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ter laser di ode b i as lev el s and the tr ansm issi on bi t rates.
Sel ect ing th e proper b i as lev el f or the transm i tter laser di -

ode i s im por tan t . I f th e laser di ode is b iased bc l ow the
threshol d, t im ing j i t ter s du e to -m m -on del ay r esu l t in sy s-
t em per form ance degradat i on -l l I f t he l aser i s b i ased m uch

abov e the threshol d , the ex t inct ion r at i o o f the transm i tt ed
si gnal s decreases an d the tr an sm i tter pow er di ssip at i on in -
creases. W e show that thc opt im al b i as 1evel can bc deter -

m ined R om the SPIC E sim u lat ion r esu l ts.
Thi s paper i s or gani zed as f o l low s. In Sec . 2, w e de-

scr ibe th e equi v al en t c ir cui ts f or op t i cal dev i ces, an d elec-
tr i cal ci r cu it s u sed f or construct ing a m odel op t i cal in ter -

connect sy stem . In Sec. 3 , w e determ i ne the r el at ion sh ip
betw een th e d issipated tr an sm itter pow er an d tr ansm i ssi on
b i t r ates f or d i f f er ent b i as l ev el s. F inal l y , a sum m ar y i s
gi v en i n Sec . 4 .

2 O p t ic a l D e v ic e E q u iv a le n t C i r c u it s a n d

E le c t r i c a l C i r c u it s

Fig ure 1 show s a b l ock di agr am of a b oard -to -boar d l ev el

op t i cal interconnect sy stem in vest i gated in th is paper . T he
sy stem con sist s o f a l aser di ode, laser dr iv er ci r cu i ts, 6ber ,

a photodet cctor , and recei v er c ir cu it s. For the laser di ode
equ iv alen t c ircu i t , the singl e-m ode l ascr rate equ at i on s ar e

tran sf orm ed in to the m odi n ed f orm s Ä suggestcd in Ref . 7 .
T hc resu l t ing equ iv alent ci rcui t i s show n in F i g . 2 (a) . Fiber
i s considered as hav ing on ly th e coup l ing loss12 o f 6 dB .
T he Ober- d isper sion i s n ot considered 8 i ts in th ence is

neg l i g ib l e for 6 b er leng th u sual l y u sed in shor t -haul op t ical
OMer-connect sy stem s. For t he equ iv alen t c ir cu i t m odel of

4 ln t r o d u c t - n

T he in cr easing r equir e no u s f or h i gh sp eed data t ransf¤

r cqu ir es r ep lacem en t of el ectr i cal in ter connect s w ith opt ical
i nter connect s in m any app l i cat ions su ch as asy nchr onous
t ransfer m ode (A T M ) and G igab i t E th er net -1- 3 I n design ing

such sy stem s, it i s v er y im por tant t o b e ab le to est im ate the
sy stem per form ance in the desi gn stage. Sev er al m ethods of

analy z ing op ti cal inter connect sy stem s hav e been
r epor ted -a- o H ow ev er , these are b ased on either com p l i -

cated num er i cal analy ses or ded icated si m u l ator s th at ar e
not r eadi l y av ai lab l e, thus l im i t ing thei r app l i cabi l i t y . W e

att em pt t o m odel the op t ical int er connect sy stem s includ ing
op t i cal dev i ces an d elect r i cal ci rcui t s u sing SPIC E, a sim u-

l ator u rn . r sal ly used f or ci rcu i t design . O ur appr oach i s

m ot iv ated Rom th e f act that opt i cal in ter com- ct sy stem s

can hav e m ore elcct r ia l than opt i cal p an s and i t s sy stem

per form ance can be l im i ted by electr i c cir cu it s r ather than

opt ical dev i ces. A n opt i cal interconnect m odel that can be

analyzed by SPI C E shou ld be v cr y usen d f or int er connect

sy stem designer s esp eci al ly w hen they u y to per f or m the

sy stem opt im izat ion f or g iv en Sp a i n cat ions-
V ar ious equ iv al ent ci r cu it m odd s f or such opt i cal de-

v i ces as l ascr d iodes and photodetector s hav e been repor tcd
M d their accur acy has b een dem onstr ated -74 0 H ow ever ,

the an aly sis of the ent i r e opt i cal intcrconnect sy stem based
on SPIC E has not been r ep orted t o the best of our kn ow l -

/ ( edge- In th i s pap er , w e pr esent rCSUIt s of such analy sis. 111
¢par ti cu l ar , w e dem on strate the tB eh alf- ss o f our appr oach

¹ ~ b y analy zing the rel at i onship b etw een b it err or rate (B ER )

and tr an sm i tter pow er di ssipat ion as n m cti on s o f u an sm i t -
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( a )

F ig . O B |ock d iag ram of board -to -bo ard o ptica | inte rco n nectio n sy s-

tem S.

( Ì

F ig . 2 Eq uWale rH c ircu it mod e | of o pt ical dev ices : (a) |a ser d o de
a nd (b ) pho tode tecto r - T he e q UN d erH c ircuit m od e|s of |ase r d o de
a nd photo detecto r a re p res ented in R efs - 7 and 1O, res ped |v e- -

photodetector , a mo del m adc up of a cu rrent source and
par asi t i c el em ents± i s used M d i t i s sh ow n in Fig . 2 (b ) .

Paraty- - r s f or th e l - er diode a d th e photodetector u sed
f or our an al y si s ar e ob tain ed R om Ref s. 7 and 1O, respec-

t i v ely , an d are show n in T ab le 1. N ote th at the cqu i v aletH
ci r cu it s ar e v al i d f or v ar ious ty pes of l aser di odes and pho-
todetectom as l ong as accur ate param eter v alues ar e sup -

p l ied .
El ectr i cal ci r cu i ts r equ i- d i n the opt i ca1 m terconnect

sy stem s in clude a laser dr iv er f or th e t r ansm i tter a d tr an -

sim pedance and v olt age am pl in er s f or thc r ecei v e - T h esc
ci rcuit s ar e desi gned w ith O.6 P m com p lem entar y m ctal
ox ide sem i conductor (CM O S) technology pw a n d er s-
Thei r sch em at i cs ar e show n in F ig . 3 . T he laser dr iv er i s
m adc up of a cur rent m i n or and a di f f er en ti al p ai r input
stage± an d i t conv er t s the v ol tage input ( % J to th e current

O LD) passin g through the laser di ode (L D ) . T he t ransi tn -

/ ( ¢ pedance am pl in er con¤ n s th e photogenerated cu1Tents into
vo l tages, w h i ch ar e f tUt her att. l i n ed by the v ol tage am p l i -
6 cr . W e usc a com m on-gate O pe transim p edance att. l i n er ,

w hi ch im pr ow s the 3 dB bandw idth by i so lati ng the input
capac it ance Rom the f eedback rcsima -¦ T he Vo lt agc am -

pl iner- consi st s o f a conv en ti onal d iHa em al M IN im r an d a

l ev el shi n ing source f ol low er . Th e d iHeren ti al input st age
of the rccO v er reduces the noi se i nduced Rom pow er sup -
pl y Hucn a ti ons an d p rocess-dependen t dev iat i ons. For sim -
pl i ci t y in analy si s, w e di d not incl ude autom ati c of f set con -

tr ol an d autom at i c gain control ci r cui ts. T o ach iev e the

op t im al pcr form at - e, the r eceiv er c ircu i ts ar c op t im ized fo r
a gi v en tr ansm i ssi on b it r ate. For 1 Gbp s oper at i on , the
tr an sim pedance arr. l i n er i s designed SO that i t s 3 dB band-

w idth i s 775 M H z and t r an si tnpcdance gain i s about 60
dB Q s. Fi gures 4 (a) , 4 (b ) and 4 (c) show th c Requem y re-

sp on ses of l - er dri v er cu rrent output O m ) , l aser output

p ow er ( P f ) , and r eceiv er ou tput v ol tage ( r out- f or 1 Gbps
oper at ion , respect i v el y . I t i s ev ident that the desi gned ci r -

cu i ts w e suÓ d ent f or 1 G bp s operat ion . Fi gure 5 sh ow s an
ex am p l e of SPIC E sim u l at i on r esu lt s f or pseudor andom
N RZ inpu t si - al of 2 7- 1 at 1 G bps. Fis t- 5 (a) i s the

output of the laser dr iv er , F ig . 5 (b ) i s th e op ti cal output

p ow er ( PP , F i g . 5 (c) i s the photo- na med cur ¤ n t s at th e
photodetector U pd) M d Fig . 5(d ) the recei ver output v olt -

age ( r out- F or our anal y si s, the t otal r eceiv er input ca-
p aCHan ce s assum ed ± to b e 0 .5 pF .

T ab le q The m ¯ o r pa ra m ete rs o f las e r d iod e an d photo dete cto r used in th is pa pe r a re ex t racte d § o m
Refs . 7 a nd 1O, re s pectN eb -

Laser diode
h r p @ Î % % B ï

m ---- m W s s - .°s

Photo deted or R ¦ A O . 2 6 4

O . 6 8

O . 5 3 4

~

B

Las |ng w ave |e ru th

O pUc a | Ä M ne me nt facto r

S po nta neo us m uss - n co uphng facto r

O pUc a l ga in c oef fic ie nt

C arrie r de nsi- at ma te ria l t ra nspare ncy

C a rr ie r H enry-

Photo n l ife t im e

D We rentia l qua ntum ef fic ie nc y

T he ze ro Mas , the rm a l eq u£ b ru nt
Ä ncent ra lo n of ca rn ers

Res po ns M ty

H atba nd v o ltage

FIRing facto r use d in Eq s . (9 ) a nd
( 1 O) of Ref . 1 0

F in ing facto r use d |n Eqs . (9 ) a nd
( 1 O) of Ref . 1 O

3. 1 9 V¢ , f
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( a)

5 0 5 2 5 6 5 854
T im e (n sec)

Fig. 5 SPICE SImulation results when biased below threshold cur-
rent.

Fig. 3 O ra nt schema - diagrams of (a) laser driver for transmitter
and (b) transImpedance a rm ing and voltage a rm ing for receiver.
The |aser driver d rcult is presented in Ref. 13.

n U, ® . . ¢

wI- - r £ is thc nominal peak vo1tagc, n % is the threshold
voltage, and3 B E R A n a l y s i s

/ - - ¢

For the op t ical iM a connccHon sy stem peHortra n ce
evaluat i on , the B ER an al y si s ar e per form ed . SPI C E
simu lati ons are 6 r st car ried out f or th e en ti r e op ti cal
inter com½CCHon sy stem s. From th c sim ul at ion rcsuI ts, the
ey e diagram s ar e obtained fo r the r eceiv er ou tput - For the
B ER calcul at ion , the receiv er noi se i s assum ed dom i na- d
by the therm al noi ses at the f eedback an d load resi stor s of
t he reco v er cir cu i t . T he deci si on po int i s set f or the p oin t
w here the v ar iance of crossov er t im e i s m in im al , and the
dcO g on t im e i s set a h al f a b i t p er iod aw ay Rom the
aver age crossov er t im e-o W ith th i s, the B ER cm b e ex -
pr cssed as10

d2 m C em - - /2) * ( 2 )¸ (x) = ¸ =

T he t ota1 no i sc c- r ent v a t¤ a d dec ision sensi t i v i ty r a n

are ob tained n om R ef : 17 . h O1e pr eced in g equ at ions, U 1jf
a d c £, are ¥ C tu i - Vol tagcs m ade by th c total no ise CW-

rent mu lt ipl ied by £ C r eceiv er s tran sit np ed- - c gain . B ER
is num er ical - cal cu l ated u sing SPI C E sUnd ated output
v o lt ages o f the receiv er and ¥ c noi se v o1tages-

T he Uam m in er p ow er d issi pat ion i s assum ed to be
dom inated by Cuma n s p assing £ rou t- ¥ c l ascr d iode a d

is csUm a cd w i th O5 ¿ õ ae d 2% + î ) , w I- - n am i s t hc

supp ly v o ltage d irect - connected to the l aser di odc , % i s

£ c m odul at ion cur rent a d ú i s the b i as c- ren t . F i g - e 6

sh ow s th e cy e d iagr am s f or m e receiv er outpu t v o1tages f or

m o sch a rts o f b i asing £ e t ram m in g 1aser d iode: Fi g . 6(a)
bclow a d F ig . 6(b ) abov c th c Ov cshon - I t i s d ear th at

t im ing j in cr occur s m or c ser iously w h en thc 1ascr d iode is
bi ascd bd ow £ c thr csho1d . T he r eason is m at dan -
dcpcM a tt eH bcts of l aser m m -on del ay occur w hen b iased

below the du esh ol d - n e m m -on delay i s id uet- ed by £ e
stochast ic nam e of m ontancot-s em i ssion ,m bu t th s cHcct

is not con sider cd in ow am b o s-

T he r elat i on sh ip bctw ccn B E R a d Ha n tru m- POW-
di ssipat i on i s determ ined f or b i t rates o f 1.O, O5 , and 0 2 5
Gbp s at £ r ee d i f f erent b ias lev el s as show n in F igs. 7 (a) ,
7(b) a d 7 (c) . For th i s cal a n at ion , £ c 3 @ bandw i dth of

¥ e u am ity- cdance am M in er i s designed to hav c ab out
75% of each b i t r atc . F ig - e 8 show s the Uam m in er pow er
requ ir ed t o ach iev e B E R of 1o - 17 as n m a im1 of Ua n n u s-

Si on bi t rates for d u ce d i f f ¤ - u u an SHUt ter laser b ias lev el s;
abov e the th resho1d ( f bias= 1.1f £ , sl id H1y bc1ow £ C

¯ ® ¬

Fig . 4 S rm nat io n re sult of § equ¤ - y res po nse fo r (a ) lase r d r ive r

o utput cu rre nt ¹ M ¢ , (b) lase r o utput pow e r ( Ô , a nd (c ) re ce ive r

o utput vo ltage ( You- ) .
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60 8O 100 1 20

D|S÷ pated T ransmMe r Pow er (mW )

(a)

2 . O 0

ùÏ Ý - -

~

y --
(>) Om-- £>

Õ Y ---
® ¢ .

¸ ° |
| ° =

/ - ¢ ¢

~

Ý
60 80 100 120

ð ss p ate d m ansmute r Pow e r (mW )

(b)
1 9 0

H : 5Opsec/d iv
(b)

V : 1 OmV /d |V

Fig . 6 Eye d ia g ram s of o utput vo Rage of rece ive r (a) w he n b iased
be |ow tm es hd d curre nt a nd (b ) w hen biase d above thres hd d cu r-

re nt .

threshold ¿ bias= O.83f £ , and zero b i as. A t O.25 Gbp s,

l ow er ing the b i as lev el r esu l t s i n r educed transm i t ter pow er
di ssipat ion as ex pected . T h i s i s n ot the case, how ev er , f or
hi gher speed oper at ion . A t 1 Gbp s, the zer o-b ias schem e
requ ires m u ch m ore t ransm i t ter pow er than oth- - b i as

scha rts - T hi s i s becau se th e t im ing-j i t ter due to l aser
t um -on delay becom es v er y pron out- cd at the h igh- sp eed

op cr at ion and, consequ ent l y , th e ey c di ag ram has sm al ler
op en ing . I n sh or t , l ow er ing the b ias lev el b elow the l aser
threshol d has an adv an tagc in pow er con sum pt ion on ly H

the b it rate i s not too hi gh - A l though our inv est i gat i on w as
done f or a pan icu l ar sct o f opt i cal dev i ces and el ectr ic ci r -

cui ts, a sim i lar analy sis can be done f or any opt ical in ter -

cont¤ ct sy stem s w i th the iden ti cal conn - r at i on SO that th c
op ti cal trm sm i n er b i as lev el can be determ ined .

E -8
u
m
ê - 1 2

- »

- 1 6

40 60 8O 100

D |SS|p a t e d T ra ns m ute r P o w e r ( m W )

(c)

Fig . 7 Re|anonship between BER and minimum d ssipated trams-
mHter power for (a) 1 Gbps, (b) O.5 Gbps and (c) O2 5 Gbps.

betw een t ran sm i tt er pow er di ssipat ion an d the t ran sm i ssion
b i t r ates f or d i f f erent b i as lev el s and i dem - d the opt im al

b i as cond i t i on . W e bel i ev e our appr oach can be usen d in
m odel ing and oM orna y- opt ical in ter connect sy stem s, es-
pecial l y w hen they contains m any com p l ex d ec¤ i cal c ir -

cuHs.

4 S u m m a r y

W i th equ i v alen t ci r cuit m odd s of opt i cal dev i ces a d
( ¬ SPICE sim u lat i on b ascd on th em , w e att o r- - d to m odel

and opt im i ze the opt ical in terconnect ion sy stem s including
opt ical dev ices and electr i cal ci r cu i ts. A s m ex am p l e f or
usd un ess of our appr oach , w e determ ined the r el at i onsh ip

3194 OpUca! Engineering , Vo|. 39 No. 12, December 2000
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