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A b st r ac t

l n analog optical communication sy stems. thc opt ical source l i near i- i s one of key clements that determine

system per formance. Wc analyze nonl inear distort ions of di rectly modulated D FB laser diodes and examine optical

inj ection lock ing technique as a way of suppressing them.

I n t r o d u d i o --

T here i s a str ong need fo r analog o pt ical

co m m uni cat i on sy stem s [ 1, 2 ] . O ne ex am p le i s t he r ad io -

on - f iber sy stem in w h ich h igh H equem y car r i er s and

sub -carr i er m u l t ip lex ed data ar e sUm m a - o In ly

t ransm itt cd t hrough a sin g le f i ber [ 2 ] . I n K or ea, such

sy stem s ar e w id ely uscd f o r op t ic al rcpeater s b r m ob i l e

co m m unicat io n sy stem s. In t hese sy stem s, one o f t hc k ey

clem en ts t hat dcterm ine the to tal sy stem per fo r m ance i s

opt ical sour ce l inear i ty . D i rect m odu lat i on o f

sem i conducto r laser d iodes i s t he si m p lest an d m o st

econo m i cal so l ut i on bu t l i near i ty o f th e laser d io de i s

o f ten not $ 115 0 0 1t fo r m any ap p l i cat i on s. T h is i s

espec i al l y th e case f or nex t g ener at io n m ob i le sy stem s,

w h ic h r equ i re m uc h h i gher car r ier 8 equer- - -

C on sequ en t ly , i t i s o f si g h f i can t i m por tance to

un derstand the cau ses b r non l in ear i t y i n lasc r d iodes an d

to com e up w i th w ay s o f supp r essi ng i t . In th is paper , w e
pr esen t an ac cur ate ¢ m eth o d b r- analy zi ng si s al

d istort i ons due to l aser d iode non l i near i t y . I n add i t ion ,

w e inv est i gate th e i nj ect ion lock in g t echn i qu e th at can be

B ed for St- p r essin g laser d iod e non l inear i ty .

W h en laser di odes ar e d i r ect l y m odu lated , ther e are

sev eral causes fo r non l i near i ty . I n sub -can t er

m u l t ip lex ed sy stem s, w h ich u sual l y hav e m an y chann el s

in the r ang e o f a few hun dred M H z, staUc non l i near L -I

charac ter i st i cs an d c l ip p in g are th e m ai n causes f b r

d i sto rt i on [ 3] . Fo r dy nam ic non l i near i ty , w h i ch beco m es

m or e i mp or tant 8 the m o du l at io n Hequ em y incr eases,

appro x i m ate [4 ] an d nu m er ical [ 5] d i st or tion m ode ls

hav e been repor ted . H ow ev er , t hese ap pr oaches do n ot

inc lu de di sto rt i ons i n * equ em y m odu l at io n . F or a m o re

a cu ate m od el o f non l i near d isto r t ions i n anal og op t i cal

l ink s, w e an aly ze n on l i near dy nam ic s o f l aser d i od es and

con sid er t he. eg g s in bo th in tensi- and @equa - y

m odu lat io n . W e con - m the r esu l t s o f ow an aly si s w i th

m easur em en t o f second harm on i c d i stor t i ons i n a w i de

H e q u a - y r a n g e .

T o o v e r c o m e d i s t o r t i o n p r o b l e m s d u e t o l a s e r d i o d e

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

e l e c t r o - o p t i c f e e d b a c k [N¹â 6Ìí ]L , Ã̧ edd dḑ f*Ó Ow rm wÜÇ aaa¦ Ird d c o m p e n s a t i o n [pmm
7±n

]L

,

pW rÄ ed dd iBmsg tmoÌm rnm tn¦ im¦ OÌm rn 1 [¥® 8í , 9ªí ]L , a n d o p t i c a l imÁ n¦ jÂ ea cdm tu¦ imom n l o c k i n g [ 1 O , 1 1 ] .

A m o n g t h e m , t h e o p t i c a l i n j e c t i o n l o c k i n g t e c h n i q u e i s

a t t r a c t i v e b e c a u s e i t c a n p r o v i d e o t h e r b e n d s s u c h Ä

n a r r o w l a s e r l i n e w i d t h [ 1 2 ] , c h i r p r e d u c t i o n [ 1 3 , 1 4 ] , a n d

l o w m o d e p a r t i t i o n n o i s e [ l 5 ] . W e e x a m i n e t h e i n n u - - e

o f t h e i n j e c t i o n l o c k i n g o n n o n l i n e a r d i s t o r t i o n s a n d

show that the lash- Hequa lcy of the m a ted li ght hÄ

signi6 cant i nfl uence on the nonlinear di stortion

suppress or1.

N o n l i n e a r d i s t o r t i o n o f l a se r d i o d e

Int r in si c dy n am ic non l i near i t y i n a l ascr d i ode is

cau sed by t he inter act i on betw een ca- t er s and p hoto ns in

laser c av i - - T h i s can b e anal y zed b ased on the rate

equation s [ 16 , l 7] . T he rate equat ions u sed i n OW

analy si s are sh ow n belo w .

dS(f) V° ®- N S(O l P
- ç - = I g- - =¹ ¹ ­ S(f) - - - + - - N(t)4 ¤ l +&S(f) r , r.

Ú Ú = H L Ú ¸ - a Ú ¸ £ ¦ S(f ) ( 1)
£ é qY r . 1+ d (O

d° ±- - - = - [ ¸ g (M O- M ) - - ]4 2 ¤ ® %

l d O ( f )
£ ) = - - - -

2x dg

S i s pho ton d en si- , N i s c - Ti er d ensi - , ¸ i s
con f i n em en t & ctor-, N i s carn er den si ty at t ransparency ,

CP is p hoton l i f a i ry- , % i s car r i er l i f et im e, E i s gai n

com pr ession facto r , go i s gain sl ope, q i s d ec¤ £n charge,

V i s v o lum e o f act i v e reÏ on , and q i s l i new i dt h

enh anc em en t f acto r. Si nce any qtu nm an - i nv est i gat i on

b ased on the r ate equ at i o ns r equ i r es runn er- al v alu es fbr

t he paraty- - r s B ed in equat i ons, w e ex - acted num er ical

val ues & r th e p aram eter s o f t he l aser used i n OW

inv est i g at i o n f o l lo w in g the p r o cedure g iv en i n [ 18] .

For t he no n l inear d isto rt ion analy si s, w e u sed the
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ranges and transmission din ar- cs.
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perturbation method in which a sinusoidal input current

of smal l magnitude w ith modulation &equem y o i s

assumed, and output photon densi- and carr i er densi-

have their harmonic responses varying am u - the mean

val- - In equat ions, this can be expressed as fol low ing:

£ +i (M M eV- )

S = & + t (g Â + N f eu ¤ ) + k m ¤ - + g ; . - ± ° ) + ( 2 )

2 2

Nó +º P ß e-m i m e - +M e- - )+

AR Vo¦ e M v;cUm i n - +Õ %
-1 0 0

4 6
F r - q u - r-c y (G H z )

(a )

8 , £

Inser ting Eq. (2) to Eq. ( 1), we can End relat ionships

for f irst order terms a given in Eq. ¼ and second order

terms in Eq. (4).

a l l ¿ A-SI + 412 ¿ AN l = O

42l ¿ Aë + az ¿ AN I = A´ (3)

An = - a32 ¿ AN I

~~

¤80 q
bl 1 ¿ * % + b12 ¿ AN 2 = X I

b2l ¿ * % + b22 ¿ AN 2 = X 2

An = - b32 ¿ AN 2

- - é = g g £ £ £ £
- - - - - - é ° F - £ £ ) é - ¤

zga-- ® - -¤¤¹ z
- - - ¢s . /

, 0 fund ¤m ¤rut- ¯
l ¤ £ 2HD

4 0O ¯
¦ 20 3Q 40 50

F lbw L¤ru t h {km)

(b)

( 4 )

.

~

I n t h e ab o v e eq u at i o n s , e ac h c o e f - - n t i s h n cH o n o f

l o w er o r d er t er m s an d o . I f w e m e a su r e A S 1 8 Rm o o n s

o f o , v a l u es f o r a l l o t h er t er m s c a n b e d et e r m i n e d .

F o r an a l y z i n g sec o n d h a r m o n i c d i st o r t i o n s a R er H b er

V a n s m i ss i o n , th e E - H e l d c a n b e ex p r e sse d 8 sh o w n i n

E q . ( 5 ) t h a t h H y c o n si d er s l a s c r d i o d e d y n a m i c s . V a l u e s

f o r b o t h m a g n i t u d e a n d p h a se i n d i c e s c an b e o b t a i n e d a s

sh o w n i n E q . ( 6 ) .

E(r,z = Ì ² ± Ï 1+ mm Ä s§ f + Ëm ) + mw z Cosa - r + %m y z ( 5 )

¤em ¶¤mmn cos- - f + Æm ) H ¤mFm Cosa - ¯ + Æm ))

mW 1 = 4 3 1 / So ,mw z = 43 2 / S£

% 1 = a g o a , % z = a gm a ) ( 6 )

mq l = 4 V1 J ,mw z = Av2 / 2/

Pw , = a g( AVI L ¤ m z = a gu v-

I n o r d er to m o d el t h e i n t h en c e o f f i b er d i sp er si o n , th e

6 b e t- t r an s f ¤ - & n CH o n g i v en i n E q . ( 7 ) c a n b e u s ed .

H ( f ) = eP A2 D L / 2 ( 7 )

E x p er i m e n t s a r e p e r f o r m ed i n o r d e r t o v en - th e

a c c u r ac y o f OW m o d e l f o r a H x ed l i n k l e n g t h ( 4 0 k m )

w i t h v ar y i n g m o d u l a t i o n @e q u er- - s an d a t a n x ed

m o d u l at i o n * e q u e m y ( 4 G H z ) f o r v ar y i n g H b e t - l en g th s .

F i g . 1 sh o w s m ea su r e d Rm d am en t a l s i g n a l s a n d se c o n d

h ar m o n i c d i st o r t i o n s . C a l c u l a t ed r e su l t s w i t h o w m o d e l

a r e sh o w n i n so l i d l i n e s . G o o d a g r e e n er1t w i t h t h e

m e a su r e d r e su l t s c an b e seen . F o r c o m p ar i so n , c a l c u l a t e d

r e su l t s w i t h p r e v i o u s l y r ep o r t ed m o d e l s a r e s h o w n i n

d ash ed [ 4 , 5 ] a n d d o me d l i n e s [ 1 9 , 2 O] r esp ec t i v e l y .

A c c u r a t e m o d e l i n g i s p o ssi b l e f b r t h e en t r e H e q u o - y

~

Ñ ¢ 3* : ¤*
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F i g . l . F u M a n a n a l s i g n a l s a d 2 n d h a r m o n i c d i s t o r t i o n s

a R e r t r a n s m i s s i o n . D o t t e d h n e s ; m e a s u r e d r e s t d t s , s o l i d

h n e s ; c a l c u l a t e d r e s t £ s w i t h E q . ( 5 ) , d a s h e d a d d o m e d

l i n e s ; c a c t u a t e d w i t h r n o d e 1s p r e v i o u s l y r e p o r t e d .

N o n l i n e a r d i s t o r t i o n s u p p r e s s i o n b y o p t i c a l

i n j a H o n l o c k i n g .

O p t i c a l i n j e c t i o n l o c k i n g o c c u r s w h e n e x t e r n a l l i g h t

8 0 0 1 M a s e r L a s e r ( M L ) i s i n j e c t e d i n t o S l a v e L a s e r ( S L )

a n d t h e S L c h a r a c t e r i s t i c s a r e c o n - O I l e d b y t h e M L . F o r

t h e g a b l e i n j e c t i o n l o c k i n g , t h e Q e q u a l c y d i f f e r e n c e

b e t w e e n M L a n d S L Ä w e l l a s i n j e c t i o n p o w e r r a t i o

s h o u l d s a t i s f y c e r t a i n s t a b i l i t y c o n d i t i o n s . I t h a s b e e n

r e p o r t e d t h a t i n j e c t i o n - l o c k e d l a s e r d i o d e s h a v e

s i g r u n a r m - r e d u c e d d y n a m i c n o n l i n e a r d i s t o r t i o n s [ 1 O ,

1 1 ] . T h e m e c h a n i s m f o r d i s t o r t i o n r e d u c t i o n c a n b e

e x p l a i n e d 8 f o l l o w i n g . W h e n l o c k i n g o c c u r s , t h e

r e l a x a t i o n o s c i l l a t i o n 8 e q u e m y o f t h e S L i n c r e a s e s .

S i n c e t h e n o n l i n e a r d i s t o r t i o n s a r e m o r e p r o n o u n c e d a s

t h e m o d u l a t i o n * e q u e m y a p p r o a c h e s t h e r e l a x a n o n

o s c i l l a t i o n B e q u e m % t h e i n j e c t i o n - l o c k e d l a s e r w i t h t£ hk e

i n c r e a s e d r e l a x a t i o n o s c i l l a t i o n *º eq q££ tué».¦ eam rnm½ÄcU y søÚ tu»®¿& egg IrB .s l e s s

B o r n n o n l i n e a r d i s t o r t i o n s . H o w e v e r , t h e a m o w n

d i s t o r t i o n s u p p r e s s i o n c a n b e i n f l u e n c e d b y t h e l o c k i n g

c o n d i t i o n s s u c h a s i n j e c t i o n w a v e l e n g t h . O w

i n v e s t - a n o n i s a i m e d a t u n d e r s t a n d i n g t h i s d e p e n d e n c e

a n d d e t e r m i n i n g t h e o p t i m a l l o c k i n g c o n d i t i o n .

I n o r d e r t o d e t e r m i n e t h e d e p e n d e n c e o f d i s t o r t 1o n
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su p p r ess i o n o n i nj c c t i o n w av e l e n g t h , t h c a m o u n t s o f

l M D 2 ( se c o n d o r d er i n t c m o d u l a t i o n d i g o n i o n )

su p p r es s i o n a r e m e asu r ed a t v ar i o u s inj e c t i o n

w a v el e n g t h s t h a t a r e w i t h i n t h e sa b l e l o c k i n g r a n g e . T h e

S L i s m o d u l a t ed w i t h 2 .8 G H z a n d 2 .9 G H z R F si g n a ls ,

an d t h e m o d u l a t i o n p o w er i s ad - - d t o th e n ee - r u n n i n g

( n o o p t i c a l i M a n o r1) m o d u l a t i o n p o w er . T h e M L

w av c l e n g t h i s sw e p t @o m 15 5 0 . 15 n m t o 15 5 0 3 0 ru r¤-

F i g . 2 sh o w s t h e e x p er i m e n t a l r e su l t s w i t h 2 d B m

i nj ec t i o n p o w er . W h e n a q u a - y d e RU l i n g i s sm a l l ,

I M D 2 i s s u p p r e sse d v e r y m u c h . O n t h e o t h e r h a n d , w h c n

* c q u em y d et u n i n g i s l ar g e , I M D 2 i s n o t su p p r e ss ed

en o u g h .

m q ir--m £d e Fig. 3. Frequency responses of in a tion locked laser .

T h en , to inv est igate t he eHem s o f m od ul ated si s al

p ow er deg n at - n to t he d i st ort i on suppressi on o f the

inj ect i on lock ed l aser , the IM D 2 suppr ession si m u lat i on

i s al so do ne . F ig . 4 i s t he sim u lat i on resu lt s o f IM D 2

suppr ession and h m dam ental si gnal pow er deg ad- i on

accor d i ng to th e inj ect i on w av el ength . n e inj ect i on

lock i ng con d i t i on s ar e sam e a t he p rev iou s si m u lat ion

cond i t i on s. M od ulat i on 8 eq uem - s ar e 2 .8 G H z an d 2 9

G H z an d each m od ulat io n si - al pow er i s also ad j . - d

to t he B ee-r un n in g v alu e. F o r num er ical calcu lat i on o f

t he I M D 2 suppr ession at v ar iou s inj ect ion w av el eng th s,

t he p er t ur bat i on m eth od i s a lso em p loy ed . A s sho w n in

the n - He, th e sim u lat io n r esu l ts ar e in good ag ea nent

w i t h th e exp er im en tal resu lt s. M or eov er , th e p o w er

d eg n at - n character i st i c s exp lai n w el l th e r eason fb r

I M D 2 sup pressi on r esu l t s.

½ O -

* ¾* A ®¦
®¾L A ¢.

¬
®¤¢

¢ .

(Ü) pa ge-m Rg-

. ®.
¬*

m a -- £ m a -- 5 15ð .20 ½5 22 5 15EZ30

OIXia l lnjed m w aH le g m (nm)

½ 5 2 3 5

Fig. 2. b 1D 2 suppression as ¥ m u on o f iM a ted
w avd enim - IM D 2 Suppression i s denned as I M D 2 at Bee-

running state - IM D2 at the locking state

To i nv est i gate th i s resu l t , the laser @equ a - y r esp Ots cs

ac cor di ng t o t he op t i cal inj ectm n w av eleng th ar e

si m u lated . Fi g . 3 is th e @equem y r espon se si m u lat i o n

resu lt s. T he r ate equ at ions inclu d ing exter nal l i ght eHect s

ar e used f br t h i s si m u l at i on [ 2 1] .

dS (N - N,) 1 =fr =
- = n o- - - - - F - R p + X É S Ä 9
4 O + d ) r , v w

Ú = 1 d % ß þ × ] - (% - q ) + x ã ² ( 8 )

4 2 (1+ È r , 1 S

Ú =£ -ê - Ç ú 2sdr qP̄ rN ) V (l +·

W i£ the perturbat ion method, the a q ua - y responses
an er- li ght inj ection Me cal culated. The inj ecti on pow er

ratio is 6xed at - 8 dB and the @equa - y detuni ng is

changed * om - 5.5 GHz to - 37 GHz. A t small * equa - y

detuning, the r elaxation osci l lation a q ua - y increases

very much w ith smal l darro n- - However, at large

8 equem y detuning, the relaxation osci l lat ion * equa - y

does not incrcase much. I nstead, damping is very large.

Thcse eHects reduce the modulated si - al power. When

the n eo -- ¤ y detuning i s smal l , damping effec- are so

la ge that the modulation si- al power i s g eat-

dev aded- Th erefore, such modulated si- al power

degradation is the result of a q ua - y response change,

~

Fi g. 4. Simu lat ion results of the IM D 2 suppression a d

nAndama na1 si - al power deg adanon according to the

Gequem y den-ning .

C on c l u sio n s

W e analy zed th e no n l in ear di stor t i ons o f t he di rec tl y

m o du l ated laser d iodes that c an be B ed in anal og op t i c-

l ink s. F or t he accu rate d i sto rt ion m odel , i turns -

dy nam i c d ist o rt ion i s c on si dered . I n add i t i on , for

r educ in g t he n onl i near d i stor ti ons, w e inv est i gated

opt i cal inj ec t io n l ock i ng . B ecau se the i nj ectm n

- 153 -
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wavclength innu- - es the * equem y responsc vcry much.

distortion supp¤ sSion is var¤ d according to the inj ect ion

wau la - th. We bel ieve the rCSUIts of our i rN o Ugat- n

arc useful for real izing high per formance analog optical

l inks that are based on the directly modulated laser

diotics.

~~~

semiconductor laser by CW iMecum ,± E fa non- t err.. vol.

2 l , pp . 8O-8 1, l 984.

[ l 4] .S. M old iek , H . Burlshard, a d H . Wal ter, HO Ur-

reduct ion of d irect ly modulated scmiconductor lasers at h
Gb/ s by strong CW l ight inj ect ion,± J U P hro e n ,d , ,,£f

vol - l 2, no. 3, pp . 4 184 24, l 994 .
[ l 5] .K . Iwashita and K . N akagaw a, ° Suppression of mtg .

part it ion noise by laser diode l ight inj ect ion,± fEEE J

Qua n- m Efca po n-, vol - l 8, pp . l 6694 674, l 982.
[ l 6] .J. Helms- ° I ntermodulat ion D isto rt ions of Broad-Bund

M odulated L aser D iodes±, J . q/ U ¯ W ave D d Ind ., Vul.

l O, no . l 2, pp. l 90 l - l 906, l 992
[ l 7] .J. L . B ihart, er af -- ° FM a d IM Intcm oduli-Hurt

Distort ions in D irectly M odulated Single-mode
Semi conductor L asers±, E EE J q/ @mnfum U ed run-,

vol .4O, no . 4, pp . 8993 03, l 994
[ B T L . Bj erk- 1, G. YO re, ° M easurement of Laser Parameters

{br $ 111111anon of H ip -Speed Fibcroptic Systems±, J . qf

U P h ro e * cAnd -, vo1. l 4, no. 5, pp . 839- 850, l 996.
[ l 9] .G . J. M cslo t- , °Chromat ic D ispersion Induced D istormm

of M odulated M onochro matic L ight Etym on ng D ir¤ t
Da c tion±, fEEE J of e udHfum E fecIron., vol - 2O, no. l O,

pp . l 2084 2 l 6, 1984 .
D Ot e - S. Ih and W . GU , ° Fiber Induced D istort ion in a

Subcarri er M ult iplexed L ightw ave Sy* m% E EE J . qf

Sd eered A reas M Conmum-, vol - 8, no. 7, pp. l 2964 303,

l 990.

P I P - C . Cart ledge, m ¤ o¤ tical per form ance of rnuh iH abit-

per-second l ightw av e sySta ns using inj ection-locked
sem iconductor 1asa s,± J * g* m ave 7bcAnd -- vol .8, no. 7,

pp. l O174 022, l 996

~~

R e f e r e n c e

Ì . R . Ì s h m s k y , V . A . L m a s e r a , a n d P . M . H i l 1 , ° S u b u - - r

M u l t i p l e x e d L i g h t w a v e S y s t e m s f o r B r o a d - B a n d

D i s t r i b u t i o n - - , Jô ô oÌm f±mm®±mÇ ,±m 7±m m̄Þ ad f q· f± Lè iÒÊ gp *§Î rn±± .¢w¦ *vm¦ ,u·wa£w Lv¼ ,e 7á µ cdÏ Ah ,±m m̄° od fb ö g.ec ,yð %̄, v o l - 7 , n o .
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