
O ²µ ®
d
.

dicted rms del ay spr ead are 0.5 and H m , m pccOve- - T he
gÄ d agreem ent bct ¤¤ cn our p redicted and m easured r ms
del ay spread show s the Vaud - £f our mo del in p rcd¤ ting m c
van ous mult ipath comp onents.

0 I L can greatly impr ove the sem iconductor laser charac-

tcOn ics- I t can reduce fre quency chi rp - Hncw id£ , and noisc
[1, 2], enhance the modu lation bandwi dth ¸ 4], and suppr ess
the nomina r di stor th n [5]. T here have been sever al g stem
demonstrations that um i- these i mprovements- O Hrp f ree
digi tal t ransmission up to 1O G bi ts/ s was dCygn us- ated by
scveral r esearch groups [7- 9] . M ens et a1. [1O, 11] dem on-

strated thc analog Oba -opt ic l ink in the f req¤ nq range

beyond thc in trinsi c l aser bandw idt h, as wel l as the reduction
of nonlin ear distor t ions h £ c gigaher tz range.

One of t he key per formance enhancements achieved with
0 I L i s thc reduct ion of f requency ch im - I n this papa , the
chirm - charad e istics of inj Ä tio n-l Ä ked so rn conductors

are analyzed- B ased o n the rate equation analysis, thrcc
factors that contr ibute to f requency ch irpi ng are i da m ned-
and their con tr i butions ar c numerical- analyzed. I t is fo und
that st rong opt ical inj ection is desk - lc in or der to maintain
£ C SL in the stable-lÄ kin8 regime du ring l arge current
modulation, and the contr ibution of the external l ight huc -

t loft results in a Sig nacant chi rp reduction.

[I. ANALYSIS OF INJECT|ON-LOCKED
SEM|CONDUCTOR LASERS

I n the OI L conn. 1rat ion- the CW liP t f rom the M L is
inj Ä tcd in t£ thc SL . Two lasers have a fr eq uency d o c e - c
Af denned Ä f ML - f sL¤ 1t is assumed in our analysis that

the iMa t ed l ight has the San- polarizat ion as the SL lash-g
modc, which can be easily ach ieved wit h a polarization con-

trol ler in real i- - A ssuming that D FB lasers w ith ncel- - ]e
side mods ar e used for both t he M L and SL , thc SL undo -

the inn u- - e d external l ight inj a Oon can be descr ibed by
thc fd lowing single-mode rate cquan tn1s [12]:
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FREQUENCY CHIRP ANALYSIS
OF INJECTlON-LOCKED
S E M IC O N D U C T O R LLU»Ā®s Ȩ IR3s

YH £m·× ®uwm »±m§ rnm¼.ÎÎ g. »K wÅ am nm g sß eÄÄ oud .®1 a n d w £Ä £. -³ Y¦ oam¦ tuum lm§ n̄m ®u g C h o i -

® D e p a n m e n t o f E l e c t r U a | a n d C W T ¤ p u t e r E n g | f B e r i n g

Y m Ä i t h i v e s | t y

S e £ u l 1 2 0 4 4 9 , K o r e a

+ Kc° sinº ML - * ) (2)
Rec- ip-d 5 Ja u au 20M

dN f Zn N- - = - - - - ££ - (N - n,)P - é .dr g% 1 + SP ® % ( 3 )AB S M CÉ 7%e ch² Mg charm er- rics of an injection-fock d sem i-
conductor fm er h- IV been imped e d -d. Tk Pegu-DC, , chip qf aa
la ger- ,d ocked - m fcM a dero - fa er hg rar- e cou r - ° floru -- ®J Ptanuc

D C a d OfL cMË D 0 g ear. %duc- d since rag OfL c%Ë .
comp ar¤ fe to me D C and O na n ¤ CAb - bw dý õ ² × S« X @ 2000
John WHey & Sons, Inc. M icro vavc O pt T echnol I c t t 25: 374- 377,

2M O.

I n t he above cqtmOons, Pin and * ML r cp rescnt the da m .
and phase of the inj ected photons. Other param eters havc
thc usua1 meanings, and their numer ical vd ues f or the pre-

sent analysis are obt ained f rom [13] and l istcd i n Tab1e 1.
I f the gain sup pression and sPon ta - £ us emission (i .e.-

c = 0 and P = O) arc ignored, the r ange of A f m at a11ows

inj ection locking can bc dc term ined as [1¡

Key wod s: iMecum b efo g´ aqua - ch÷ sm ng @deaf iMed ¤ ±
cam ra ta fia -

- K, f P.-- & ) | 5 Î V ¡ (1 + g2) .
l . INTR£ DUCTlON

In optical in jection locking (0 IL ), the light f rom one lascr
(master laser , M L ) is inj ected into another laser (slave l aser ,
SD . The inj ected l ight causes changes in the SL char acter is-
tiÄ , and i t can lock the SL lash- f re- - nq to me M L lasing
* equca y- T hc 1ocking characteristics V C determined by the

Â ( m ount d inj ectcd power and th e f ree - nq differ ence be-
tween the M L m d SL .

| Af ( - f ML (4 )

T his loch ng r ange can be ÞUther d as ined into two dist il1C-

Uve regimes: stablc lock ing and unst ab le locking. 1n thc
stable-- ck ing r egime, the output pow er converges to a
st eady-stat e value when a small per turbation is introduced- In
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TABLE 1 Parameter Values By substitut ing Eq. (5) in- Eq. (D , Eq. Q) becomes

V a lu eo
« A r % ú wP %6 8 8 %LÌ ¤

P a 1 e m m e r -

/ ¤ £ £ ÷ Äsü H

t - sing wavelength 1550 h m]
Omanent- u facto,- ¥4
Transparent carrier demity M ¿ 10± [cm- 3]
Photon lucu- - 3.O X 1o- ± h]
Carrier lifetime 1.0 ¿ 10- ¯ h]
Spontaneous emission Ìactor 3.0 ¿ m- 5
Group veloci- ¤ 5 ¿ 10¯ [cm/ s] -
Dif®rcrdial gain 1L75 ¿ l o--7[cm3/ s]
Gain suppression factor 5 ¿ 10- 17[mÁ
Volume of activc layer B ¿ 1o- m[mP]

Linewidth cnllucerne -t factor 5
1.D differential quantum cfoci- ¤y O.4
Active cavity lex. - ® 3M [ pm]
COupling rate %/ 2Lc

( 6)é O)

T he f requo - y chirp a u Is denned as (1 / 2m)(d @/ dO, and i t
can be expressed as the Stun of three fact£rs:

( 7 )8 C = 3 Udynamic + 8 UDc + 8 U@L

w I t e r c

( 8 )
a 1 dP

SLIdmam- - H F î

t h e u n s t a b l e - 1 o c k i n g r e g i m e , h £ w e v e r , t h e p o w e r d o e s n o t

c o w e r g c t o t h e s t e a d y - s t a t e v a l ¤ , b u t e x p e r i e n c e s a s e l f - s u s -

t a i n e d o s c i l l a t i o n o r e v e n c h a o s w h e n a s m a 1 l p e r t u r b a t i o n i s

i n t r o d u c e d [ 1 Å . S u c h n o n l i n e a r b e h a v i o r s a r e n o t d e s i r e d ,

a n d m r a n a l . - i s H u n t e d t o t h e s t a b 1 c - b c U r l s r e g i m e .

T h e c o n d i t i o n s f o r t h e s t a b l e - l o c k i n g r e g i m e c a n b c d e t e r -

m i n e d b y t h c s d £ m a i n S a b i n - m a l y s i s o f t h e 1 M e a n - d O I L

r a t e e q u a t i o n s . F i - r e 1 s h o w s t h e u p p e r a n d 1 o w c r b o u n d -

a d e s o f A f f o r s M b l c b a i n s a s a fhú 1umm½um 1nm ½Ç cd tn i± oî In t o f S L b i g

CmÄ tuw¦ ½Hm ru¦ rÄ¦ cgm XnmÈ ½um tB s f o r t h r e e ddÈ iHì fḨ fïä cg rÄ em nm t i·Á nM jì eÄ¦ cd@ t¢ ed d Pp ow w¦ eaam 1fB s (¥M PRî im® n¦ j - 0ím .J¾ 1L , 0¥m .3A
5 ,

a n d 1 m W ) . A s c a n b e s e e n f r o m t h e E s u r e , t h e s t a b b l o c k -

i n s r a n g e b e c o m e s n a r r o w e r w i t h i n c r e a s i n g b i a s c u r r e n t s ,

/ é ¢ b u t i t w i d e n s w i t h l a r g e r i n j c d c d p o w e r . H c n c c , t h e s t r o n g

o p t i c a l i n j c c U o n i s d c d r a b 1 c f o r m a i n t a i n i n g t h e S L i n t h e

s t a b b l o c k i n g r e g i r t - d u r i n g l a r g e c u r r e n t m o d u l a t i o n .

¤ ¤ F r o m E q . ( 1 ) w i t h t h e a p p m - n a t i o n o f g o / ( 1 + C P ) b y

g £ ( 1 - s P ) ,

p r N
Cú o( N - %g )P - Ñ FQ

S O D - H ( Q ³

a n d

- * )

- sin(* ML - * )]. ( 1 0)

T he dynamic chirp is pÄ por tional to the r atc of change in
the SL pI- - n da n io - a d £ C D C chi- is the amount of the
1asing f re- - no shift fron- a refer cncc fr eq¤ nq . W hen thc
op tical power i ncreases, the dynamic m d D C chirp show a
posi t ive sign- In Ä nHast , thc 0 I L chirp shows a negative

8Ign .

~

1 dP
= - - + ¸ g d N + £ P

P 4 u

N -pm-%
( 5 )

é --..--

-g.
d-

-.

F || î Ã ¾̧Ñ i|ð |!!:p
í O| ¤.... ®̧ RA- -¤s¤v¤- : : . -- - -- --5 o| .: ¦ x Ò £çéé|

¤¤Pm= 0.1 mW |

| , -----PÀ 5mW|
- Paw= 4.0 mW £

½ .O 1 .5 2.O 25
SL-Biasing Cuºrent [ f / 4p ]

Figure 1 Dependence of the stable-b clung range on the biasing

cur¤ nt level

III. NUMERICAL RESULTS AND DISCUSSION

111 or der to invest igate the nature d ch i. r eduction with
inj ect ion lock ing, the r ate equat ions Hu s- (1)Í 3)] arc Inu n- -
ical ly solved wit h the b ur the n - R ung - K u tta in tc8r ation
m ethod for a r ed an- dar curr ent puk e inpu t of O5 ns dura-

t ion, and each ch irp contr ibution is ideru ined- * ML of O rad
is used for the ca1a nation , T he SL U au - and modulation
cur rent l o ch arc assum ed as 1.1 ¿ ç and 1 ¿ f up 1®CSpÄ ¤

Uve- - Th e f requ ency dif f erencc A f is selected f rom Figure 1,
at wh ich the lasers are st ab1c lockcd under the given md un -

t ion condi t ion . Th e rise and fd l times of a X % pulse period

are taken into account .
Figures 2 and 3 show the transient optical power (a) and

freo - ng chirp (b) fa the f res u m ing and inj ect ion-1Ä kcd
( Pin- - 1 mW M d Af = - 12 GH D lasers. T he current pulse

is aPPEed at f = 0. F igure 2 shw s that the f ree- unnin8 laser
under8oes rel axat ion osci l lation , and has the com bined ef fect
of Stu m- -nic (dot ted 1ine) and a u. M ast- d l ine) dur ing £ C

modul ation . The refer ence for thc fr eq¤ nq m iR is the
lash- fr equency at the thresho1d . D uc to 8 Udynamic- thc la ing
f requency sh if ts up when the ou tput pow er r ises, and SU Its
down when the outpu t pow er fails- D ue to 3 UDc , t hc on state
with 1argcr photon and car n e densi t ies has a larger chirp

than the of f state.
Inj ect ion-lockcd Users, however , show quite different chi.

character ist iÄ , as a n be seen in F igure 3. T he refer - - c for
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£ c f requency shif t is the M L ]asing Hes t- 1¦ because the
SL lasing fr cquen 0 shif ts to the M L s̄ f req¤ nq . Fi rst of all ,

SUdmanic (dot tcd 1ltte) is reduced dur ing the current modula-

t ion since the opt ica1 power nud um- s 1Ä s, Ä not ed in Figure
3(a) . T he reduction in optical power Hu m ana 1 is duc to thc
suppression of rel axation oscil lation by k m a im1 locking [1÷ .
T hc m ¦ or contr ibu tion to ch irp reducti on com es from 8 Uon
(dash- dot- d l ine) th at has a negat ive sign, as in Figure ® b).

Fi - re 3 shows that SO IL dm ps when the output power
r ises. Since thc magni tude of th is ncgaue chirp f rom SPOIL
is nearb comparab le to the posi t ive chi . f rom 8 Udmanic and
SUË , £ c iMed ia t--locked lasers show a smal l f res - - y

ch im in the steady state.
Fig n-c 4 shows another t ram ie-u optical power and £ C

corresponding f requency chirp fo r the iMe non-locked ( P inj

- 1 mW ) laser w ith a diHerm t value f or AL A t Af = 35

GH z, t he optical POW- nud umes consi dcmb1y , even m t he
on state. This is because th e shif t o f * f towar d the uppCt-

bounda y in F igure 1 causes less damp ing of £ e r elaxation
oscil l ation [14L T he Inau s-- e of the Hucm ating optical power
on the * cqua - y chi rp is i l lust rated in F igure 4(b), wher e not
only thc dynamic chi rp, but also £ C D C and corresponding
OI L chi rp oscil l ate in response to the optica1 pow cr osd U-
tb n . H owever , the total f req¤ ng d Hrp i s c0IBi dembly r e-

duccd as wen-

|V- c £ NCL¤ - o N
The chim b- char - - r is k s of an inj ect IOn-locked semicon-

ductor l aser have been investigat ed. Thc f requency chirp of
inj cd io rd ocked sem icon ductor lasers has three cont ribut ions

O.O O.6 O .O

Time [ns]

@)

Figure 2 Transient opticaI power (a) and freq¤ no chirp (b) b r
the f ree-running 1asex-

º CO o --²µ> E½ »O *£a B o- - .£û 6
® 5 |
.
¥ * |
£

n - ®

8
CL
£ 1

O ¯

O.O O.5 4 .O

Time [ns]

(¾

O ̄
O.O 05 4 .O

Time [nsl

(ó

² N=0 ½ ä»Eo xoco --o¹

, -¢

O.O O.5 ½.O

T im e Ins ]

(b)

Fig u re 3 Transient op tica1 po ver (a) and f requency ch irp @) for
£ c iMen on-lÄ kcd ( í nj - 1 m W and A f ¤ - 12 G H z) lasers

2O .
L é- - - Total

15 k ,l - ¤± ° ---Dynamic
1o L f °f g ° - - - - - DC
5 [ Î X¢. --- £|L
o p - - - - - -d ¯- ®´ ± ¤ ¨ ´ * 4 Í Í :¤¤é -Â¤- -

p-- -- -- -- -® ¦ u ,MU l i - -p ~ - -- -- -- -
-5 LL ® ä f S

¤4 0 L ®

u d5 [ ¬.A.j¬A/
-20 ¯

O.O O.5 O.O

TIme [ns]

(b)

Figure 4 Transient £ptical power (a) and Orc- - nq ChIm @) tor
the iMecum -locked (Phj = 1 mW and * f = 35 GHO 1a cm
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I N T R O D u C T I O N

T h e f l e d f o r a h i g h e r f Ä q u e m y o f o p e r a t i o n i n m i c r o w a v e

a n d m i 1 H I n d e r - w a v e a p p l i c a t i o n s a n d f o r v e r y h i g h - s p e e d

d i g i t a 1 c i r c u i t s i n £ e g H a b i t r a n g e h a s g a d a g r -e a t d e a l o f

i I n c e s t m h i g h - s - c d d e v i c e s . T h e M 0 D F E T i s a m o m i s m g

c a n d i d a t e f o r m i c r o w a v e , m m i m e t - - w a v e , a n d d i Ï t d c i r c u s

[ 1 ] . A p p i a n o m p m e n u y b e i n g p u r s u e d i n m a y l a b r a -

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

s p e e d d i g i t a l ed l eË cdm tu rm oÆm rnm1Hi®Ä f o r søm ®uÔ½. pp eg r® cÄ omm rnM1dmd£¥ tuË3xm cd tmow rsm s& , a n d hM i²¶ gdp Ihh 1.õ és p¦ cÄ cd
d

om p̈ tmoÄ cd lï cË cd tUrm oÌm fnm®n¦ iï¦ cÄ s fb £Æ r gù iu gp am bM¶ ih t nä b¡ ea rF -£ £m p̈̈ td­ iÒc c o m m u n i c a t i o n .

A s t h e g a t e l c n 8 t h o f a H e m - c H c c t t r a n s ¤ r B r e d u c e d t o

s u b q u a r t e r - d i m e n s i o n s , t h e c l e a r o n t r a n s i t t i m e a c r o s s t h e

g a t e r e g i o n m a y b e c o n ¤ c o m p a r ¤ 1 e t o o t h e r t i m e d c l a n

e x t a n a 1 t o t h e i n t r i n s i c d e v i c e [ 2 , î A s a r g u t - £ C k c y t o

r e a l i z i n g u l t r a - h i g h - s p e e d d e v i c e s i s t o m i n i m i z e n o t o n l y £ C

e l e c t r o n t r a n s i t t i m e , b u t a l s o t h c s c e x t r i n s i c d e n y s - T ¢ c

p s a M a r m o t - i c A 1 G a A s / 1 n G a A s ( o n G a A s ) m o d u l a t i o n -

d o p e d s t r u m - c s a r e a n o n . a f c w e x c e l l e n t a n d M a t s f o r

s u c h d e v i c c s d u e t o t h e i r h ² h e l e c t r o n v e b c i t y , s h e e t d e n s i - ,

a n d r n o u n q , d o f w h i m a r e e x p e c t e d t o h d p r e d u c e t h c

e x t r i n s i c d e l a y s a s s o c i a t e d w i t h t h e p a r a s i t i c c a p a c i t a n c e a n d

c h a n n e l c h a r g i n g t i m e .

T h e t M I S c o n d u c t - 1 Ä o f t h c d c v i Ä i s o n e o f t h e m o s t

i m p o r t a n t i n d i c a t o r s o f d c v i c e q u a l ú f o r m i c r o w a v e a n d

r m u m m e r - w a v e a p p 1 i c a t i o n s - T h s e d c v i c e s h a v e s h o w n a

h i ó v a l u e o f Z D E G c o n c a t - - i o n , a n d e x h i b i t h i g h 2 D

e l e c t r o n m - i l i - ; h e n c e , a h i g h e r v a l t ¤ o f t r a n s c o n d u c t a n c e

i s e m c u e d - T h e H E M T s t r u c t u r e t a k e s a d v a n t a g c o f s u p e -

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

t r a f t c o n d u c t a n c e - L i k e w i s c , t h e c a r r i e r Ä n 6 n c m c n t o b t a i n e d

i n t h e 2 - D E G o f a n H E M T a n a c h - - c o n t r i b u t e s t o M g h

o u t p u t r e s i s t a n c e . W h e n a l l o t h e r c h a r a c t e r i s t i Ä a r e q u a , a

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

, - ¢
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