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W e dcmoIn tra- a ncw nonHIla r i ty rcduct- n m ethod in di rect l y m odul atcd di m ¤ utcd feedback (D FB ) semiconductor lasers.

B y i nj cct ing cx ta nal l igh t i nto a D FB laser sida node, thC In tui t- ar d i sto r ti on On t¤ l ascr i s sig un cann y rcd¤ cd . Com pared t o
the prcv iols ly rcpor tcd m ai n-m odc opt ical inj ec ti on lock i ng scheme, greater d i stor tion suppression and a w idcr stablc lock ing

rangc can be achieved . [D O IL: 1m0¥ .1H14 3Å JA PR.4 1L.¾L lB36Ì ]
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Fig. 1. Sidcmode optical inj ection locking expel1mental setup (RF-SA :
RE Spectm m A nalyzer, OSA : Optical Spcd rum A nalyze - pe : Polariza-
tion Control ler, PD : Photodiode).

M L f or simple control of i nj ccHon w avela - th and pow er . For
the SL , a comm a n d - avai l ablc Hbet--pi gtai l cd, uni solated

D FB lascr i s In d . The coupl ing em d em y f rom the M L to

the SL i s csUmmed to bc about 30% . The thrcshol d cuITent of
the f ree-running (no optical i ¦ ecHon) SL i s about 7 mA . T he

SL w avclcngth i s stabi l i zed by control l i ng i ts temperature and
bi as current . A n optical ci rctumor i s used to pro em the un-

w antcd l ight coupl ing f rom the SL to the M L . The locked SL

character i sti cs w e observed by an optical spectm m analyzer

and, af ter bci r. conven ed into cled u c¤ si gnal s, by an RF

spectr um analyzer.
Figure 2 show s the SL optical spectra i n thc free-running

and thc inj ection lockcd cases. W hen a suf - - nt am ount of
thc M L l i ght i s inj ected into thc Sido nodc markcd as - 1

mode i n the Hgurc, the m ai n-mode becom es signiHcandy sup-

presscd and the Si do nodc becomes dominant . For a given M L
inj ection w avelength, the SL m ai n-mode supp¤ sSi on range

can be deta m ined and , from th i s, w c can estim ate thc stable

lock ing range as w as done for a Fabo p - ot laser i n ref . 8. I n

our casc w i th a D FB l aser, high inj ection pow er i s necded to
lock the si da node and to suppress the m ai n-modc suIn d ent- -

I n addi t ion, thc necessary inj ection pow er and the m ain-m odc

suppressi on rangc depend on thc selected sida node- B y us-

ing thc sidemodes new the ma n-mode, the SL l ocki ng can be

A nal og Hbcre pt- transm i ssion system s have m any appl i -
cations such as CAT V and 6ber radio sy st em s-± I n these ap-
pl i cations, the di r-- t modulation of sem iconductor l ascrs can

bc uscd for transm i tting Suk arn o -mul tip lexed si gnal s at l ow

cost . H ow cver, w hen sem iconductor lasers Me directl y m od-

lated, nonl i near di stor ti ons occur. Such di stor ti ons can cause

scvcre sy stem perf ormance degradation, because they cause
inter-channel inter ference that l i m i ts the numbcr of channels
as w el l as transm i ssion di stance-2,3) In l ow f rcquem y appl i -

cati ons, florui t- ar l i ght-va s s a l- - n character i stics arc the

main cause of di stor ti ons. H ow ever, f or direct modul ation
w ith RF-range f requency, the nom ina ri ty resul ti ng f rom the

coupl ing betw cen photons and electrons in the l ascr cavi ty i s
dominant . T hi s coupl ing al so resul ts i n the rel axation osci l l a-
tion rcsmu t- c.4)

To reduce nonl i near di stor t ions i n semi conductor lasers,
several mcmods have been proposed, such as electrooU i -
cal f eedback and f eed-forw ard compensation -5,6) M ete Cf af-

have rcpor ted that l aser di stort ion can be sig uncanny sup-
pressed by optical inj ection lock ing -4) L i ght f rom an cH er-

nal ma ter l aser (M L ) i s uscd to lock thc si gnal transm i tting
slave Iascr (SL ) . T hi s tcchtuque can increase the laser relax -

ation osci l l ation f requency, w hich causes the i ntr insic nonl in-

ear di ston ion suppression in du c t- modul ated semi conduc-

tor la w s- H ow cver , thc i nj ection lock ing occurs w i th in thc
relatively nan ¤ow f requency dctuni ng rangc betw een thc M L

and SL . This may l im i t the appl icabi l i ty of thc i nj ection lock -

i ng tech um- for practi cal appl icati ons.
Rccent. , as a solut ion f or b¤ f-casing thc dctuni ng range,

Sido nodc i nj ection lock i ng in di str ibutcd f eedback (D FB )
l asers was proposed and analyzed -± I n thi s scho rlc, l i ght i s

m ected into a h ighl y suppressed D FB l ascr si da node i ns¤ ad
of the D FB laser m ain-m odc. I n Sido node optical inj ection

l ock ing, as the sida node l ash- pow er i s very low , thc un-

stablc lock ing charad en sHcs due to mode beati ng betw een

M L and SL do not easi ly occur, and the stabl e l ock ing range

can bc extendcd . In thi s paper , w e demonstrate the val idi ty
of Sido nodc inj ecti on lock ing f or suppressing lascr nonl in-

carn ies such as harm onic d i stor ti on and interm odulation di s-

tor tion . M oreovcr , w e show that compared to the prev iously
repor tcd m a n-mode optical inj ection lock i ng scho ne, greatcr

di stor tion suppression and a w idcr stable lock i ng range can
be achieved in si da node i nj ection l ock i ng.

Figure 1 show s the expen m a nal scup used for our i nVCHi-
ganon. T hc a to nal -cavi ty tunabl e l i ght sourcc i s used as the

L
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F ig . 3. N Om ah a d pcak pow cr On t. s L fru i t- Ino dc undcr Sido nodc op t i -

cal i nj ccOon - M L inj ect ion pow er s are - 2 dB m ( a) , 2 dB m (b ) , and 6 d B m

(ð , rc specOve- -

achic- d w i th relatively low M ecHon pow er.
In order to inve t. atc the sida node optical M ecum1 pl¤ -

nom ena i n detai l , w c obs¤ - thc depend- - c of the SL mai n-

mode suppression on thc M L i nj ccHon w avclength and pow cr.
We select the M L w avela - th around thc tarp t Si do nodc lo-
cated at 15502 nm ( - 1 m ode) and chate c i t f rom 1549.8 nm

to 1550 .8 nm in steps of O.Ol Inn - Thc M L opt ical POW- s of
- 2 dB m , 2 dBm , and 6 dBm are uscd that MC measured at thc

ci rctumor output tow ard the SL . T he SL b ias cuITcnt i s m ain-

taincd at 18 mA , which come- onds to about 25 t imes the
du s l- ld Cuma n- Figure 3 show s thc am ount of m ai n-mode

suppression norm al ized by the f ree-running main-mode peak

pow er. A s show n i n thc Hgt¤ c, w i th la ger M L optical POW- ,
the main- - dc i s suppressed more and the main-m ode sup-

pression range w i dens. Thi s m eans that w i th la ger M L opti -

cal pow er, thc SL lock ing range w idens. W e al so observe thc

usual asy m - - ic lock ing rangc chara to m ics- For 6 dB m
opti cal inj ection pow cr, thc m ai n-mode can be suppressed by

m ore than 40 dB , and the stabl e l ock ing range i s esti mated
at about 58 GH z. U ndo - si m i l ar i nj ection condi t ions, the sta-

ble lock ing range for thc main-m odc i s measured to bc about

26 GH z. Tha d ore, by mcans of Sido node optical inj ect ion,

w e can double the stable l ocki ng rangc . T he rcason f or thi s
w ider stab le lock ing range i s bel i evcd that , since thc side-
mode POW- i s very l ow, unstabl e lock ing chat-- ta b u cs duc

t o m o d c b e a t i n g b e t w c c n t h e M L a n d S L d o n o t a H c c t t h e

l o c k i n g r a n g e .

N e x t , w e i n v e s t i g a t e t h e n o n l i n e a r d i s t o r t i o n c h a r a d e B -

t i c s o f d r a t - m o d u l a t e d l a s e r s i n t h c c a s c o f Si d o n o d c o p -

t i c a l i n j c c H o n l o c k i n g . F o r g c n e r a t i n g s u b c a r r i e r s , t h e S L i s

d u c t - m o d u l a t e d b y t w o R F s i g n a l s ( Å = 2 . 8 G H z M d

° = 2 9 G H z ) . W c m c a s t - c t h c P O W - o f t h e s e c o n d h a -

m o t u c d i s t o r t i o n ( S H D ) , t h c s e c o n d o d c r i n t o m o d u l a t i o n

d i s t o r t i o n ( m m 2 ) , a n d t h c t h i r d o r d e r i n t o m o d u l a t i o n d i s t o r -

t i o n ( I M D 3 ) . F o r t h e Si d o n o d c o p t i c a l i n j c c H o n e x p c r i m ¤ u ,

t h c i n j e c t i o n l i g h t p o w e r i s s e t a t 6 d B m , a n d t h c w a c k n g t h

a t 1 5 5 0 4 3 4 t u n - U n d c r t h e s c c o n d i t i o n s , t h c l a s e r m a i n - m o d c

i s s u p p -c s s e d a b o u t 5 0 d B . F i g u r e 4 s h o w s t h e d e t e c t e d R F

p o w e r s o f t h e s e c o n d h a r m o n i c a n d t h e SC O t 1d d u c t - i n t e r -

m o d u l a t i o n d i s t o r t i o n p r o d u c t s ( I M P 2 ) . T h e i n p u t R F p o w e r

i s m e a s t 1r c d a t t h e R F s i g n a l g e n o a - r o u t p u t . T h e 1i n e a r l y * -

t e d l i n e s s h o w t h a t t h e s l o p e o f f u n d a m e n t a l f r e q u o - y p o w e r

i s o n e a d t h a t O n t ¤ I M P 2 i s t w o a s e x p e c t e d . A s c a n b c s e e n

i n t h e H s u r e , t h e S H D M d I M D 2 M C s u p p r e s s e d b y m o r e t h a n

1 O d B b y S i d o n o d c o p t i c a l i n j c c H o n l o c k i n g .

W e a l s o i m m i - - t h c r e d u c t i o n o f t h e I M D 3 . h H o m o -

t n a t i o n d i s t o r t i o n o c c u r s w h e n t h e l a s e r i s m o d u l a t e d b y t w o

o r m o r e s u b a r r i o s - F o r n a r r o w b a n d a p p l i c a t i o n s , t h e I M D 3

c a u s e d b y t w o c l o s e l y s p a c e d s u b a - - r s h a s t h e l a r g e s t i m -

p a c t o n p e d o n n a - c d e g r a d a t i o n , b a a l 1SC £ e t h i r d o r d e r d i s -

t o r t i o n s i g n a l s f a l l c l o s c t o t h e o r i g i n a l s u b c a r r i e r R e q - -

d e s - F i g u r e 5 s h o w s t h e p o w e r o f t h e t h i r d o r d e r i n t e r n - -

t n a t i o n d i s t o r t i o n p r o d u c t ( I M P 3 ) f o r t h e f r e e r u n n i n g a d

f o r t h e s i d a n o d e o p t i c a l i n j e c t i o n a c c o r d i n g t o t h e i n p u t R F

p o w e r . T h e s l o p c o f t h c I M P 3 i s t h r e e , a s e x p e c t e d . F r o m

F i g . 5 , w c c a n s e c t h a t t h e I M D 3 c a n b c s u p p ¤ s s e d b y tnmtn1oÆrÄc

t h a n 1m 0 d B¦ , a n d w e c a n a l s o cÄ Sdß tum¹ ihm¢ Inm 1nm 1Mm aa tï c td£ lhk 1. c s£m ppm tuwm ½Um rn¦ ibm OÆê tuó 1Bs ss -* cÄ c d* yô -

In1aa InmYnm½HËiËc IrmaaamIn1»g c ( S F D R ) o f t h c d i r e c t l y m o d u l a t e d D F B l a s e - b y

l i m a r a t t i n g - 4 ) A s a r e s u l t , w c c a n a C h l o e a d y n a m i c r a n g c

c n I M m a n e n t o f m o r c t h a n 3 d B f o r t h e I M D 3 .
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Fig. 5. Detected third order intermodulation distortion product powers
(m1P3: 2ô - n ) for n ee-nUInit. and sida node inj ection-locked lasers.

Fig. 6. Normalized m4D2 suppression for ma n-mode inj c t¤ n lÄ h ng (a)

M d sida node inj ection lÄ h ng (b).

suppression i s IncaSur-cd as f uncti ons of m odulation RF pow -

ers w i th and w i thout external Sido node optical inj ection- We
found tha under Si do node optical inj ection, nonl i near di stor-

t ions MC suppressed m orc than 10 dB . I n addi t i on, comp ¤ d
w i th the m ai n-mode optical i nj ecti on l ock ing , di stor tion i s

suppressed more by the sida node optical i nj ection lock ing

and the stab le locki ng range i s about tw ice w ider. Wc bCl io e

that sida node i nj ecti on locki ng can bc useful f or prov iding

nonl i near i ty suppressed l asers that can bc used for optical

analog transmi ssion sy stem s.
T hi s w ork w as suppor ted by the M i ni stry of SU et- c

and Technology of Korea through the N at ional Research

L aboratory program -

Fi nal ly, w e com pare the M L detuni ng ra ge M d di stor ti on
suppression of Sido nodc a d m ain-mode optical M e non-

For fa r compar i son , the I M P2 i s measured w i th the sa ne

opti cal i nj ecti on pow er as the i ¦ ccHon w avcl ength i s sw cpt

w i thin the stab le l ocki ng range for cach case. T hc Ib - - i s

sel ected for compar i son si t- c i t i s vcry si mpl e to Inca u- -
T he SL bi as current i s m ai ntai ned at 18 mA . W i £ the im - -

tion pow er of 4 dB m , w c can achi eve the stab lc l ock i ng rangc
of 18 GH z by m ai n-modc i nj ecti on l ocki ng, and thc 35 GH z

rangc by Si do node i nj ection lock i ng . Figure 6 show s the ex -

per imental resul ts. Since the det- - d RF pow er at modul ati on
frequency changes d i ght- w ha t i n a ti on-1ocked , the modu-

lat ion pow er i s set in order to nu k e the detected RF pow er
cqual for al l measurements-4) I n thc case of Sido nodc im- -

tion lock ing, w e cm achi eve IM D 2 suppression rangi ng f rom
8 dB to 22 dB . On the other ha d , w i th m a n-mode M ecum1

1ocking, the achieved IM D 2 suppression i s l css than 8 dB . A l -

though thc i da m na tion of reasons f or l argo di stor ti on sup-

pression w i th Si do nodc inj ect ion l ock i ng requi res f urther i n-

vesti gation, w c bel ievc that i t i s duc to more suppresscd rel a -

an on rcsora - c i n the Sido nodc i nj ecti on-locked l aser. Ev i -

dence for thi s COIns f rom the RN spcd rum m easur- - nt .

A l though the RI N pcak at the rel axation osci l l ati on f requency
i s clear l y v i sibl e for the m a n-mode inj ection-l ocked D FB

l aser, i t cannot be obser ved for the Sido node inj c to M ocked
D FB laser evcn in t¤ sa n e M ecu m1 pow er i s used. Fur ther in-

vestigati ons are required in order to cl ar i f y how var i ous i m - -

tion condi t ions hd uct- e the m odul ati on f rcquo - y respots cs

as w el l as the noMi t- ar di stor ti on ch aracter i st ics of the si de
mode inj ccti otFl ocked D FB l asa --

W e have exper imental ly i nVCHip - d the e& cts of side
mode optical inj ection l ocki ng on nomi na r di stor tions of di -

rect. m odIda- d D FB lasers. The SH D , IM D 2, and I M D 3
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