circulator. The reason for this is that measurements on an integrated de-
vice were not necessary to proof the validity of our theory. But also, we
did not have such a device when we performed our first measurements.
However, nearly a year after our first experiments, we obtained an inte-
grated device consisting of four fixed wavelength DFB lasers that were
coupled to an SOA through a 4x1-coupler. This means that there is a
(fixed) attenuation of 6 dB between a laser and the amplifier.
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Figure 6.13: Calculated RIN values versus amplifier current for a DFB laser
integrated with an optical amplifier with a non-perfect AR-coating. The laser
bias current was 60 mA and 100 mA respectively.

Figure 6.12 shows the RIN versus increasing current through the
amplifier, for a current of 80 mA and 120 mA through the laser. Again
we see an increase of the RIN when the current through the amplifier
and thus the emitted ASE increases. We can also clearly see that the
amplifier is now saturated by the laser light: for a laser current of 80 mA
the increase of the RIN is 6.5 dB, while for a laser current of 120 mA
the increase of the RIN is only 2 dB. The slight oscillation in the RIN-
increase is of course due to the non-perfect AR-coating on the amplifier
facet [101]. For completeness figure 6.13 shows the RIN increase for a
DEFB laser integrated with an optical amplifier with a non-perfect AR-
coating, calculated with Componentmaker from VPI[56]. The laser bias
current was 60 mA and 100 mA respectively. The reflectivity of the AR-
coating was assumed to be 10~°. The oscillations are also visible in the
simulation results and we see again the saturation of the amplifier by
the laser: for a laser current of 60 mA the increase of the RIN is around
5 dB, while for a laser current of 100 mA the increase of the RIN is only
about 2 dB.
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Figure 6.14: Measured linewidth versus amplifier current for a DFB laser inte-
grated with an optical amplifier with a non-perfect AR-coating. The laser bias
current was 75 mA and 125 mA respectively.

Linewidth increase

To measure the increase of the linewidth, we used the integrated com-
ponent, since the linewidth of the tunable DBR laser that was used in
the other experiments was already broadened due to the noisy current
source that was used for the tuning currents of that laser. Figure 6.14
shows the linewidth versus increasing current through the amplifier,
for a current of 75 mA and 125 mA through the laser. Again we see an
increase of the linewidth when the current through the amplifier and
thus the emitted ASE increases. Both for a laser current of 75 mA and
125 mA the increase of the linewidth is only 2 dB for an increase of
amplifier current from 50 mA to 150 mA. This is partly due to the satu-
ration of the amplifier and partly due to the oscillations caused by the
non-perfect AR-coating on the amplifier facet [101].

To conclude figure 6.15 shows the linewidth increase (calculated
with VPI) for a DFB laser integrated with an optical amplifier with a
non-perfect AR-coating. The laser bias current was 60 mA and 100 mA
respectively. The reflectivity of the AR-coating was assumed to be 10~°.
The oscillations are also visible in the simulation results. The increase
of the linewidth is around 2 dB, both for a laser current of 60 mA and
100 mA.
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Figure 6.15: Calculated linewidth versus amplifier current for a DFB laser
integrated with an optical amplifier with a non-perfect AR-coating. The laser
bias current was 60 mA and 100 mA respectively.

6.4 Decrease of side mode suppression ratio

6.4.1 Simulation results

As a first verification of the theoretical results obtained above and more
precisely of expression (6.26) we again performed some numerical sim-
ulations using the commercially available VPI software. The following
parameters are applicable for the structure from figure 6.1: the laser
was a quarter wave shifted DFB laser with a length of L; = 400 um
and a normalized coupling coefficient KL, = 2. The integrated optical
amplifier was a semiconductor optical amplifier (SOA) with a length
L, =350 pm and an amplification A = 16 dB, the facets are anti-reflection
coated. Both laser and SOA had an inversion factor of 2.

Figure 6.16 shows the obtained variation of the side mode suppres-
sion for increasing levels of ASE power P, injected into the laser and
this for three different laser output powers of 0.6, 2 and 5 mW respec-
tively. Again these power levels correspond to the output power of
the solitary laser, without the presence of an amplifier. The numerical
values of P,,. in this graph again correspond to the total ASE power
emitted by the SOA when no laser would be present, this is different
from the ASE coupling into the side mode.
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Figure 6.16: Calculated SMSR values and theoretical fits versus P, for three
different laser output powers of 0.6, 2 and 5 mW respectively (P, is the out-
put power of the solitary laser, -th indicates the fitted results obtained from
eq. (6.28)).

From figure 6.16 one can clearly see the degradation of the SMSR for
increasing P,s.. For an increase of P, . of 14 dB (from -23 to -9 dBm) the
decrease of the SMSR is 15 dB, 16 dB and 15 dB for laser output pow-
ers of 0.6, 2 and 5 mW respectively. The numerically obtained results
were again fitted to a theoretical expression for the SMSR. This expres-
sion can be derived from equation (6.26) by taking the attenuation a, by
which the ASE emitted by the amplifier is attenuated into account, in
the same way as was done to obtain the (reduced) theoretical expres-
sion (6.27) for the RIN and linewidth increase:

S50A -1
SMSR _{ n A 1] 628)

T R ™y

The theoretical fits obtained from (6.28) are also shown (using -th
in the legend) on figure 6.16 and we see good qualitative agreement
between the theoretical and simulated results, and this for the different
laser output powers.
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Figure 6.17: Schematic of the measurement setup to measure the SMSR of a
cascade of a laser and an optical amplifier (OSA = Optical Spectrum Analyzer,
Att. = attenuator, PD = Photo Detector).

6.4.2 Experimental results

Experimental verification of our theory was obtained by performing
measurements on the SMSR of a semiconductor laser coupled with an
optical amplifier. The measurement setup was the same as the one
shown in figure 6.6. The only difference is that now we used a (compu-
ter—controlled) optical spectrum analyzer (OSA) to measure the SMSR
of the aggregate system instead of the electrical spectrum analyzer that
was used for the RIN and the linewidth.

The laser was the same packaged tunable three section DBR laser
with an AR-coated facet and without isolator in the package. The SMSR
of this laser is rather low (only 35 dB), but this does not pose a problem,
since we are mainly interested in the decrease of the SMSR when ASE
is injected into the laser. We used a polarization independent SOA with
a center wavelength of 1550 nm and an ASE power of -7.5 dBm as ASE
source.

Figure 6.18 shows the measured variation of the SMSR for increas-
ing levels of emitted ASE power P,,. and again the theoretical fits ob-
tained from (6.28) are also shown (using —th in the legend), and this
for 3 different laser output powers of 2.3, 4.9 and 7.9 mW respectively
(again, these values indicate the output power of the laser when no
amplifier would be present). The amplification of the SOA was 16 dB.
Again we see the degradation of the SMSR. When the emitted ASE
power increases 16 dB (from -29.5 to -13.5 dBm), the SMSR decreases
7 dB, 8 dB and 7.5 dB for laser output powers of 2.3, 4.9 and 7.9 mW
respectively. We also see good agreement between the theoretical and
measured results.
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Figure 6.18: Measured SMSR values and theoretical fits versus P, ;. for 3 dif-
ferent laser output powers of 2.3, 4.9 and 7.9 mW respectively (P, is the out-
put power of the solitary laser, -th indicates the fitted results obtained from
eq. (6.28)).
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Figure 6.19: Measured SMSR values and numerically calculated values versus
P,se for 3 different laser output powers of 2.3, 4.9 and 7.9 mW respectively
(P, is the output power of the solitary laser, -num indicates the numerically
calculated results).
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Figure 6.20: Measured optical spectrum (OS) for two different levels of Py
(-29.6 (thin line) and -13.6 dBm (thick line) respectively).

Figure 6.19 again shows the experimental results, now compared
with the numerical values calculated using VPI. For this calculation the
parameters of the laser model were adapted to match as good as pos-
sible with those of the laser used in the experiments. Since we do not
know all the parameters of our laser that are required for the numeri-
cal model [56] and furthermore also do not know the parameter values
related to the coupling of the laser and the amplifier, it is difficult to
get good agreement between numerical and experimental values for
all laser output powers. On the contrary, expression (6.28) yields an
easy and reliable means to correctly describe the experimental results,
without having to know all parameters involved (only A and 1 need to
be known).

Figure 6.20 shows the optical spectrum for two different levels of
P,se (-29.6 (thin line) and -13.6 dBm (thick line) respectively). The peaks
of the spectra are overlapping and the decrease of the SMSR can clearly
be seen.

We also investigated the SMSR decrease of the integrated device
already described in section 6.3.2. Figure 6.21 shows the SMSR versus
increasing current through the amplifier, for a current of 80 mA and
120 mA through the laser. Again we see a decrease of the SMSR when
the current through the amplifier and thus the emitted ASE increases.
The amplifier is clearly saturated by the laser light: for a laser current
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Figure 6.21: Measured SMSR versus amplifier current for a DFB laser inte-
grated with an optical amplifier with a non-perfect AR-coating. The laser bias
current was 80 mA and 120 mA respectively.

of 80 mA the decrease of the SMSR is only 2 dB, and for a laser current
of 120 mA it is only 1.5 dB. The slight oscillation in the SMSR-decrease
is again due to the non-perfect AR-coating on the amplifier facet [104].

For completeness figure 6.22 shows the SMSR increase for a DFB
laser integrated with an optical amplifier with a non-perfect AR-coating,
calculated with the Componentmaker software. The laser bias current
was 60 mA and 100 mA respectively. The reflectivity of the AR-coating
was assumed to be 107°. The oscillations are again visible in the sim-
ulation results. For a laser current of 60 mA the decrease of the SMSR
is around 9 dB, for 100 mA the decrease of the RIN is around 6 dB. The
(slight) difference in decrease between the experimental and numeri-
cal results can be explained by the non-perfect AR-coating and by the
different level of saturation of the amplifier in experiments and simu-
lations. Also, we only had a few parameters of the laser and the SOA
at our disposal, so we had to estimate them to do the simulations.

6.5 Conclusion

In this chapter we have derived theoretical expressions for the RIN,
the linewidth and the SMSR of a laser diode integrated with an optical
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Figure 6.22: Calculated SMSR versus amplifier current for a DFB laser inte-
grated with an optical amplifier with a non-perfect AR-coating. The laser bias
current was 60 mA and 100 mA respectively.

amplifier. The expressions have been derived from previously derived
alternative and more generally valid rate equations and are therefore
valid under very general conditions.

From the theoretical derivation as well as from the numerical and
experimental results, it follows that both the RIN and the linewidth
can increase significantly due to the amplified spontaneous emission
from the amplifier that is injected into the laser diode. This is espe-
cially the case for large amplification factors. The increase of RIN and
phase noise is found both for low and high frequencies. The detrimen-
tal influence of the amplifier noise can only be suppressed by inserting
an attenuating or isolating element between laser and amplifier. The
large influence of the ASE-noise from the amplifier on the RIN of the
laser diode only exists at low to moderate power levels. At high power
levels, the laser RIN is completely dominated by the shot noise in the
carrier density. The entire contribution given by (6.18) decreases with
the third power of the output power and can be neglected at high out-
put powers.

For the SMSR we have also shown theoretically, numerically and
experimentally that an SOA integrated with a laser diode degrades the
SMSR of that laser diode significantly. This is due to an increase of
the amplified spontaneous emission coupled in the side mode and not
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due to any change in the mode discrimination. As a result the increased
side mode power will not result in a deterioration of the dynamic single
mode stability or to increased mode partition noise. It may however
lead to increased crosstalk in WDM systems.
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Chapter 7

Conclusions and outlook

7.1 Conclusions

In this work we have thoroughly investigated some of the dynamical
aspects related to multi-section (widely) tunable semiconductor lasers.
These lasers are very promising components for application as trans-
mitters in current and future optical communication networks based
on (D)WDM technology. However, in order to be used in a network
environment with stringent requirements, some issues still need to be
investigated and/or resolved.

A first one concerns the wavelength switching behaviour of these
components. In chapter 2 it was shown that the wavelength of semi-
conductor tunable laser can be changed within a few nanoseconds by
changing the tuning currents of the device. Unfortunately, one encoun-
ters problems on a larger time scale (in the order of microseconds or
even milliseconds) due to the thermally induced wavelength drift. This
drift is due to the temperature change caused by the heating associated
with the switching of the tuning currents. The wavelength switching
behaviour was investigated using a theoretical model based on opti-
cal, electrical and thermal rate equations and also through simulations
and experimental characterization. It was shown that the thermally in-
duced wavelength drift was determined by three time constants (corre-
sponding to the heat transfer from waveguide—to—chip, chip—to—subcar—
rier and subcarrier-to-heat sink respectively). Two methods were pro-
posed to counteract the thermal drift. The first one is pre-compensation
of the tuning currents. This is a very simple technique, but it was shown
that it is difficult to optimize for all possible switching combinations.
Therefore, a novel method based on optical feedback from a periodic
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reference filter was developed. This method can be used to suppress
the thermally induced wavelength drift independent from which chan-
nel the wavelength is being switched to and also independent from the
switching history. It was also shown that, in order to avoid instabilities
caused by the optical feedback, the feedback level must be sufficiently
high and that the external cavity length must be short enough. To ob-
tain this, a novel filter had to be developed.

The design and fabrication of the novel filter was described in chap-
ter 3. The filter is based on the interference of multiple beams (like
a classical Fabry Perot etalon). Particular to our filter is that it has a
comb-like response, both in reflection and transmission, while a Fabry
Perot etalon only has a comb-like response in transmission. The re-
sulting filter design was a novel prism-based implementation of a Fox-
Smith resonator and consisted of two right-angled prisms, cemented
together with UV-curable index-matching paste. Theoretical expres-
sions for the reflection and transmission responses were derived and
the influence of the reflectivity of the different facets was investigated.
The processing of the filter was described and a prototype was manu-
factured in our own clean-room facilities. Experimentally determined
reflection and transmission responses where shown, proving that the
novel filter concept indeed works. The filter can thus be used as a ref-
erence filter with which the wavelength of a semiconductor (tunable)
laser can be stabilized through optical feedback.

In chapter 4 the influence of optical feedback from a periodic refer-
ence filter (in a short external cavity) on the tuning and switching char-
acteristics of a tunable three-section DBR laser was investigated. It was
shown, both numerically and experimentally, that the tuning charac-
teristics were simplified and that the wavelength switching behaviour
was considerably improved. Simulation results showed that drifts up
to 15 GHz could be suppressed through the optical feedback. Exper-
imental results also showed that the wavelength switching was con-
siderably improved: the maximal deviation was reduced by more than
50 % (from 6 GHz to less than 3 GHz) and the steady-state value was
reached much faster (after 0.1 ms instead of 2 ms). This can be further
improved by better adapting the FSR of the filter, the external cavity
length (and thus the cavity mode spacing) and the width of the Bragg
peak of the laser to each other. The use of the filter will furthermore
facilitate the generation of tuning tables and will reduce the influence
of component aging and tuning table inaccuracies.
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The issues and problems associated with aging, monitoring and
updating of tunable laser sources were discussed in chapter 5. The
different aging mechanisms that occur in tunable lasers were briefly
explained and some techniques that can be used to monitor the out-
put power, emission wavelength and SMSR of tunable lasers were de-
scribed. The most important result of this chapter was however that a
procedure was developed to update the complete tuning table of a tun-
able laser that has suffered from aging. This procedure only uses the
value of the aging—induced shift in tuning current(s) corresponding to
the operating channel of the laser to update the complete tuning table.

Finally, in chapter 6 the influence of an (integrated) optical ampli-
fier on important laser characteristics such as the relative intensity noise
(RIN), the linewidth and the side mode suppression (SMSR) ratio was
investigated. It was shown theoretically, numerically and experimen-
tally that these characteristics can be seriously degraded in the pres-
ence of an optical amplifier. The degradation is due to the amplified
spontaneous emission from the amplifier that is injected into the laser
diode and becomes worse when the amplifier gain increases. The RIN
and linewidth can easily increase by 3 to 15 dB, while the SMSR can
easily decrease by the same amount. The detrimental influence of the
amplifier noise can be suppressed by inserting an attenuating or isolat-
ing element between laser and amplifier, provided this is possible. The
degradation of the laser characteristics is important to take into account
when the laser is to be used as a transmitter in a telecommunication net-
work, where RIN and linewidth are preferably as low as possible and
SMSR as high as possible.

7.2 Outlook

The introduction of (widely) tunable lasers into optical telecommuni-
cation networks has been considerably delayed by the downturn in the
telecommunications industry at the beginning of the 21th century. Nev-
ertheless, since (monolithic) tunable lasers can be manufactured with
the same specifications as fixed—frequency DFB lasers (which currently
form the majority of the optical telecommunication transmitters) over
their whole tuning range, it seems inevitable that tunable lasers will be-
come the preferred choice for transmitters in future optical networks.
Already today they offer the significant advantage of inventory reduc-
tion (read: price reduction), both in the manufacturing and operation of
WDM systems [14]. Their greatest potential however, lies is the intro-
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duction of novel, more efficient, flexible network technologies based on
wavelength routing and optical packet/burst switching. These novel
optical network technologies will have an increased capacity, function-
ality, scalability and flexibility and will be transparent to modulation
and coding formats.

Telecom transmitters are (nearly) always supplied on a line card and
this will be no different for transmitters based on tunable lasers. On the
card, the tunable laser will be surrounded by a complete electronic con-
trol system and the tuning table of the laser will have been constructed
in the factory before it was shipped to the customer. This allows the
user to select a certain wavelength channel by a simple channel-setting
command, without having to worry about the exact values of the tun-
ing currents etc. The control electronics will ensure that the output
power, the laser wavelength and the SMSR of the laser are kept at their
required values. It will monitor laser performance and if necessary the
tuning table can automatically be updated, and the user will not have
to worry about a thing (at least what the tunable transmitter is con-
cerned).
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