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50 where G(t) = fo'g(z.t) dz, L(=0.3 mm) is the amplifier's length, exp[G(1)] is the total power gain, En{t) = E-
{0,1) is the input field and E.w(t) = E(L,t) is the output field. '

The Rate Equation

55 The carrier density, N(z,t), within the active region of the amplifier is governed by a rate equation
relating it to the propagating optical field, E(z,t). It is more convenient for our purpose to cast this equation
in terms of the incremental gain, g(z.t), which is linearly related to N(z,t) through the relation: g(zt) = T a
[N(z.t)-No], where I' (=0.3} is the confinement factor, a (=3x10™'%*cm?) is the gain coefficient, and No-
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55 The carrier density, N(z,t), wthin the active region of the
anplifier is governed by a rate equation relating it to the propagating
optical field, E(zt). It is m)r %r}v n|Bent for our purpose to cast this
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, turn, can be substltuted in (5) to get the next estlmate of G(t) and so
on.asReaIisticaIIy this iterative nethod of solution can be quite tedious.
Thus, sone Rt LOF 1 e d/po,.pbtain an explicfs solution.
Smal | - Si gna4 Wdel Oﬁgr snaIrFI‘"ZFS’ngﬂqdr/l veP i.e., [err] (<:6<t)[err], t he
anplifier is alnost linear, and a good first estimate of [err] is the
=]\ig1earwr@t¢tput, [err] = [err] exp[[err](1 +[err])/2]. Substituting this in
(5)4and using (2) with the approxi mation exp[[err](t)(1 +[err])/2] [err] 1
+ [err](t)(1 +[err])/2, one obtains ]:ne desired output as

represent the low-pass-liltering operation. The resulting estimate of G{t) can now be used in (2} to obtain a

45 better estimate ol E,u(t). This. in turn. can be substituted in (5) to get the next estimate of G(t), and so on.
Realistically, this iteralive method of solution can be quite tedious. Thus, some form of approximation is
needed to obtain an explicit solution.

Small-Signal Model

50

Under small-signal drive, i.e., Eg,(t) 2 < Pgy, the amplifier is almost linear, and a good first estimate of

Eoull) is the linear output, Ei(t) = E,lt) exp[Go(1 +ja)/2]. Substituting this in (5) and using (2) with the
approximation exp[AG(U{1 +ja)2] = 1 + AG(){1 +ja)/2, one obtains the desired output as

55

Eout(t) = Ep(t){1—[(1+ie)/2] Fr [ EL(t) ?/Psul} (8)
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Theory

Consider a traveling-wave optical amplifier of length L oriented along the z-direction. Let the bias

55 current consist of the usual dc pump component Iy, and an additional ac component, 1 (t), whose form and

purpose will be clarified shortly. The carrier density, N{(z,t), within the active region is governed by a rate

equation relating it to the propagating optical field. it is more convenient for our purposs to average this
equation along the z-direction to obtain



desired inter-carrier separation. To denonstrate the effectiveness of this

schene, a two-tone circuit is described which shows a reduction of the

i nt er-.odul ati on distortion by%bé)gé ‘#4% In effect, this would 50 allow
t he operation of the anplifier 2i%tr eased out put power of 7 dB--half
the | MD reduction. Theory Consider a traveling-wave optical anplifier of

| ength L orrented along the z-direction. Let the bras 55 current consi st of
the usual dg unp ch(rp)onenN(t[)erNil an(Eogg(t}ichHEm(a) ac conponent. [err]

(t), V\hosea;dﬂfh)a’nd—ﬁpr cl‘a‘n‘f’rgd(;hvr‘ﬁ"yfﬁhe carlfier density,
N(z,t), wthin the attive regn"on i s governe by a rate equation relating it

to tshe propagating optical field. It is nore convenient for our purpose to
aver agehardhNg) equat Nen) ¢ Gnige sipee-avechige cdriep Hertsty, @bé &herpidbtronic dhkhgd, BE2th@21 Bl
[err] BeotivdhetumeN, 1y the carfigdedsitNEaused) bydz. 7ciisthe basries fifalies, bvie thagbelorceneray.aind

densi t i) @d Beufthese.gpspetliveinitee @Prar?g‘e outit jogticalfiglda.ctiohearey reirmatieed ueh Hipt F$ the
carri efergeansiopiralened by [err] is the carrier lifetinme, [err] is the
phot'dn efERYSP, shamqmetne Fela) WarrieqUavaT i jhe pieal newsygaie si aver 9V t he i nput and
out-put optical fields, which are normalized such that E 2 represents

obt’l cal power. to It can be shown fromthe scal ar wave equation that the
optical power gar n is BLyuéy) By [err e [erry is the node cgnfi nenent
factor, a iGopti tbaW { [ty carrier densi t&)at
transparency. The nonl ity of the anplifier can be directly attributed

to the tinme dependence of the 20 optical gain, which is showm in (2) to be

causedwlYe NS thd Wy bdiRdrhddDSacRl, Mt e dalnNERFEIZARLNE N SS NRITBarlidr desisity! &2

from (dansdaRaly. ithe Qbtne3RY or dhe dnfiifid 30 be LG, ARBUBDTAME Smb RBon@ndd boMe N(t)
[ 98 1 baticdi gfin, whith1R sROWBIRGEIo G Ichised bylBa&hd YarikReOHB®). const ant . |'t, thus,

f lows from (8) that [err] al so beconmes constant, and hence, the arrpllfi er

beconesinkaragwin.schéde 4 shows a bl ock diagram of a feed-forward schene

intended to linearize the optical anplifier by fulfilling (9). It consists

of an i npudcledr rewtt) batal orecasl er (Wi th power coupling factor, C, a

photo- det ector (with quantum efficiency. [err] and a baseband anplifier

(with current gaig Edrr] (j I|f|er s output current, [err] (t), 35

i s conbi nedl(\h)ﬁt'{hé puqsl.mﬁ) Bun(&h .v [err] If Kis the power @ upling at

the input facet of the optical anplifier, then (9) requires K(i- ©

err |s crycial_to note that, if he 0] tlcal naI extends over
hundt ér @6 e RSB NG A g Vgt qqr S trgoes e [ Pledht vve

lm

comuni C"f-)' g@ﬁo %V‘s%gcr"‘rg;o"l:ﬁ CONS\(agéd fi rwﬁ?c&clhc?r)::‘ mte d o Ir arrze *he o) tlcgloaﬁﬁ}fgeglggnd 45
arrpl I f{uﬁrmg llbfb ar lﬁ gupler@{ep r’c;o ﬂd 8) H Val ue
of thegeal eﬁ‘l’:.erfcy ,,% aFl a (with /?ragra.’fn @'5 Tﬂ@é\ﬁ&&.&f s%@:BE}%rrJn? gpnd

var at rsqraeb.t@smrm& taert,uﬁtp cearéngngrafw.gzhe(mﬁt Jﬁ“ ot [ 4% ofiiNe
| i near bgdifg, 16dal(5)86uiresl €r 1] (t), and hence, the baseban anplifier, need not

cover frequency conpo- nents higher than a few gigahertz, |rrespect| ve of
t he optical bandw dth. OGne can, in principle, think of replacing the

(eed forward pak{1syC {;eedbac path that is coupled from50 out put

sl dew of thgcoptl C E r’rtg opYicel |Ie this reduces the gain re |rerrent of
t he baseband anpli f| er, the round-trip delay of the feedback | oop needs to

be very small.
It is crucial to note that, if the optical signal extends over hundreds of gigahertz of bandwidth, as would

be the case in many lightwave communications systems, then {3} cannot be fulfilled, since no baseband
45 amplifier can defiver such a signal. However, because of the non-zero value of the carrier lifetime (r=0.3
nsec). the carrier density cannot respond to variations faster than a few gigahertz (several times 1/277g).
Thus, the linearizing current, 11 (t), and hence, the baseband amplifier, need not cover frequency compo-
nents higher than a few gigahertz, irrespective of the optical bandwidth.
One can, in principle, think of replacing the fesd-forward path by a feedback path that is coupled from
s0 the output side of the optical amplifier. While this reduces the gain requirement of the baseband amplifier,
the round-trip delay of the feedback loop needs to be very small. -

Experiment
55 A two-tone experiment was used to test the effectiveness of our linearization scheme. Two tunable, 1.3-
um, external-cavity lasers generated two equal-power tones with frequencies f; and f2. The 1.3-um optical

amplifier had a chip gain of 24 dB, coupling loss of about 5 dB per facet, and facet reflectivities of about
1x107*, resulling in less than 1 dB of gain ripples. A portion of the light of one of the tunable lasers
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Experi ment 55 A two-tone experinent was used to test the effectiveness
of our linearization schenme. Two tunable, 1.3- [err], external-cavity

| asers generated two equal - power_tones with frequenC| es [err] and [err].
The 1.3-[err] optical anplifier Ha¥3# B! gain of 24 dB, coupling |oss of
about 5 dB per facet, and facet reflectivities of about I x [err],
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Eous(t) = Emejlmww-ﬂt)l [1+m cos wmt’] * : (13)



[err] 45 [err] where N(t) is averaged over the rength of the anplifier L,
the electric field is normalized such that [err] has the dinensions of
power; [err] is the photon en is the carrier lifetime, [err]
/qV) is the carrier density coégégﬁ%ﬁ%f%b to the injection current I, Vis
the volune of the active region, q is the electronic 50 charge, a is the
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signal at the output of the anplifier is given by: 55 [err] 7 EP 0 352
021s B1 where mis the nodul ation index and [err] is t nodul ati on
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nodul ated signal (L1) IS rruc
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the’ﬂa lified with a gain [err] N(t) given by Egn.
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denon by a proxrmate evnde he 6 shown ero requency in
%FGI’ 9 tﬁe efge ive gain of the amplifier is rncreased by 3 dB (optical).

s¢ Claims

1. An optical amplifier comprising,
a) an optical gain medium,
b) means for coupling a light signal into the optical gain medium,
55 .¢) means for coupling light out of the optical gain medium, and
d) means for coupling pumping energy into the optical gain medium,
CHARACTERIZED IN THAT,
the amplifier further comprises a compensation loop which provides additional, signal-induced
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Fig. 9 which shows both the heterodyne-detecied spectrumof the anplified
"L2 signal (centered at 1.5 GHz), when L1 is intensity nodul ated wit

200- Mo/ s pseudorandom data, and the direct-detected spectru

(frequencies less than 600 MHz). Since nodul ation was not amnmm'""! J”m
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is reduced by approximately 20 dB. Also, as evident from the 6-dB difference shown at zero frequency in
FIG. 9, the effective gain of the amplifier is increased by 3 dB (optical).

s0 Claims

1. An optical amplifier comprising,
a) an optical gain medium,
b) means for coupling a light signal into the optical gain medium,
¢) means for coupling light out of the optical gain medium, and
d) means for coupling pumping energy into the optical gain medium,
CHARACTERIZED IN THAT,
the amplifier further comprises a compensation loop which prevides additional, signal-induced
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the means for coupling light out of the optical gain medium and the neans

- for csufi Merighlngnash Aeveeychy. i nt o the 10 optical gain nedium 4. The
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frequency Keroppdep Lichtsignalsimdasspliscpm¥orsty k‘I‘QS"&‘?t“F‘s‘t‘,‘Hé’P’ Bprichipng RigT Konpein dyr

ei nem opt i EYPREACTYR inste8 PRASFY SR UPRS™BY "RiSher  Ei nri chtung zum Koppel n ei nes

. Lichtsi g\,c k""_ das Rtl'fs'r‘ghe Ver strkungsrredl um c) einer Ei nr| chtung zum

Koppe!’n n Ver Stirk
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werden. 25 2. Vorrichtung nach Anspruch 1. in welcher der
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i st. a) un milieu amplificateur optique.
b) des moyens pour appliquer un signal lumineux au milieu amplificateur optique.
c) des moyens pour extraire de la lumiére du milieu amplificateur optique. et
d) des moyens pour appliquer de I'énergie de pompaqge au milieu amplificateur optique.
45 CARACTERISE EN CE QUE
I'amplificateur comprend en outre une boucle de compensation qui fournit au milieu amplificateur
de I'énergie de pompage supplémentaire, induite par le signal.
gréce A quoi des variations du gain de I'ampilificateur optnque qui sont induites par le signal sont
réduites.
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2. Le dispositift de la revendication 1, dans lequel la boucle de compensation est une boucle d'action
directe entre les moyens destinés 2 appliquer le signal lumineux au milieu amplificateur optique, et les
moyens destinés 2 appliquer de I'énergie de pompage au milieu amplificateur optique.

ss 3. Le dispositif de la revendication 1, dans lequel la boucle de compensation est une boucle de
rétroaction entre les moyens deslinés 4 extraire de la lumiére du milieu amplificateur optique et les
moyens destinés a appliquer de I'énergie de pompage au milieu amplificateur optique.



30 3.. Vorrichtung nach Anspruch 1. in welcher der Konpensationskreis ein
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Anspruch 1, in welcher der Konpensationskreis eine imwesentlichen flache
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variations du gain de |'anplificateur optique qui sont induites par le
sign8l sont r6duites. 50 2. Le dispositif de |la revendication 1, dans

| equel |a boucle de conpensation est une boucle d' action directe entre |les
noyens destin6s a appliquer le signal lumneux au mlieu anplificateur
optique, et |les noyens destin6s a appliquer de |'nergie de ponpage au
mli,gu anplificateur optique. 55 3 Le dispositif de |la revendication 1,
dans | equel |a boucle de conpensation est une boucle de retroaction entre

| es noyens destin6s a extraire de la lumere du mlieu anplificateur
optique et |es noyens destines & appliquer de |'energie de ponpage au
mlieu anplificateur optique. 9 EP 0 352 021 61
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