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P~| ULTTPLE WAVELENGTH BI DI RECTI ONAL LI GHTWAVE AMPLI FI ER BACKGROUNDY DAPR 287
I'NVENTI ON Fi el d of the Invention *166166* The present invention relates to
an optical transm ssion s~.stem |n particular, the present i j,on
pert ai n&Q /828Ul ti pl e wavel ength bidirectlonal Iightwave @ﬁ%ﬁ@?g}.

Rel ated Art An optical transm ssion systemtransmts information from one
pl ace to another by way of a carrier whose frequency is in the visible or
nearznfrared region of the el ectromagnetic spectrum A carrier with such a
hi gh frequency is sonetinmes referred to as an optical signal, an optical
carrier) orM PIE Wk JAZAH. BADIRBETEGNA i ncl udes a
plurality of optical fibers. Each optical fiber includes a plurality of

channel s. A channel is aggpRehbirRE bredlugneivbRPdoRf an electro '
signal, and is sonetines referred to as a wavelength. One |in) ~mmw"mh““““\
optical transnmission systefmiald &f INhednventioinitter, the optical 1]Dber,
afd a receiver. The transnmitter converts an electrical signal into tprase
optical signal and launches_it. in pL. i per, T i,cal fiber
transports the opti c@?e s?%%%?ﬁ%ol%ﬂ%ﬁgg?:lgi \%/%?QL eprgeégi \egrtqgérllverts t he
optical sitgifdlsmbistkiht oy arerl eciii ATt 5Fyhdl: AReoprPE8Ntt ransni ssion

syst em t hatn Jdransdh {Se P04 End had onguchapnel weverehhensane optical fiber is
sonet i nes bggi,erred to as_a nultichannel sgstem '"he SUBSTI TUTE SHEET { RULE
26) WORIS1 P ESE Peerd Used? 99353 Wﬁbgé For using nultiple channels in
the sanme optical fiber is to take advantage of the unprecedermmwﬂ i
of fered by optical fibers. Essenfial ach channel has its M m’”m
wavel ength, and all wavel engt hs g‘f‘g—g-é%agﬁ‘ﬁa ed enough to prevent gugarlap.
One way to transmt nultiple channels is through wavel ength division

mul ti pl exi ng, mer?“}ﬂ?rbé@i’@éﬁlti“@r‘(@rh?@gignaé?sEérﬂ”%%BEﬁngtEn the same
optical fiber. Typicail5~, four channels are interleaved by a multiplexes,

| aunched iMti@ e 0Pt | B fPDRIPLARY SRpAPatedr byY av@¥ntft Ppl exer at a
tecei ver. Aaveleangitogh visé@neslepul § i phechéngi elemenss separate the

i ndi vi duall vgayel engt hs, using frequency-sel ectitve corrgonent s such as opti cal
gratings of BaHdphssTFiTH 7’5, “ept T ool " 5T EAAr ST F avRFFhg Bver 1 ong di st ances
need to bearggeneratEd pech odi kadh yf tegeenpensat soherimeber | 0ss, sonetines
referred toas. donal A Lanuali ot FLOgK.] osen' Gduces: t Beravgrage signal
power reaching the receiver. Because optical receivers need a certain
anount of GPoier! 14 orant ¥R ®tover the optical signal accurately, the

e ansm ssion di stangen ddpdi€aDpctahsBignabni Sybtant edcbydkisbar | oss. Opti cal
signal eganeralian sonplifes, ~iLlozes ppLoelgelron ¢ regenerators. A

typi cal o%t oelect r'oni ¢ r%genera or enploys a recervert-ransmtter pair that
det ect s t He@dinetad iy pbtizhl tgi ghathacoavert s ehapnnelahsekectrical signal,
anplifies s%&lr@cécﬂeﬁrécﬁlﬁeﬁé%%éh&%f sh@nal ecapgnhhgac cenveghait he
anplified electrical S%Tgnal Igck into a correspondi ng optical signal.
However, GPtoeleciTUnt ¢ T egeREr AL s Ar &S qlii Y3 EbAPFER - an8ExpéRsi ve for
Fnul ti chamfelarsygiteisal Addatsonatign shetehecypbdnatlgohpenants in

OptoeleCtréygﬁ%ﬂfﬁggpyaéﬂgsoﬁéyégl—giber, and a receiver. The

transmitter converts an electrical signal into the

optical signal and launches it into the optical fiber.
The optical fiber transports thé optical signal to the
() recelver. The receiver converts the optical signal
back 1nto an electrical signal.
An optical transmission system that transmits
more than one channel over the same optical fiber is

sometimes referred to as a multichannel system. The

SUBSTITUTE SHEET (RULE 26)
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PCT/ US98/ 22353 transrn~ssion system bandwi dth to be limted. In oth 2 APR 2002
words, the difference between the | owest wavel ength r-ransmtted an t%e

hi ghest wavelength i:.ransmtted is ver;~ narrow. Miltichannel |ightwave
s~st enWOW8AEE? ~t consi derably when optoel ectroni c regeRETAS8¥3234T e

repl aced by nmuch sinpler optical anplifiers because the bandw dt h of

optical anmplifiers is nmuch larger than that of optoel ectronic regenerators.
Loss conpensation is carried out in an optical anmplifier by anplifying 1()

the optifalo¥onal, diJarl 1) WENOUR SAVELEIRGL AL £Qn@N oghaehhi cal signal.
In either éﬁse, regenerati on boosts the signal level and Corrects for
transmi Ssibey meydia nedtes adrntige of ethstWervecatdeniedannel optical |~

transm ssifan :SYSteime coNasy NSt ey Pi dikeet | onalsapphibeati oraefh the optical
fiber. In sone systens, one set of C{}?””e'% <%\{gvel s.in an east -t 0- west
t e

di rect i A& he Gt Cal oYt BBV e WY &P andt eV 2YPLERINASI Eravel in a
west - t o-easiradig®adricngh [t ofdererito coapemsate ?!) for signal attenuation)

conventi onal regerBenr atvs)%i t_trrcl)Jstg aur%'nlxiﬁemle?fSlgeBﬁggE\%lga;i% bl oc~:'s, one for
the incom ng easy.>-t0-wes set of channels a_nd anot hér for the incom ng
vest - t o-tdastuadetwapfe ldtamnte | &1 v imodheru bhop bex erd st wbeakugonul t i channel

optical J4SRNSM S eSSt &R d S tdinoi 88 15 gsBesahed ogk ;@iahf erent points
along the length of the system P-lore particul arlx, t he gain bl ock of the
optical BRAGTi YR Ghiaty r elfeer RPN abtIs2Hdi SREESEA¥SGpEYcE  si gnal
because nofl lSpant-aneousa e issd oinonrting applcél cAtben, Asdnore noise is

added t t Sy fanaly . & it th i cal
anmplifi %r.et%%ﬁl%%qsebs}tie. vveas %lelg#@%%gn%\%l Qt%%g#eggt;[ tﬁ%“’%ﬁ%ﬁ‘%ﬁ% 0- noi se
rati o ofditHe il damu Ichidmher Snp e brfedn degf aRRE2 £ Si §R&l -t 0-noise ratio is
t he ratiigdfvithe r 3vSBSIHJIIE SHER { RbEerb) - seedcABR 2002 WU 991 22259
PCT/ US98/ 22353 a[gbtpl i tLE annel . t t he noi se.

de of the c .to that of

Si gnal t FHHEEY =t 9GS Eh%a‘?ﬁ?]fcfaeﬂ Tht otiy#S 2 par ahEP&rScal leci no r se f
figure .fiRlwrse f figure (F") is def fined as (SNR),~ F~ _ (SNR)o~~ where
character] sti o of Bomant | Lhar e 11 o Feneed BofrchPthr SsteBERE (otoms is
t hat eadiged to be regenerated periodically to compensate for

fiber loss, sometimes referred to as signal

attenuation. Fiber loss reduces the average signal

power reaching the receiver. Because optical receivers

need a certain amount of power in order to recover the

optical signal accurately, the transmission distance of

the optical signal is limited by fiber loss.

Optical signal regeneration sometimes

util:izes optoelectronic regenerators. A typical

optoelectronic regenerator employs a receiver-

transmitter pair that detects the incoming optical

signal, converts it into an electrical signal,

amplifies and refines the electriéal signal, and then

converts the amplified electrical signal back into a

corresponding optical signal. However, optoelectronic

regeneractors are quite complex and expensive for

multichannel systems. Additionally, the electronic

components in optoelectronic regenerators cause

-2-
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10 of the Incom ng channels may arrive at the signal regenerator |n8 ut with
a,different anplitude. This occurs because of fiber attenuation, 2rAPR 2007
di'spersion, and non-uniformregenerator spacing. Fiber attenuation is a
decrease | rage |~ optical power, and results fromlo catter,

| oss due'*P EWE%% érfections in the fiber, and | oss due to a§§8ﬂ§§%%%5§
Rayl ei gh scatter occurs when a portion of the |ightwave bounces off the
uneven areas of the fiber surface, losing energy In the process. Fiber ?I~
i nperfections can stemfromthe fact that the particular fiber was

manuf aCtU"r%@nlé%IJl&i@rﬂei g@mwmmcmd {4 ave thenfest.t hah bheeki ber has

bends, eWher | ar or.s due to absor tion can. be t her -
intrinsic" 8Fd&ue%?\?' qx:[qné:s %%‘I@Ieﬁbl%h? o]so gt a” \égllgn%%perty of

optical firbemsrherelsy dretase relgerﬁtstormgrﬂajtemgqjhenmwalthedemer gy in the

optical signal .5, aRsorhed @and Hofe I ecopuenahl & %t sthesreegbyer. lrnpurit~~
| oss occurs pr| marlly because the presence o~ sO water vapors and ot her

i hpuri ti e§SOCFISE ISR YC AN GRHCS T P HIS T O 3T AT Faf "o | oss due to
i ntrinsic rahserdetd ey nkguald ynd aordrediicd s driel f acérs h)aecéuber takt enuati on

due to ab r ent f {q ET (RULE 26)
Q 2 APR 2%%5%@&9%52%%%@@ Zrho dihffle%{vnvlo \/\ngf/éjfrjen t% g'ltéﬁhave m ni mal
r c~~i us9RtAa3~ ot Wﬁ%h%ﬁifa?rfelc?mq{?ﬁfaﬁfepll%5uﬂrﬁ>ssf‘H@mP9ﬁFééllOé2t t enuat i on
of an opt uesalca&lrgréai Aaperial i b0 a3 0B ¢ MOKyY) a1 MEGHngr eater than
Lhe attenu tion aof an optical S|gna1I operating at 1550 nm .which is 20

B/ 100km "B (Rerifste, S W1 e hiH Mt Y s ERHPRYE t AR U8B Ath £FakSni ssi on
w ndow, then etlha@&'itﬂceanluaﬂqjmlw I IIrbeentIﬁeaﬁ easde at rdddNenatand i ncrease as

I I f | d
For “oper at PR i e ASU0 mraq el S 8 HUoh L U SPEORGESRY. 1t 15 no

smssion w ndow. Un una IS not
f easi bl e tioreperdrgsat only Lhe wavel ength that ensur es the | east

attenuati on because dfiatena Mouwl L defeats £ he, 0bj @ctiNe: OépI—]@Mb@g a Wde
bandw dt h of operating wavel engths. 1> Fiber |oss is only one cause for

87 f Ler i ng YRR @F1qTt doetens SRESqor it e nel dbtehi ORfber al so causes

channel ara@lpltll&&adrp Amrdhe 'EI’gﬁ::LQﬁll cal b d o berIrl Ss@m¥esysthins, Wone made of
gl ass, or si I | encl cI: bay | addi n The c addi ng Ls_designed to reflect
e o

the 72U |i fRtwWeSIHYE the @oi% of T HE' <735 ta Wi 185 AL T FREST™ £8ht waves
refl ect badle amilfcwrlt H e e eriitle awmrehancetheo ]l adaihngl sotragklt hat t he

refl ected jlj ghtwaves ars, del ayed.and, ar riye, aief he,t £ansahsgkan system
reckEiver often the primary |ightwave arrives. The delayed ?5 |ightwaves can

pe troubl éé’&rre“d?é‘ﬁ’elncﬁtrberb’rﬁttlﬁe“ tﬁ%"b?“%‘p‘?ri‘%]alr??%’e?r%%éis WHFLi node
di sper si om taQciles tud Wh@giax&l’& terired mditd nostes f £ ber sheSingbaimade fi bers

elimnate the effects of [ Ailg@aq%%iffﬁa:r@is%go%ﬁg% Eptroduce chromatic

di sper si on When opera’u ng within ransm ssi on wi ndow.
St ep- i ndex rfddyernsy hegeet i ;i e & ctertormlt | ehalispe? si on operating at 1300 nm

but significant chroimdice di SPeFsd Q- 2d - 1850 nin P sperahapishifted fibers
experience nini mum chronatic d| ersion o'g)er ating within the 1550 nm

transni ssi (ﬂ*l‘BalsWSIWWE TFR E 2613 2L APR 5088 MAFBEES) 22259

at different points along the length of the system.
More particularly, the gain block of the optical
amplifier signal regenerator adds noise to the optical
signal because of spontaneous emission during

30 amplification. As more noise is added to the optiecrl
signal, coupled with the fact that the optical
amplifier amplifies the weakest channel the least, the
signal-to-noise ratio of the weaker channels becomes

degraded. Signal-to-noise ratio is the ratio of the

3-

SUBSTITUTE SHEET (RULE 26)



PCT/ 1JS98122353 ~-:indo~~~. ~.s a practical matter, there is no guarqa,géﬁﬁzmz
what t-ype of optical fiber will be utilized for each I~n); of an opt
transm ssion systemthat spans an encore continent. Another cause for
differin anplitudes stens from non-uniformregener g. For
exanpl e, gbc%inéew@%tsgnnel may originate in Seattle, and anot herartcg'?l'ééﬁggispn New
Yor)c. The ultimate destination of each channel is Washington, D.C In that
case, the 1() charnel originating in Seattle travels further than the
channel originating in New Yorlc. Because signal regenerators are placed at
conveni entamas 10p@esed tthalrciranof I d @cata ensfatbegnbheer outegheamorigin to
~| est | nat T::00 l|Ste |rsatdlloff| cullt 1o ens rth Q@éhtge %@ opt| e&l channel S
arrive at thé’r SComfort dest i hat' on” Wi Frade.

typi cal gaion slel depeirs - diviopr |@aama¢rp[1r"f| ars ﬁ&jnlfﬂect e@ner at or recel ves
the conposite unidirectional signal and anplifies the channel wth the

gr eat est incom ng anplitude, to (féR):' () detriment of the wea):er channels.
Che problemw th conventional~ mu dJZhannel optical transm ssion systens is
that the difference in anplification”™betv~een any two channel s nust be

t ol erabl e, [ esirabl e g ave & ual _anpl i e or each wavel engt h.
Mor eover, wtht?eres;%&%alret §rioi €2 PR iRYY ra%?/rqg?\l/}éggclignﬁé CE%P 5}920 be

Wit hin accept abl e | iSfiitls. artcmfseltdmﬁm@her’sshb@ pet caneangt Phiazi ng

conventi onal; §icgRRn 1e%t@f@§pr§r£¢§rﬁw§§u% ypeggrat: s.:EaeHgt agphi tude,
gnequal channel s~1 anplification, and the dition of noise in each

hannel . ARtoth&r LHCoHE1E FRINRDNY dFRY oﬁﬁFl‘é?gﬁ’él thegehePators is that the

desi gn i s r@diehe rea @hptﬁt vpterrtsla/edl sl BAs @l@@[lﬂ@@éadeTﬁQ-@abl lity. For
-fi SUBSTI TUTE S EET (OS Q 0 Ztébtrlill? 002 99I%2259 PCT/ US98/22353
exanpl e, i1 °0r e 6 'Gjerat € akf higner darh rates Wt hotP SERa

r egener at @tfuspﬂ@?@i wqu@rdresn@;memmmd $yeino.repl ace nost of the system

equi pment. This is %%P%ét&ﬁ@f&t%c e&é@?@&§ea£§ RoL mlgley tuned to 5
t he operating paraneters of a particular system It becones necessary to

| ‘hcr ease SPStEmlc APNEL Y, ather &3kt s off @Me @ﬁén@%enﬁgtsﬁétﬁéﬁl aced. If the

gai n bl ock csectiuen tef 1&ﬂ1§ér5ﬂe9:|‘lalor{§9ﬂﬂetfl@épf1bérpp<§ﬁ)@| eetE0RLE, tbhen the
entire rege}nerator nmust ; repl aced. Li kew seé i S ex ensive to have
& Y Etn‘-*errth REnpe

two anpl i FrE&EPG and rpg‘f St gk POCREFVY dPPEEE 8n8lf opti cal
signal s. SUMVARYhhOkvaMdE dA\NVENTY OGN 1 ~thé henpveseateasvet tbr Esbarsyst em and

met hod for, QRLI. @ zing. tntg;e eqeéltﬁ:garpcg,le aﬁrgcgylstl cp%ggl opti cal

transnmni ssi on syst em Of an opt regener at or corrpensatl ng for
Phput si grita‘lpeﬁé\ﬁ@rtlqutfctqm|Fo¢f3’%1nﬁjr<?fbrt}é®t F)ﬁ?tstﬁél t@al n change, and b; ?U
mldly fi Iptaertllegxnartdlfvm&tqalwwwﬂrﬁmgéaeubetaweemngabmdetoc stages. The

systemlnlu es .t wo wav th_divjsion tiplexers dtoanoptlcal

fiber, 3 3‘6\%? ﬁaﬁéﬁ‘ﬁnﬁ%&“ Ui g s %%EupF}eaL ER {ﬂﬁ 88% g §cvi si on

rr~u' _t| pleexéres, la ey ebengtdl tonbi ner coupled to _ the power management

units, two optical ’Iiﬁﬁéf't?é Sté!"iéé‘s%é’?%’ﬁ ggHa{)%zg%tﬁg@dl tioner in between
t

them and a wavel eng splitter coupled to one o e optical anplifiers
and to t he \EVEISeigtar diue s“r@nlfmﬂlﬂbte%ersImFﬁénﬁet?hé@SﬁneISu@es t he steps

of anplif bdsig %ﬁ%ﬂeﬂzfdymcﬂﬁ @gbgiiésptfpeat QBE!r@BL/ pk@gRake using only a
single unlﬂ ctolona a |cat|ona]ej refi nement § gt |1 fication of
bi di recti dnal” Si g% a%}&%l??trb?n%hté Su8lRE%¥ pPuFafi B% 6ana| n bl ocks.
Ref i nenentsighaldi dix edtdonadd sngnabs rscavevaplieshedtby r'e?eiv8WBSTI TUTE
SHEET (Ruhﬁp%@hty loss occurs primarily because the presence of
30 water vapors and other impurities cause optical signal

energy absorption similar to loss due to intransic

absorption.,

Equally important is the fact that fiber

atcenuation due to absorption i1s different at different

4.
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APR 2002 ~'fU 99/22259 PCT/ US98/ 22353 controlling the anplitudes of a
ality of t~~avelengths. BRI EF DESCRI PTION OF THE FIGURES FIG 1 g9 APR 7002
strates the power fluctuation conpensation of the present invention;

02

pl.ur

Il u

G 2 illustrates the gain change conpensation of the present invention;
| G

il

[
F
F 3 i1l ustY@P¥B2%%he mild filtering of the 111 present invenfGUHSSERE ~
| ustrates a preferred enbodi nent of the present invention; and F1G 5 is
a flowchart depicting the operation of the present invention. | DETAILED
DESCRI PTI ON OF THE PREFERRED EMBODI MENTS FIG 1 illustrates a nultiple
wavel ength bi dhé@‘é&éﬁ@@lus' “‘9%‘3‘3\&%\%’1@' f'h%r dl)moaoch(lﬁ‘%fee'rﬁaﬁu#{l anplifier

100) that nonitors incom ng wavel engths annels), as well as their
i ndi vi dual poweftpavaksonandecddtfong taﬁé‘ |1r5r§d’tn”%/vavélh@ndbﬁ”a‘|?ﬂ‘)+l tudes. The
present lnven;heeeaasun@s @QU?h @b&p@h& @hghﬁﬂli?ﬁnﬂﬁhﬁﬂ NWW@&@DQBHS b; ~
conpensati ng t power uct uation Y tively ovi ng
the dynam c ’>~8[r3éw§pof a lnuf’ et GEJe% %hatn %]ee %en%caé (ﬁs ggp{éhe above
by equal i zi ng Phélﬁé\}veﬁlaﬁeﬁlgopﬁe‘adllfﬂfgelaéntl%é%n(jﬁwh Aéns e?@ht channel

anplifier 100 us/depit edEu@cﬁl&mo%ef,owtlhlluxsmtj \igs RiHlplQé?@ cioweysy, the
present invention _contenpl ates chann vel engt hs)

nu r_of sli
. Anplifier 100™prodlads=gnpr ]WIlB |w021%§‘ﬁ&‘ LS %t%a ?1 a’ %i{? P& stage.
I'n anplifying &hd iekeni ag asbiddinmeetidonalcreptdecas sllmadgeltdnmmesent

i nvention eli %Q@E@én he peed. f% WG 3 Ages,o Qe T ofhe RBSTLTSTE SHEET
(RULE 26) 0 2 APR 2002 CVO 99l 22 59 PCTI_US98I1 22353 | ncom ng signals

traveldng in ahrééstfotoo\ﬁ’@srla tdinBedti dAeand O ¥k TR THRE P VhEBRYng
signals travel Uﬂgolrlﬂuhalﬁély‘ ast -ilsoneastf edigiectd ad dpaddn set s opnipcom ng

signal's utilize,the same refinement, and amlificatd on S&98, ¢ ;on
because that would defeat the objective of having a

wide bandwidth of operating wavelengths.

15 Fiber loss is only one cause for differing
input amplitudes. Dispersion in the optical fiber also
causes channel amplitudes to vary. The optical fiber

1s a very thin wire made of glass, or silica, enclosed
by cladding. The cladding is designed to reflect the

20 lightwaves into the core of the silica wire. At times,
lightwaves reflect back and forth between the core and
the cladding so much that the reflected lightwaves are
delayed and arrive at the transmission system feceiver
after the primary lightwave arrives. The delayed

25 lightwaves can be troublesome depending on the type of
optical fiber used. Multimode dispersion occurs in
what are termed multimode fibers. Single mode fibers
eliminate the effects of multimode dispersion, but
introduce chromatic dispersion when operating within

3() the 1550 nm transmission window. Step-index fibers
have minimal chromatic dispersion operating at 1300 nm,
but significant chromatic dispersion at 1550 nm.
Dispersion-shifted fibers experience minimum chromatic

dispersion operating within the 1550 nm transmission

-5.
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Amplifier 100 nmonitors the relative anplitudes of the incom ng channels and
controls the individual channels in order to conpensate for any po
fluctuations. Optical fibers 102 and 104 are 10 coupled to mavelengﬁ%APRzmz
division nmultiplexing elenents 110 and 112, respectively, %

i nput poVPSYARE° out put ports of anplifier I00. V\avelengthpﬁT g?gﬁ
mul tiplexing elenments 110 and 112 are coupled tc the inputs of power
managenent units |20 and 122, |~ respectively. The outputs of power
managenent units 120 and 122 are coupled to the input of an optical

conbi ner 13Qqolhe Qud pitp Qfc ORid caha cOaDI n@ﬁeﬂﬂgollssn%mégla%@ntt‘éet he i nput of
erblun1doped fi ber Cggpllfler (or ai n p] ock 40 Thﬁ ?utput gai n bl ock
t e

140 is ?1 YPIESupiEs 1 (W iThutt Ureh ¥t ghal CBHHFFFS °1562“The out put of
si gnal conduﬁ1@ﬂémuﬁ&muraamnqﬁ&mbmos$h@n|apatemftéablamad@pea fiber
anplifier ogpt 513% ddder (or gambloc)c) 160. The output of gain blocl~
160 is coupled to t |nput of an optical splatter 170. The ?5 outputs of
obtical splatter 170 oSt BT helf At RIof "REGePBERLR UGSF si on

mul ti pl e: {sltl'@lsaf&r&rﬂtr&)rﬂ-lﬁuaﬂtﬁkn? ﬁéqené}r)at@al sbabem_, 10F3rand 104 form part

9VIde t he

of a multichan eI tlc netmork (or. § r n 3 I LPptical signals
are passe&”ﬁnﬁg' eren D ret |%ﬁ§ Flca %egggg 10 and 104 in their

si npl est faOanlt&mslrsatnrml alcyewdyechal c@he ol tsmhitea dglsds e agionounded b5~

cl addi ng whose diefdaaidye Ndexshsnbe¥er Hhan that c@h .t wa%ecort%e I n
practice, when conpared to g . SUBSTI TUTE SHEET (RULE 2?) APR 2002

90 99/ 228G BER %ﬂ%ﬁ%?%ﬂb%t?%ﬁFEl?r5ﬁ§ﬁF§§l5H ﬁ@&lathﬁﬁet$§hdmndth o~
optical f~cHeire 1102 anithad0idng sicomew desabl e. Béhaupet engnall bandw dt h of
optical fiher Qﬁxapg ;p éfaégap£9x%899&ﬁken%03%{égP%@ %htls enough for

312 mllloeq[e one qua y VOi ce channé ) Each optlcal fiber
carries fcnn‘QQRﬂnkﬂ@ﬁwiﬁnStakﬂmg th@or@uhEtﬁéO@aQﬁiQanéQt di rection)

anplifier 400 ,and four Charmechﬁffba&maae!engn&@ ChAct g ety t Oeast
direction)anplifier 100. East-to-west channels 10 are conpletely different

f?om west ARt CHmet . 2 EakYe t Bt wekel EnGARBPE EREER AT {Rdvel engt h
di vi si on nuldH plred ;dd@e eéﬁjmm é:h@laﬂddwestat eypashichanmnels cemt er at

mavelength di vi si | tiplexing el enmen Bot h wavel engt h divi si on
mul ti pl exidg 4™ C§1elﬂa @hi}%.% 1iﬁg3?% 33 eP%FaCO rEEEl% regérred

enbodlnenmomnnaxxérwnaﬁwmgcee¢@@l|@ngn@hp@nénamQQGﬁlag ahalffract|on
grating. Aliffaaction gratdnge aogu!l ahlyn dhsparses chiaght vd ng vari ous

conponents as a function of vel ength. Wavél engt h divi'sion multipl exi ng
20 eIemﬁﬁ%?ﬁ%ﬁ”aﬁﬁffﬂ?eﬁ#%%ﬁ?s%“%b&?iélIy i ndependent optical channels

by separating the wayxeé efgd hBe®Ul i Oh @@hbéat;oﬁlabehﬁlll(lz:kﬁmd)eﬂ04
respectlve!sr}/tIJV ve engt h. dw~si on Iti gexbng % 110 and 112 are
53 erfor

purel , ~ pass and” $&VeE ST HYR 5%5 fgléhéiﬁ'conblnlng

or wavel ergthl splddtioy Pemeteonsny Other chhanedemaueyt iceal signal | oss
because 0“6{%¥ggfgt coypién@g §PQF§8"?OCBQ§§t%bLa1f P iMRegdect channel

separatlong mul ti pl ex/ denul t1 plex operations are transparent to the
i-ndi vi dual f €hafifel ‘V\ﬁ‘(/‘él%’h‘@%lhs M\OFePéaFuréhéf SwENEl lertgt M drfisspon
mul ti pl exing: 8 elendsy 1d0vandcidAnes hhiat they ake waltsart ransparent to the

L: ~idm ect] onal %ﬁﬁg hgiﬁoptlggls angl§ 1U2 and %U 4. §gpa{ated

wavelengthscﬁi 2127 4Fe asseé bn'*to omer nanagenent units 120
and 122) rte@plemlcwlﬁyqn\&lBS‘NﬁFWESSEEET Q‘R@EEeZ@)torSObECAI@ReZGﬁZ CvO

991 22259 unequal channel amplitude, unequal channel
30 amplification, and the addition of noise in each
channel .
Another problem with conventional signal
regenerators is that the design is quite complex,

expensive, and has poor upgrade capability. For
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PCT/ US9RI 22353 Power managenent unit 120 nonitors and controls the relative
anpl i tudes of incom ng wavel engths ' _i4-117. The nonitoring functi dh? APR 2002
provi des a benchmark; of tt~e anplitudes for future application. 'rhe
control function adjusts the anplitude of wavel engths 114-117 as needed to
bring t heWOWPRHSH tol erable differential |evels dependi ng SRTAPEY &R
paraneters. Power managenent unit 120 can be an acoustic optical tunable
filter or a variable optical 1() attenuator) for exanple. Power managenent
unit 122 perfornms in a simlar nmanner as power nanagenent unit 120, bur_ on
wavel engt he xb241827.. lUiddupowes dmdwmgeseant whghsr 128candatz22 | ocat ed

bet ween ~~~av%l engt h division ml ti%)l exing_ |~ el eme tgilrlxgraﬂg él 2)
respect i vel'y," TR GPENEAN T I T 3 Y BRPr Y erd 106° A8 EF e2°848al i nput
anpl i t udes havea tper apdveleengidt baSishe Toy st deségnipmenhat | ThllByieonpensat es
for any po"ﬂ%rcafuls%(:tt aet'e%coe‘rgrtae%ogiéx&@;kc@gpél nbAR41 5y POWRl mBnagenent
units 120 ~g! and |22 overcone the di sadvantages_associated with,

cohvent i ondlhemPPEretiave P31 3R vRNe 2§ st eRBT E¥Rat 2 pofe? ERBnagéfrent units
120 and 122 comeensaiedQiry hes facdréded syscavetgpgehsyor ceBannel s within
optical si %rlal s 102 and 104 arrive at a cog’rmn dest% ng%i on wth different
anpl i t udes = {GFEOR THHHTHEE L3 T ot vEEP AADFT L ude” ak3FugfER9 wavel engt hs
134- 137 andb1bbk- B4&L tanch cohbihess tdrenl t vependogecn tonposite signal 131.
composite ol gnah L3k LaN alfial dnel Gl veveLgoghl seopnduls ga produced by
wel | known opti cal co i ning techni ques, such as by using a fused filter
colipl er or "&Pd@fEidengtih KAWA %% ont trul | PYRRERGVE| BReR2VeCbiposit e signal 131
i's coupl ed atn®1tilte danpdn ofndgQatdr Pt aedritc 140agSUBEI | J&ii SHEET ( RULE 26) 0
2 APR 2002 b\(\%i9r9lcg_2125n%li ' Ctrl/égl 851981!1512?953 Gain bloc; 140 is an opti cal
anplifier. 'Gan I‘oéj): 148 Yecet ves? and anplifies all eight wavel engths
representing both propagation directions 1n the original optical fibers |02

and 104. In a preferred i gubedr¥eRr 198 Nbi@ek 40 is an erbi um doped
fiper anplifier. However, garn bl ock 140 nay be ang/tlarrplifi er responsive to

2\ 0
composite signal 131 i § VSR E RO QP 7i BYS 40D dBYi BRtPaFanet ers.
Gai n bl ocl £o¥40pdiinactiryy arfd idd efoeeahc #aveh eaghil t Whaonel1() tile need
for optical__t l.ectrical. conversi It _proyi . Lfication
necessary £ tgfgrlcd&gqﬁlesfsﬂ%%sg%gt_p Tbe?Paf?%{e%ﬁg%{:%ﬁ gg%}hﬁbl ocl c 140
provi des hir§ly eg&ind ‘overPe-catrRars 3t W def BANEWPEEhS1ITAL RPYBE bandwi dt h
mat ches reasorablay W ladder bansiveslih & rgaxai fabhechangeophheabyfibers 102
and 104 as di.s usse above. P-~loreover, %aIT bl gclé 140 can tol.erate optical
sfgnal s of "8y ‘Formatt Cor” LYTON schi@hB SBEENS a8 hBFEFi £§:8hi ft keyi ng
or anplitudd st fsraees ng)Tios oy stemt encndeh tsoteameldlenpahsparency. ~' (5
Transpar enc J & 4V an! A0G0US, DECaUSE, | LaPEBMaACspELEXADEL LY Tah g system
operator. In principle, the systemoperator can provide a variety of
comun~. cati oy FEMATRCHE ‘diifereptP b Fat &8eoYeret RBISAme system
wi t hout t helinaed Jromchangi éige g8 Na bh@GETENGS NI egubl adrwecblipteavent i onal
optoel ectrqnic regenerators. The output of gain ock 14Q.is _an_.anplified,
uni directi 8‘??5 pcoé%bros”i‘%neé%?r&%%? i{ﬁigg\l t Flwcéi gﬁ%lﬁg\%eﬁgﬁéfgéearﬁd WT’lecé]ds into a
gai n bl ock 216CWTordd G gd ¢ onceodl shetRY) 1bubefgrenprBferabihg, ainto . s()
SIgngl _conlcuatuézr@ggtwospﬂtgg@f s8hgi thoner oha0ok s t el bpk.rilgwi mht hgd%t, and
can be inplenented using. a dispersion co nsat or ,or wayel.ength a rop
el ement . Mae”}r{ﬁrfofelseilg%aalrg%o%%i Hg)%n\“’ﬁ‘ée?‘gngggi aéﬁ)lSéaf’ntX&&EE%i‘?@srecei ves
si gnal 151 The ectdhod rione ades btioe) step@ SEUBSTPTUTEL SHEERA( RULE 26) 0 2
ARR 2002 retining bidirectional optical signals using only a

single unidirectional amplification and refinement
stage. Amplification of bidirectional signals is
accomplished using a plurality of gain blocks.

Refinement of bidirectional signals is accomplished by

7.
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~V O 991 22259 PCT/ US98/ 22353 140. Gam bl ock 160 is simlar to gain. bloc);

| 40 and perforns the sarne function of anplifying all ei ght wavel engths
representing both propagation directions in tl:e original optical fijlgesRR 2002
102 and 1U4. In this manner) gain bloc); 160 anplifies signal 151 w thout
regard fwo 9/b@squal ity of signal 151 (other than signal aR@IiUS®WIRPS3 The

out put of gain block 160 is anplified urrid~rect~onal signal 161 and is a
conposite of the eigh~ wavel engths of original optical fibers 102 and I ()
104. Signal 161 feeds into wavel ength splitter 170. wavel ength splitter 170
recei ves and, separates ,co it | didecti sign 161 into eornponent
wavel engt ﬁéjn:%%é%flg’ ?“(?ne %%ﬂllé:ﬁl#o@ %{/:ﬂ eé%é?%ll |%ﬁ s(?%)n mul ti pl exi ng

el enents vé@edrdotli®. |~ In particular, wavel ength splitter 170 presents to
~~a~,relength division nultiplexing elenment 112 the sane foerr wavel engt hs
172-175 that were received along optical fiber 102 and separated as
114-117. Li kewi se, waBBLBRgRRSSBLPLLON @79 THEFLGURES, wavel ength di vi si on
20 mul t ppl exi ng el errert. 11Q 1tthe et alre visewed enfl st 76139 t hat were
recei ved al ong opti.cal fiher 1Q4 and s: ed as 124-127. |In other words,
mavelengtﬁgmfgff?glégé fhgﬁﬁéé%%é%ﬁi(gﬁﬁgégﬁé?li4-ll7, and wavel engt hs
176-179 are the samd Wavel digiussrasapshe gaipchapyever) the anplitudes

are differepbcbacauss tdrewhave-haan adjwusied,{ o conmpensate for power
fluctuations at anplifier 1 i nput. wavel engt hs_ 172175 and_176-179 travel
out of wavel ength difi%i oh lS'gllutsltpTi""et.e{si ntd’eelr%]g?egt*sll]ﬁ%rh%ﬂ qfpthe

respecti vekyseand :3(vVerarieor;aunched into optical fibers 102 and 104, respec
t: Trely . In this gnbodijmnt r ggqg' ti i fi 10U al | ows
for optimzed operation opqg_dlﬁlgglctrtaaneﬁotaﬁ es %%%%%hélﬁ?%vﬁ%}ﬁ%tﬁgby

measur i ng ‘e PFRFE™ & 1N VSUBSATURRSHEET (RULE 26) 0 2 APR 2002 fVO

991 22259 f C7' /US98/r22353 sigyralf pevetaperdawvet engt the Thee ps esent

i nventi onOcheéfr%ec%r;tersoelpg; I.nRut wavel engt h anplitudes by equali zi ng power
anong the dif

X ) nci1o . .
| er ent” "wavel enget hs. " B~~ conpensating for power fluctuation,
the present invention thus nproves the effective dynam c range of anplifier

100. Ther & aigshialetlis AMANAIes: CANE o5k ek PbICAIROhT #EnRE ST
managenent units an Z. acl ng pou: er nanagement units 120 and 122
on the inputs of opthi’&al lconBivferraRF cofpehsRed Yaretmegtal | (1 power

di stri but bad.a@eng drizg NevWig avavel et drs . 1 dhushet©i @b £ pewer i s enhanced
inthis enpno ii 2Nt qfo&)hettr%rtesm%ntitionvsenitrigélm.nGi ven that ﬁisn glrocks 140 and
160 i nt r odi&e "nai*se into € i ndi"'vidual ™ wave é%df%s, HoteZer ©F ~~he noi se
1 gure of camphieflisgr, 1260 wes 1l 25 edpairdi Zedl v iNbrrel hedess, 1efekahanced opti cal
si gnal powels ic$nfrPad amunt, JymardAancsq tineint her egbodi mept depicted In
FIG 1 is appropriate. In an alternate eﬂbodlnent, t he present invention
nmeasur es SIFGFE-t 0-"NEEe Fats T 0Fe e 24 1°WaRY hge f : “BRd control s out put
wavel engt h nainpliidusde sva Vglad my t Hsheorampdnp e res a aceonpd i shesut hpswby equal i zi ng
power anong.th i.f e | engt : I a .ernate
gnbodinen?qﬁf“ﬁﬁgjﬁﬁgéeﬁﬁm¥%¥§nt|oﬁg§$ﬁ{%f% é%%ﬁ§y§§%hEﬁ§ égegkégg

ful tipl e wWaveICerdt R di et i dHa | 4eht Waver ah? i f¢epmpbdshernthariy to
anplifier akﬁﬁl,e Yy erwl nderz 6fg V@V@!;ﬂfb@éfflsarﬁfﬁxyg beh?eayfsegenbﬁpl ifier |2|00
optim zes the . signal-to-noise.ratio o ac el en automatically
conpensat iwr?é’efl()err%atﬁ"ys gai't chste ?}ha'%rh%fﬁrip}\xg%//ﬁ%ng{)Es.lgomi cal fibers 202
and 204 arerdowgiced it & Mavel eimt hi diws stonivel pippexeng Bbesertrs 210 and
212 respeqthrge@é—,es}@whirw&{gi% 53}%&9#;&@9% il fthoDeT be of anplifier

200. Vavel engt d|v;5|on mul t1 pl exi ng el enents 210 and 212 are simlar to
wWavel engt F@niedison SUBSTH eSS SHEET ( RULE 26)

Amplifier 100 provides amplification and

f | ~

refinement 1n a single stage. In amplitying and
refining a bidirectional optical signal, the present

invention eliminates the need for two stages, one for
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0 2 APR 2002 WD 99/22259 PC r/ US98/ 22353 nult;ple::ing elenents 110 and
112. The outputs of wavel ength div:~sion nmultiplexing elenents 210 g lﬁﬂﬁl
dre coupled to the inputs of optical conbines 230. The out put of oﬁ g
conbines 230 is coupled to a gain bloc)c 240, whose output is coupled to

t he input Y 9%223%gnal conditioner 250 or, alternatively to "Tgai%/ 2B1¥ck
260. The input of an optical splitter 270 is coupled to the output of

ei ther signal conditioner 250 or gain bloclc 240. The outputs of optical
splitter 270 I () are coupled to power managenment units 220 and 222. Power
managenment units 220 and 222 can be acoqustic opti cﬁal tunagi.e_fi lters or
vari abl e optPEaN18Ft & FREGFs FIRYRer "andgéite fe Sirtt D36 Sand P25 Rt put s are
coupl ed to wavehengtbndi gicaiger fomulihicphmeng rd gina lel emaves iXk0 iand 212
respect i vel y,, As nt Loned ahove, Lhgre e sialegc sadyantages concerning
pl acement of power nanagefment unit's.” Pl acing power managenent” units 220 and
222 on the sugpais otidpeecahespkiimet seifipemesripanshrd@P fidri adfe on) noi se
degradati ongigyeoduced by gain bl ocks 240 and 260. 1-lowever, total power
is sacrificed in this_enbodinent of the present invention. This is because
r _he ma~orlty of the AMpLifi€at ilgﬁ BoRer Cgét §hien\7§\letaetdvien t he wavel ength
with the greapestudspl bfudee tiacbhendetchiamemrtl sofanicheongaledrs waveel engt hs.
Nonet hel ess, _Jif ' fi i.S ;Qf reater rn r, the
enbodi nment éggﬁggggﬁﬁncbg&%ﬁ sl%aggfjggr iQté?t ec.oﬁ%% %a%ei Fﬁj&s%&yes anot her
enbodi nent BPWehef presEAt ipAvent Con i cRwEr PEFiFallifZer g7 G Yerd st ms mi | d

fillolt eridn? Oaf:oﬁﬁ(hjéf@]E ed wta\o@h@algttms Eﬁ@i@a_ohOn?p.ttii@étl?eecitdaf erlﬁénﬂatﬂd/f Q?ihn
applied to [ rent wavel engths priaqr . to retransm ssion into the
fiber. Powei ?Qqaaﬁié? 'B?GSW,tlg’Srlyexé’:%lc@) KW $ehéd o rmBBtt an acoustic
optical tunabkesfahtiepuitpuwhipolrtishef- afnpd ISUBSTIIPUTE SHEET rRUIE 26) 02
APR 2002 ~' ¥Q,99122259, PCT/US981,22353 char aqiierist 1GS may. ke, dynam cal | ~
adj usted by external electrica~"signals, or a variable attenuator. The
strategi c afl9ahbagensrtpl &éi rgVsoWERNagEaIENLe N3 TS Betdnvedr gadd. bl ock 340
and 360 is thatepOWOE]1©QUalhzebyu3 AU LGOFIERTMES rfa@ia geRGualy Pover

di stribution_anong the irrcom-ng wavel engths, on the one hand, and
conpensat eslggraf’ﬁelﬁai §‘€ed€§’t“88§fii SR THEr dAREEd Ay AaiPEWck 340, on the
ot her hand. cobmbothher 180r.ds Th the parbedi menti dadpreesdyitned M3 FliE 3, total

power sacrifj IS .less t h ri .t A:npl i.ng tl-~e

enbodi nent %’gg?gggnfgd%%ff Eﬁ%uttlgth%%g)vhﬁsne;\d%g)ﬁptqyI‘rﬁ@e%rre%{%lel |%llure i's
better than(PBRegaipl PLicek)nditde Fillngr OVGPUY of ERadiaftk rigddt dsent ed by
FIXG 2. Fl Geofpdeni &bs caeMinbiuRl & rwav eliematih indinedd«analsd i ghtwave
anmpl i fier 400 thgt I.s a _conbmat~.on of anpljfiers shown in FIG 1 and FIG
2, and poweP &GU&l PIef 876 of PG 8 % n ‘2 ret SIEt Shidi WEnt ) anplifi er
400 anplifi espandofekiriesinbiddipesctiiideal aoml iddlesiqptalea lusimgt ohdgr a singl e
r) amplificatbiog.andynefddensiy. shage.oddbh Amld fodng ndwefdgrng a I m
directional optical signal, the present invention elimnates the need for
two stages, CBHB!£6r tonddfi AgRsitgipdl €1t CRMFIGHg S it Past 7 o- vB3® direction
and a secondusbage bar dptQHINGRIGRAS trawrld rpupglda the west - t o- east
direction. Bath _sets of incom.n ighals utili.ze the s refine t and
apl i1 cat i OAPSERQE! PRV NRD ST T (s s L5 © THISH el o Ve

anpl i tude ofineghélfour separate wavel engths n incom ng al ong one direction.

Power managenent uni t_o%inggnifti(yesfst heamd tudes ofm thersase {our signals
icati.on _or other refi nemsnt% si.t ed above. Power

cqual i zor 450 BAFRORHE it 1oAY GEa et (e PR A ISR B and 474 -1 G
SUBSTI TUTE SHEETa(RELEN26)s are passed in two different directions.

Optical fibers 102 and 104 in their simplest form

consist of a cylindrical core of silica glass

surrounded by c¢ladding whose refractive index is lower

than that of the core. In practice, when compared to
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~ 2 ~ ~~ ~Q0a WD 99/22259 PCTI US98/ 22353 Power managenent units 440 and 430
may be' used as sensors zrr conjunction with power equalizer 47U as gn APR 2002
actuator to forma feedback |oop. This feedbaclc | oop ma~~ ~alce the form
of a sinple circuit or a nore sophisticated control processor gnot shown)

t hat aut\0@dt?281 1y and adaptively adjusts the gain characPeFiU§t§E35% o
flatten frequency response. O herwi se, a controller (not shown) m ght
optirnlze the gain for each wavel ength, for exanple, to |l) inprove

signal -to-noise ratios. A further use of such a controller mght be to
squel ch unused wavel en and avoid.idl e or fai annel s_degr adi ng

si gnal s o?y%?'ﬁ’é?nhﬁvérgﬁa?ﬁgs198\/@?% naggr?er]lota énl d&p 4516 %{50 and | ~
460, and powerseflal apér 14701iar ecabsdegiilliezed Ther Hﬁﬂﬂtttm&hg and tuning
system pesf Q5 IRACE é%ogb@lesm%be%mwﬁ GORf neJg center. Power managenent

units 450 serve sim urpose to power managenent units 430 and
440) but apPY9*t625e4ral8 THRopugaFt n@sl fPERE fﬁro&do?sﬂ‘fjel]d}?'éctl on. Power
ma.nageménteU@piﬁ@né3@ua44r®.y 450candnd@delangepoviemeangual i zer 470 can be
acoustic optical tup efllte QL vard l.e Atd el 0 hor| ontal line
497 divides FIG 1 |nf:o GBpéran Fower a%%l’tl ons. qyrﬁéeh%éﬂeeir% por }Z'on is -
consi der edravebeitnhe mnnnchpabhy tbltd>| westti crialeqdararn orﬁmmbxéa%rt he | ower

portion i so5okehy ¢ Uk deheehi0aak nbh eei®I0% HidNaln fixwt,,dbe ugper portion

is also the nodul ar portlon consi sting of_ rel atl\(élg/ ne ensi ve
conponent 2% hat i ARG tpan) AMetdhaRged O8s nééddd HH &S & “ckbgﬁ’l’g"c‘i]a?e di ffering

unber s oiréva&@rhpmgthsyt Ba¥€kiragtt iromghetshe teptdzcad dlidretsls|n contrast,
the | ower t on includes the expensiye optical amplifiers and ether-
eLemerrr sg?% neea not 2P8°HE cﬂgn ed rw%% lteg‘r a}}1eélu‘s "1 he opti cal
f| bers. _mgl VlDSGJSSTFg{TQTEmSHEETl()R@DE WBEL - tO zaﬂsmF@rza)mZeWU 99/ 22259

' CT/ US98/ 22353, Eh@ﬁﬂ%g%r atesstibe Hh@%@%ﬁe%ﬁ@'é&rérﬁérﬂe present
i nvent i on acconpl i shes anplificat hon and ment_ of bidirectional

optical signals usi ﬁ@tBnWVS%PHQ A 1S eNe Y otrf%]rfd”r%?l nenment st age.
IRl O\A/charteBéJ@erbegl Dsowehh Stepad20siwhierne eowd,r dln ianpec Béetyd passes to

tep 530. 0,568,530, othe RLESERLA ML AN ORI RIS c PARUL £, 21

controls |npu S|gnal a superV|sory
channel . .2 A@sﬁbé@vtseny%‘hamnel can da|f§c§amm0tnorqrmfyngmaanqt@a*13

charact eraaﬁﬂ;gss@@, &hehw am‘:m $8rQBuLSY ToRPonHEE ass wmﬂ@&%nf or the
erbi um do(FFd fiber a and controlling

i tord
i nput anpPrt (idee! 8'?ngTBd| vi Bb’ﬁlleﬁ/ﬁ&gegﬁdﬁﬁsl%)ﬁ‘r |"B’rri v’erl‘%ngt h
anplificatiengnthelppesent lildvestiabd lisipseaes alie Ibnchépﬁ@rmcﬂerve dynam c

range of the, appl Lih8he1kN b5t GRpadAe ihRE LI I VP 4 OB, frOgEL Or' s and
nmeasures | nd| vi dual  wavel ength anplitudes after anplification by one gain

bl ocl t, af@" b‘é?oré B5&si Ad %t REd- ioé‘velr&?@%%‘ﬁ?%ot H&3 Ve block. By
measur i ngd:v: EiohnmﬂllU’l_QQI‘eIYﬁ@ga@deﬂ@ﬂ‘tUsO|l|llOngirid161121@111&7@ doatewavel engths in

bet ween gé ESNI ock jstages, . H% %rc)escalr‘ghern\{nea ion erforérge{m rd filtering
o_f sel ect ed” wavel engt hS pri-or Stransmi S minto the op aP fiber. In
Step 550, conkipiegent Mﬁ\‘;f@rltan@mh rmlrimtdrlslg rﬁeemme@n%md @oherol s the

anpl i tUde%hQB kALY bgyal- mavelengt RS Jolduing apl {fheatben by the second
gain bl oc measuring nonitoring) and controlling the outPut anpl i tudes

k
of i ndi vi HBHPY\J/\B%I Engt ﬁ?“‘@olclr&ﬁlsﬁgﬂ\}va\}féfoérhg‘t’??%’ﬁfp??‘? i SREPRAL the present
i nventi onseppre\zesnt, he hal gndlt1pa-endidenrlatipd eof dfweranpbnéiete In this

manner, i nyention r.el t - gain fl atness.
If add| r ‘?’g%g%sg?%t Q\é ch qnd%vq)&%sal tht El:1oeylt hwea{\g%%?t}':g% hen control
1 g_ feature of wavelength lelSlon multiplexing elements

110 and 112 1s that they are also transparent to the
bidirectional nature of optical signals 102 and 104.
Separated wavelengths 114-117 and 124-127 are passed on

Lo power management units 120 and 122, respectively.

-10-
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SUBSTI TUTE SHEET (RULE 26) 0 2 APR 2002 WD 991 22259 PCT/ US98/ 22353
returns to step 520. Ot herw se, operation of f7.owliart 500 is con'ﬁ)beipcﬁ,
as indicated by step 560. While the invention has been particularly 2002
st ~0~-~n and described with reference to preferred enbodi nents thereof, It
will be JHA&¥EE&bd by those skilled -n the art that vari ouBCEHAMER3Si n form
and details may be nade therein w thout departing fromthe spirit and scope
of the invention. SUBSTI TUTE SHEET (RULE 26) 0 2 APR Z002 CLAIMS 1. A
mul tiple wavel ength bidirectional |ightwave anplifier, conmprising: a first

wavel engt h di vi sion @gb@&phgﬁggeﬁg%gl%quOﬁ%Jiﬂégiggggcgﬂdfiber; a first
power managenent unit coupled to said first wavel ength division

nul ti pl exeSPNGkEEEi FRgalrGLALLYE BORER HEREgSfent At Tont rol s wavel engt h
anpl i t udeswatengnachir st 4set 70f qrﬁteijm@hi&iogﬂaigls fQﬁTd’lﬁd)rprLS@‘fﬂcééérSt ;
optical fibey; a second vel en i.Vi si.on tipl exes coupled to a secon
opti cal fi%e;?nahgaégn fg@&srawgééééﬁéﬁtf&ﬁigq%ﬁﬁg & éﬁf%ﬁr%ﬁ%econd

wavel engt hTHevishonohulftnplteres adikerte fhsaiacthslddorte fower nmanagenent unit

control s wgyelLepgLhnranphijtudes .ampng @ aSecond i$Rf HenPREd G, Si gnal s _
carried by said second gptical fiber; a wavel ength conbi nes coupled to said
first and 5BEBRAPHBWER FABREGEAEAt 1GMELS: dER A IGAICTanpIT¥$Br coupl ed to
sai d wavel ﬁﬂhheﬁ@lﬂ‘ﬁic.in?SbwarV\@‘é&abQ@@bhtSlﬂﬂnii]ttt elrzoﬁcatfm ek tan sa: d oIoti cal
amplifier and to.said first _and,second wavel engt iMision multiplexers. 2.
The. mul ¢1 plBCRAG ST SREEHBra P BEET Gnal 1 oh have AT bRl ST bl 1.
wHer ei n sagttehrstoand fsecendmppe. c alPofielye ms reasmardr rireist al22r st and

second Set%}QHBPﬁEC@h wavehengt-Nianhle bl $ourbl fn LRIMEGH }/@! engt hs

traveling towards said first and second wavel ength division nmultiplexers
and the setéfd SBf BF HpVPE&NIKBFelléAgtng traveling away fromsaid first
and second wavel engt Fidihvibsiverr mdhbigRiexer Sinits 120 and 122

located between wavelength division multiplexing
3 elements 110 and 112, respectively, and optical

combiner 130, amplifier 100 ensures equal input

amplitudes on a per wavelength basis. This design

automatically compensates for any power fluctuation of

the optical signal inputs. Power management units 120
20 and 122 overcome the disadvantages associated with
conventional multichannel lightwave systems. That 1s,

power management units 120 and 122 compensate for the

fact that wavelengths or channels within optical

signals 102 and 104 arrive at a common destination with
2: different amplitudes.

Optical combiner 130 receives amplitude
adjusted wavelengths 134-137 and 144-147 and combines
them Lo produce a composite signal 131. Composite
signal 131 contains all eight Qavelenghts, and is

30 produced by well known optical combining techniques,
such as by using a fused filter coupler or a wavelength
division multiplexing element. Composite signal 131 is

coupled to the input of gain block 140.
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3. The multiple wavel ength bidirectional |ightwave anplifier of claim1,
wherein said first and second wavel ength division multiplexes conpll2<R00?
diffraction grating. 4. The multiple wavel ength bidirectional |ightwave
anplifier of claim1, wherein said first and second power managenent units
further 26hPF2&¥ an acoustic optical tunable filter. 5. TH& HuPHi%pie

wavel ength bidirectional |ightwave anplifier of claiml, wherein said first
and second power managenent units conprise a variable attenuator. -20 02
APR 2002 6. The multiple wavel ength bidirectional |ightwave anplifier of
claiml1, wherein saiakpptihtatk conpri sesnaobiistlopinptdlf i@npl | fdaem and a
second opti.cal, anplifier. 7. The pultipl | er i.di_necti.qna
Iightmaveﬁg%%viﬁﬁgi %ﬁC%T%?%1%Tgf%?P%EEEESﬁ%¥?$?28Bg gfqﬁéﬁﬁggﬁlltioner
coupl ed betapeeaEsadixhd i psth aposagahtdonpticartafpki fnefse wherein said

si gnal congditd,onar KoMl sesisedi SPpepshan ¢oapensat ar padd «a rervel engt h
add/drop elenent. 8. A nultiple wavel ength bidirectional lightwave
aﬁplifierFqﬁﬂﬁﬁmgﬂqnyg%BWi?gécﬁa%%PehétﬁndﬁgpéP8ndﬁBng6P s coupled to a
first optixallfiiker; acesoss, weaehenhgbhkdilyDsmen bel tinpl exes coupled to a
second optj cal. f.iber; ' opft i Lfi upked sai d wavel engt h
conbines;?S&Eéé%ﬁggdﬂ%g%%$£§%%|?§i§$%8§§gkgq5?é“§§igbﬁiFé? opti cal

anpl i fi er ;compgeiidl lehgt htispamet ek iepupPledie6igni BASEBERETEpt | E&iranplifier;

and first pandsecand; Poser 1 WBARIENENE sUBRES GAURhedgta, saiid neavel engt h
aﬁlltter and to said first and second mave%gngth di vi,si on mul tipl exers,
n

erein sditf Mg Hd RebrY poRef ! RERAYE CONPES1E8nt r dIt out put
wavel engt b rampldddidase odmpepi f Codt sbgnakseksbasgi dof bretrcanéd Fdeend optica

fibers. 9. the miltiple wavelength bi dhé‘iﬁ%?{%@k. gh%hb‘é’%‘(z"id%@'?“er of
claim 8, wherein sai iTST and sécond optical tibers“each carries a first
and secondiigdt gFfiroprvenl enavehehyt Hsdet hanflivi dthset Gheoptiideal wavel engt hs

traveling JQuards isai g AL St -and, 5e600d . wayek gROLANdI Y gsion nmul ti pl exers
and the second set of optlcaf wavel engt hs travelln% away fromsaid first
e

and second“avelryt hr @t veRE bR2 huf tPRFExéF<. 228. 1¥Ae 2RulHiSHVE SR&vel engt h
bi directi emadvd.i gMoweeva@nrpl 4dierpoobcrl abm 8anwbel ek teaiodhtfiigast and second

wavel engt h, .dj vision multiplexes conprise diffr ion grating. 11. The
mul tiple ﬁﬁﬁﬁrgﬁbf%Iﬁ?ﬁr€é¥T%%afofiBﬁﬁﬁégélgﬂpfgﬁ%gg’q uglaF%IB, wher ei n
sai d firstrcarid et ol howeey medagenenplinbds fhifhekeydmeri £ dritacoustic

optical tunahle JHid®ris-édrmed transparency.

20 Transparency is advantageous because it
provides flexibility for a system operator. In
principle, the system operator can provide a variety of
communications services at different bit rates over the
same system, without the need for changing gain blocks

2 as requlred with conventional optoelectronic
regenerators. The output of gain block 140 1s an
amplified, unidirectional composite signal 141 with
eight wavelengths and feeds into & gain block 160
(configuration not shown), but more preferably, into

30 si1gnal conditioner 150. Signal conditioner 150 is well
known in the art, and can be implemented using a
dispersion compensator or wavelength add/drop element.

When no signal conditioning 1s desired, gain

biock 160 receives signal 151 directly from gain block

-12-

SUBSTITUTE SHEET (RULE 26)



0 2 APR 2002 12. The multiple wavel ength bidirectional |ightwave anplifier
of claim8, wherein said first and second power managenent units f?thﬂTUUZ
conprise a variable attenuator. 13. The nultiple wavel ength bidire

| i ghtwave anplifier of claim8, wherein said first and second opti cal

anmpl i fi eV® ¥8&F¥i se an erbi um doped fiber anmplifier. 14. P&E/YAMBRIYPe

wavel ength bidirectional |ightwave anplifier of claim8, further conprising
a signal conditioner coupled between said first and second opti cal
anplifier, wherein said signal conditioner conprises a dispersion

conpensat qry oand G%M»a\{ﬁﬂ&agtﬁ @A dr Op; B £MeALga 1S, bAoBUl Lupl @nwavel engt h
bi di recti onal ghtwave anplifier, conprising: a first wavel ength division

nultlplexé§”66ﬁﬂ ed Yo 019 ridt" Dptqtdt f?%%+l‘%?§%cﬁha fadelengt h divi si on
nultlpIexaawnmﬁﬁqﬂhs(rebnﬁxnnuhHQmemh firdesgaaivavel eagthoasntinnes

coupl ed tq,saig fJirst; ng:ﬁgﬁpqﬁumgyglf@gtghgly¢§|OnIHULB gl exers; a first

opti cal anpllfler coupled to sal d wavel ength conbi nes; ower equali zer
coupl ed t &8I f {956 oprITal L AT Erica seEehd bB%lEéF gHplifier coupl ed

to said pawefareluald z2&ls @uamamet Qﬂ@tsthSrlDéltIEI c@upéedthansau@n&acond

opti cal anpllfle nd tQ sai flrst and. s ength \i.sion
nultlplexer ll%¥dé%he &ﬁrilﬁfé)wavéié% e%P%crecgﬁoﬁglaPPgﬁtméﬁb anplifier
of clai m 18,1duverceiypraal o ¥amast kﬁki@nﬁxﬁﬁi%mﬁ®m9¢5itbepﬁ gheh carries a
first a”dé%aﬂﬁ“%éﬁgléﬁqéﬁg'é#“oﬂ@&fﬂ&ﬁ96£§1céﬁefibé?& $8b ahgoptica

wavel engths traveling towards said first ‘and second wavel engt h di vi sion
mil ti pl exér’d -and 4 s edohd 284S o it 1% L RIe! ePBL A5 tEFavdli-ng away from
said first and SGCOM&QM%@ﬂ@HKﬁJpIL&Méﬁ(Hnmn&é¢@ieé§r§ndl7 The nmul tiple

mavelength bi di recti onal ht wa! lfie of cl wherein said
first and sé%ond:mavévg%d? gﬁﬂﬂf%ﬁ&ﬁ%%ﬁ??% e?%%n%gngk s&™&°di f f racti on
grating. <2@mpor(erx ARRQ0OZS: ifher nidth pbe seavel ength bidirectional

li ght wave arpliddgarh of &l &idR 4R e/%w@uhéaédelpgao@g @waghée& 1bur ther
onprises an acoustic optical tunable filter. . The multiple wavel ength

idirecti dialPa% %ﬁﬁ%ﬁV@ &Hﬂ?%%%ﬂtQﬁsRﬂ%ﬁhﬁﬁ517%h%F%Fﬁ“§§|HO

wavelength division multiplexing element 112 the same
four wavelengths 172-175 that were received along
optical fiber 102 and separated as 114-117. Likewise,
wavelength splitter 170 presents to wavelength division

20 multiplexing element 110 the same four wavelengths 176-
179 that were received along optical fiber 104 and
separated as 124-127. In other words, wavelengths 172-
175 are the same wavelengths as 114-117, and

wavelengths 176-179 are the same wavelengths as 124-

1J

v 127. However, the amplitudes are different because
they have been adjusted to compensate for power
fluctuations at amplifier 100 input. Wavelengths 172-
175 and 176-179 travel out of wavelength division
multiplexing elements 110 and 112, respectively, and

30 are launched into optical fibers 102 and 104,

respect:vely.

In this embodiment of the present invention
amplifier 100 allows for optimized operation of equal

amplitudes of each wavelength by measuring the input
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power equalizer further conprises a variable attenuator. 20. The multiple
wavel ength bidirectional |ightwave anplifier of claim 15, wherein BRAAR 2007
firtst and second optical anplifiers conprise an erbium doped fi ber

anplifi ,.A nmethod for optimzing the performance, in _a comunications
net wor k‘,s‘RIQfS’%é%rsgpti cal signal anplifier, said nethod conpfdi'hg*theé’ st eps
of : measuring input signal power of a first and second set of optical
signals carried by a first set and a second set of optical fibers, wherein
said first and second set of optical signals are bidirectional; controlling
di fferent s.aputl waelengdh wapdléngles. of Tsai drébest andesegond set of

optical signals by equalizin ower _among_the.different _input. _wavel engt hs;
and anpli ft;?’ier?g Céje{%/tcf%q’lsr sjtn%untg Vg‘."e‘é%jr’f(ajn(gEe)lt’ %'%pgf)g}lggg §Pgﬁ§f’§lig§ilﬁé’ a
bi di rect i oealeropmicsa tdrpldifeeren? wahel ey hbd - of Byl aPRP2L swhidrgi n step (

1) furthe  comudses dda.st £h$, ofné 3y r88AsUr i RgehBPYh shamkal power, input
signal wavel ength, and input si n%lé-to,- noi se ratio, é?) TIDnIt%I’I ng said
i hput  si gﬁéﬂprﬁd’\ﬁér,”i%p%'{] 5 gh4 RAMENgt AN98nati ARBL 1 £t §Ralt’o- noi se
ratio; and (c) controldisgasapstiadesia pluvantagygsotonaeehangt hs. 23. The

nul tiple wavel ength ogti dig‘;c{]ig&% L1 oht V\@{?t?r@&bf Lern 9f,claim8, further
conpri si n&: THrd and fourt power “managenent units couplzéd to said first
and second®lweielcengivie dind i @ememnt t Wpl exet 80 pedpédti eel yheand -23  a ~

APR 2002 whey &ih s3ai ), wave e@&ﬁ@i&@ﬁbiﬁl@rcbﬁpé%ﬁkég E%rsgin%q%%ild first and

second wavel ength division nultiplexers through said third and fourth power

Managenent ATt 134 IPtHel R TP e WG el BAGTANBI WRVELENEREAS -1 i ght wave
anpl i fier Tofuscl @aidna23,pdwks  hes €ORPAESHNYGn art pOVEEmBGUAhener otoupleed in
series bet veen aiidn‘}‘i rst optié:al o |é%l gg.anglsa]{d rsLE ond ogt6i cal
anplifier P75, "‘Slthe hii pcf% wavleYerﬁg?lﬁ i af r8ctiohar ri éhta\%/ a?rrpl ifier of
claim 8, funttrreiuconpris: nghec stigpalndbnddtadnenvedapbedsi.n seri es bet ween
said firsy,Qpijsal amlifier angd,sai desgrgndsopti ¢8b aaplifier.
[ jeopardized. Nonetheless, 1f enhanced optical signal

power is of paramount importance, then the embodiment

depicted in FIG. 1 is appropriate.

In an alternate embodiment, the present

1nvention measures signal-to-noise ratio of each
20 wavelength and controls output wavelength amplitudes.

Again, the amplifier accomplishes this by equalizing

power among the different wavelengths.

FIG. 2 illustrates an alternate embodiment of

the present invention. FIG. 2 shows eight wavelength
R multiple wavelength bidirectional lightwave amplifier

200. Similarly to amplifier 100, any number of

wavelengths may be serviced. Amplifier 200 optimizes

the signal-to-noise ratio of each wavelength by

automatically compensating for any gain change in the
10 wavelengths. Optical fibers 202 and 204 are coupled to

wavelength division multiplexing elements 210 and 212

respectively, which provides the input and output ports

of amplifier 200. Wavelength division multiplexing

elements 210 and 212 are similar to wavelength division
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.A{E. AQTfE. AY. AAl . A Y. AY. Af E. A{ & AyE. A@. A, E. A(Y. AyE. AaY. AyN. Aul . A. A{E. A E.
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}xsnid_Z ca%ca ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] c<a] c"a
]caU] ca] c 545 ¢a] ca] ca] ca] ca] ca] ca] cal 45% & ABHI j k>BOn{ PCT/USY8/22353

-1 p] kt | wr nhc’\Y] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] calcalc*a]ca]c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]cal/>$$-$/$: $CGEWS" (J( G **** +++s5--1
1111~ysni cMYmhc”Y] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca]

ca] ca] caU] ¢alca] 723@,17&7 c) cal] galgayl¢al carne ouquts of

[ Ll

112- 2N2! 3" 33336 >] >>>>>>>EEEEEE~yt oi d_ZU] ca] ca] ca] caU] calca]calc

a] ca] ca] calfjas & ¢HE) c‘a]‘(:aﬁ]b%ﬂ] c'BY} %a}ehftsapaafE:aTeaféAar@a]a@éﬂ] ¢44] ca] c”a] ca]

ca] ca! EWYEU@MLé&M{&&SeS&WZEZZZZ&&&&}xsamb"Xed Z2@bcU] aakcal] ca] ca

| cal el cal eatl sl 6] og) cpL 2 s ol s3beall salsabaalgaloglaa) al cal cal ca
C N

aaaadehhhhHili er&ﬁdboodm@tWWWW\/}Mt:@jJElF@] Feafba] éapea] @é] @alU] ca] ca] ca]

cha] ca] ca] cAlHRAIC conditioner r alternatlvel to a gai

a] caU] ca] ca] ca].ca] ca] ca] ca] ca ! W-v;
!1/+YL7J]YI szlA 47] 2]cfa ]ca%lc%]c ‘} ]%g]% £ £ l?i]% % ?839] %:%?] %:c}a] ca] cal ca]
cal ca] ca] ca:]ccaij]e(ra] tcxa] Clag C@.\]lC[&l]lC&(be ca]LcaUkcah];ﬁagoqp#%lt#E,ner 250
| wr mheY] 1 ¢] ca) &gl 6l cahsabaabaghoat capeabedl cahaakedl calead cal ca
] ca] ca] ca] ca ca ca] c ca] cajcalc

\r nher mhatg (39U @@ ca) eayer] rea]léa@}pea}cpa}éa] éafcapealea)-ca] ca] ca] ca] ca
] ca] ca] ca] calwa] Gl ea) &rdsal 6] €a] eabcahaaz2#i KadOKd| &cbls&TL0%| & () -

*109 0 oo 09 09| & ()-#3kT ~A- 10%4 MLOY| &
% ? /ﬂ &1§)g/¢ﬂ#p}1t|olg 4 311‘61% %ﬁ‘igi@éﬂ’?rg%gﬂ ap%)‘%:%om & ()- az[ PE 1o|4|

104| arLewuaLoro. Power management unit 220 and 222 outputs

104| <10%| & (J coc;;mé’%i4|x§s\(éfngtﬂﬁg%héh&(%uﬁ18&9%1%% ()-2z#10%H & ()-L

>a?PE: 10! LF109&’ (

1098 () - nncﬁ)/%s?n(é)ﬂf@ob/ug@(a}ﬂéab} |ﬁf5€e§envei®w|& ()- &10%| & ()- 10 10
101 <109%&' () -' fmMlO%&' (A= &BedOBhEd- pbolp| ObBEL&SA0 ) &tk

&$10% WMWK

toval & () (SEIATSE (ToRTSEIONE| FREETP okl BOUFTBAPBSFPETY 104 10
104| f< 109%H%€Y) - FPlacing power management units 220 and 222 on

10%H & () - ' STAOYK (3 - 51 ES1OVBE D &p() t BEN &$30%Bmbrnebkka?REy! 1@ @
10% 1 & ()- Sl +@10%

degradation introduced by gain blocks 240 and

260. However, total power is sacrificed in this
embodiment of the present invention. This is because
the majoraty of the amplification power gets invested
in the wavelength with the greatest amplitude, to the
detriment of the weaker wavelengths. Nonetheless, if
noise figure is of a greater concern than power, the
embodiment depicted in FIG. 2 1s appropriate.
FIG. 3 illustrates another embodiment of the
present invention. Power equalizer 370 performs mild
30 filtering of selected wavelengths so as to optimize the
relative gain applied to the different wavelengths
prior to retransmission into the fiber. Power
equalizer 370 may, for example, take the form of an

acoustic optical tunable filter in which the
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| _
| & () -Samov| & ()-3" 10%)| & ()-LL0%] & ()~ MLO%I] & () -1 2X6PE: 1" $1q9% & (1 S
'@ $10% EtE& ()-$! $10%H 4| & ()-$! APR 2002

" $10%0Q00%: ()~ $! 1$510%- e- & () - $y810%4| & ()-bz[ PE: ! 104| 104
104 s<16% gé‘} F8 10%t| & ()-!; PCT/US98/22353
* $10%hoh& ()-$! D $10%x& ()-$! 1 B$S10% | }| & ()-$/ >a?PE: ! 10! @ $10%& ()-

$10%~& () -, $10%&’ ()-S10%& ()- 109%& ()-3(fmLO%& ()- !"$$* $+$wiX9. :

10f <109%&' ()-8 109%&' ()-'k* $109& ()-,'k™ $109XX& ()-,'f" $10%& ()-,!
SL0% () cirs o8 rSGMHy 10 Sl SMOMIAL (Jud |4 8300k Eathal! 10%
h& ()-10% h&'gr) “0) o&'a"éJ%)*%zerz

101\ L$169°4]a&C) - *Sll\%*aL oc%ﬂ&ﬂ(‘jaml 131098 152% L5108

L& () - * ! @$B0%h ch&JVprHalg e S0 %I i@ o JpOv@r *eaualize @370

10f\ 109 olclvelen "%%0{& DrocidG 4y Hhd b i3 i h&oddz | 840%0 h&et) -1 34mL0% h
‘h& 0)- ++§7%-;ompensates for unequal power distribution among

the i1ncoming wavelengths, on the one hand, and
compensates for the noise degradation introduced by
gain block 340, on the other hand. In other words, in
the embodiment represented by FIG. 3, total power

0 sacrificed 1is less than that sacrificed by implementing
the embodiment represented by FIG. 1. Likewise,
amplifier noise figure 1s better than the amplifier
noise figure. of the embodiment represented by FIG. 2.

FIG. 4 depickts a multiple wavelength

3 bidirectional lightwave amplifier 400 that is a
combination of amplifiers shown in FIG. 1 and FIG. 2,
and power equalizer 370 of FIG. 3. In a preferred
embodiment, amplifier 400 amplifies and refines
bidirectional optical signals using only a single

0 amplification and refinement stage. In amplifying and
refining a bidirectional optical signal, the present
invention eliminates the need for two stages, one for
incoming signals traveling in an east-to-west direction
and a second stage for i1ncoming signals traveling in

3 the west-to-east direction. Both sets of incoming
signals utrilize the same refinement and amplification
stage.

Power management unit 440 monitors the

relative amplitude of the four separate wavelengths

0 rncoming along one direction. Power management unit
450 monitors the amplitudes of the same four signals
after undergoing amplification or other refinements
sited above. Power equalizer 470 performs mild

filtering between gain blocks 472 and 474.

-16-

SUBSTITUTE SHEET (RULE 26)



10! 6 f9$109&' ()- !, f9$109%& ()- !# y9 $109& ()- !#Ay9 $109%& () -

1y9' $109&' ()- "109&' ()-./1111111}rg\= 10! 6' &TL0%Z&' ()- 10 10

109<109%& ()-y810%& ()-! D f9$100%& ()- ! @f9$10%& ()- 112- 2N222~<g\ = B ABR &0z
$109& ()-]11° $10%& ()-]! $10%8 N3

N& () -] 106K2839100@& ()-! 109%&& () - 2, 3t 33344zX69\ = PCT/US98/22353

10! S’ L$109%&2Z& () -m #L$10%}}} & () - mOo%@ ()-!6 $10%& ()-]!'1"

$1096XX&' ()-]!" $109%EZE& ()-]4566v7z777z[<1= 1 10Zf< 109%&Z& ()-

8109Z& ()-! pL$10%& ()-m L$10%Z} & ()-m f L$LO% ()-m \ L$LOYNNS ()-nv7777778
nkK= 1 10Zf< 1!1$10%R5dr #idN¥e&néht " 1A% & €1910%&46)- &ayR96 & () - 10Z

used as sensors 1in conjunction with power equalizer 470
as an actuator to form a feedback loop. This feedback

loop may take the form of a simple circuit or a more

tn

sophisticated control processor (not shown) that
automatically and adaptively adjusts the gain
characteristics to flatten frequency response.
Otherwise, a controller (not shown) might
optimize the gain for each wavelength, for example, to
10 improve signal-to-noise ratios. A further use of such
a controller might be to sguelch unused wavelengths and
avoid idle or failed channels degrading signals of
other wavelengths.
Power management units 430, 440, 450, and
I'5 460, and power equalizer 470 are also utilized for
monitoring and tuning system performance from a remote
nectwork control center. Power management units 450 and
460 serve a similar purpose to power management units
430 and 440, but apply to signals propagating in the
20 opposite direction. Power management units 430, 440,
450 and 460, and power eqgualizer 470 can be acoustic
optical tunable filters or variable attenuators.
A horizontal laine 497 divides FIG. 4 into
upper and lower portions. The upper portion is
_ considered to be the principally bidirectional portion
whereas the lower portion 1s solely unidirectional in
terms of signal flow. The upper portion is also the
modular portion consisting of relatively inexpensive
components that may be interchanged as needed to
30 accommodate differaing numbers of wavelengths traveling
through the optical fibers. 1In contrast, the lower
portion includes the expensive optical amplifiers and
other elements that need not to be changed to alter the

use of the optical fibers.
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X $10%&' ()-la $10% () -#! N $10% () -#!'1310%p& ()-#!' D $10%°P& () - #'ZGAHQIZQ%)
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10% & ()-!S . $10%' ()->>>?2{ @AWA}[9~ @1 ' X!  $10%) + & ()-,!"
$10%e&W9 99/;225Qrploty$s&- ()-,! l’CT/U§98/22353
$10% ) & ()-, KI0%Z&' ()-!10%& () - wABDEEEEEEzodY: 1 !X "'110%&' ()- 10Z 10Z
10Z@& 109%&Z& ()-!" $10%x& ()-,!  $10%s& ()-,!  $10%j & ()-, EEEGCHH }[9dY:
1 IX, 7, s$10% () -
FIG.5 illustrates the process by which the
present invention accomplishes amplification and
refinement of bidirectional optical signals using only
a single amplification and refinement stage. Flowchart
5 500 begins with step 520, where control immediately
passes to step 530. In step 530, the present invention
monitors, measures and controls input signal power.
Monitoring may be through a supervisory channel. A
supervisory channel can also monitor physical
10 characteristics of the transmission system, such as
pump level for the erbium doped fiber amplifiers. By
measuring, monitoring and controlling input amplitudes
of 1ndividual wavelengths prior to wavelength

amplification, the present invention improves the

in

effective dynamic range of the amplifier.

In step 540, the present invention monitors
and measures individual wavelength amplitudes after
amplification by one gain block, and before passing the
wavelengths to another gain block. By measuring,

20 monitoring and controlling the individual wavelengths
in between gain block stages, the present invention
performs mild filtering of selected wavelengths prior
Lo retransmission 1nto the optical fiber.

In step 550, the present invention monitors,

) measures and controls the amplitudes of individual
wavelengths following amplification by the second gain
bloclk. By measuring monitoring, and controlling the
output amplitudes of individual wavelengths following
wavelength amplification, the present invention

30 improves the signal-to-noise ratio of the amplifier.

In this manner, the present invention relaxes the

requirement for gain [latness. If addicional data

erists on the input to the amplifier, then control

18-
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While the invention has been particularly
shown and described with reference to preferred
embodiments thereof, 1t will be understood by those
skilled -n the art that various changes in form and
details may be made therein without departing from the

splrit and scope of the invention.
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1. A multiple wavelength bidirectional lightwave amplifier, comprising:

a first wavelength division multiplexer coupled to a first optical fiber;

a first power management unit coupled to said first wavelength division multiplexer,
wherein said first power management unit controls wavelength amplitudes among a first set of
optical signals carried by said first optical fiber;

a second wavelength division multiplexer coupled to a second optical fiber; a second
power management unit coupled to said second wavelength division multiplexer, wherein said
second power management unit controls wavelength amplitudes among a second set of optical
signals carried by said second optical fiber;

a wavelength combiner coupled to said first and second power management units;

an optical amplifier coupled to said wavelength combiner;

a wavelength splitter coupled to said optical amplifier and to said first and second

wavelength division multiplexers.

2. The multiple wavelength bidirectional lightwave amplifier of claim 1, wherein said first
and second optical fibers each carries a first and second set of optical wavelengths, the first set of
optical wavelengths traveling towards said first and second wavelength division multiplexers and
the second set of optical wavelengths traveling away from said first and second wavelength

division multiplexers.

3. The multiple wavelength bidirectional lightwave amplifier of claim 1, wherein said first

and second wavelength division multiplexer comprise a diffraction grating.

4, The multiple wavelength bidirectional lightwave amplifier of claim 1, wherein said first

and second power management units further comprise an acoustic optical tunable filter.

5. The multiple wavelength bidirectional lightwave amplifier of claim 1, wherein said first

and second power management units comprise a variable attenuator.
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7. The multiple wavelength bidirectional lightwave amplifier of claim 6, further comprising
a signal conditioner coupled between said first and second optical amplifiers, wherein said signal

conditioner comprises a dispersion compensator and a wavelength add/drop element.

8. A multiple wavelength bidirectional lightwave amplifier, comprising:

a first wavelength division multiplexer coupled to a first optical fiber;

a second wavelength division multiplexer coupled to a second optical fiber;

a first optical amplifier coupled to said wavelength combiner;

a second optical amplifier coupled to said first optical amplifier;

a wavelength splitter coupled to said second optical amplifier; and

first and second power management units coupled to said wavelength splitter and to said
first and second wavelength division multiplexers, wherein said first and second power
management units control output wavelength amplitudes of optical signals in said first and

second optical fibers.

9. The multiple wavelength bidirectional lightwave amplifier of claim 8, wherein said first
and second optical fibers each carries a first and second set of optical wavelengths, the first set of
optical wavelengths traveling towards said first and second wavelength division multiplexers and
the second set of optical wavelengths traveling away from said first and second wavelength

division multiplexers.

10.  The multiple wavelength bidirectional lightwave amplifier of claim 8, wherein said first

and second wavelength division multiplexer comprise a diffraction grating.

11.  The multiple wavelength bidirectional lightwave amplifier of claim 8, wherein said first

and second power management units further comprise an acoustic optical tunable filter.
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13.  The multiple wavelength bidirectional lightwave amplifier of claim 8, wherein said first

and second optical amplifiers comprise an erbium doped fiber amplifier.

14.  The multiple wavelength bidirectional lightwave amplifier of claim 8, further comprising
a signal conditioner coupled between said first and second optical amplifier, wherein said signal

conditioner comprises a dispersion compensator and a wavelength add/drop element.

15. A multiple wavelength bidirectional lightwave amplifier, comprising:

a first wavelength division multiplexer coupled to a first optical fiber;

a second wavelength division multiplexer coupled to a second optical fiber;

a wavelength combiner coupled to said first and second wavelength division
multiplexers;

a first optical amplifier coupled to said wavelength combiner;

a power equalizer coupled to said first optical amplifier;

a second optical amplifier coupled to said power equalizer;

a wavelength splitter coupled to said second optical amplifier and to said first and second

wavelength division multiplexers.

16.  The multiple wavelength bidirectional lightwave amplifier of claim 15, wherein said first
and second optical fibers each carries a first and second set of optical wavelengths, the first set of
optical wavelengths traveling towards said first and second wavelength division multiplexers and
the second set of optical wavelengths traveling away from said first and second wavelength

division multiplexers.

17.  The multiple wavelength bidirectional lightwave amplifier of claim 15, wherein said first

and second wavelength division multiplexer comprise a diffraction grating.
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19.  The multiple wavelength bidirectional lightwave amplifier of claim 15, wherein said

power equalizer further comprises a variable attenuator.

20.  The multiple wavelength bidirectional lightwave amplifier of claim 15, wherein said first

and second optical amplifiers comprise an erbium doped fiber amplifier.

21. A method for optimizing the performance, in a communications network, of an optical

signal amplifier, said method comprising the steps of:

measuring input signal power of a first and second set of optical signals carried by a first

set and a second set of optical fibers, wherein said first and second set of optical signals are

bidirectional,

controlling different input wavelength amplitudes of said first and second set of optical

signals by equalizing power among the different input wavelengths; and

amplifying said first and second set of optical signals using a bidirectional optical

amplifier.

22,  The method of claim 21 wherein step (1) further comprises the steps of:

(a) measuring input signal power, input signal wavelength, and input signal-to-noise

ratio;

(b) monitoring said input signal power, input signal wavelength, and input signal-to-noise

ratio; and

(c) controlling amplitudes a plurality of wavelengths.

23.  The multiple wavelength bidirectional lightwave amplifier of claim 8, further comprising:

third and fourth power management units coupled to said first and second wavelength

division multiplexers, respectively; and
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division multiplexers through said third and fourth power management units.

24. The multiple wavelength bidirectional lightwave amplifier of claim 23, further
comprising a power equalizer coupled in series between said first optical amplifier and said

second optical amplifier.
25.  The multiple wavelength bidirectional lightwave amplifier of claim 8, further comprising

a signal conditioner coupled in series between said first optical amplifier and said second optical

amplifier.
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