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feedback occurs has to be antu-reflectton boated Srmple 'V‘_smassnon Ilne

-,-:*,theory cannot be applled to laser drodes because a Iarge;' .orftlon Of the
- - I3
'_electnc f eld exusts outsnde the actg,ve regron and therefore the lnfluence of the

j{-‘-_'claddlng must be lncluded |n the deSIgn of a reﬂecté?ﬂless coatrng It was fori.».-" :

.-f'lj_,thts reason as well as the pﬁecrsmn wrth Wthh the refractrve lndex of the
. """‘_‘{:'.:"-.:'J'icoatlng needs to be controlled that it was essentlal to develop a methbd 'of v:’j
actlvely monltorlng the facet reflectrvxty whlle the antl reflectlon coatrng__ was
belng deposrted ThlS scheme permltted very low reflectrwtres in. the order of e

8 x 10 4 to be readlly and reproducrbly obtatned The Iaser dlode thus t o
Lo obtalned was used in a strong feedback confrguratlon nght emltted from the_. - "‘
~r coated facet .was colhmated and fed lftack rnto the laser cav:ty after belng;}:-f-._}
N reflected off a dlffractron gratlng The drffraction gratlng provudes frequency'__
a selectavnty, whrch IS a desrrable feature for obtamlng a stable srngle Iongltudlnal L
e mode Iaser The Iaser m thls confrguratlon oscrllated ln a srngle mode wrth a; ,.
Oy greater than 30dB srder mede 3suppressron ratto and a wade tunmg range ot“_-; -
: | 43nm (7000 GHz) A llnewﬁlth of about QkHz + SkHz was obtamed over a wndev E Gy
o | A range of frequencres However along w:th the reductlon |n Imewndth the.'"".'
\ ; - frequency modulatton capablhty of the external cavnty laser lS reduced from

several Gngahertz per mulhamp to abouf 2. 75 MHz/ mA
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~_ INTRODUCTION -

ln recent years sd‘nﬂcant advances have been achleved in all areas of

lughtwave communlcatlon technology ' These advances have partlcularly

. --\({ ‘-

! tocussed on achlevmg hlgher data rates and/or Ionger repeaterless o
' ~transmussuon dlstances A further most srgnlflcant advance in the past several :
: v_years has been that coherent llghtwave communlcatlons has begun to show e
promlse of competlng with the establlshed dlrect detectlon method These
systems lmprove not only the detectuon sensmwty thus permlttlng longer
‘Siunrepeatered transmlssxon spans but they also have the potentlal advantage _
'of allowung the frequency multlplexmg of a large number of optrcal channels '_
i with a narroWequemy separatron between channels ThlS makes possnble L
ijthe use of the nearly 50 OOO GI-T:- of bandwrdth in the 1.25 to 16 ym Iow Ioss

| -"srllca flber wnndow The a’Btllt to transmlt a large number of channels ln a R

| 'sr@le flber coupled wqth the possnblhty of accesslng any partlcular channel by

o

~tuning a local oscrllator broadens the capabllltles and networkrng
| ' 'archltectures of hrgh capacuty multl-termlnal Iocal networks ‘
1.1 OVERVIEW OF G(":OAVHER‘E'NT:FI’BEB QPTIC COMMUNICATION -
S The term "coherent" as used in the Ilterature refers to a technlque
"'. ’-«vemploylng non- Ilnear mnxrng between two optlcal waves at the recelver The S

small amplltude mformatron sngnal (attenuatéd due to tr.ansmlssmn through the

.a-"



L 'dem

o

frber network) rs mrxed wnth a Iarger Iocally generated wave in a square Iaw :

| "-det/ector The mrxer output appears at the tnt%medlate frequency (IF) whrch:__}_"»

i is the, dlfference between the carner frequency of the sugnal and that of.the - SR

"v"local fcrllatm (LO) The lF electncal sugnal |s then amplmed and'_'.f" o

lated: thrs process is*in pnncuple the same as that |n a mlcrowave_ Conh

system lf the dlfference frequency is zero, that |s |f the snonal and the LO are'v"..,__".‘ S

at the same frequency, the technrque is called homodyne detectnon lf the IF S

o frequency rs other than zero lt is known as heterodyne detectron
o

The |mprovement in the recelver sensmwty of coherent optlcal systems'j._

e

,‘ is attnbuted to two effects

- _ (1) rmprovement of the srgnal to norse ratro (SNR) for a glven sugnaljr,"' - o

level dpe‘to conversron galn in the mjxrng process so that the' L

'.,'j \norse becomes shot nonse Irmuted rather than thermal norse R
\'.'1__._ o e ! : N ’ '

llmlted

e

@ a further rmprovement in SNR brought about by the use ofa *

. f:coherent deteetron scheme (|e use of a phase coherent_ﬁff '

. ,.-:._{-reference obtalned from the recelved Slgnal) as. Qppos edto non- ~. B

- ' _-’-coherent detectlon (for example envelope detectuon}' o

The basrc topology of a long haul coherent optlcal f ber transmlssmnr?‘-';-f; S

- System is. shown in Flgure 1.1 The transmltter consnsts of a Iaser oscdlator S

{and a modulator Any surtable modulatlon format such as Frequency Shrft

Keyrng (FSK) Amplrtude Shlft Keylng (ASK) or Phase Shlft Keylng (PSK) rrlay

o .»be used dependlng on the system requrrements For some modulatton_f’_"‘
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SO ';-,':‘transmlssmn through the ﬁber At the recelvet the IF srgnal rs obtalhed by

R recelved srgnal must be matched for best performance There are several

",”recomblned in the recerver electronrcs T j :
'4 rnterofﬂce and lcop—feeder systems due to rts potentlal for prdvrdmg many

l_-':--"appropflate fcr an tnteroff ce network ln whrch each statlon IS assrgned a

v __mlxrng the transmrtted srgnal and the LO sngnal ThlS lF srgnal can then be
‘amplrfled and demodulated - ST

lt should be noted that the polanzatlon state of the LO and that of the

- technrques used to overcome the problem of polanzatlon mlsmatch The

9

'-_...__.._..—--

heterodyne detectlon rs used for each polarlzatron state and the outputs are

A more promrsnng applroatlon of coherent optrcal flber technology is rn o

S 'closely spaced multrgrgablt channels Frgure 1 2 shows a star oonﬁguratlon

1’}-.

| """Z"'_Spemf ic transmrttlng wavelength Thls conﬁguratron exh'blts the powerful

i frequency lelSlOn ;_' ultlplexrng capabllrtres of coherent communrcatrons Each

.

. Vstatlon re%:elves lnf rmatlon from all other ofl” ces |n the network over lts own

lndlvrdual f ber At ny locatlcn the desrred ohannel can be selected by tunrng '

" _r.the recerver loca ‘ osculator to that channel There have been several
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e ,wave (CW) lmeWrdth of the transmrtter laser (whrch Prowdes the 0pt|cal carner-_..' e

L "Iunewrdth should entarl ad;ustrng these parameters The follownng are some of;", SR

- A

- | have aJong Ilfe and a stable and tunable frequency

'.3-. A E KPR

sectror‘l “ . @w e

-~ 1.2 SOURCES FOR COHERENT SYSTEMS

-~

In order to realrze the benet” ts of coherent?i "

- wave) as well as the CW lmewrdth bf the Iocal escrltatgr have to b&‘-v':{_.‘;.’." o

| cons:derably less than the modulatton bandwrdth rn addrtron the Iasers must'fj"_'z'. {‘}

g

Theoretlcal calculatrons of the Imewudth requrrement for a partlcular

- modulatron scheme (ASK FSK PSK YDPSK) have been reported i vanous SEE
"i_“fpublrcatlons (2-4) Results show that the maxumum aHowable hnewndth',"_":_' -
lncreases wrth transmrssron b|t-rate and depends on. the modulatnon used
,‘The l'ﬂerdth requnrements for vanous modulatren schemes are Irsted in :3__1';'-... P
. Table 1 The contlnuous-wave hnewndth of a Iaser depends on the Q-rfactor of ' B

o -Jthe cawty and on the output power Therefore, any endeavors to reduce the.,;,

o 5
ST the methods currently used to reduce the Iaser hnew:dth

i (_1_)' " weak optlcal feedback

e i | ©. 01 0 1% of outpu‘power fed back mtothe |aser cavrty)
' (2).- strong frequeﬂcy-selectlve optlcal feedback ' . ‘\ :
S ..f:-" (10 25% of output power fed back mto the lasertavuty)

L ".‘(3')_3; - .'lnlectlon Iockmg

@ elearialescback. -

e (5,‘):“ .-;'.megrateo\sfwcfwes
(monohthnc cavmes)

| ‘ctlon the COnt‘nuous-f._i"’.? o




TABLE1 PR SR

LASER LINEWIDTH REQUIREMENTS FOR
- DIFFERENT TYPES OF MODULATION[S]

MODULATION' =

TYPE

o ILINEWIDTH/ .~ POSSIBLE . .
~ -BITRATE . LASERTYPE ., -

ASK FSK
‘ DPSK o
PSK

o <03m _EXTERNAL CAVITY
C<01%, "4EXTERNAL CAVlTY.‘

: ‘.v’."::_'l..A

AR T ¥
FoLEE
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_ Each of these methods has |ts own ments and the method chosen | B
',depends on the appllcatlon of the source The Ilnemdths obtarned usrng
— .some of the above technlques are Ilsted |n Table 2 Stnce mtegrated extemal

e _' cavnty lasers show the most promlse of belng practlcal sources for coherent

} 'comm‘t.rnrcatrons future developments are geared towards obtalnlng narrow-

hne tunable sources usrng rntegrated structures A monoluthrc dtstnbuted

'Bkagg reflector laser w:th multrple electrodes has been reported that can be

. "'L_ tuned contrnuously over a 720 GHz frequency range Wthh has a lrnewndth of
U \ < afew megahertz [5] | T R et s i
1.3 MODULATION/DEMODULATION SCHEMES  ~

| :" ‘ilrthrum nlobate base or plezoelectnc semlconductor substrate ﬂanked by two

e
y

co/herent transmlssmn system These are - : ‘t e

o -('t )j Phase Shrft Keylng (PSK) o
(2) Amphtude Shrft Keyrng (ASK)

(3) Frequency Shrft Keylng (FSK) . o

All three schemes assume a source coherence tume much longer than a srngle

pulse penod SO that the source may be consudered as a synchronous optlcal
carmer. i Tl o | -

| For PSK heterodyne detectlon a combrnatron of a. frequency stablllzed

“.oscrllator and an external gurded-wave electro optlc phase modulator ts a

possmle transmltter conf guratnon Exter‘nal modulators can be drvuded |nto
;.:-, -’_two types mtensnty and phase modulators The basuc buuldlng block of these RS

" '-“modulatorsaus a hnear wavegurde on the order ot Spm wnde drffused nnto a

There are three basnc modulatlon schemes that can be consrdered for a B .




TABLEzc . \

L - R e e T T R : . +

. /LINEWIDTH OBTAINED WITH VARIOUS FEEDBACK CONFIGURATIONS -

A ——_—iem

T cAawmy T U o TECHNIQUE.
WAVELENGTH(pm) LENGFH  LINEWIDTH® EMPLOYED -

L —

S As T tm SO’kHi [SlGratmg Feedback =~
e e TR e T (weakoptlcalfeedback)v . »_‘
L 15 0 15em .10 k"Hz mGratmg Feedback: - K

S e T (strong opﬂcal feedback)

: :\ﬁx .

s e ?»,.-‘;2MHz - BlpgR-ihtegrated .
P FxternalCavntyLaser
13 s ~3MHz DFBLaser RO




o FSK {3]

rnjectron current of a srngle-l’

o vsuffers“from the spuno T
modulated In casesw ore
i feedback whrch degrades the frequency rnpdulatron efﬁcrency, an Exterrtal:_":"ﬁ:

» modulator can be used to generate an FSK srgnal The drawback of drrectly;‘_?-f"" /

i electrodes Srnce the phase mformatron of the srgnal rs used the llnewrdth

- requrremen; for:PSK Systems is more strrngent than that requrred for ASK or .

FSK and ASK srgnals can be generated by dlrectly modulatlng the

"'dlnal mode laser Each modulatron type

vl

.Iaser is stabrlrzed by the use of strong Opt'ca!l_.

modulatrng the laser frequency rs that the FM response (r e the,, fvequency_r}ff

devratlon per mrllamp) of semrconductor lasers lS not unrform as afunctlon of,f f‘. SR

2 modulatrng frequency Several technrques can be used to overoome thls non-':A-

S :unlform FM response One such technrque IS to use an adapt;ve quantrze dj S

crrcunt inthe recerver [9]

Bt ‘are avarlable coherent or envelope detectron For coherent detectron the-'.‘};;f

L phase of the IF carner= lS retamed and; used ln the demodulatron process rt?-:?’ftf,' A

| feedback equahzatron scheme at the recerver ln order to rmplement thrs

- j:'technrque only a few passrve components neéd to be added to kdecrslon‘f_,’._ 'ﬂ"_

Optrcal srgnals are demodulated by heterodyne or homodyne detectron:f}i-‘;

usrng a Iocal OScﬂlator To demodulate ASK and FSK srgnals two methods}'-.‘___{. 1_:;'_

- 'rmplres demodulatron WIth an absolute phase reference The non-coherent";f»

._-}_detectron s’ essentlally an envelope detector (for exampre a ffequency"',,’

' a threshold value For thls | ea'son,f-‘f..f-'fﬁ”.




"eT i

FE - Vsensmvrty [3]

PSK demodulatron \only coherent detectlon can be used ThJS requ:res a_'-':vf- ".;-;'_‘_.:

phase coherent reference from the recelved s:gnal Non coherent" g

i

O

S overcome the Ioss due to the%ertlon of an external modulator for example RS

There are basmally twp types of Ilnear semlccnductor laser ampllflers 7_

amphﬁcaﬂon of frequency dlvr5|on multlplexed sxgnals

‘ ' demoduﬁtlon of PSK sugnats mvolves dlfferentnal detectlon (DPSK) For DPSK . :
ey ';.'the phase lbcked loop (PLL) used in PSK |s replaced by a delay hne equal toi L
e _the blt spacung A srgnlf cant advantage of PSK or FSK modulatlon is: thata .

B semlconductor laser ampllf‘ e#‘can be: used as ‘a hlgh power p st ampllf er tofuz"-,”:-""- "y
eh allmlter orapreamphﬁer [10] ' S f T ‘

the Fabry Perot cthty type and the near travelhng-wave type _The Fabry-ﬁf»f’:
o Perot—caVity ampllf er (whlch IS a Fabry-Perot laser wnthout AR coatlng on the; : .:__.
. facet) IS blased jUSl’ below threShold and achleves amphﬁcatlon by utrlnz'ng
S stlmulated em:ssuon The near travelhng-wave amphfer is’ made by antl-". _—
reflectIOn coatlng the Iaser facets of a+F " 'ry Perot Iaser The near trav elhngéf_

- 'wave ampllfuer}have a very btoad bandwndth and are therefore very useful for B o

2 In homcdyne detectlon an optlcal PLL us essentnal ~for achrevmg a hrghfi '

An optncal PLL consusts of a phase detector todetector) a voltage

= controlled oscnllator (LO) and°a Ioop fi Iter. The phase error 1s detected by the

- photodetector and fed back to the LO to effectlvely track thp carner phase

L homodyne recelver sensmvnty Homodyne detectlon has a ,é dB hngher”‘j_»»‘::::_;ﬁ
: .;sensmwty than heterodyne schemes but censnderable complexlty |s

' mtroduced by the need to phase Iock the local oscﬂlattr to the recelved s:gnal

_For bmary transmlssron systems PSK achleves the hlghest detectlono,_. o

ot . e




- lntended that thlS source would eventually be used as an optlcal camer th B

= '_modulatlon characterlstlcs df thIS source Wl|| also be lnvestlgated The sourc, S

il be modulated in frequency by varylng the lnjectlon current Thls is k' o _
as dlrect freqtﬁpcy modulatlon o R

. The main objectives of this thesis areasfollows: = 0 o s

e

4i is expenmentally feasuble

| For strong optlcal feedback lt |s necessary to antlreﬂectlon coat
_' one of the laser facets. A techmque for coatrng and obtamlng
the lowest possuble reﬂectlvnty must be determlned
i 3 Budd the external cawty laser usung a dlffractlon gratlng for the
R extemal trequency-selecttveﬂ'eﬂector | B

- 4 Venfy that a source can be obt-alned that oscnllates ina smgle e

|0ng|tudlnal mode IB suda mQ.dﬁ.Suppressnon ratlo of greater
" than 20dB. ool T
i 5 ;-,'-Measure the range of .wavelength}s overwhrchs,ng;emode

oscnllatton is obtained »




*‘Qdemodulatlon technlques o

o 11
| ,cawty laser wrll be presented

B lnve tlgat the behavuor at other wavelengths (re obtam a f

’

graph of llnewrdth versus wavelength) . |
: 7 - lnvestlgate the frequency modulatlon capabrlrty of the external

avrty laser dlode L

e ", 1.4.2 ORGANIZATION '

It.,

13

B Measure the Iaser llnewrdth obtalned wrth thls conﬁguratron ‘

ﬁ Chapter 1\ warlous aspects of coherent optlcal ftber systems have |

been presented A long- haul and a star t0pology for coherent systems have g

| been brlefly dlSCUgSBd The charactenstr{ of a source that is requnred f0r

such a system have also been dlscussed along thh dlfferent modulatlon and

T

ln Chapter 2, the problem of obtalnlng very low reflectlvmes for antr-b :

monltor the reflectlvrty of the facet whlle the coatlng IS belng clep03|ted onto lt '
" SN
. Expenmental results Wlll be dlscussed and the calculatlon of modal reflectlvrty

: wnll be carrre*out

Apm— : v

‘ ‘_'reflectron coated Iaser facets is dlSCUSSGd A procedure will be descrrbed to

ln Chapter 3 the desugn of an external cawty controlled semlconductor .

laser is. dtscussed Each of the elements that constltutes the external cavuty

'Wl|| be dlscussed in detall Crucral allgnment procedures will also be outllned

The srngle longltudlna*l mode oscrllatlon of the- exten'lal cavrty and the __

-

L srde mode suppressron ratio’ and the tunlng range capablllty of the external

J

mechanlsm that causes this wrll be the toprc of Chapter 4 Measurements of - B



wavelengths will be presented

PRI .
A . N

‘?}-.v : - v'. Sl ) k

\ .

The dlrect frequency modulation characterlstlcs of the source wnll belf

ul Chapter 5, the lmewrdth narrownng factor and the factOrs that e
‘lnﬂuence llne narrowrng phenomena wrll be dlscussed Llnerdth""

"-_'imeasurements of the laser wrth an external cavnty tuned at dlﬁerent

- dlscussed rn Chapter 6 A relatlonsh?p between th ‘.]lnerdth reductlon factor Ty

| and the degradatlon |n frequency modulatlon cap blllty of the exteroal cawty :
.""‘ﬁlaser wnll be presented -A%ally, the expenmental results obtalned for i
| _.‘frequency modulatlon of thls Iaser w1ll be dlscussed ; ',*' "

-In Chapter 7 the major results obtalned in thrs work W|ll be S

‘ recapltulated and‘recommendaﬁons for further work in thls area will be glven
R B T T '-"',.
— 4»_' L e

".. B 4
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¥ CHAPTERZ '

. | ,J§ t R e o 3
o FABRICATION OF ANTI-REFLECT’ION COATING

NLASER-DIODE FACET R -~
. The advantages of Uyng strong optrcal feedback to obtarn narrow L
' hnewrdth Iasers are numerous For example the resultlng soutce |s falrly._ .
vrnsensmve to spunous optucal reflectrons precuse temperature and curreﬁt o
.’ -"v".control of the 1aser are not necessary, and the resultlng spectrum |s essentnally o o
1ndependent of Chlp parameter., However in order to reach the regfme -of o
. strong optncal feedback it rs necessary to antr reflectlon (AR) coat the
h semrconductor Iaser drode (LD) n thrs regrme the feedback Ievel into the LD :
s typlcally greater than 10dB [11] - ' v

The optrmum frlm characterlstlcs requured to obtarn a reﬂectnonless Iayer -

. on LD facets wrth a thrrt actlve reglon are different from those of a srmple'_

| ';quarter Wavelength matchlng f Im [12] In a LD the opttcgl mode confrnement" “:"’\' -
| 'factor T, for the active Iayer is about O 4. This means that most of the optxcal__':-.

'.?'.freld exrsts in the claddlng region.. Therefore the rnﬂuence of the. claddlng~_."7“ ,5 '

- ,layer must be rncorporated in the desrgn of an AR coatlng wrth Iow reflectfvtty R

For this purpose a senes of theoretlcal calculatuons as descnbed |n":;.'- L
'Reference [12] must be carrled out to determrne the exact thtckness and.-‘
| ',refractrve rndex of the coattng wnth a certatn acttve area helght However'
| determfntng the exact thrckness and refractrve fndex of the coatlng does, not'."
" guarantee very iow reﬂectlvrtles ThIS |s because the evaporatron parameters
such as the deposmon rate pressure in the chamber dunng the deposmonj
- process*ett:“ all affeot the ﬁnal reﬂectmty obtalned wrth a pre determtned';_.
‘. ,: coattng thlckness and therefore the optlcal thrc‘hess of the_ c:atmg vanes wrth i,

15,




ot_ a0 e

o .'. these parameters ln vrew of the foregolng, |t was thought essentlal to monrtor e
the change in reﬂecttvrty of each LD whtle the coatrng was bemg deposrted so
that the process could be termmated at the optlmum pomt when the reflecttvrty

s the lowest possuble under the deposrtlon condrtlon for that LD In thts

results obtatned wuth vanous sample dtodes are presented Ftaally the :

& procedure to measure the reflectwntvtof a sample LD lS outllned

%% - 2.1 REAL-TIME FACET REFLECTIVITY MONITORINGSYSTEM

‘ '_ One way to monttor the change in’ reflectrvrty ofa LD whrle a coatrng lS
belng deposnted on lt lS to. monttor the change in threshold current durtng the »
deposrtron process The threshold current densrty of a semlt‘:onductor laser -

dtode is grven by [13] :

Jth - ®M2YE . en

o~ wherer

]

: gamfactor L e

‘a, lnternal loss coeft“ crent

) A= length of the laser cavrty ‘

R1 R2* power reflectton coeff crents of front and back facets
respectlvely [ N » o ‘.\f

When the back facet is bemg coated R2 etther tncreases or decreases RN

and assumtng that other dewce parameters remaln relatlvely constant the e

chapter a technrque that can be used to coat the LD fpcet is descrtbed The .



' to leakage current that may develop dunng the coatrng process;' j

T -

VoL N . A .

| "v___'threshold current densrty wnll decrease or mcrease respectlvely As the -
'-reflectlvrty becomes very small the threshold ponnt vanlshes An |ncrease |n";"i.~€’ o
'threshold current can also occdr due to a nse in junctron temperature and due'j B
owever the';f,!r S
threshold current wrll drop only due to an lncrease in. reflectlvrty lf‘he: e

evaporatlon process 1s termlnated at the pomt ol maxlmum change in

threshold current or untnl lasung ceases then a coattng thlckness |s obtalned"

that corresponds to a mlnlmum reﬂectnv;ty To attaln the mlnlmum possrble:"""?’"-”-
reflectuvaty the refractlve mdex of the coatlng must also be optlmlsed For L
most dlelectnc matenals used as optlcal fllms on substrates from the: lII-V 0
B mater la' Sy‘Bfem thls can be achLBVed by controlllng the rate of deposmon and

" the pressure |n the evaporatlon chamber durlng the process [12 14]

' '24.1.1, EXPERIMENTAL SET-UP .

Figure 2.1 Shows the ex'p'erimental ar'rangernent-' for monlto'ring LD facet

reflectuwty The charactenstucs of the InGaAsP LD used rn this expenment are” S

listed in Table 4. The LD was blased at its lnmal threshold current and pulsed S
per'Od'Ca"y toa h'ghe' Va‘“e Thb FlUlse frequeﬂcy was. 500Hz with a 20%','_

~ duty. cycle ThlS pulse generated a correspondlng optrcal power pulse Thez'i‘ e

amphtude of the current pulse needs to be hlgher than the expected change in.

threshold or tr\ optlcal power pulse wnll cease For the varlous LDs that were :

coated the current pulse amphtude was set at 100mA As the threshold :

current mcreases the émphtude of the optlcal power pulse decreases and -

| thls was mOnrtored on achart: recorder and an osculloscope dunng the coatmg

ERNE L B

. process To ensure that the change |n threshold was malnly due to the -
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Length
= _ 'Actlve Reguon

o *Thlckness

L Active Area

b This work -

PHYSICAL PROPERTIES OF THE BURIED -
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e L i . o ' 20
change ln reflectnvnty rather than rn temperature the laser dlode was mounted_ff : T
on a Peltrer cooler The temperature of the laser chrp was actlvely controlled L

usrng a thermrstor temperature detect,or to control the current through thef;ff :

Peltler cooler , ‘ R

' L The laser to be coated was mounted ona ]l‘g wrth a Peltter cooler and alv |
| thermlstor and placed in the evaporatlon chamber (NRC 3115) The facet of"f
the laser to be coated was mounteﬁ such that rt comctded wrth thevedge of the"
pg and would therefore be subjected to the vapour dlrectly wrthout berng ;:I- '_
shadowed The SlO ﬁlm was formed b\]-thermal evaporatlon wrth a
resrstance heated source ina vacuum system The chamber Wthh lS a glas,s"{ ”
bell 1ar was evacuated to a pressure of about 5X10‘6 Torr usrng a drffusron
pump wrth a llqurd Nrtrogen trap As the current was applled to the source the
SIO started vaponznng and the pressure dropped to 7X1 0'7 Torr When thef?- '3_‘: . ’
presswas stable at thls pornt the shu;ter‘ exposrng the vapour to the facet;v»-;
was opened Throughout the expenment the pressure was held constant near"_._f’-\,“":“
7x10’7 Torr by adjustrng the current to the source SO as to achreve a constant-f: R
rate of evaporatlon At vanous trmes durlng the coatlng process the shutter Af".-
was closed and tl'je power versus current curve of the LD was measured
After completlon of the expenment the total thlckness was measured to be o
. 6710/50 the total evaporatron time was 17 6 mlnutes 'ThlS gives. a deposmon_” o
| rate of approx1mately 6 4A/sec The thrckness and trme mdrcated heref e
| correspond to coatlng beyond the mlnlmum reﬂectlvrty pomt The explanatlon'”_f -

o for thlS is glven in the next SeCthn




T I
L LI

212 "EXPEB@EWL. RESULTS |

The change rn peak LD output power versus coatlng thlckness ls_j

s ‘.-_."shown |n Flgure 22, As the evappratron proceeds the LD output power. "

decreases mdrcatrng an mcrease “in. the threshold current and a",

" . correspondlng decrease in reflectrvnty of the coated facet At pomt D the

| power is.a mrnlmum to obtaln mtnlmum reflectnvuty the coatrng prdcess_’ ould_
:I"i‘normally be stopped at thls pornt In this experlment the coatmg“vras' .' ';
contrnued beyond thls pomt |n .order to verlfy that the reﬂectrvlty would behayej o
" as expected The mrnlmum reflectwnty obtalned at pornt D cOrresponds to“a_d :
| ""}'coatmg thlckness of 2573A Beyond pornt D the output power rlses agaln G
: | |nd|catmg an rncrease in reﬂectrvrty At pornt E the reﬂectrvaty is almost equaL

,,,w o

'to lts startrng value The sllght dlfference IS probably due to Iosses rrr thte L '*“"; ,

»coatlng, and to the fact that the llght from the LD is- not truly planar At pou;tt F,f S
. the reflectlvrty is agalnamlnlmum L 'f' ‘“_Y- - S t
., ln Flgure 23 the vanous optlcal power versus current cuﬁVes

X 4' v 0\“" E .,_.ﬂ 3
= correspondrng to pornts A to F of Frgure 2. Zare shown Tha initial threshold
; B2 w
: current is seen tobe 16mA At pomts B and C, thresholds of 19mA artd BOmA iy

n

~ were obtarned respect:vely At the polnt of mrnnmum reﬂectrysty D the,lasrng--f:a SRt

Y
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9 ,, | K(1+RG)(1-R r)(e 1)

@’)’ EqUatron 2 2 shows resonance ano’ antrresonance of the Iaser dlode Rar can

/. 2.2 MODAL REFLECTIITY MEASUREMENT ~ " =

The modal reﬂectrvrty can be obtarned from a measurement of the o

| | power spectral densrty of the gurded amplrﬁed spontaneous emrssuon (ASE)

below oscrllatron threshold [15] R ’ S

| 1 (J arR)G) * 4(,/ arl'-'t)G Sln2(21rneﬁ£/))- e

“UR.Rg Modal power reﬂectmty of the uncoated and coated
- facet respectlvely | ' R

= "’Laser length and gurded wave effectrve refractrve mdex -

G .= Gurded*wave galri S \ |

-)a
B IR
@ L
= N
q

K '=': ‘.?Proportlonalrty constant that contarns the spont»aneoﬁrs
AR emlssqon rate and photon energy -

.x\_,’
“C

B When (./ arR)G << 1, T-(below threshold) the srnusordal term in

be determlned from the above equatron by measunng the power ratlo of the
- nelghbourrng resonant and antrresonant peaks S '

d e 3)
rnin"”"" s (1 (J arR)G)2

0

Equatlon 2. 3 can be rewntten as:. | o |

S RarRG2 ; T e




_ ln order to determlne Rar from Equatlon 23 P and P
\ | measured for the ‘transverse_ electrlc ('l' E) and transverse magnetrc (T M)

STER I

modes by obtaunlngt;ia‘powe pectral densnty for each of these polanzatrons

e ’ s calcUlatron\[JS] GTE can also be determlned Therefore Rar (T E polanzatlon)
- can be calculated To determlne Rar (T M polanzatlon) the assumptlons made

|n Reference [15] were used R"‘ was agarn determrned from lkegamls

{ calculatlon and to determxne GTM ,the foIlowrng relatlonshlp was used : FRa
S ) L . ) ) o .

oot g
B '.Where- r : and Fm are - the optrcal cont” nement, factors for TE and TM |
polansatlon respectlvely | ' |
Flgures 2 5 and 2 6 show the power spectral derrsrty for the TE and TM |
polarrzatlon respev; vely From Flgure 25 x _ 121 RTE =f»0;3.7:, [18]_

', Gire =2 70 and applylng Equatlon 2. 4
Ra’ﬁt'_:"o.esxto'? e s
‘ e "From Flgure 2. 6 XTM =1 13 and RTM = 0 25 n order to deter e m,'
' %onﬂnement factors I‘TM and PTE must be determmed from the laser o
pa&l ete;s The optrcal conf nement factor is defi ned as foJlows B TR
o : "3‘ .-,-v . _‘ o ' . . . T ";- : v S . ?“ _-,‘ C . R
. |
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_ Followrng the procedure outhned ln Appendrx A, the followmg values B f ;s |
- are obtauned for the ratro ‘of the confunement factors,\GTM , and fmally the

reflectrvrty for TM polarrsatlon Rarm? g R P

- an!troﬁT’Equation 2.5,

= 2.44.

G . RO
Rt o L S
,“ ’ N - '
- Usifig Equation 2.4:. ; R
F‘arTM 063’(10 S T A R
2.3 SUMMARY / :
/ ' oo S v i R "

o n thls chapter the fabncatron of an AR coatrng on LD facet has been
dlscussed Real tume monltonng of the reflectlvrtywwhrle the coatung was berng.. '
deposrted is the kev to obtarnlng Iow reﬂectwltles The evaporatlon process )
r e., the| pressure in the chamber dunng coatmg, and the deposrtlon rate were T
not d’ptmsed for thrs case snnce the reflectrvrtles obtalned wnthout thrs’.'

o optrmlsauon were. adequate However it |s desrred to obtarn reflectrvmes |n



L the parameters hsted in Table 3 were as fol!ows

S A

the 1 0 6 to 10‘7 range (for example fcr semnconductor 1aser amphf ers) then.

o these parameters must be accurately ccntroﬂed Vo

In thts chapter the procedure to calculate mcdal reflectnvnueséwa&

- : jouthned The TE and TM power reﬂectuvmes obtaxned for a, @ample d10de W|th :

..v'_ . o M . ) . - - . R -3
TR S v q

3 R
B - RarTM 063)(10 s

B RN
v
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?,CHAPTER 3

CONFIGURATION OF THE GRATING LOADED L
- EXTERNALCAVITY LASER ,

[

ln thls chapter the experrmental confrguratlon of the external cavrty k

s controlled LD is. dnscnhed in detall Each of the elements used rn the desrgn '

. of the cavrty is dISCUSSBd and crltlcal alrgnment procedures are outlrned A

. block dragram of the experlmental set -up of the external cavrty Iaser is shown '

- Flgure 31 The elements used in the external cavrty ‘controlled_

semrconductor laser are a movable dlffractlon gratrng, a collrmatrng lens a
semrconductor Iaser dlode an optical rsolator and single mode frber to couple E

g . :llght out SO that spectral measurements can be made nght from the AR

coated LD facet rs collrmated’ usrng a mrcroscope objectrve The collrmated_ ~

- lrght is reflected off a dlffractlon grating and the f rst- order drffracted beam IS, .
. -ahgned such that it is reflected back |nto the LD cavrty through the same facet. f |

other facet ie. the uncoated facet Ilght can be coupled out for o

measurement or transmlssron usrng a tapered srngle mode flber‘ An optrcal -
lsolator 'is reqwred to elrmlnate spurlous reflectrons from the measunng

; -equnpment
3 3t 'Bé"s‘cmml(m OF EACH OF THE cor\hPoNENTs‘ |
' CONSTITUTING THE EXTERNAL-CAVITY LASER

DIFFRACTION GRATING o

o The gratlng used in thrs experlment |s geld‘ coated for Qrgherreﬂadnon
effrcuency and has 1200 lines/mm groove spacrng The poyyer eﬁcnency of the .

o dlffractron grating was measured to be 81% at 1300 nm for lrght polarrsed in

the dlfectron perplendrcular to the groc °°V95 The Qr atrng is mounted ina glmbal L



cavity length 15-200m

-3

ditfraction .
grating

‘'

R T @“‘mf-‘.‘ ; Ll e

' an 3.1 Block Diagram of the Experlmentgl Set-Upofa o L
T B LDw:thEnemalGranng,Feedback e IR




e .

‘holder wnth two angle dnves that Can be controlled prezoelectncally One.f R

"angle (‘1’) SCans across the grooves thereby selectlng a dlfferent "ngle of .

’_4‘-;dlffractlon for the flrst-order dlffracted beam and hence adlfferent oscrllatlng »

i wavelength The other angle (e) scans along the grooves and serves mostly-" ‘

- for allgnnng of the dlffracted beam back lnto the LD cavrty Typlcally the output -

| radlatlon beam of the LD is characterlzed by two angles WhICh measure the. - =

1' 'dlvergence of the beam in the d"'eCt'O” parallel and perpendlcular to the“" T

3 lunctlon plane Usually, the beam dlvergence in the perpendlcular dlrectlon is v .

much broader than m the parallel dlrectlon and hence more llnes on the:

: ,j‘gratlng wull be |llum|nated rf the gratlng is mounted Wlth the grooves parallel to o

4the junctlon plane However measurements showed that the hlghest first- -

order gratlng reflectlon was obtalned when the electrlc fleld vector was

i perpendlcular to the grooves ThlS lndlcated that even after AR coatlng, the '

LD contlnued to emlt radlatlon in the TE polansatlon (that is, the electric ﬁeldx

vectOr rn the plane of the 1unctlon) the TM polansed modes stlll had hlgher "

losses in the LD cavrty Therefore Ain order to mlnlmlze Iosses |n the overall IR

: 'cavrty, the gratmg was mounted such that the grooves are perpendlcular to-

~ the junctlon plane and hence the electnc fleld vector ThIS is shown in

L Flgure3 2,

The gratlng is mounted in the thtrow confrguratlon that lS the flrst-‘ _

. .__umaged onto the laser facet Consnderable care must be taken to ensure that: v

the. gratlng is mounted vertlcally rn the holder so that tHe two angle t|lts are

'.-decoupled S L s R BT 2

. order dlffracted beam is reﬂected collrnear wuth the mcrdent beam and re- -
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... - Y 312 COLLIMATING LENS

The purpose of the}‘onimatlng lens'is to collect as much radiation from -

35 ‘

the LD as possible and collimate it onto the diffraction grating.” To this end,

e

this lens re’qul’res a large aperture 'ratlo Also, high optical throughput and

. negllglble scatter are necessary to mrnlmlze the cavrty losses The colllmatlng;

aperture (NA) and 16 mm focal Iength The lens is antrreflectlon coated for

SN
’ mrnrmum reflectron at- 1300 nm. The lens is fully corrected for sphencal L

aberratron at thrs wavelength For proper lmaglng the lens has to be mounted'
such that.it is perpendlcular to the optrcal axis and for thls reason |t is mounted :
"on an XYZ translator The lrght collected from the facet of the laser is allgned'

to have a focus at a pornt as: far away from ttie laser as possrble i.e., the

L Iens used in thls expenment is a mlcroscope objectrve wrth a 0 4 numencal "

output ‘beam from the |ens is parallel It cannot be emphasrzed enough that .

~ the accuracy with Wthh the lens is mounted will determlne how ‘much of the

.lrght reflected from the gratrng rs actually coug\led |nto the LD cavrty In the

| 'alrgnment procedure |t was“found that the posrtlonlng of the lens along the.

: ._optrcal axrs (i.e. the dlstance from the LD) ‘was also ¢ritical in enterlng the'v

regime of strong optrcal feedback when at least -10 dB of the Irght emrtted is

[

| fed back into the cavrty [1 1].

'3.1.3. SEMICONDUCTOR LASER DIODE

L y

: lndex gurded laser ‘The double heterostructure and narrow strrpe geo?netry-__;

supports only the fundamental latgral and transverse mode Lateral -

“The LD 'used' in this ekperiment is 'a'v-'grooved dotJble he’teros’tru'cture'v '

- confi nement of the mode is obtarned by lntroducung steps in the’ refractlve”‘



e
P V.

%

lndex (hence the name rndex gunded laser) Each Iateral mode is assocnated

wuth a famlly of longltudlnaf ques Therefore index gutded (Ds whlch‘."f,“

- support only the fundamental lateral mode are desrrable because the optucal

feedback to obtaln smgle longltudlnal mode contends only with oné famlly of

| longltudmal modes The phenemenon of "homogeneous gatn saturatlon" (see”

o Chapter 4) whlch causes srngle longltudlnal mode oscxllatlon occurs: when;‘y

‘ the__e |s only one famllyof longltudmal modes

" The ongmal physwal charactenstlcs of the LD used ln the external cavnty'. o

| -conﬁguratlon are llsted in Table 4 One of the facets (the front facet) of the LD

.“;'wae‘gn coated accordlng to the procedure outhned m Chapter 2 Th%

&;, g

o followmg values were obtalned for & reftectzytty of the TE and TM modes o

o Ré_‘r(ré) = 1.0x 10'3
~'Bar(rvl) 0 7 X 10':3

. The opttcal power versus current charactensttc of the ID was measured from o

‘both the uncoated and the coated facet ThlS |s plotted ln F”lgure 3 3 The.' - o

’ Optlcal power spectru\ of the LD (wrth one facet coated) measured wnth a

monochromator is s own in. Flgure34 ThlS spectrum lS typtcal forV

} superlumlnescent dlodes WhICh oscullate over a broad range of waveiengths o

o A tapered flber was used to couple l:ght out of the uncoated facet, S0 that

| 3 vspectral measurements could be made The couplrng eff elency of the taper S

} was measured to be about 15% -The LD chlp on a carrler (as received from |

'the manufacturer) lS mounted on a Peltuer cooler The gurrent through thel’;f*'"

',Peltler cooler lS controlled by a thermlstor temperature COntrol CerLlft The-v

- cnrcurt dlagram of the control crrcurt and the temperature cahbratlon of the"_:r.
- fthermtster are shown m Flgures B. 1 and B 2 tn Appendlx B respectlvely The BRNTE

”laser dlode CW blas carcuut is Shown m F gure BS The gratmg IS
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. PHYSICAL PROPERTIES OF THE STRIPE |
tEOMETRv DOUBLE—HETEROSTRUCTURE LASER USED o
~ INTHE EXTERNAL: CAVITY CONFIGURATION [Figure 3. 11 %

Manufacturer Fuptsu FLD1 3OD4SJ-A (lnGaAsP)

P

- ( . .

e

. CHARACTERISTICS . - . SYMBOL '

' VALUE = REFERENCE

: Threéhold CUrrerit .

~ (before coating) -

Ty o

Waveiength of
peak intensity

k Length

Strnpe Wndth .

Actlve Region -
.,-.Thickness

- Gain Factor

"Internal Loss
'Coefficient

T Reﬂectlvuty of
' ‘Uncoated Facet

“a.

"

7300um - a

<15um .. ...a

S 02:03u;m . ae

ro

",0._12x1(')‘1 cm/Amp ) a’’ o
B

B

~ 03 ¢

c.-

@J :

‘Manufacturer's data =

This work

(13
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A

placed about 19 cm away from the LD ThIS dnstance determlnes the external 5 L

cavity Iength L el *\ e

(AR _3.1',.&"‘0_Pfr|_c§|_-frs,gLAjon‘ N

Tge reason for usrng an optlcal |solator -in thts set-up IS\ to reduce' C
‘ teedback of laser radratron rnto the LD from the output ﬁber The optrcal

: lsolator is a non- reclprocal devrce based on the Faraday or magneto—optlc _ |

- effect Th&opﬁ(Cal‘rsolator use;l m_thnsxxpenment is a. NEC devxce__N_o N
0083138 (,\ =13 ;tm) It provrdes an |solat|on of greater than 30 dB and has . |

an msertron loss of 05 dB when properly allgned lt is better to mstall the"i.f o ‘:

"._'optrcal usolator between the LD and the ﬁber’ SO~ that all the undeslred:,_-‘_‘:-'

. reflectro'ts are blocke? ‘In. thrs set- p however due to. physrcal constrarnts It '
<. :

‘'was necessary to use a shoré plece of ﬂber (~1m) between the LD and the

|solator The reflectuons’from thrs short prece of fi ber cause 3 frequencres :
- (150 GHz) that are far away from the desrred frequency, an*rch do not fall
T wrthrn the gratrng response (SOGHz calculated in the next cbapter) ' e
) If an optrcal |solator is not rnstalled in the f ber path between the LD and. ._ = \. :
.the measunng devrce the reﬂectrons from the f ber: end face cause "norsev_‘ o
."}-splkes" at frequency mtervals of nv/2L Hz (ni rs the axral mode number alongv:'i : i_" |
* . the fiber, v is the velocrty of lrght iR the f ber and Lis the length of the ﬁber"; '
) used) Thls |s shown in Flgure35 where the norse sprkes are labelled'
C and C' ln thrs case the length of ﬁber from the faser to the measurlngi i
‘frnstrument was about 12 5 meters and hehce these sprkes appear about 8 v:
: ".l.:'-_MHz apart In thrs expenment the only feedback of ltght |nto the LD that rs_v'.
."desrred rs the reflectlon from th'e grat:ng tt{rough the coated facet The
P feedback of lrght from the ﬁber throdgh the uncuted facet must therefOre, be :

v "_‘ LI 1
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mlnlmlzed it was found that the reflection from the fiber end face to the
uncoated facet made rt more drfﬁcult to operate the LD ln the strong feedback o

reglme co o BTN :

" 3.2 MEASURING/MONITORING EQUIPMENT
Three dlfferent types of measurlng equ;pment were used |n thrs_».,:lf‘{fi :
expenment a monoc'%mator a- Fabry Perot lnterferometer and a self-*_“""
heterodyne set up The output power of the Iaser drode was measured wuth a 4
7 cahbrated Germanrum large -area photo duode The power readlngs gave ani‘-i':'j i
f rndlcatlon of the Ievel of feedback |nto the Iaser cavrty snnce the feedback»:_'- S
o causes a change in the threshold condmon of the LD These readungs can be [;-'
used to calculate the feedback factor (see Chapter 4) L -
o 3 2 1 SCANNING MONOCHROMATOR AND FABRY PEFIOT
B INTERFEROMETER
_ A scannlng monochromator (McPherson 270) was used |n the.‘
: cont" guratron shown in Flgure 3. 6 to measure the spectral propertles of the LDf :'if"'
|1ght Drrect wavelength measurements can be made usnng '“t'h'e ‘
‘ monochromator The slit wrdth used for most measurements was aboutij.v‘:...‘v
50 pm Wthh gsvesaresolutlon of 20 GHZ | S ST .;_ IR
For better resolutlon a Burlelgh scannmg Fabry Perot mterferon‘teten
was used in the. conﬁguratlon shown in Frgure 3; 7 “The: plate separatlon was-ﬁ"j‘-"_-
) about 1mm wrth a free spectral range (FSR) of 143 GHZ The resolutton of the;
Fabry Perot mterferometer depends on the ﬁnesse of the mstrument The’
flnesse of the rnstrument depends on the réﬂectuvrty and the parallehsm of the}

murrors and on dlffractlon Iosses Therefore, prec:sron alrgnment of the
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- ygptrcal elements is cntlcal to obtaln the best resolutlon The resolutlon that

LA

| ‘ 'can be achreved wuth a plane Fabry Perot lnterferometer is about 50 MHz

The Fabry Perot scans were: recorded by a dlgltal oscnlloscope and“'-»._‘_""”

cual transferred to a. computer to evaluate the Ilnevwdth However the lmewndths D

o obtalned wnth the expenmental conﬁguratron dISC 'sed in thls chapter werefﬂ,‘_; s

i ".very narrow and a more se%rttve method had to be used to- obtaln an._;,_v:.” '

| ’f.the pnncuple that, when E laser oscullator output beam is drwded and

L recomblngd after a tlme delay r and is then detected by an optrcal square lawv,. o

accurate measurement For thls pu/pose the self—heterodyne method‘;’

dlscussed in the next sectlon Was used

322 SELF-HETEHODYNESET-UP . -

i '. The self—heterddyne pnnd?ple,bf measunng the lmewrdth is based on

detector the FM quanturn rﬁbtse in the laser llght is. converted to rntensrty E

i"‘

] ,fluctuatlon The expenmental set-up based on thls pnncnple [17] |s shown ln" o

",-f,_"Flgure 38.. The llght from the LD i lS dlwded mto two branches usrng a 3 dB e

I

=

modulator (Matsushlta}EFL,M 080 Y03) Wthh causes an 80 MHz frequencyv R

ﬁ goupler The llgﬁ".through branch 1 is passed through an acousto optlc"': i

kN 'shtft of t‘he first order deflected beam The llght through the second branch is

Ay

».delayed by tlme Ty 'For thls experlment approxmately 700 metres of: srngle"

‘achleved The llght frorn,these branches is: mrxed iri @ photodetector

%

' The power spectrum of the output of the photodetector |s glven by [17]

o

" .'«.:--mode flbre was used and hence a delay of approxmately 3 8 psee was\?

N -2x6f S -21r6fr e B “5ff - l .
Svﬁf) =e -'d 5(f) -v'ér___.__ [ -e - d x(oos 2xr 4f .+ (_f- + ;_) S|nzgfrd)l(3_1) .

AL ‘*{F“*(Sf)z}

2. j_.,“-
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where ‘ 'i. o _ ..x_\; o

o f 3 dB spectral wrdth of the lF spectrum

When the delay trme rd is much less than the coherence tlme, l:lsf of the LD .

the frrst term is domrnant For mtermedrate values of: rd, the spectrum consrsts

of two parts the llne spectrum due tb the delta functlon part and thef'

' contlnuous portron due to the cosnne term ln Equatlon 3 1 When the delay .

trme is” much longer than the coherence trme (that is rd > > 1 /.sf) that is, the_._j‘ i

phases of the optlcal felds in the two branches have become

decorrelated the power spectrum is true Lorentzran and |s glven by [17]

. 8= ——uw T 3
N e x (2 +.‘(sf)z)._‘ e T
ﬁ S o . “w‘{ i ;th“ . ;Qt@, |

) : h! 3 . 4
. "Thﬁe) FWHM of the power spectrum is twrce"ta‘s"6 large as t&ﬁ}of t,‘
spectrum smce both the patgg ’&ontarn 'eq‘iral'%:M quanturﬁ* no§e %ndh'

- ’therefore the spectral resolutron (a) of thrs method rs grven by [17] N AN

>
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_The photodetector used in. thls set-up isa Germanrum APD wrth an amea&&» ‘
“of atgproxrmately 0‘001 mm2 and responsrtlvrty of o 8 A/W ( garn M 1) at

‘13 pm | e .. [T

The output from the spectrum analyzer was transferred to a COmpu{er e

: _for further analysrs to determme the llneWrdth/\Wben rd < 1 /st then in most o

""cases a best t” t curve to the expenmental results usung Equatlon 3 1 can be 3



o -"obtamed to determlr)e the Irnewndth T'hns wnll be explalned in further detatl

- " when the llr;Wldth measurements are dlSCUSSBd rn Chapter 6

. 33SUMMARY

e

In th|s chapter the overall cont" guratlon of the external cavnty laser hasf_

"ﬁbeen dlscussed It cannot be stressed enough that all the elements in the'f S

f“__extemal cavuty must be allgned Wlth extreme precrsuon For example dunng"‘ s

- the ahgnment of the set-up in the laboratory, it was notlced that the posutronrng;}‘.- i

_ ?;of the colhmatlng lens w1th respect to t’he Iaser was very crutlcal to the amo&tt“-_{

'of reflected hght that can be COUpled mto the laser cavuty thereby determlnlng .

' »the domarn of feedback (strong or medlum level)

" Varlatlons |n the optrcal cavrty length due to thermal effects can perturb L

i : .the nearby external cavrty modes lt is therefore recommended that the entlre_‘

external cavrty be enclosed in a plexrglass hous:ng Wthh |s desrgned to be'_' RN

:v-ireasonably arr-tlght Thts wrll prowde a great dea of acoustlc and thermal-

E ﬂ |solat|on It should be noted that for the present expertment stabllrty measures R

"such as these were not undertaken smce access was reqwred to aIl the

. _-,‘,Components |n the cavrty Now that the relatwe Qosmor( of the Var'Qus‘"_""‘

ne

components has been determnned and the cav:ty |s charactensed to a certaln .

. fdegree these measures could be |mplemented
k 1’3’ v e :



The solltary LD wrthout external feedback has a multl longltudlnal mode" ‘

?

T L

’spectrum wrth modes spaced approxtmately 08 nm apart as shown ln

- ‘ Frgure 3. 4 The purposq of optlcal feedb)ack from the external cawty lS two‘_ o

fold L SO . Py 4, - S |
| (1) to obtalna stable snngle longltudlnal mode oscﬂlatro*u S
' )

'.‘(2) , to obtaln a narrow spectras lmewudth (l e, hlghly coherent source) ', o

/‘ s

"f)

To achleve these objectlves the LD was coupled strongly to an external_ .
N cawty loaded wuth a dlffractlon gratlnq ln thlS conflguratlon the external cavnty_ f

s the domlnant cavrty smce the rnode seleotlon of the Fabry Perot cavrty»'

o(solltary l_D) lS partly destroyed by AR coatlng one of l'[S facets The.

.....

: ;expenmental set-up’ is shown ln Flgure 31 and dlscussed |n detall in that’,.

7'_ chapter In thlS chapter the s;ngle longltubrnal mode oscullatlon of the external.;, o

“cavity.is dlscussed The gratlng égesponse is ,oalculated to- determlne the

“selectlvnty provnded by the gratlng The effect of Optlcal feedback on the.f

threshold condltlon of the Iaser is. also dlscuseed In -:t.“ e

...

. 3 s, _’
_ ca\@y laserand the tunlng range measurements aregl‘esented “’ X
: s S e, T ~ T
v | 4.1 THE DIFFRACTION GRATII)I(NFILTER) RESPONSE

\

| The dnffractlon gratmg in-a gratlng tuned external cavnty LD can W

wewed as a reﬂectlon i lter" W|th a certam reflectlon band Af The centre

| 49 e

: Yy



s0 o

frequency of thlS band IS a vanable controlled by the angle of the gratlng

'[hlS band there could be a number of possrble solutlons to the extemal-cavrty 1‘ ';- S

resonance condrtrbn Thns number (N) lS dependent on the length of the
" rexternal cavrty L and is glven by | |

N N "
\",“‘

_A The reflectlon band (Af) of the gratmg can be ac0urately determlrted by '-

' solvmg the boundary value problem for dnffractlon of the electromagnetlc _
waves by a penodlc boundary, taklng lnto conS|derat|on the dlrectlon i |
‘:polarlzatlon and ampftudes for the vanous waves ThIS is covered extenSnvely “
in Referenc‘,e [19] For the purpose of thrs thesus rt suﬁncrent to determlne (Af)
5 'from a scalar aspect ‘of dlffractlon havung to- do w:th the |mage formtng 3 ;
"characterlstlcs of the dlffracted waves when they are Ilmlted |n srze by |
'gratlngs of ﬂmte w1dth Therefore the formula used for the calculatlon of (Af)

ofthegratlngfllterts B S e e
| B T P R T o
L m=mNg e e ay

- m = order of scattering*

Cand Né&«? 29/(5'99%4)? EE . - @y
o | ."'a;"': ]._.gratingf‘conStant-»::-gﬂv'v-‘?és,_"l'-
,'__,.,;;é':,.;’,',-rnmdentangle o
2b= spot snze of the rnc;dent beam

el R _ -



] ln this experrment the flrst order dn‘fracted bearn was fed back lnto the -
laser cavrty and therefore m = ‘l From the manufacturer s data the gratlng
constant a = (1200 lrnes/mm) 1 e The mcrdent angle ¢, can be
'determlned from the gratlng equatlon because the lncrdent angle and the f rst
- - ‘f order beam are collrn‘ear Thls is. shown in Frgure 4. 1 The gratlng equatlon rs
".:}grven as follows [20] " e et LR
2asm(8!m)= m)‘ S ,. B : .. ., (43) |
' and for ,\~— 1300nm the lncrdent angle 0 = 50° a5 -
| The spot size of the beam mcrdent on the gratlng |s determnned usrng o
b }':- 'the followrng fﬁtula and assumrng a gaussnan beam [21] | T
el Iw(z)] w2 [1 (Az/ﬂw 2n)2] o ey
| | mlnrmum spot size atz —0 3
“ (spot srze of the source)

t

R SIS .j'f~d|stance between source a& Iens
: l oon = ,_frefractlve lndex of the medlum of -
| C _propagatlon L e

«.
T

@’ and w(z) is’ the dlstance at Wthh the fleld amplrtude is down by a factor 1/eh W
compared to |ts value on the: axls Frgure 4.2 shows these parameters

graphrcally The spot srze w at the Iaser lS grven approxlmately by [20]

o
: b .

W"*/(tanen) T e (45)
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4.1, Angular Plgpement of the Gratlng IR




TR

where e” ‘is the - laser far feld pattern drvergence angle at 1 /e of the f eld ::

' ".j'amplltude in the dlrectlon parallel to the jUﬂCthﬂ (the data sheet obtazned from‘ R

: _--___the manufactu'er showrng the far t" eld pattern |s lncluded ln Appendlx B;

L ;'Flgure B 4) The foIldang values were used to determlne w(z)

g : 1 142 em (measured) RS o
’“egce SR

© U w@ | =4mm = 2b(cfequationa’)

Now therefore, the FWHM of the gratlng response |s determlned by

S substltutlng the value for w(z) into Equatlon 4, 2 and then Equatlon 4 2 |nto 4 1,

._ﬁ R 917~nm—a .. 'v “
o s s

.1" . .

The gratlng response mdncates that a band of frequencres (and not a sungle

frequency) is reflected by the gratlng back onto the LD facet. The LD |nternal_';j,.."‘_, i

. modes are about 14OGHz apart From thrs it can be conclud%d that although-_»“ e

the hght lS reflected in a band of frequenmes thlS band WIN not |nclude the next..-‘

mternal mode that lS only ane LD lnternal mode wull be s’elected at a glven" o

'--f orlentatlon of the gratlng However the band of frequencues reﬂected from the =

gratlng may lnvolve several external cavnty modes (dependlng on the length L x

of the external cavrty) THerefore some external cavrty modes may acqu;re '



o However the tendency of the laser would be to oscnllate on a mode Iocated at

i 3 ,' the peak of the gratrng response srnce that mode would have the hrghest

o ‘_;dlstance“L away frd?n the laser The amphtude reflectrv:tles are glven by r1,

| 42 THRESHOLD CONDITION .

A slmple external cavnty model wrth gratlng feedback lS shov?n ln

o Flgure 4.3. ‘Ehe AR coated facet faces thegllffractlon gratlng whuch is placed a :‘ -

,_'and,rg(w) for the uncoated facet, the coated facet and the gratlng, respectnvely |
ln thIS model the coated facet and the gratlng reflectrvrty can be comblned at

»-"]-’_"the facet 50 that the laser cavuty can be modelled as havnng one facet wath R

jamplltude reflectnwty r1 (the uru:oated facet) as before and the effectlve

: :"reflectlwty, Tt as the second facet The effectlve reflect:vnty is glven as follows

r2+r(w)exp(lwrxt) RlEen T e AR
A rgtge) expliargg) o T T IR

t-".;;a-:s-wwkIL per Y LS

amplltude reflectlwty of the coated facet

I

| 2L/c S ( L _external cavity length S e

speed of hght)

g = e (N oz e
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.s\

. s B
order of scattenng -,Q RS

LM = amplltude reflectuvrty, mcludlng loss

e

= (2a sin ¢)/c _
and Neﬂ, a ¢, 2b are as defrned and calculated in the preVIous sectlon
e o '

o "'

The shape factor r isa slowly varylng functlon of frequency and for the:~

B calculatlons here it wtll be assumed to be constant over the frequency range of"'j‘ ' :

concern “The power reflectlon coeffncnent R; (R S 2) (and r = |reff| at the_ A

: 7 s
peak of the gratrng response) is the ratlo of power actually coupled lnto thev o

o Iaser cavuty to the power emltted from that facet and rs commonly known as -

o the feedback factor AlI the coupllng loss lens transmlssron Ioss and grattng f;'._'

reflectrwty can be mcluded in thls factor There are several methodsi__

g commonly used for estlmatlng the-feedback factor One of these methods wrll‘

be presented here and Tett thus calculated wull be used for the rest of '[hIS" Ca
| thesrs . . 5 | | . | : |

ThlS method relles on the change in threshold current wnth reflectrvrty

| By measunng the threshold current of the uncoated LD and the threshold:__ -

calculated Thn ratlo of the threshold cu[rrent before coatlng the LD ('tm) amd =

: the thzreshold current wnth feedback ('thz) iS: gNen as follows - S
AT “al- ln(rr) e e

o 2 B - )|

current with feedback the effectlve reflectlvrty or the feedback factor can be

.1.

wher €a, 1, f,. r, have thelr usual def nltron and r 1s the amplltude retlectlonf.} L

3 coeff cnent (feedback factor) at the peak of the gratrng response F_rorn -




"l plots wrth and wrthout feed.‘backw |t is’ found that lm- 13 5mA
g

S -Table 4 for r1, 2 51 and 2 and Equatron 4 8 r |s found w Q;aaequal 100, 44 and

therefore about 20%. of the pOwer emltted from th 5 fgcet is coupled back lnto

PLE

: ,"j,-the Iaser cavrty : ' z.;'-,;_‘,-,:f-;?‘;, RS

: Wlth the'eﬁectwe reflectlwty grven by Equatlon 4 6 the threshold galn

it

I s .

F

lnternal loss coeffrcrent

C = a :
o3
lI

devnce galn factor

length of lase vrty
S is = strlpe wrdth

-
N
b
S
TPt L
ll

.'.*6
i

o Wlth the assumptlon that at X o= 1284nm (the wavelength at Wthh the
plots of Flgure 4. 4 were measured) the external cavuty laser operates at the
peak of the gratlng res/ponse rg = r in Equatlon 47. Usrng Equatlon 4 11
and the parameters llsted in Table 4 and wrth ot '~ 0. 44 (calculated above)

the threshold current is found to be 13mA From the (L-I) plots shown ln

. [ -
'-manufacturer s data and at 17 C, ‘m{‘ = 11 4mA Usrng tlﬁé values grven rn

'u@) (£s/ﬂ) (a (1/2) In (r1re@) (410)

S .

Io‘sses,‘ at ) .
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Flgure4 4 the threshold current of 1 3. 5mA |s obtalned wrth gratlng feedback

e ..The threshold current of the LD wrth external feedback is sagmﬁcantly reduced

’ from the threshold current of the coated LD Wthh is about 20mA m Flgure 4 4

' '-';,wnthout feedback cannot be accurately measured because wrth the Iow_‘f

L reflectlvaty of the coated facet the threshold ponnt |s not very dlstinct

. Cf:' .

C s m’s,.c'usstottors'metsM‘ooevosqmr.an*

<

ThlS lS consrstent wrth Equatlon 4 10 smce reff |s much Iarger than the- S

t‘,freflecwtty of the coated facet. . The threshold current of the coated devrceﬁ e

When a strong coherent beam is lnjected mto the laser cavrty, the mode

_favoured by the external cavuty (the domlnant cavrty nn the strong feedback

: confrgdratron) wrll oscnllate Thts occurs due to a phenomenon ‘called the f_‘.:

"homogeneous spectral saturatlon of laser galn WhICh ‘can be explarned in - :

. \

.the followrng manner

The pump (|n1ect|on ‘or blas current in the case of a LD) establlshes a_'. ‘

..“populatlon rnversuon (in- the absence of feedback) of a Certaln value ln thej_" o |

-.presence of the optrcal fleld more. stlmulated emrssron events are encouraged A

| (that is, transttlons from a hlgher energy level to a lower Ievel) so that a new»_ -
o p0pulat|on rnversron densnty equrhbrlum Wthh is Iess than the prevrous one, :s'
establlshed ThIS reqluctuon in the populatlon mversuomdensnty equnhbrlum | B :

Wthh results ina reductron of the gain coeffrcnent due to the presence of an

'electromagnetlc f eld is called galn saturatnon" Thls process is deplcted |n}‘"'_1'§ '

o

.s'.k,,.

s

Flgure 45 where itis shown that the galn Coeffc'

: ;_enture lrne prof le when an atom grves up rts lntgtna

duEed throughout the - e
QV to the stlmulatmg» |

| field. Therefore srngfe mode oscullatton rs not crmcally dependent upon thej o

| ifrequency selectwrty of the Fabry Perot Iaser nor is it due to the wavelength IR
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o . depletes all the camers from the other cavnty modes

-the external cavrty phase @ x 7

2 c‘ e

However the gratrng is an |mportant element of the ca\aty deS|gn Frrst
'gratrng response) Secondly, the use of a gratlng (frequency selectrve dewce)

mrnlmum threshold condltlon forces the Iaser to operate at a frequency where

extema,, where T |s the round tnp tlme |n the

' external cavrty and wis the operatrng frequency) lS equal to an xntegral multlple

' -of 2n. Wlth gratlng feedback the phase of the returned lrght |s not crmcal

because the rnternal mechanlsm of the laser cavnty adjusts the overall galn

'(whlch |s frequency dependent) to compensate for the phase mlsmatch t

L 'selectlwty provrded by the gratlng it occurs because one cavuty mode_’,; L

| acquwes most galn from the energy stored in- the populatlon mversron and'f"
it prowdes wavelength s‘electlon and thereby Ilmlts the number of * possrble: o
'_,.solutlons" of the external cavrty modes (dependlng upon the ﬁNHM of the_ &

" in“the external cavnty enables Iaser operatron to occur at frequencres away, . '

lfrom the frequency that satlsfres the mlnlmum threshold COl‘ldlthl’l The'v"

o

. was observed in the laboratory that there lS a tendency for the external cawty '

laser to oscrllate |n a mode that maxrmlzes the feedbaclt That lS the garn of-_..'

i ;-the mode enhanced by the rnjected carrlerS¢W|II be further pulled towards a*-‘. o

_mode. . i

wavelength to obtarn the maxrmum output power Thrs procedure always,"i o

optrmlzatron ThlS lncrease in power resulted from an increase: ln galn of that

1] .

}hrgher gam to compensate for the phase mlsmatch 1t may. be argued at this%'
A ponnt that thls frequency .of oscrllatlon would be the frequency where a"v B
mlnlmum llnewrdth lS obtalned The ba5|s of thrs clarm l|es in the observatlons,;v L

‘made in the laboratory The gratlng angle was ﬁne ad;usted at a partrcular.;

-f-'resulted in a narrower lmewrdth than the Imewrdth obtarned wnthout thIS.'-'v_"‘{.,



R EXPERIMENTAL RESULTS FOR SINGE MQDE '
OSCILLATION AND TUNING RANGE ——

L e

range of wavelengths over whroh srngle mode oscrllatron may bej L

obtalned called the tunlng range ln the followrng two sectlons results of the"_"

= srngle mode oscrllatron and the tunrng range measurements are grven

,.4-4-'1-,$I_D'fl_-:'Mooefsuepnessrou“RATlo' S

Frgures 4 6 (a) and (b) show the spectrum of the external cavrty” LD at

blas currents of 1. 5 lth and 23 llh, respectrvely (where Ith |s the threshold

' current of the laser wrth feedback) The spectral measurements were made

. b
.ﬂ'

-~ with’ a scannlng Fabry Perot mten‘erometer wrth a free spectral range of

143 GHz

of ment rs called the srde mode suppressron ratro Flgure4 7 shows the; |

The frgure of merrt for a srngle mode LD rs determrned by the power ln' ‘

o the oscrllatlng mode as compared to the power in the srde modes Thrs fi gure_ o

spectrum of the LD at 2 3 lh on a vertrcally expanded scale (x100) On thIS. N

expanded soale srde modes are not evrgent therefore the srde mode','

3,

, l.,"‘

suppressron ratro is grea;er than 20dB Th|s f gure is w:thm specrf catuon fOr -

slhgle mode lasers avarlable commercrally In order to venfy that the srde:',f'f .

‘modes are not odncealed the cavnty was mlsallgned slrghtly so that a slde o

.. mgde .would appaar Thrs rs shown in Frgure48(a) on a thousand trmes', S

Y

mdrcates a snde mode suppl‘eSSl%n ratro of better than 30 dB It should be S

' 7 'vertrcally expanded scale Frgure48(b) shows (agarn x1000 vertrcal scale)_‘v'_"f Ny

that the si de mode dlsappears when | ,:é, cavrty rs brought rnto alrgnment Thls'%' | -
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shown over One Ramp Period. Enlarged 100times, as.conyy
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Flg 4.8 Spectral Output of Extemal Cavrty Lasar wnth l = 2 3I Two Spectral Orders are

- shown aver Two Ramp Periods. Erfarged 1000 N'fmes as compared 10 Flg 46.
“(a) slightly’ mlsallgned cavity to show where & slde mode may deve(op

(b) allgned cavtty slde mode non-exlstent
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lt was found expen‘?ntally that srngle mode _osclllat’lon dld not cntlcally

N ’depend on the length of external cavuty It céuldfbe obtaxned for vanous

o cavuty lbngths such as *15 18 and 21 cm

The coarse tunlng of the external caVlty laser -ls acoompllshed by__.v_'_

; 'rotatlng the gratlng and selectmg each of the longttudlnal modes of the laser

cawty These modes stlll appear due to the non ldeal antr-reflectlon coatlng
o applled to the laser facet The mlcrometer controllmg the rotatlon of the
e ' gratrng prodtﬁes a“tllt angle of 6. 6 arc seconds per ,urn lf a plezoelectnc drrve

S

. is used then a tllt angle of O 07 arc-seconds per volt is obtalned

. _4_.;[: Frgure 49 shows the wavelength tunlng of the laser modes due’ to -

2 '.‘} rofs -'on of the gratlng A tunlng range of approx;mately 40 nm (74 000 GHz)

" ‘-:_was obtalned in thls manner The spectrum lS shown only for selected gratlng
f,j:.'angles so as not to clutter the graplll lt should be noted however that by
rotatlng the gratrng, tunlng of the laser |n betWeen the lnternal modes lS also
/ ':o%;auned for example at 1286 12882 and 12885 nm as shown on the
: graph 1t can be surmlsed that srnce, a very low reflectnvnty of the coated facet

: "_»'was obtalned contlnuous tunlng of the- extemal cawty laser lS possuble

~H However thls should be mvestngated more closely before a del’inrte clalm can

e

*;-.z-év;-abemade i e e |
| Tunlng of the external cavsty Iaser between the Iaser lengltudmal modes

'.can also be achleved by 1nsert1ng an etalon |n the GéVltY: Th"
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etalon serves _o purposes lt wrll prowde extra wavelength Selectrvrty and_

hence more stabrhty of the oscrHatlng n;lode Secondly, by ad;ustrng the.ff e

etalon along wrth a f ne adjustment of the gratlng, tumng rn between the laser

o megahertz (dependrng on the external cavrty length) rs desrred then the_"‘:_.".

mternal modes wrll be achreved lf a shrft rn laser oscrllatlng frequency of a few*_fs; o

e __ernal cavrty Iength can be adjusted If the. length is adjusted by half a:‘_,'"_ -f'"
g _‘avelength the frequency of the oscrllatrng mode can be shrfted by c/2L

Wi hére c rs the speed oflrght and Lxs the length of the external cavrty

PR ""‘1.::_2‘

L+

.‘ . lr{thrs chapter the srngle mode oscrllatnon of the external cavrty LD was -
: drscussedt The solrtary LD |s a multr-longltudrnal mode devrce whereas the
extermal cavrty LD oscrllates a srngle longltudlnal mode wrth a srde modeff_

suppressron ratro of greater than BOdB

'
o

The FWHM of the gratrng response was calculated to  be approxlmately_'
'_..,; " 30 GHz whrch rs narrow enough to ensure that only one mternal cavrty mode |s '_j '

selected Wrth the gratmg feedback the threshold current of the LD was 5

o ', " calculated to be 13 mA and found expenmentally to be 13 5 mA

ln the last sectron the tunmg range measurements were presented

o was found that the laser could be tuned over 40 nm !,7 000 GHz) wavelengt

, -range by rotatrng the gratrng Ideally, wrth this extemal"cavrty conﬁguratlon -"f{,?]"'

LY the IaSer emrssron can be contmuously tUned over a very wrde range of_':;fj

o wavelen’gth The best result o%talned so far by Wyatt et al. [7] rs a 55nm-’f_,"lff..'»

'~:tunrng range (1 e. 10 000 GHz) at 1 5 pm The predswn wrth whlch the ',':ff




|s alngned and the quahty of ann reflectnon coat:ng apphed to the Iaser facet wull

o eventually determlne the contanuous tunabnhty of the Iaser emnssuorL

~
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SPECTRAL LINEWIDTH OF EXTERNAL CAVITY CONTROLLED LASER

Accordtng to Tkach et al [1 t] there are ﬂve dlstrnct reglmes of"_; -

' '_feedback dependlng on the fractlon of Inght that is fed back |nto the Iaser e

"-"5.cavrty In the f rst reglme wrth %ry low |evels of feedback hne narrOWIng or T

'broadennng is. ObSEWEd depenozng on the phase of the retumed Irght tn the'v"s "

'_i i {second reglme mode hopprng IS observed for hght returned out of phase wrth":_' o

- the laser fi eld |n regrme 3 whlch isa very narrow reglon with feedback levels i

| of —45 dB to -39 dB the. Iaser operates |n a srngle narrow Itr;at However wrth 5

3 hlgher feedback,.

. phenomenon is kno‘tvn as "coherence collapse" : In regnme 5 where the

feedback Ievels are hlgher ,than -10 dB stablé sungle narrow ||ne oscrllatron |s:‘-’_'»7"_

@bserved Thts level of feedback IS obtarned onlv/ when the facet throughv'» o

: »".'"Wthh hght,rs fed back lnto the Iaser cavrty |s AR coated n thls reglme the'

"."?,laser |deally operates in a Iong cavrty wrth a short actlve regton and the[.._

}"feedback dormnates the f eId nt the LD The Imew:dth in thls conf' guratlon ts,,;;'? :

.""_narrowed for all phases of retumed lrght and ts generally msensrtwe to allﬁ_

L 'other rcﬂectrons

. }rr n t_‘v... -

..... ’ ‘_':"' \‘ . -
' £.1 SPECTRAL LINEWIDTHDISCUSSION

The basrc reason for a ﬁnrte spectral hnewadth in ‘a solrtary LD ss the__':' ;

‘phase ﬂuctuatton of the Iaser ﬁeld mduced by two rndependent processes '-_‘;_._

: . e
PP R B de T S . 6
2. R . W L . v o

ts that lS rn regrme 4 lme broadenrng rs observed thls 0



. namely e R e e

L.

(1) Thep!)hase change caﬂsed by contmuung spontaneous emrssuon'
| “'?-'_,,events above threshold - o

(2) The chang‘e of cavrty resonant frequency due to the refractrve |ndex} 3

; ;changeécathed by the carrler densrty ﬂuctuatlon

. When the Iaser |s operated tn an: extended cavrty, the phase ﬂuctuatron,-/f v
o ‘due to. spontaneous recombrnatlon |s greatly reduced Thrs is \seen from tt)e ‘ |

e "followmg dlscussmn Iti |s assumed f rst of all that the number of spontaneo/us i

“stlmulated pho*ons contrnue to. rlse [23] The photonlrfetlme fop,a solrtary LDj_'_

-.sgtvenby S ) T

= nl/ [c(éi ,n (R1R_2))] ? : : ' ? (51)

' - velocity oflight © .

%)
!

= goupretacve idex

||

. length of Iaser cavnty

e
ll

.'-Q
Il

1nterna| absorptlon coeffrcrent SAREEE
Ry.Ry = facet reﬂectlvrtles = e
¢ Co

o

h photons emrtted above threshold is fatrly constant whereas the number of L

Equatlon 51 must be modlffed?f’when*the laser is operated wuth an

external cavnty duetb th‘e’ lncreased tength ThIS equatlon becomes

-

| ‘_'r_p.',,ei = (rvt}zv‘{:l'.')_/ [Ci(av)z‘ “in / ,,Z% Rzii.)]_‘ ' - ' E e (52) i



"L = length of external eavity

lt can be seen from Equatlon 5 2 that due to the essentlally Ioss»?ree

o propagatron in’ the cavrty of lehgth L the photon lrfetrme is: conSlt:terably

o effect of thlS mcrease in photon llfetrmé on the llnewrdth can be explalned by a B

ﬁi

external cavrty and in tha Iaser cavrty

E E rncreased and thereby the spontaneous phase perturbatlon rs sngnrf cantly

- srmplrfred argument as follows In an |deal case when the couplrng between

the two cavmes (laser cavrty and the external cavrty) is” accom'lrshed wrthout

| any loss or reflectron that is, when the AR coated facet s, ze_rofreﬂécuvity - _'

. «the l;newrdth (Av) rs proportronal to the mverse squat:eej A 'uto;nr-l_liféti’mé:[éé]-‘.:. L

L

R "Tphe
ARAe Therefore; SRR
A"EXGAV e 'Phs' ezt TR

,A”SOL : ’Phe el
or, from Equatlons 5.1 and 5 2

‘@

A" EXCAV

- ',--reduced srnce the number of spontaneous photons lS constant above

*ﬂthreshold whereas the ko of strmulated photons contrnues to nse The e

.

A"soL (1 *: L/m!)2 .‘.‘ ; """(5.5)'-'_.;.‘f‘“_.

Equatlon 5 5 shows that the llne |s narrowed by a factor which lS the

square of 1 plus the ratlo of the ohﬂcal lengths of the two cavmes Thls ratlo

g can also be vuewed as the ratlo of the length of tlme the photon s‘pends mthe




tf: v,‘ ' |
N consrdered For thls case the passuve external feedbaclecan be descnbed by_‘ i

o ".f}ffacet reflectwlty lS not a dlsadvantage rn all cases /n,a case where there |s -

| " lmewndth ThIS is shown to be the case |n Reference [25] Physrcally, this Ilne

e detuning can be dof‘med mathematlcallygs (8 w/Aw X 360) where Sw = detunlng from the mtemal cavity modgs - "

'r"then th% non-zero

However there |s one drawback wrth the above argument namely the . i

assumptlon of zero reﬂectnvrtygbf the coated facet ln a practlcal s1tuat|on

g gratrng |n the external cavuty the laser Operates at the mlnlmum threshold

n

uR -O does not occur so there rs a resrdual reﬂectr\nty that has be be e

o a complex freQUency dependent field. reﬂectlon coefﬁcxent at thé AR coated'f L

| facet Thrs refleotloﬁ coeff crent IS gfven by Equatlon 46 Havmg resrdual
o strong feedback yyrth no frequency selectrve devrce such as a dlffractlonf} -

: pomt that is, the external cavnty phase (w X r where w is tbe operatlng iy

?.frequency and T lS the extemal cawty round tnp ttme) lS an lntegral multlple of o

Under these condmons lt lS,;ﬁlDWﬂ in Fleferencel [24] that spectral" '

‘ ,lmewndth moreases wuth an lncrease ln the resrdual reﬂectnvuty However if a

- &

o external cavuty phase does not equal an mtegral multlple of 21r)

lf théT aser |s Eerated atapolnt or frequency that is optumally detuned L :

sidual reflectlvlty causes a substantlal decrease ln

e

resonant then the photon wlll make several round trlps ln the external cavrty

e ‘ ' 'thus lncreasrng the effectlve length of the, cavsty and causm further narrowung

3frequency selecttve devuce is mt‘:orporated in the external cawty, then» :

'-.,operatron can occur away from the mlnlmum threshold pomt (that is when the' ‘.

; .narrowmg can be explalned as follows i the external cavnty becomes ‘

of the lmewudth In other words the mcrease |n effeetlve end reﬂectlvnty of the o

actlve caotty W|th optlcal frequency, due to the external cavnty berng resonant

| contrlbujes slgnrflcantly to lrnewrdth reductlon

.~ -

and Aw lnternal mode spacing



.

IR

'-photons the external cavrty laser deoﬁuples tha osctllatrng laser frequencyf

. en

I R S DT R

Besldes reducnng the perturbatron caused by spontaneously ei’nrtted

"from the strong dependence on the refractnve lndex ﬂuctuatlons Wlthln the .
'» '.g.;actlve cavrty The mode frequencues for the combound cavrty&re glven as'.'; i
, {fO"OWS[23] - ., _. _ R , ’

Y
]

RS q qc/[‘z(mf+_ L)] D RN (1 B
where: RN A , e
| SRR , mode number I EE SR RSO

B

Iaser cavrty length I 3 - i..ff

- external cavnty Iength

™ N
Ii

' refractlve |ndex S e

e

||'

' The derivative of fqthhrespecttomsgwenby L e
an [2(nz + L)]2 S e ey e

and the relatlve changes in f due to refractlve mdex fluctuatlon can be found

; by leldlﬂg

-—— — (1/n)(1+L/n2)1 RPET R T

‘- ).



narrower hnewrdths are obtarned However wrth very long cavnty lengths

T W

“uheres

mechanrcal perturbatrons such as acoustrc and thermal varlatnon wrthm the o

. ex"ema' cav'tycan cause frequency dnfts ey

B .
S

. 5.2 THEORETICAL CALCULATION OF LINEWIDTH

- “3”__4,_': - ,"' .

’

theoretlcally It should be understood that certag'f factors such as @ (the:__
hnewrdth enhancement factor) and ths percentage of power coupled mto the "

actrve cavrty can only be estlmated When the actual numbers;,are assngned '- .

to these parameters a justmcatron for such assrgnment wull be grven

Several dlfferent formulas for the cafculatron of the Irnewndth of an'-}
extérnaf cavutyt Iaser |n a‘strong frequency-selectrve feedback conf guratron'= )
have been proposed examplesQf whrch are grven |n References 2&23 26 27. |
However for thrs thesrs the formula glven m Reference [24] and proven to frt:v

experlmental results |n Refer nce [25] wrll be useo‘ 'Fhus the IIHEWIdth of an. |

G R Lo Y O b.°'- I
+Eqy 5 the spontaneous emissior! rate into the mode, given by[24] -

L K

B Epg”'WR_ ,'ff@ﬂl)i e

s . .
L SR TR
. e

W represents the ratlo of the output power P to the photon number rn the laser’ s

\

cavrty guven by T

ﬂ"“ov‘z.. 75

ln thlS sectron an attempt wm be made to estlmate the ﬂnewrdth

B external cavrty Iaser wrth strong frequency selectrve feedback is glven by [24] o

& +-i”E¢vwF:'..(1-+rc_z?>/-4#97- N ‘.‘::<s_:9>‘,};}.:_



as the angle of the gratlng, the Iength of the,cawty and ‘th v' reﬂectlvrty of the

gratlng F’ |s gNen by [24] : g
S p N - "'f

R ‘-.-ns‘pf ;.g—; spontaneOUsemtsswn factor _1-‘.’.‘.

sy group veloc1ty e e AT
A{'\ g . ‘.,. T e . U S ‘vr_, N ;9 .

4 ' N KR Fa T
lnternal laser cav+ty Ioss coefﬂcuent et T

t}

,‘i 2 —daSer cavnty length

Tl o R RS
Cr o Rys reflectmty ofthe uncoatedfacet R DGR R IR

'u -t

. [
oL . y

;‘-"‘ ,

Plank s,constant G el
. T

o i=.lgsmg fFetqyency (w/21r)

' ,rln": rouadftrlp t:me of laser resonator (22/v e 4.'-“ R
r(w) is the same as folVﬁnbyEquatIQrMpa which is = repeated-here for -

A

' convemenoe

: ; 37,




o v' ?.change in the phase relatlen between the laser Irght and the reflected"‘ Irght

. .f J{ Sp’
power emrtted from the uncoated facet is about 3mW (from manufactur'"_ '

Fw ;
’ 1+ r2 pexp( (Neff/")2 (w§ 2*)2) exp ('wf ) Dl et
Cownere T

ro. = grating reflectivity including the Igsses . ~ - -

- and all (ﬁer vanables are as def ned earller for Equatlon 4. 6

-3 order to calculate the Ilnewrdth (Au) a value for, each of the_*s""
",_parameters Irsted above has to be elther measured or estlmated The,‘
) »-lrnewrdth enhancement factor o’ (WhICh is def‘ ned as the ratro of the change in

“"'tfreal and lmaglnary part of the refractlve mdex) was chosen to be -5 Ther e “

LT

',are several publlshed values [28] for thrs factor ahd they vary in range from B

‘_negam/e 3 to negatrve 8 ThlS |s a very dlff cult parameter to meaure and":

o agreement has not been obtalned fwhen dlfferent methods of measurement', .

- are, used The precrse measuremeht*'ufoa Wthh m |tself |s a toplc of study is ‘

= 2 outsrde the scope of thls tbesns, o -5 has been used srnce thlS agrees well,a o

: “behawor of a LD wuth an external ca\nty wrll depend on the value of o:v A o

h g wrth the values pubhshed m Reference [28] lt should be/ noted that the e

-qualltatlve explanatron will clarlfy thlS pomt 1*he lrght reﬂected back mto"'the‘ .

’ ’cavrty Iowers the \threshold garn ThlS causes a reductron m carner densutyf.

P I

| and an lncrease ln r;efr[actlve |ndex (due to the negatlve value _of dp/dn where y.A

s ghe group Lefractnve lndex and n IS the carrler densuy)
i

=

hence determrnlng the behavror of the LD in fhe extended cavrty

The spontaneous emlssron factor n |s taken to be 4 6 [29]

data sheet) at 2 3 lth (all the measurements were made at '(hlS blas currlant[ n

".“lus leads to a :
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36mA) v is c/4 where cis speed of llght and 4 rs the group lndex for
lnGaAsP lasers @, _the rnternal cavrty Ioss coefr crent and the 2 the length of'_---
the Iaser cavrty, and the reﬂectlvrty R of the uncoated facet |s glven in. Table 4 -_
For the effectlve reﬂectnv:ty I'(w) the gratlng parameters such as Neﬁ and the’i_-_.‘_
gratrng constant "a" have already been glven ln Chapter 4 Also wrth the:.,-
o Iosses mcluded the reﬂectnon coefﬂcnent of the gratlng, 0, |s found
| Chapter4 to be 0 45 A computer program (llsted in Appendlx C) rs used to'.' | ‘
¥ evaluate the lmewrdth usnng Equatlon 5 9 A further analysrs was carrled out to -

mvestlgate the behawour of Ilnewrdth wrth detunlng from a certaln wavelengthj‘g
o correspondrng to an mternal cavrty mode The detunlng |s def ned as’ the:._'--f_'_:‘j"

frequency devratlon from a laser mternal mode dlwded by the mternal mode

AN

¢ (detuningangle) = ——— x 3680° = . o @ B4

,_r.f-t? wo frequency ofalaser lnternal cavrty mode S

e s operatrng frequency S O I

‘A o B Aw : spacung ofthe mternal cavrty mode (c/2n z)

K

o v(ng' = group mdext 2_ = Iength- of._-laser;_cawt,y)

_ The results of the computatlons are shown |n Flgure 51 and 5 2. "ln ,V
Fgure 5 1, the hnemdth is plotted for several drfferent wavelengths lt lS seen’ i

: that the average Iunewndth is about 3 kHz ln Flgure 5 2 the lméﬂldth has been B =

plotted agaunst detunlng angle for the wavelength ,\ '

&

mrnrmum lmewldth (at Ao 1298 nm) wrth optrmum detunlng ls found to bex\

2 1 kHz The °F’t'mum de'funlng angle IS 110° whlch _correSponds to '_an b

operatnng wavelength‘of 1298 2 nm. . These results agree reasonably W 'ell thh |
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" - .from the laser mternal cavrty mode resulted tn a narrower hnewrdth

" heterodyne mterferometnc technrque descrabed rn Chapter 3 Sectron‘-’3,‘2.2.

- 5l’v,'those pfesented 'n Reference [25] Whlch show that an approprlate detunmg

. "t_.:’. N “ . '.‘\’ " ) .

The lmewrdth of the external cavrty laser was measured uslng the self- i

.}From Equatron 3 1 |t can be seen that as the delay tlme (rd) mcreases (that

e : f'-us wnth longer flber length) the power shrfts from the delta functlon peak to thev oo

R i-;l_orentz:an pedestal and ﬁnally when the delay tlme rd is much longer than the E 'v L

_.flmewrdth lS less than the lnverse Of the delay

laser coherence tlme the power spectrum IS strlctly LOrentzran as lndlcated_"“-
2 by Equatton 3. 2 Thrs happens when the phas of the optncal fields i in the two"", .
branches of the self—heterodyne set-upﬁare totally decorrelated S o
Flgure 53 shows the power- spectrum obtarned from the self—' R
heterodyne set-up for the measurement of llneWtdth The p|cture shows s,de-"- : .
: |obes rn the wrngs or the power spectrum \ These are due to the exponennaf. ‘l e
: portlon of the power spectrum formula of Equa’qon 3 1. ‘Thrs occurs when the"

'(whlch determmes the o

Lo ) resolutron) Therefore,.m thrs case the approxrmate formula of Equatlon 3 2 is .

i not valrd and the exact formula of Equatron 3 1 must be used srnce the delay o

‘ ’_z"lrne could not be extended lt is not practlcable to mcrease the delay line for- |
o the measurements reported here because |n order to- measure a llnewrdth of'u':'-' .

" ';10 kHz a f'ber length of morethan 36 km would &requtred [30]l

Therefore \Equatron 3 1 must be used 1o p ‘-”the analysrs on the'f.?i

expernmentally acqutred data for power spectrum at?ﬁﬁe 'output of»the detector. - i-__

j.j,‘of the selfnheterodyne set-up By curve-fttrng the pedestal portron of the.-'f, S

»"“-“;1_.p0W8|' spectrum an estlmatron of the hnewrdthkcan be obtalned Frgure 5"‘ S

L Ry K



T e L e = enibluyos eukBR0eIRL:
nTL e Sa o pekeea Buish weuLnsESiN WIpieu] 40) unideds JemOd [BIIR

S i AONaNDREA -
" goywoe - ‘oooDe .. 008'8L .

EGERCTRA 1 'S




N




'.‘.,'delay llne of approxrmately 3.8 pSBC and a{:urve f tted to the data Usl“: rve

o :'-hvf'f:_fttlng th'e trequency range 78 8. MHz to 798 MHz a llnew1dth of 4 kHz

L ;:was obtalned ThIS estrmate compares wrthrn expenmemtal and measurement

-error to the theoretically obtalned yalue Of 3kHZ at X 1289 nm (see -

.»“,, A

:Flgures 1) L L

Slmuar measurements and curve fttlng analyses were camed 0ut at

71'301 nm, 1303 nm 1308 nm

other wauelengths SUCh as 1291 nm 1296 nm

& ' nmt__‘[he data obtalned from the self-heterodyne measurements and
the curve f ttung graphs are shown m F”gures 5: 5 5 6 5 7 SQ 5 9 and 5 10
respel:trvely A graph of IlneW|dth versus wavelength |s plotted—in l'-"rgure 5. 11

out ag; a constant output powerif

All the above measurementSWere carrl 5t

3 mW from the uncoated facet The average lunmldth obtalned experﬁentally

|s about 9 kHz 1t |s desrrable that the Imewrdth of the extemal* cavrty LD

remam narrow and does—net —vary srgnrﬁcantly over |ts Wlde tunlng range

Lmewrdth measurements tor a wnder range of wgelength‘s was not done snnce
these measurements would net have revealed arry new mformatlon A |

i Another theoretrcal comparlson to the expenmental result can be

obtamed from the model proposed by Kazannov et al [27] They det‘ ne the
# llnew:dth narrowmg factor Fas fpllows | R ’ '

~ s.". : :

S— P

R T

where they attnbute A to be due to the rncrease in roundtrlp tlme ln the

external cavrty and B to the resonance caused ln the bxternal cavuty due to N

resudual facet reﬂectrv;ty The lmewrdth accordrng to them ls then reduced byﬁ., ._’;}i_':

’ ..
F2 Accordlng to~the model presented ln [27] and calculatrons camed out |n
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1)(108

r180)2

= _I extemal ca\nty hnewrdth

r N , . R A I \)
ThlS vake is’ ln reasonabie agreement wuth the Ilnewrdth calculated |n the

prevnous sectlon usung Equatlon 5 9 and the va]ues obtamed expenmentally

e . *- Q 5:4 SUMMARY‘ v - . ‘

- L . P ; -
. ,a R - . & . o, . -

PR ln thrs chapter, the Ilne narrowmg due to frequency selectrve feeddack. ‘

was dISCUSSBd There are marnly two factors that contnbute to the Ilne

narrowmg ’_ Furstly, th@ spo neou. f phase perturbatron |s srgnrﬁcantly

reduced due to a consuderable mcrease ih photon Irfetlme by the extendedj-:_;ﬁ"'."h

cavrty Seco‘ndly, the resndual reﬂectnvrty at an op’amally detuned frequency, N
. s causes the external cav:ty to bbcome resonant at that frequency Thls means_"

that the photon makes several round tnps w:thrn the external cavrty for eachj_f S







frequency) of soh. ry L o tunrform and compensatnng cnrcunts are reqwred to
correct thts' :on-Umform behawour 53] In the frequency range bef6w 10 MHz the G
FM charactenstlcs are governed by thermal effects caused by the modula :

current ln thls range the FM response decreases monotomcally from several

grgahertz per milltamp to Iess than a 100 Mle/mA at a moduratton frequency of

about 10 Ml-iz\ The frequency deviatron ln the frequency ran g. " 'om 50 MHz to PR

1 GHz _ls constant The devnatron depends on dc bras curreht |n 'thls frequency

’- » rang - ,-‘ -The FM resoonse shows a resonant chpra e'l' __c at about 1 GHz due to




-




l

capablhty must decrease byafactor of atleast (1+L/n1z) SRR

A further msnght can be obtdmed by consndenng the locatlon ofthe external {.fj-}"_v"'

| —

cavrty modes WhICh are- determlned by the cavuty length The oscxllatlon":

frequency devnatlon range-zéf rthout mode‘]umpmg (that IS the devuatlon,'l_'_"”

Qdoes not exceed the. freq‘ency separatlon of the external cavuty modes) is- glven.;.

by [33]

»—-—%\G\ Fsmwwmax ,2; - “ _ N (64)

where P T

-3 N
]

rneasure of feedback 1nfluence

AU
]

maxnmum de\7 atlon of dscrllatlon o
frequency L :

| .; | " ) ‘. o _.;‘ F-' - e | .‘ : ..;-. )’ . . -- / b{?r ‘.
- ""iFor Iarge F the maxrmum dewatlon can be approxlmated by [33& SR

L
NI

: . L

“frha'xf“*-(z’é(l”f'))"5 ST e (55)

Z(’.\

e

B .'_").‘ . . N

To obtaln a numeﬁcal value for the maxrmum frequency dewatlon a Cavnty Iength

of 19 cm. (expenmental value) and a. value of F 180 ‘as calculated m the'

prevrous chapter is used AR



B, = 3X10%/(2x 2) 19X102(14180)

22z

Therefore the maxlmum frequen& dewatlon that can be obtalned wathout mode, ;‘,

, ]umplng for acavrty length of 19cm and strong optical feedback lS 2 2 MHz lh the

e s 2 EXPERIMENTAL RESULTS OF THE MODULATION c_ \ ABILITY
S OF_A LD IN AN EXTERNAL CAVITY . -

_ .. Th,ej"lagram of the circunt used to obtaln frequency modulatron 1s shown rn :
| ':'\Flgure 61 The laser is, dc brased at 23'th and the modulatlng Slgnal ls ac_«f_:'“ T

- coupled to it The amplltude of the ac SIQnaI is controlled by varyt: g the’cwre_nt:}f"?'*f

“ j‘.‘-"_through the current source QS The current through t" e‘-LD" is contr_ 1" :

V.'f- : GaAsFEl’ 01 The pulse résponse of a sample laser drode and the eye dragram‘fj i f-},-iv-
'_'at a data rate of 320Mblt/$ lS shown in Flgure 6 2(a) and (b) respectlvely | _
- shquld be noted that these dlagrams shgw only the behavnour of the CII‘CUlt tl;e' L}.f‘;jﬁ

LD used to charactenze the crrcuut drd not have a coateg facet

_ Frequency modulatron (FM) was detected by usmg a delayed° self-'f: ‘
i -_,_-heterodyne method f‘fhe delayed self-heterodyne method has been prewously
_ueed to measure the spectral Imewudth of tl,;p LD (wrth hlgh resolutlon) Other.

*, l

Perot interferometer or a Mlchelson £

":‘.";-'_:lnterferometnc methods usmg a _abry-

rnterferometer can also be used for FM detectro
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power spectrum S(f), of the beat S|gnal o f_
. srnusbrdal current IS glven by [34;( L

.'-

S(f) (1r) 15 IJ (2msrn(w -rd/2)12{2Av/[(f~nf )2+(2A.,)2]}

where | 1 I , e R R ‘.
Ll AIL = hnewudth of the unmudulated LD S i_' -
e ;_ '.’— delaytlme dueto srngle modeflber e A
| = frequency modulatlon mdex ' R
o 'f.}n = modulgton frequency " S U R

i
.\\

mal" FM power spectrum

. The above power spectrum can be compared to a |
nctlon of B whlch '_ ;_7._‘_'_

:'ln that, in Equatlo\\n . 6 the Bessel functlons Jn are normally"_iu_

|s the modulatlon lndex Therefore in the above case the modulatlomndex can
‘ _"‘be rnterpreted as 2msm (w rd/2) As lndlcated |n Reference [34] the modulatlon
lndex 2ms.1n (w Td/Z) can be measured from the ratro of the carner and the fi rst-»
- order srdeband levels in the hlgh-frequency modulatlon reglon (l e Au < f ) wrth

Q‘\" .

' ".:".'a small rnodulatron mdex In the 1ow-frequency modulatlon reglonwhen the sade- '
bands cannot be resolved the‘frequency devratloh can be measured from the
‘,._wrdth of- the srdeband spectrum | ', o ,' Sl e

‘ The power spectrum\of a frequency modulated LD lS shown 1n Flgure 6 3‘
\ ;(a) and (b) for a modulatron frequency of 230 kHz ln Flgure 6 3 (a) the llnewndth"': E
JS optlmally narrowed that IS the lmewudth reductlon lS max1mum In Flﬁure 6. 3
(b) the Innewudth reductlon factor IS felaxed and therefore the hnewrdth |s not as"_,‘_;_:-.;v_;,

narrow as in. F gure 63 (a) FOr ldentlcal parameters lB the blas current.:

: .’!Thonon-esonﬁa‘l‘eonsta'_nttefrmero_hotlncludod. ‘ ORI

4 -
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it rs seen that the-,"»
9

frequency devratron m .Aa)_:'rs about 2 75 MHz whereas when ‘the Irnewrdth rs nct‘

'="2 3I andthe modulatlon current A:_'_— 1mA 'pp,_'

| ';'t.optrmally narrowed as rn (b) the frequency [ devratron rs about 10 5 MHzt,
‘/Unfortunately when these measurements wer]e berng performed a precrse-
»':'.measurement of the lrnewrdth could not be_ obtarned A rough estrmate would
::""?“rndicate that the lmewrdth ln Figure 63(a) |s aho_ut 14 trmes'narrower than the |
k iflrnew:dth in Frgure 6 3 (b) However these graphs clearly show the degradatlon __',
'.ffrn frequency modulatron capabrlrty wrth rncrease |n lrnewrdth redut:tlon factor A
A second set of measurements was performed to lnvestrgate the effect of'v"v: o
'rncreaslng the modulatron depth (. e the amplutude of the modulatron current) _
;.""{F gure 6 4 (a) and (b) show the power spectrum Fgure 64 (a) IS the power-l’i_,.'i.fl»:___t
?_-‘:spectrum graph when the current modulatron depth rs 2 mA pp and Frgure 6 4 (b)" ;
" v'shows the power spectrum when the modulatro@depth Al is 3 2 mA pp 1t can be‘j_-
5 "‘seen from a ccmparlson of the two spectra, that the power spectrum degradesv"::”_zf",
_,consrderably when a large modul ,atrng current is used to obtarn a wrder frequency
| :-..dewatlon than the maxrmum pbtarrtadle devratron w:thout mode hoppmg ; = ' |

| Modulatlon at other frequencres such as 100 kHz and 50 MHz was also
:'vv'.'ﬁ-'.'tned At 100 kHz the frequencydevratlon could not be drscerned however some
: ":;lrnewrdth broadenlng was notrced At 50 MHz the srﬁebands could be rdsolved
_-but the. spectrum was cemplrcated by the appearance of extemal cavrty mcdes} f_f?
and by the 80 MHz frequency sh’ﬂ due to the self-heteredyne set-up An output.-‘,f“ ‘-'
""."i’j-'power spectrum of LD under 50 MHz srnewave modulat/}r is shown rn Frgure 6 5.7 f p
otrce that the lower srdebands Jz, J etc are folded over at 0 Hz and alsof‘"_'f._'v»_._-'_}.-'i'
5‘:._‘; 'appear shrfted by 80 MHz The other pornt of rnterest is that for the srdebands'»" 5 ,,_

| J ‘J etc the amphtude cannot be measured exactly srnce each of these".'_,‘:f"-’“

',’e“‘fﬂ;'srdebands is the sum of several sldebands multrplred together due to the":';t.-
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In thlS chapterh-the modulatlon capabrlrty of a LD strongly coupled to ai;_ﬁ

"3

'?*gratll‘?g Ioadedwexternal cavrty was drscussed lt was found that the FM'T""

-f_r modulatron capablhty of such a laser degrades by (1 + F) where Igrs the lmewrdth"{‘ =

";i;'narrowrng factor drscussed |n the prewous chapter The maxrmum frequency st

devratlon wnth the present set—up (19 cm external cavrty Iength) wnthout mode b=

_5'5. jumprng was found to be 22MHz The measure of frequency devratron was-._-'}

" '.‘}"experrmengany determrned by mOdU'at'nQ the laser dlode at 230KHz (srnewave

;-fmodulatron) wrth a modulataon depth Al 1mA pp and was found to be about:' -

,75MHz, cont“ rmlng the calculated result lt was also shown that rf the linevvfdth__"'i-l:'.-:;.,:._,

g ':j'narrowrng factor rs not bptrmum (the Irne was not very stable at thls pornt) a W|der-i;';7 ;

“,;._ffrequency devratro;t could be obtarned The self-heterodyne technlque used to”.t

‘ detect the FM modulatron seemed to grve reasonable results when the frequency >

devratlon could be drrectly measured from the spectrum For hrgher modulatron?f‘l

:rates w?hre the FM s:de-bands could be resolved the amplitude of thesef"‘ i

;S|debands was altered by the convolutton process and the 80 MHz frequency shrft '

“_.."Of the acousto—optrc modulator and therefore conclusnve measurements of th

'f-i‘"fmodulatrog mdex could not be made

. f‘

S i







s '.;freQUency moc@latlon Capabl"ty ‘5 als

'techmqu ‘.These measuremen&"'showed that the laser w:th an external cavrty

. :had a very ]ong coherenze ttme The narrowest lmewndth obtamed was 4 kHz |
: '-",v{_"-at 1286 pm Measuremen& gt other wavelengths gave a "“ew'dth °f about 9.
e .f:'flkHz . 3 kHz Therefore, ut caq be concluded that the hnewrdth of the external

cavity LD |s stable and narrow 0ver a vwde range of wavelengths and can

'_therefore be operated at any of these wavelengths

As laser dlode phase norse decreases wrth optlcal feedback the

, %: creases It was found that the

'_._.-maxrmum frequency devratron wrthourany mode jumplng |s only about 2 2
g ".MHz for a 19 cm external cawty length Therefore |f such a source lS to be
‘used at the transmutter, then an external modul tor needs to be used to obtaln

’ _"'i_f?:a re‘asonable frequency devuatron However a source that has been stablltzed

"rn frequency to thIS extent would more appropnately be used as a Iocal

e use as a local oscullator because lt ean be tuned to select dcfferent channels |n =

. a frequency multrplexed network

Due to tlme ccmstramts thns pro]ect ,'was necessanly lumrted rn scope

e ‘,"-, Some suggestlons for future work areas follows B

:'L»losmllator at the recerver Also a wrde tumng range |s a desrrable feature for |

c‘,_.-



(4) Ref ne the frequency detectlon scheme used m thus pro]ect lt WOuId be'-_ - v
| more convenlent to use a self-homodyne s;;heme (.e ellmln 6" the :

frequenﬁ shn caused by the acousto optnc modulator) e

(5) Evaluate the propernes of a se&f-hon*?odyne techmque to ideter't 'DFSK;;;

usmg a delay lnne wnth one bst pened-delay such that at the end%of the

delay ||ne the two optucal f elds are stnll correlated
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'APPENDI)GA :

L '_ " QERIVATION OF CONFINEMENT FACTOR EERRE
ST OR TE AND TMMODES s -

PR

N Th’é,'cﬂdnﬁﬂéménf »fafcti@r?fbr' 'TE mode, ":rie s deﬁned»‘?sfb"éwéf e B
h Cgpas T i

. Consideringlonly the even TE modes, the electric fielis,givenby: ' .

* inside the active fayer,and "

ey ;gutsidé.zthé;a_ct'ivé—l'é_)‘ier_[123].1 -

CESS Aot o

BT = Aot ke enXlea

Sk Kﬁ o

p n2ko

.:' 4
II

o
n

,' actlve Iayer thlckness

T -

| The symbols k; y andd are defined as follows:, ~ +© ' -




L 7 Kd + snan

In oi‘ﬁer to determlne a numencal value for I‘TE, K and v, must be determlned'_

from an elgen value equatlon obtalned by |mposmg boundary condmons Wthh

..
. _.5 .




Usmg the Iaser parameters hsted |n Table 3 the followang values aré.obtamed ‘

‘ _",‘-for K' 7' and I‘rrs AN SRR . :""-r; T

5 6x1 06

__,;
u

1

.,-I‘TE\ : 0469 : . 14 A..‘;;;:.' Mt

I‘TM can be found ln a srmllar manner. The follownng def nmon rs used ' *

LEZ(X)-i-EZ(X)dX

: ... ,‘,rTM, ;

f(E 2 (x) + E 2. (x)) dx

*

AL e

Thé electric field for TM polarisétion'is given.as follows [18]: , - -

(o] R S : '

where Hy = Acos (Kx) r-:‘“gz <ir'.l 'the?d.';ve ’99'0”

*and H, = Acas (ke e7lel 98 gt quide ng acivearen




[(ﬂz + 72) (cos2 (K d/z))l / T

| “c (Kd + snn Kd)/K +. K (Kd ‘sm_Kd)

N ‘v
N



A . ‘APPENDIXB,
\ The dragrams of curcurts used to control the temperature and the CW blaS.}’ -
'_;,."of the LD are shown here -The thermrstor (used to control the current through the-' L
_~_."'~Peltrer Cooler) temperaturef_,,cah 'ratron |s a1so show* In Fgure B 4 the data for‘_}:?vih.-.-__.
,_lfrthe LD obtalned from the manufacturer is glven S LR 'fj“
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 COMPUTERPROGRAM % ' -

The computer program used to determrne the Ilnewtdth of an external L

' ‘caVlty laser is glven here in thlS program it is assumed that the Iaser operatlon.'

. occurs at the peak of the gratrng response agd therefore the effectrve reﬂectwlty lsf e

c0n31dered to- be a constant The effect:ve reflectuvrt“ncludes all the loss due to

' __'lens transmrssron and couphng rnto the Iaser cavrty ,

A A
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' (PROGRAM TO CALCULATE THE LINEWIDTH OF EXTERNAL CAVITY LASER)

&_var LamdaO Omega Tau Ext Tau In Vg SigmaL a,

- theta,Omega0, DeltaOmega 5 real :

[ & s text
. loop . : integer ‘ . L . e - -
"response th char R S P U

S (INITIALIZE THE CONSTXNTSi T T s P
“;const. "t - S L j.i-_ .
' ‘c = 3e8; . . B . . T
b = 2e- 3
h=6. ‘63e-34; L .
L= 300e 6; ~-_.4 T
‘Rl = 0;3L;" : . e -
"R2 = le- 3 v
R3 = 0.2; B
"Alpha .- -S
P = .3.0-3;
* NSP = 4.6; SRR
- DeltaLamda - 0 8e 9 ' R T

i LFun;tidn~Exp1'(Pérametef ;freaL );erééI;“,,f

begin'r L
if Parameter < -70.0.
then Expl := 0.0 -

© else Expl := exp(Parameter); . S . R

_angﬁétiohnAchiﬁf(Paraméﬁer‘:.reaf) : real; -

begin Lo A
”ArcSin :—'arctan(rarameter/sqrt(l;3qr(Parame;ér))):i
end; I R R “.
‘.(THIS PROCEDURE CALCULATES 'OMEGA FROM THE INPUT WAVELENGTH AND THE :

~ EFFECTIVE REFLECTIVITY IT WRITES THE UUTPUT DATA INTO A FILE FOR B e
EVENTUAL PLOTTING} ' ... .~ . . e P PV P

R:bbeduﬁé‘Caléqlqté(Qmegé‘:Lfeéi);.L




Var Slgma Gamma Rho N, Eff Nu TO Tl RealPa’rt T A
. 'ImaginaryPart,Top,Bottom,F,W Magnitudeki_..  - PRI
" ‘DeltalNu, EcUpsilon Phi Al B1,cC1; D1,El, : ’ ’

‘ﬁAFl Gl Hl : real" o . T

' begin-.y R SRR Rl Dl i
Phi := arcsin(Pi*c/a/Omega), : : DR
. NEff 1= 2%b/(a*Cos(Phi)); I e e e
'»fGamma im sqr(N_Ef£/4); " i e B It LS
"Rho -i= 2*8*Sin(Ph1)/c, A S E e
~ Nu.: 0mega/2/Pi : -.y“'v-ﬂl oo oo : S O
© 70 Omega*Tau Ext ' f;;f. - '_- oL S f,ég;,f
Tau Ext*sqrt(%%&*CQs(TO)*(l R2),“ : o e LT
‘Tau Exu*sqntcns)*sin(tqarcnz D e e e
RE), + sqrt(R})*coszO)*(l+R2) ¥ _-¥ EERES v -.,}VS',%‘
?R}*COS’@*TO), . : S ‘ '; K
v%sqrt(R3)*(1+R2) . sqrt(RZ)*R3*sin(2*T0), ‘1;11,:"

=t ",':"
” .

ree.

.}Dl4ﬁd sin(

~~§4"1Rea19a;c - ((AI*CI) +n(Bl*Dl))/(bqf(Cl)+sqr(D1) A
s ImaginaryPart T (OBl*Cl) - (Al*Dl))i(sqr(Cl) + qr(Dl)),l‘&:ﬁ- *fJ@if N

l/sqr(l + (Releart/Tau In) --7 .:;, ,-*.-'“j ‘ f:*’;ﬁiu; S

. (Alpha*ImaginaryPart/Tau In)), L S

,El H sqrt(R2)+$qu(R3)*cos(TO)‘ T e e L s
e SsqUE(RI*SIN(TON; ., o g Lo T

Gl T+ sqre(RZMRI)Ncos(TOY; . o o Ty oS T 8

,Hl ',‘Sqft(32*R3)*Siﬂ(T0), fjvﬂ”-7 o V",ff *':_:f\“@feﬁ,

j'thnitudeR ‘- sqrt((sqr(E1)+sqr(F1))/(sqr(Gl)+sqr(HI))), S L
W . Vg*b*Nu/L*ln(1/(sqrc(R1)*MagnitudaR))~/ D

"~3L | (1+0sqre(R1)/MagnitudeR*(1- sqr(HagnitudéR)x/ . ,;~#; oA
SRR ¢ Rl)))., o . . w I T
—-¢EcUpsilon = (SigmaL- ln(sqrt(RI)*MagnitudeR))*Vg*NSPAL R P
CL DeleaNu v 1/(Q*Pi*P)*EcUps110n*W*F*(1+sqr(A1pha)), i .ﬁf "*;;.-"

0

‘; writelncrn LamdaO DelcaNu),;__:J; i

u' [ M

‘“Jend

o

begin T

. assign(Tn 'A2') .
S revrite(Tn),_.-v :
--faLamdaOf - 1 288, 5

Vg 338/&’ _"f'f
o SigmaL <= 0.51;.

“fa. {¥!1/1200/1e3

L Tan ket 19.-2/'358 it

; : ‘rau In‘_“ - 300e 6, ,~5' i



for loop

" do begin : ' :
1. 2*Pi*c/LamdaO/1e 6

OmegaO

T 1 co 13

Calculate(OmegaO),-

LamdaO

end K“

. close(Tn),
»fend

Landa0 + 0. 002 -

e




