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invention is directed to a nethod and systemfor telecommunications and,
in particular, for dispersions maps in long haul and ultra- |ong haul

wavel ength division multiplexed optical fiber systens with enhanced

di stributed gain. RELATED ART [0002 Over the past decade, |ong-haul data
transm ssion capacity has greatly expanded. This capacity expansion is due
to a series of M(ElFH@Ib(ﬁNE S&’&EM)E@RSI)ISPERSIEMI\MBSMNEped fiber

anplifiers ( wavel engt h
division multip eX| ng V%&vF &EE @ﬂl‘@'j"iéjrmq‘ I?gn s%ggwl'btl cal
fiber. (00031 However, tran'gﬁié Mé’i@iﬁq f@ﬁﬁstl mately limted by the
interplay of transm ssion inpairments (i.e., the degradation of fidelity
of the optical data carrier |B%nal caused by several fundanental physical
phenonena, including att &AGK FHFNVENTEIN ng, di spersion, and
optical nonlinearity of the fiber. Each of these known inpairnents wll
now be di scussed. (o0o0o04i Attenuation: Though the glass used for optical
fiber is 84 the wavel engths of radiation used for

opti cal dglgnpr/gﬁsm sg?gﬁﬂ?l %Iut 1250 nmto 1650 rim, fundanental

physi cal pocogeskes,preseah myemtiopnl eis ghdirecatt @oi ng matlodr ad h-systeth  for
absorption, can cause an exponential decay as a function of fiber length in
the ener gyel ewmgmﬁat@m aRd.ol: pasticulera far éxsgmons Maps iplong hayl archulten-
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reanpl i fylmrlbﬁt@dgﬂh! cal signal, this attenuation would limt data -1 WO.
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RELATED ART

toooz;  Over the past decade, long-haul data transmission capacity has greatly
expanded. This capacity expansion is due to a series of technological developments
including erbium doped fiber amplifiers (EDFA), high speed time division
multiplexing (TDM), wavelength division multiplexing (WDM), and non-zero
dispersion-shifted optical fiber.

fooo3] However, transmission capacity is ultimately limited by the" interplay of
transmission impairments (i.e., the degradation of fidelity of the optical data carrier
signal) caused by several fundamental physical phenomena, including attenuation,
Rayleigh scattering, dispersion, and optical nonlinearity of the fiber. Each of these
known impairments will now be discussed.

ooo4] Attenuation: Though the glasé used for optical fiber is highly transparent at the
wavelengths of radiation used for optical data transmission (about 1250 nm to 1650
nm), fundamental physical processes, such as Rayleigh scattering and Erbach-tail
absorption, can cause an exponential decay as a function of fiber length in the energy
per bit of an optical data signal. This attenuation is generally greater than 0.15 dB/km
for even the most nearly ideal silica-based optical fiber. In the absence of any

mechanism for reamplifying the optical signal, this attenuation would limit data
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transm ssion to a maxi num di stance of about 500 kmor |ess. The devel opnent
of optical anplifiers, such as the EDFA, have enabl ed transm ssion over
much | ongwo 0207®Bances by periodically boosting the opticacTaispredest o
overcone the attenuation. (ooos] However, anplifiers can introduce noise in
the formof anplified spontaneous em ssion (ASE) which degrades the '
optical signal. The degree to which the anplification degrades the signal
is determ ned by the physical properties of the anplifier and also by the
total attenuatjon of the signal prior to anplification, i.e., the distance
bet ween at3Rsmisgps to § mgsierumdisiance phabout, 20¢ len ppieas; | Thesdevglopmentdfst r i but ed
anplificat] For. } i ! i ficati DRA) invol ves
atnchi g OB sFBUERS RN S e o A, 13 Sl AR RIRigh oy BB b

(convent i @ikdrcys EPpdiicdicaly BPGiAL itRddptichl Sgrial & dveRRineaRERBHuRGh. he

transm ssion span. The wavel ength and power (or intensity) of the punp

si gnal i s [esesl edlookven ainptifiers can intioduteonbiRamthe fovatof emphfied PRSEnedushi n t he

fiber, so as.to | i f he data si.gnal . trary to the case for an EDFA,
whion’ i s SouSinne By richdedts é b Sieneh ol fitee 1 Eubit b aced on SRS may
be arr angeghpiificRfon dibiided BiEsRHaGY Bbtefnindd 8§ te' Gkt ansni ssi on
span bet vveer?lrgpgoz;lt e?‘? Eb} @o%%anor gxam%‘?e? Iglpé;19 lla?ﬁ \ﬁéﬁ%%é gt of relative
si gnal powamplifienardB)iscetsy the tatalcittemmtionfof tesignat prigritohmbplificdiohA.a/aheus DRA.
Fig. 1 conpares the evolution of the signal power over a typical repeater
span di st &HEance heyieen 2mPRA§ISf or transmission with EDFA based (discrete)

t i : a si-gnal by ASE noi ill b
roater t RO, AL AR EROEBER 2Rk e dictolEl Fubtifim Hordimelower) s
greater [ldassjutédRamAPImplEcaBADRAG invoRR82unbhifPen shal pdhigsighged of |ight

(as nmeasured in group velocity) in a material such as silica optical fiber
vari es si ghingivdthnthe dataisignal (eenysationallyl conntearpripageging) iofo thedibeopt i cal si gnal .

Thi s phenaonenon i nown. as_group.vel ocjty. di gpersi on.(GVD,. or_ al so
referred 8MRESHF a’ﬁgmﬁgf“é?% gg*}i‘er e&ﬁve@éﬂ‘. angrﬁ??‘é'et@bﬂéw&x} %{ﬂ(‘? ansmi ssi on
of an opLyLEaRls ' ; - S aftis ‘é‘n‘ﬁ% i : nd of
wavel englto ?gﬁl? nS lggl?ggrsgllef&(@)@(k:oal?lra‘;éﬁﬂlﬁaa??on. %czalIRV\D %9%%%@%@02/ 06641

so as to amplify the data signal. Contrary to the case for an EDFA, which is

essentially a discrete device, the amplification based on SRS may be arranged to be
distributed over a large fraction of the transmission span between repeaters.

rooo7}; For example, Fig. 1 shows a plot of relative signal power (in dB) as a function
of distance (km) for EDFA versus DRA. Fig. 1 compares the evolution of the signal
power over a typical repeater span distance (about 75 km) for transmission with
EDFA based (discrete) repeaters and DRA. The degradation of the data signal by
ASE noise will be greater in the EDFA clse as the maximum loss [minimum sigﬁal
power] is greater [less] than for the DRA case. '

tooos; Dispersion: The speed of light (as measured in group velocity) in a material
such as silica optical fiber varies significantly with the particular wavelength of the
optical signal. This phenomenon is known as group velocity dispersion (GVD, 6r also
referred to as group delay dispersion, GDD). This GVD affects transmission of an
optical data signal as the signal must be cornpﬁsed of a band of wavelengths in order

to carry information.



[ oo0os] For exanple, a pulse of light representing an isolated "1"bit w |
be conposed of wavelengths with a spectral. bandw dth approxi mately equal
to the i nwere@7d84the tenporal duration of the pul se. Aftem/ysonp@gat i on
over a full transmssion link, if the total group delay for the shortest
wavel engths differs fromthe delay for the | ongest wavel engths by nore

t han about one bit period, then a significant fraction (e.g., >25% of the
energy for that "1" bit will spill over into the time slots of neighboring
"0" bits. This "spill-over"” results in inter-synbol interference (ISl),
wher eby t Higos] v dlot exameyfle, tarpailselof light representing en isolajeh 6V 'bitraill brecodertogedri ned
erroneousl y at the term nus f the transmssion link. (such as at the
recei ver (9¥ W§V@8?§Q%W}L€‘ﬁﬁpeqﬁagmwé GPPIOX ALY eqypd fg fh Iﬂb‘fersled’zél?e li near
transni ssi &huﬁm-dmluﬁdlw A@&W bfGiPdvet TG friRBissioIGRCfihed bel ow) ,
the | S rraflm%e el i?n'lnated y arrangl glgfor tvﬁe t ot al dilsf)oerg;ﬁ%n 0 t he

t ransm ssitatal grouk d¢lay foe tiesshertest atdvylengthodiffees frdrh sheededyy fopthiededgett ber s have
been devel oped with very |ow dispersion in the wavel ength range of

i nt er est, Wayelengtss bymopethan aboul iepe bid geriods dhen a segsyicant Fagtiozy(e.86hi s

parti cul ar_,apRr.each has .proven, .di sadvant agequ ue t.o nanlinear optical -
ef fects. fggﬁ]o(?%eteél?’i%tf%/@?&/ﬁ a)ll svﬁl rsg ﬁg%"%gﬁ%g}?gg{l? ﬂ&t.sfogﬁgﬂggg?%l) have
been develgpggs t Phis SGE-BVert Results SPRE sPRLET infHRRASS gsﬁg wabesymde fibers
(SMF, i.e., fibers wth a zero- disperSion wavel ength of about 1310 nm.

Tr ansm ssivalues pfiths “habie and Rondigitbors nhay bt detenniaedairaticongy af ths cermadused
non-zero dispersion shifted fibers (NZD). For this approach, twy types of
fibers ar®of theteangassignilink(sushias glthe 1eceivenef & comgertionakiraspission span). desi gn to

the DSF fi S, it h | o - Lspersions .in th ands of the
alternati rﬁJé%é\/a\}:é)P(}gr% i araép%}raélénisls}%]tr@g'yﬁg létjcéﬁéiﬁge ﬂr?%%ﬁ?%ﬁ[gga%ﬁ?mgf opposite

si gn; the desBbRd beld®),Ghe 1916n4)i EeRBinShABS bR harBinhRY tHeabiePeRpdriien SMF and DSF
fibers. [00121 Nonlinearity: Another inportant class of transm ssion

i npai r menttke transoiissson linkgmbe ssentadlivasre. Tothis endaeptiopl fitiérs bavedigkn near ef f ect
occurs because the index of,. refraction O[jﬂtgttﬂer silica fiber transm ssion

medi um deEVASPEVEIRYCTY (R AEPEIOBAD e EIHEN TBREC RS RIFtENs WDEd ¢ hr ough t he
2O S SANAR T NSRS PR il ) o
cause t he disalvantagegusduelto nerlineapodptical effdesnonena: -3
| [0o11] - Alternatively, dispersion compensating fibers (DCF) have been developed to

cancel the dispersion of standard single-mode ﬁbers (SMF, i.e., fibers with a zero-

dispersion wavelehgth of about 1310 nm). Transmission spans have also been

developed consisting of so-called non-zero dispersion shifted fibers (NZD). For this

approach, two types of fibers are alternated in the link. The two fibers are similar in

design to the DSF fibers, but with small ‘,»nor_1-zefo dispersions in the bands of the

alternating wavelengths approximately equal in magnitude but of opposite sign; the

magnitude of the dispersions are midway between the SMF and DSF fibers.

(0012] Nonlinearity: Another important class of transmission impairments results

from optical Kerr nonlinearity. This nonlinear effect occurs because the index of

refraction of the silica fiber transmission medium depends on the intensity of the light

being transmitted through the fiber. For a multi-channel transmission system, where _

the optical power is distributed over a very large number of wavelengths, the Kerr

effect can cause the following nonlinear optical phenomena:

3-



WO 02/ 075934 PCT/ US02/ 06641 [00131 (1) Self-phase nodul ation (SPM-This
nonl i near phenonenon is a broadening of the bandwi dth of an optical

channel dwe 73986 own power. This phenonenon inpairs trRWIAISETDEGM by
exacer bating dispersion induced |ISI, and can cause interchannel crosstalk
in WDM systens with cl ose channel spacing. [0014 (2) Cross-phase nodul ation
(XPM - Thi s phenonenon is a broadening and/or shifting in frequency of an
optical channel induced by the intensity of the ot her channel s.

| mpai rnments due to XPM. are qualltatlvelﬁ/ simlar in effect to SPM though
they may BR&'%uantit &b} Selfph %nqxxlmmpapwmamy count s

and cl ose bg%ad@&glg ?81% &deh% %%?11 c'ﬁgrﬂqg;]&"ae 9 if§ 1ts Ogvtn MM&%’:& A

phenomanon escr rac |on 0] annel rate

wavel engt BsendigéiRh %hbﬁlﬂs PSRN s b3' dxBécrbhtingRYpeRtiAducel IS akidanover I ap and
interfere wwth a third data channel. Four-wave mxing is espe0| ally

pr obl emat icgusennteolhrmes cronstaligiin WEMrB}'stctmaméléow\nhml speingd i n frequency.
Particul ar data chaz&e s may be oyer| apped by, m'er;]gn]products from many
pairs of 6°L°Hér chan Q&QMB@‘ aFuhPRYIGMERER B ng the noi se

and/ or  chP5SkRLK ab ofﬁﬁ’ﬁm hgRe enC}% éqgt]tlcéschtd&?elﬁﬁﬂ&m %%ﬁgﬁ ese

oper at es onthe I ght |nte sity power unit -are

nonl i near oftheasthes chanelse Imphn-gaﬁteduetoth dwqwﬂitatgrelymﬁnﬂmtm@aﬂect tpower s or
by using fibers with relatively Iargle effective node field areas (Aeff),

i e., wi tFM, theysh theymay h%mﬂuar@taé@e Slogunant forsystems withdange shammel singl e
node. Thecél Iﬁﬁd Os‘echerqn%acn{fect and so may be mtigated by

constructi ng PENSHT o561 §nk from alternati ng types of NZD as

descri bed igVi ous| y3) BUMMIRY Bhiin OPhdfORikAbn JRUSbeswhat | s needed

is a method and systemfor optical communications which takes into account
each of t hetertoreofmhanmeieat nvnpeparatemseler(gthﬂa@.nebatmmeatta)thiadfi rst

o ceum SRR AL b S AT K i 1o
ggg:}ﬁg' ' Zl%‘ifngh?k!ép@&aﬂy Ei&%&x&%%ﬁ[@%@n@@ﬂﬂﬁnﬁd{ GHanf¥ly SlebR-spakarPerty, a
in frequency. Particular data channels may be overlapped by mixing products from
many pairs of other channels. The effect is equivalent to increasing the noise and/or

crosstalk in that channel.

foo16] As the Kerr nonlinearity operates on the light intensity (optical power per
unit area), these nonlinear effects may be mitigated either by using low optical
powers or by using fibers with relatively large effective mode field areas (4,p), i.e.,
with a core size that is as large as practical but still single mode. The 4WM is a

coherent effect, and so may be mitigated by constructing the transmission link from

alternating types of NZD as described previously.

SUMMARY OF THE INVENTION

too17]1 Thus, what is needed is a method and system for optical communications
which takes into account each of the aforementioned impairments.

foo18] According to a first embodiment of the present invention, a transmission
span for a telecommunications link comprises a first segment that includes a first

optical fiber having a first fiber length and a first physical property, a second
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WO 02/ 075934 PCT/ US02/ 06641 segnent that includes a second optical fiber
havi ng a second fiber length, and a third segnent that includes a third
optical fwioar/oh@sing a third fiber length and a third physitoso2/psaperty.
The first and third segments are optically coupled to opposing ends of the
second segnent. At |east one of the second and third physical properties
can be different fromthe first physical property. The first segnent can
provide low non linearity, the third segnment can provide distributed gain,
and the second segnent can conpensate for the dispersion of the first and
t hi rd segmegment thatinakedeaisecingd optihd fitfer hating adeconid fibes tapgtinasd e ahirgr ovi de

| ow nonlinearity and the second.s nt can pr.Qvj a primary Ranmgn gain
medi um forseglﬂ@tstﬂ%fn‘m]f‘g?§1§]th‘ﬁ§r°?ﬁ‘éaﬁ%§r éﬁag’ﬁ‘grzg PB‘# ﬁﬁ?fnlfggﬁlhoarpd( brl?l?lr or the
span can r ﬁ&g,b' =lal &k, e D is
a first dgﬂg%%‘rgsiipgé coef ?P%ifgﬁtﬁédot?u?hs;é Irg?ﬁ%gg%%‘lyﬁﬁp{e?ggﬁg%% st

fiber | enghds ofife second Segnoemt. itdest sneof the eédond iand thifdphyisival prepertids segnent ,

L2 is the second fiber length; and D3 is a third dispersion coefficient
for the s&abRe difégentfrom %&rswhxssca{ ROPeRy r d heifisat segmppf qan pipndde 9% t he

total span _le i rsi | Qpe dist ] D). for .t n,can be
expressed%‘g%/l:ﬂ%agtyl%gﬁl%gzg%iﬁ%ﬁ P@Q’%, hﬁfg%ﬁd &%‘é‘re &Ei ge%gnqi rst
di sper si oRegthéiecdm coinpenshier For R0 Mdpersidd 2fi thed fisRCORY thidd S h&N sl ope
for the second segnent, D 3 is a third dispersion slope for the third
segnent , @dtergativelyotth¢ finstvaride tutdh segaremis darh pooyindeu kove axoslindayity laad gshain, and 0
< A < 1.0 ps/nmkin. The span can ffﬁrther .incl.ude_additi onal segnments as

wel | . EaclCCOSfl SEHECH AR BRV AL RN LR F‘Eﬂﬁ%fod_r Gri¥erent Iengths
from each iderrurb032ssbkl BRI ) FhSRAR 5P LhTkULE Lo di fTer ent

fiber segnents, ere the ftirst segnént provides onlinearity and the
second segnent provides primary_ dilstribufed gain and conpensates for the

di spersion of the first segmentDe F@%l +Aétlgr+d§rfgi”~t/6’yet anot her enbodi nent
of the present invention, a telecomunications systemfor comunicating an
optical simmal wheonr issdustalifperssan caetfamentifashefirst pepmenhd., satle fiost similar to

t hat descrj bed aboye, a first line unit . - )
t{ber fjengr?z, %2 1s a second ({1spers10n coefftlment %or the second segment, L, is the

second fiber length; and D, is a third dispersion coefficient for the second segment,
and L, is the third fiber length, and L is the total span length. A dispersioh slope’

condition (D’ ) for the span can be expressed by:
D' = %|D,’L1 +DyL, + DiL,|- 2 << A,

jo21] where D’; is a first dispersion slope for the first segment, D’, is a second
dispersion slope for the second segment, D’; is a third dispersion slope for the third
segment, &4 is a total wavelength bandwidth communicated by the span, and 0 < A
< 1.0 ps/nm/km. The span can further include additional segments as well. Each
of the segments can be the same length or different lengths from each other.

[0022) Alternatively, the span can include two different fiber segments, where the
first segment provides low nonlinearity and the second segment provides primary
distributed gain and compensates for the dispersion of the first segment.

00231 According to yet another embodiment of the preseht invention, a
telecommunications system for communicating an optical signal, comprises a first
transmission span the same or sixnilar to that described above, a first line unit
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WO 02/ 075934 PCT/ US02/ 06641 disposed at a first end of the first

transm ssion span, and a second |line unit disposed at a second end of the
first trawemesisehn span. I n one aspect, a Raman punp can PET/s0Dvdeded at

t he second and/or first line units to introduce a Raman punp signal into
the span, preferably for distributed Raman anplification. The first

transm ssion span can be part of a transm ssion |link that includes

mul ti pl e repeating spans having the sanme arrangenent of the first

transm ssion span. (0024] According to yet another enbodi ment of the
present i dispodedana fastnemdrofdhefirst praosmidsion spart, rad a secmiddmesmitrdisfoaed
conpensates for signal attenuation, dispersion, and nonlinearity of an
optical sAghatcord sadiAf teifuat BarsHREIPD SA8Y IR ODE ASRESE. 3 RamanyBmp g3, P&li ng t he

transm ssi.on. ' Lk Y: i he HED ' ' a'
fiber for bgdé%?ﬁéﬁg:# tt‘#ee%‘sng%gr%drz{)@h}s%%flg%? {téaﬁ)f {nrtré ? segﬁe%%@ggggsgggf 111?)(\% non

l'i near ity theaspanhipréfeBB MR dibtridvted ERarflars bfnplifit#dngaMie favd transiEisiewl segment
conpensates for the dispersion of the first and third segnments, with the
di sper si oppasacsacbeararizofci Epremissinn link thatiinclugas mudtipde tipspiingsspens baving
condition_for the sgan. I? 03@_ ?EE‘?CL .these conditions can be determ ned
based on O ¥ SFA0EPER Of MELLst FApPisHion®aBt the fibers selected. [00251
Further fgglpr %%c@r@ﬁlga{é\é?é@faﬁ&ﬁér_ ahbddieht WMk ipp&entiviRion, @Smédi6d o r uct ure
and operation of various enbodi nents of the invention, are described in
det ai | bebowiding tahtramstrasséonc epancthatheorapaneatpsa fiori signadl rattenuagion, Bizpérion,

DESCRI PTI ON. OF THE DRAW NGS, [0(2)26]I The accorrre@?\?i ng dr.aw nqs,, ich are

i ncor por afBY nARknEARtY QRN QRtical sigral spmmugicatadhereendmwodme ynits mchudes  put do
not limt 4.t (o) | OF t i e iRt on,
further sg}‘)\:l/@ﬁg gﬁgﬁﬁa@rﬁﬁ%{ﬁgb%@?%g% vlélgﬁo ?ﬁ%bwns%grﬁf étg’na%ﬁga%%&gngbl e
per son . skifibke tori dach b€ theedepinefdtsoathit 4 ArsiBkgmemrovides o haovy Hndarion,. a (00271
Fig. 1 shows a conparison between data channel power evolution for

di st ri but &irdsggment pepvidesdisiibegpd gammgnd aj sseondascament eampansaesofer|theks.

{ransm ss RBRET Ot Bkl R RE? Fa i, YA P ®Bfon RseT b SR nc s on.

-6 . condition and a dispersion slope condition for the span. In one aspect, these

conditions can be determined based on of the effective mode field areas of the fibers
selected. _

oo2s5] Further features and advantages of the invention, as well as the structure and
operation of various embodiments of the invention, are described in detail below

with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
o26] The accompanying drawings, which are incorporated herein and form part of
the specification, illustrate, but do not limit, the present invention and, 'together with
the description, further serve to explain the principles of the invention and to enable
a person skilled in the pertinent art to make and use the invention. A
o27; Fig. 1 shows a comparison between data channel power evolution for
distributed Raman and erbium doped amplifier based transmission links.
foo28] Fig. 2 shows a three-segment dispersion map for a long-haul transmission

system according to an embodiment of the present invention..
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WO 02/ 075934 PCT/ US02/ 06641 [0029] Fig. 3 shows a data channel power

evolution for a span with the paraneters of Table |1, for exenplary |ong
and shor tweaml®agt h channel s, according to an exanpl e emroadisomnde4nf t he
present invention. [0030] Fig. 4 shows an anplifier noise figure for the

span of Table Il, according to an exanple enbodi ment of the present
I nvention. [0031] Fig. 5 shows system performance as a function of channel
nunber for the span of Table Il, according to an exanpl e enbodi nent of the

present invention. [0032] Fig. 6 shows a nonlinear performance for the
span of Tadopse IHig. hsimrsohctegaclmndrpmwp@lsuemﬁuca spentwithfthe parametesent

I nvention. .| hows alternative three-fiber ty map W th
an al t er n&fi ngl?é?ﬁ btgf Ce’xet%%ry P%fmcg S WA RIS §W“ﬁ‘lﬂ§ AR Wéoéﬁbodi ment of
the pr ese'&kaﬁ]%%ﬂiﬂoﬁﬂmrﬁgpﬁﬂpr@eﬁt (Ehtpows an alternative three-fiber type
map with asynhetric segnent engt]fl11 according to an alternative enbodi nent
of the premant Higwestiowsran ;{nﬁmiﬁ&} nE‘sgﬁgB#é fohdhesspam o&iThisle Mg tatscedingtee- segment

map constructed fromonly t pes. of fiber, where the relative total
| engt hs oﬁnt@i@npmmhosémewﬁé@paﬁs(sna@ffémﬁnned by their dispersion

characteri c t as to .
optim ze (50\%31 aﬁlg snfls gggﬁﬁefr@g‘%@&aﬁé@%gé‘@ &(V)c‘ﬁ%lgn i\ﬁ‘t‘lgbﬂiﬁ@g enbodi nent
of the prepanéf TIIEM h&j@rdlhg)%ﬁl eXdntple SBboditeat GHaé PRsertlihvinfiadl ve
three-segnent nmap constructed from only two types of fiber, where the

rel ative szl ngr@shvsvsca‘ nqnhlaearmrﬁormmcetfypé:@ spaeof Bahleﬂnramddmg ta hei r
di spersi on char teri t| c &% t he ct u segrrent | engt hs are determ ned

so as to tlx?ffl CWQ HT“T“ 8 éﬁ’FSﬁB e, accor di ng to an alternative
embodi men ooQ;fJ tﬁ}gs PACSHRNS ahrayteﬂfah@@mr&&ﬂ@&]cygé ?%ﬁﬁh u% fiberOf

rel ative noi se factor (NF) as a function of ength or a segnent |11
fiber in aypeeoqdmpiaebtdmg n‘0| dnedlterrabive embediment ofithp prseftIByenkiong. 9A shows an
alternative two-segnent. map having a symetric segment- |ength map, e.g.,
for appli dwed odig ‘?Bmsf&ws qma!utgrr@m@ﬁlre% besr P EAPp VIdrasymmet i tagment

enbodi ment of the present inventio 7
tle gths accor%mg to an ternatr{ve embodlment of the present invention.

oo3s] Fig. 8A shows an alternative three-segment map constructed from only two
types of fiber, where the relative total lengths of the two fiber types are determined
by their dispersion characteristics and the actual segment lengths are determined so
as to optimize overall system performance, according to an alternative embodiment
of the present invention. ,

- [0036) Fig. 8B shows another alternative three-segment map constructed from orﬂy
two types of fiber, where the relative total lengths of the two fiber types are
determined by their dispersion characteristics and the actual segment lengths are
determined so as to optimize overall system performance, according to an
alternative embodiment of the present invention.
too3r} Fig. 8C shows a plot of relative noise factor (NF) as a function of fiber
length for a segment III fiber in an example'two fiber, three segment map.
roo3s] Fig. 9A shows an alternative two-segment map having a symmetric segment-
length map, e.g., for application with SMF plus 1xIDF, according to an alternative

embodiment of the present invention.



WO 02/ 075934 PCT/ US02/ 06641 [0039] Fig. 9B shows an alternative

t wo- segnent map having an asymmetric segnent-length map, e.g., for SM

pl us 2x| D¥pO 0aoT™B4i ng to an alternative enbodi nent of thecpnsspmed1
invention. [0040] Fig. 10A shows an alternative four-fiber dispersion map
with a double period, (i.e., with a periodicity of two repeater spans),
where segnents I(a) and I (b) are identical to one another, as are segnents
11 (a) and I11(b), while segnents Il(a) and Il(b) are different and are
designed to conpensate, respectively, segnents 1(a)+l(b) and segnents

111 (a) + ligosef b)Fig.Stghomisrag alternative Fwe-segmeny map hoviag ap asyometrice  pr esent

i nvention. [00 Fig. 10B sho Si periqd four-segnent map where
segnent Ilsféiﬁleq%é‘l’nggb&agn%g"stgr mf}%ggﬁﬁﬁﬁ‘gﬁ% P ap At gent 11(b) is
desi gned O according to an alternative enbodi nent
of the prtgglgggﬁbﬁgéﬁ@?gﬁé%?{ég%ﬁdoﬁg. 11 shows an optical data transm ssion
syst em i nga4opOIFag.i 10\ shoWRra@aaltefrRgwe furffivee dispérgionatapokith Adotisle anot her

enbodi ment of the present invention. DETAI LED DESCRI PTI ON OF THE PREFERRED
EMBODI MENPSFiod,0@43]Withe periedieitit of tweaigpeatet spansyi where segmentsl(@eandddbland

systemfor,_tel eco ni cat i.ons__and, in icul for.dispersi maps in
| ong haul a&%ﬁeﬂﬁ’c[apg&oqeo%hﬁ&tﬁs a(Sf)F?%%ﬁn?ﬁi%Qr%ndﬁg@gw 118 P“sﬁ?ﬁ“@iﬁg‘z

anpl i fi catah@mB) e ABferbtian® %A W stned fo BompinSite! fe@ﬁbcﬁvag,dde@iaht_sof the
present invention, an optim zed transm ssion |ink can be “designed that

m ti gat es Itahe I endsagntentsidlda) triHnrerding tnpmalterpative emblodiment afithei ssi on
link can be constructed froma plurality of different fiber types, where
each span PRFSERi AYEIYED) | nk can include a nunber of segnents of each fiber

type per N.F 0K o & - (M bt ' spans.
Furt her, é@ﬁserﬁlggﬂ% Aﬂo%t?er ?R%I?@d;fghpgé pr éc. E:‘%Iféﬁs%rﬁggﬁggzgsl n large
quant i ti eslesigiedxe cotripensatecsegients 1l mgl segnensHE) érdeimed necompensaonst ruct a

data transm ssion systemthat accounts for transm ssion inpairments by
sel ect i ng SegneAtilt arsATdiegto analternabive smbadiment afiGe PEESEMANVEDSNBL i t uent opti cal

fibers Wt e 1 ans %0 datl trdimd 3o (GRS infl56LERE H gl o -8 WO

02/ 075934
segment fiber span according to another embodiment of the present invention.

X

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
t00431 The present invention is directed to a method and system for
telecommunications and, in particular, for dispersions maps in long haul and ultra-
long haul optical fibers using a distributed amplification scheme. For example, in a
preferred embodiment of the present invention, an optimized transmission link can be
ciesigned that mitigates the aforementiongd transmission impairments. The
transmission link can be constructed from a plurality of different fiber types, where
each span within the link can include a number of segments of each fiber type per
span. Each link, thus, can include multiple repeating spans. Further, conventional
fibers that can be practically produced in large quantities can be utilized. -
Accordingly, a system designer can construct a data transmission system that accounts
for transmission impairments by selecting constituent optical fibers and arranging the

constituent optical fibers within the transmission link in the manner described below.



[0044] In addition, the arrangenent of fiber types and fiber I engths within
the span can be appropriately selected to provide an inproved noise factor.
Thus, thewsyetoesms4 and net hod of the present invention can Poa/usbebécaed to
design a transmission link for practical cabling, particularly with regard
to submarine applications. [0045] Fig. 2 shows a map of an exenplary ‘
transm ssion span 100, which can be included in a conplete transm ssion’

i nk, such as a submarine |ink between terrestrial stations.

Alternatlvely, transm ssion span 100 can be part of a larger terrestrial

transnmi ssiltes | ilm kdditer, tltﬂ,ﬁrmgélﬁeﬁﬂfﬁﬁpfs%@s@ﬂlﬁ@ﬁf lsAgths wathindthespan nk" or

"transm ssi o | i nk!" ansm ss l.in bet tical
si gnal t rﬁﬁ%ﬁ?? pé?préﬁt.ﬂy 5% %f)‘i f%cpépwdgpxbﬁgyr YECEIRfe Cto’I":%y ptgﬁ.sysg?
"transm sgh@heaRANS thed rb&nﬁﬁﬁ@ﬁtt&n%nl%@ﬁthh% t@fdehgx?a'trhﬁgﬁuss@@ﬂ Mgefbrpunp
signal inputs, so that for exanple, the end points of transm ssion span

100 i ncl ugeacticaleabiivg, parh@ﬂaﬂpdnﬂn&dgar&}o meanempﬁliba’mtnsu s nmeant a point in

t he transmssmnllnk where a punp is injected int pti fiber
Li ne uni t $2045p2 Fig @h O&’éﬁnéﬂps‘lfaﬁr%?fpﬂlérbtﬁraé’{%@tﬁs%%@ %ecorrponent

di agnost i gé%l%@e'aqn tht;gtglet&&tt%ﬁﬁésto ANt %@éh%ggmmarﬁ?etnmw@eﬂq

simlar t ose nveht 1 ona repeater units I tl on,

the |ine yptibss. CAmeraﬁtwelyd@aﬁ@msmuedamzumgaﬁ beparhefa gagentemfesmbe span acr oss
the plurality of wavelength channels. [0046] Transm ssion span 100 includes
a plurali ttgan@msgeghaht Eor puspqsee o btiisalescrntion, @ﬁm iligkFpyy”trapsmiss@As i ssi on

sbgnent 138% FFSH BomsSeT Pl es iR SORP IR Bl sraht % gpteit i on o
conpri ses sfgngﬂecése?r W%ﬁﬁf’td}@&&sﬁﬁwtﬁn’aﬁ@s ) tﬁeego?ﬁérﬁ@lfth@hhpr ein as

segnent |, segnent and segnent M In this enbodinent, the fiber of each
segnent ibasvezn@ump sngmabmputfs;‘ wrthaty fooleyanpla) the biad painte of g‘anms&ﬁmmmanh e

fiber(s) of the other t.hin the sane span. ese physi cal
char act er |199|1%‘§“494H13|WF &gggn‘ii g‘{neé\n% 191 Y5t s fqeé%taﬂfﬂl%tﬁ’é on sl ope
propertie gm% { r I M itions),
ef fecti ve%rr%%*lggi are %}edéﬁnrélsqg]aeﬁgag}g%% O?tlgﬂtﬁ%ep %ﬂg on mea??ty (e.q.
Kerr coef fcag kRO pEjvideltbmshidsphmednring, @nippabadiignoaite, adothwer (e. g.,
segnment | can be attached to segnent _11) with conventional fusion splicing

t echni ques:onmomléelmqwnummtanﬁatnabdttlfs simidarig thoseiperfmedB¥r can be

utilized, c\gﬂgen%ong%ege'ager Ghitd%n a%dltlon, the line units can provide for equalizing the

net gain of the span across the plurality of wavelength channels.

oo46] Transmission span 100 includes a plurality of segments. Inthe embodiment
shown in Fig. 2, transmission span 100 includes a first segment 110, which cornpriées
fiber 113, a second segment 120, which,comprises fiber 123, and a third segment 130,
which comprises fiber 133, where these degments are also referred to herein as '
segment I, segment II, and segment ITI. In this embodiment, the fiber of each segment
has one or more different physical characteristics from the fiber(s) of the other
segment(s) within the same span; These physical characteristics can include
dispersion properties, dispersion slope properties, fiber composition (including core
and cladding compositions), effective mode field area, Raman gain coefficient, and
nonlinearity (e.g. Kerr coefficients). The fibers can be attached to one another (e.g.,
segment I can be attached to segment IT) with conventional fusion splicing techniques

and the like. Alternatively, a single drawn fiber can be utilized, where the differing
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WO 02/ 075934 PCT/ US02/ 06641 physical characteristics defining each
different segnent are inherent in the particular fiber used. For exanple,
a fiber maoimg7®ections of different effective node fi el dramame2/odesuich as

t hrough the use of tapered cores) can be utilized. [0047] However, the
present invention is not limted to a particular nunber of segnments within
a span. For exanple, Figs. 9A 9B, I0OA and 10B, described in greater
detail bel ow, show alternative nunbers of segnents within each span, such
that the present invention can be utilized for spans having two or nore
segnent s. physical gbaractoristics d¢fining aachgbffererttsesment appmhersgiin tevpardc iy e

di fferent physical. characterd.stics from each..of t ot her.s nts within
a span. 'Fﬁ?’%‘_}ﬁfﬁm :Fgr, e’?ﬂi’i‘?’ a eﬁhﬁlwecgwsogﬁ%eéanie%&?vgépgc}e fﬁ%‘?gﬁeﬁs bel ow,
show al t ergahia¥ ehSaROHL TR SaphEd Gorkd)BasDERRiliRQNPr | ses three segnents,
where two of the segnents are of the'sanme fiber type. [0048] According to a
pr ef er r ed @ipodaveaver, die fireenpinesivn is notdinitairtp atpagicwtap nsimbewof in Fig. 2,
and the features of the segnments shown therein, ca e desjgned by taking

i nto accoSAEmeHEWIEIN PRy F SR ,Fb&ﬁd%h%%dﬁénev b‘?%éﬁeswgﬁigbt eristics:

di stri but bifhd i ' ' g{ﬂ 'Q@@(' h

consi dera %aﬁegfm{salﬁ}c efog\é Sga laﬁ%réﬁt?xf:e?{nug@g)rﬂ y?é}ﬁ%gr gsiaxgﬁégrnag{cgri stics,

ef fecti ve thm e pres@ntin¥e@eon caaibe utllisdiefos spans havaNetvwe@ihore segidertfielnl | ke, can
al so be taken into account. [0049] According to a preferred enbodi nent of

t he syst erdditionndifferent spgments segyrasaequired (o haye differgriphysieal cheraetprstigat e

non-1|i near. ef f ect segnent |1 (120) is designed,to. C ensgte for

di sper si orfrfoﬁﬁ'ﬁ’ 5035%%? SFW‘_"‘?@ (V(!Iég% felsicicy ? g %‘o_ Dé%?éﬁseggp(ﬁlpd §§r ansni ssi on
loss by praevirfbedth sretidt etMEHLIOW {Hbv AftRlatilE eRbbAMeRts Wit BREpLAI si gnal
111. O course, the arrangenent of these segnents can be altered, as would

3e app?y @nmprisesdgrgpf[siégmﬂrﬂi, rwdreye tsvoi dflthe scgtrhatsa{et ofghw&;na ﬁbﬁrpy;jsgnz Curtn
escription. In addjtion wer o re segnents can be provi o further
conpensat d"f&br Ao°(°ﬁ’éi*“_1& Foe?dérﬁ%%%?l Sﬁ‘[m‘i[lrloﬁ’ﬁ&f ‘?fﬁg‘ﬁi’@?e"(‘ HB’§B‘1°‘F@?€ PR PESEs of this
Coog PN Fishenp s e o1 sckibalo 0 b A8 VARDE BfHed UL =10

hi gher) daitd agé@lm@thetfbAdwing phyaisa ahd pmoa‘ieﬁmgiaali dhataclesisticsFiigtribited t hat
includes the span 100 froma conventional transmtter (see Fig. 11) to a
convent i oriiplifisatéqry dispersioa, and nonlinearity. Other considerations, such as cabling

complexity, fiber loss characteristics, effective mode field area, zero dispersion

(

wavelengths, and the like, can also be taken into account.

ooss] According to a preferréd embodiment of the system shown in Fig. 2, segment I |
(110) is designed to mitigate non-linear effects, segment II (120) is designed to
compensafe for dispersion, and segment, III is designed to compensaté for
'transmission loss by providing a gain meédium for amplification of the optical signal
111. Of course, the arrangement of these segments can be altered, as would be
apparent to one of ordinary skill in the art given the present description. | In addition
fewer or more segments can be provided to further compensate for other transmission
impairments.

oos0) For purposes of this description, the optical signal 111 can be a conventional
fnultiplexed (e.g., WDM, DWDM, and the like), modulated (e.g., 2.5 GB/s, 10Gb/s, .
and higher) data signal that is transmitted along a link (see Fig. 11) that includes the

span 100 from a conventional transmitter (see Fig. 11) to a conventional receiver (see

-10-



-10 WO 02/075934 PCT/ US02/ 06641 Fig. 11). The optical (data) signal 111
can have a high aggregate data rate (e.g., >2 Th/s). In the enbodi nents
descri bedwbanrerie34 t he optical signal 111 can be transm t Ped/tisn2/bdsel
preferred md-1R tel econmuni cati ons wavel ength region (1400 mm - 1650 nn).
However, the nethod and system of the present invention are not limted to
this communi cations band. Alternative wavel ength regions (e.g., at about
1300 nm) can be utilized, as would be apparent to those of ordinary skill
in the art, given the present description. [0051] According to a preferred
aspect of Fighild). eﬂmﬂntw@r(ﬂata)ssgmﬁédtll Far{ havg p high aggeegaterdath nats (9igovi de | ow

nonl i near y."],ow nonl i nea fortetra m S i s meant
that the %@ﬁ?ﬁﬁ? é’ﬂ E’i els l%?gebre §ith &0 éﬁnfségrﬁffc%pq?par ed to that
for a conygRihped n&@?&féﬁecﬁmd-ﬁ{ &&%emﬁmmaﬁéds%vaeﬁgm Bibh 1Rl D fi ber:
type) of conparable fength and of equival ent noise Tigufe based on

di scret e angbdhin)aHoorver, thelmeethddarsl syetsme:zftthe pmaseapinivertionfardact liMiBdhavi ng a

| arge effective node field area (Aeff) g%I ected, where Aeff represents
the size &tmwmmwcawaaémde& %tWé“@dP regiensteigerat abast 4804 abl y, an

Aeff appr A el ected.

For exarrp?ﬁ)%ge kﬂf% Tagsr\}r(?ﬁ& %&Eé}lrt]tté@g% Orég%%%%gﬂﬁﬁgﬁk%%o about 120
n2 can bqldj;srbgdnz@@cnlﬁtﬂﬁﬁﬂ I n addltlon segnent | can be selected to

provi de | ow signal attenuation. For exarrpl e, alowloss silica core fiber

(see e. ;oosrrab lAscordingdo ripsefarresbaspert offhie mbodimsntaseament B¢l 18} isconvent i onal
flbersfor an be.utilized, =} fiber. can_al so be
utilized, d8§ Par%\éd ;Iﬁgd}og}}pewﬁy I8y n8f1{¥?eﬁ§% %gIkﬁE’F rapSIsHEn spa o'y en
the present pfl8sGhithl mmﬁra@éﬂ@man@ Beerqpé érﬁﬁlls SRdIPcorpsindd toRmAer
averaged over distance in segnent I's large as conpared to that in the
ot her segrferdt sonvéntidnhkspae Xegph span conipasmgta&pnmlosaldiZB éibemtype)lofar e

described in further detai| bel ow. f5 Q rding to a preferred
enbodi nentogpagahle %T}Séh@?ﬁ%fﬁﬂwaleﬁtmlﬁe 1gure th‘SCTeFe @Gécaflgn ks gned to

conpensat %PE gésgéé?eandd ?198%%95‘1?%{5:?%& ﬁ&% dfteShy rﬁmo&é‘ﬁ%}?ﬂ%?é% éAfﬁ? gPé‘ét | cul ar,

t he overal ersion In e conpensate I Nng one or
selected, where A, represents the size of the mode supported by the core of the fiber.

Preferably, an A,; approximate in size to the total area of the core can be selected.
For example, the A for this seginent can be from about 70 um? to about 120 um?
can be utilized.

roos2] In addition, segment I can be selected to provide low signal attenuation. For
example, a low loss silica core fiber (see e.g., Table I described below, which shows a
number of conventional fibers for segment I) can be utilized. Other types of fiber can
also be utilized, as would be apparent to bne of ordinary skill in the art given the
present description. Preferably, the optical data signal power é.veraged over distance
in segment I is large as compared to that in the other segments. Further exemplary
characteristics of segment I are described in further detail below.

(0053] According to a preferred embodiment of the system shown in Fig. 2, segment
IT (120) is designed to compensate for the dispersion characteristics of the span. In
particular, the overall dispersion in span 100 can be compensated by providing one or
more particular segments, here segment II (120), to compensate for the dispersion

characteristics of segment I, and preferably segments I and III (110 and 130), such
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nore particul ar segnents, here segnent Il (120), to conpensate for the

di spersion characteristics of segnent |, and preferably segnents | and |1
(110 and wadpo7®ach -11 WO 02/ 075934 PCT/ US02/ 06641 t hat pdirarsez/eéeen of
span 100 is near zero, per the dispersion condition described in detail

bel ow. [0054] According to a preferred enbodi nent of the present invention,
the net dispersion of the span 100 should be relatively very small. Due
primarily to 4WM it s preferable that the nmagnitude of the | ocal

di spersion (i.e., the dispersion value at any point in the fiber) be

subst ant i &dt dispensionexf epanl ¥00tihgear aeral périthkdigpessien somslitiansdesembedarr o, XPM

i npai rment.s alﬁqd any cross-tal k between the WDM channels via, e.g., Raman
gai n, can9ds@BeElOYi zed. [0055] As is known, GVD is not independent of

wavel engt h l.ec i ] i : to '
transm ssirﬂ)gsn‘&-s;%tc 8@%@\%})‘3%@%%%/ g?g%ﬁ%#%ﬁﬁggﬁﬁ? gft%hrhq% e.g., about
100 nm or dispesionsfithespah ¥ 00kliduldibenelatively veecasahrDhe/pritharilytedWM, it he band
1450- 1650 nm wavel ength), it isfpreferabl e to account for the wvariation of
the GVD wit Prefoaaide thapthe magniteds afshe lopdldispgrsion (2§ theidigpersianeyalus dper si on

(TOD) or dispersio, 0 D ieh is def] tha. I 1D/ d2 (where
Yo s e BPeRi e BhedRe Sy lhraddady LU o RRPRBR PR ST be

may 1 esul Lejo)d XIPM dfpaif@intHndRAY StogtalR betiden BROFDM Ehdnliels RaNd.g,even if the
net GVD is zero at It)he m ddl e of the band. Thus, as the inventors have

det er mi neRamanfgaat, garebeminamgzedf erred aspect of the present invention is to
conmpensate the TQOD as well . .[ 0056] Fo he span 10Q.shown in Fig. 2, a

di sper si 0I5P°?§bnd}stlﬁ5ﬂ°‘(’ﬂ3)é\ﬂ3r1£ pgfan 5?1‘5"‘“ %ﬁwf)\?@?eé%é} ggg“édasby: De ! IDL,
rD2L2 +D3L3LcdniindibattfS béntilued ® pidd liradbfRE0E sAleiORIVidLd G2 1drpd t he
first seggnﬁ, L, |§s tﬁe&*ﬁugt e?P%der | engt h, D2§»§i't‘% a secggng&%i s%ersion .
coef fi ci enptidbahdweiddeEegidbswd®®min ol Roresndrhmally edthinchift nbewecessaglyh; and D3
is a third dispersion coefficient for the second seqgnment, and L3 is the

f
third fi bdimifedighe bandd 45011659 pe Wwaretanebahisreeigiahle 1A agtospeios thon sl ope
condi tion v@at%gn étor.ﬁe &Rﬁ) RAg Qva%'eﬁ’élh,' WhigRid xngeHeX t&gsotiﬁrﬁ%rfems{)ex‘gi%npos sible,

can be
(TOD) or dispersion slope D’, which is defined by the equation dD/dA (where “D” is

the dispersion and A is the wavelength). This dispersion slope D’ may result in large
net dispefsions at the edges bf the band, even if the net GVD is zero at the middle of
the band. Thus, as the inventors have determined, a feature of a preferred aspect of
the present invention is to compensate the TOD as well.

tooss] For the span lbO shown in Fig. 2, a dispersion condition (DC) for the span

can be expressed by:
D, = %]D,Ll +D,L,+D,L|= A,

toos7; where D, is a first dispersion coefficient for the first segment, L, is the first '
fiber length, D, is a second dispersion coefficient for the second segment, L, is the
second fiber length; and D, is a third dispersion coefficient for the second segment;
and L, is the third fiber length, and L is the total span length. A dispersion slope
condition (D’,) for the span ,which is optimally kept as small as possible, can be

expressed by:
D=L+ i1, + i) 8 <<,
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expressed by: D ,~ID;L, +DZLZ+D; L3l - IF " -12 WD 02/ 075934 PCT/ US02/ 06641
[ 0058] where D, is a first dispersion slope for the first segnent, D 2 is
a second wdimrpesssson sl ope for the second segnent, D 3 i s P&TIUN0R/M6641

di spersion slope for the third segment, SI is a total wavel ength bandw dth
comuni cated by the span (e.g., 1620 nm-1520 urn = 100 nm= &4, and 0 < A
< 1.0 ps/nmMkm where Ais preferably non zero. Thus, for a transm ssion
link on the order of about 10,000 km the total link dispersion AL can be
0< AL < 5000 ps/nm km where, preferably, AL can be 1000< AL < 3000

ps/ nm km Pw  tWhsradDy pea Bisp dispéreipn stopa dirtthefirst segment & s sgpoeatd to a
quantity that.is abqut a factor of oL re less.than A 10059] For
segnent | [AISPETSIORGREAPT the Bﬁonaé?ﬁ%ﬁ‘t’jbsﬁaﬁ%érﬁ d@?@@i%e?ﬁﬁée &1‘“@1 d area
(Aeff) can_bhe ted. . Pr r lLer. | v d il d area
fiber can S%%nengfga'@%&qgtﬁl Yﬁ‘gefl%l %g‘ﬁv?qtgg&h %lgl\lll\}é:g{eé§ﬂﬂ]ileos B e‘?‘ h{eéz(s%)lpan so t hat
nonl i near n'!ngp ' L SUkby Lot s‘fmh;@ cA 11 be

m ni m zed. rféjfzg}%gl 390§§gn§ht’gﬁ6‘i ntllggoes a |’§Ig%&h%§?bﬁ%f€%§%&r of from
about 15, z&#®. t Thth €otta trh@sidsi6alink en tiid drderast.aboutr1 0090 ki, ehie totahBnlsegnent | |
fiber can be a_conventional Ge-doped silica fiber. Qher types of fiber
can al so §ésparsian; 4ueqgn be 85\ & 3§00 pyapViem) where.arrefigeadlyh AL ean baHI0BR Aows a
nunber of venti.onal. fibers f.or segnent..l]), & y e rent to one
ot "o oi naDO0 BE RS Fon ke FisPertiBh sRBF REMiodd e SontBiinte RER BERBRED:. Ror "
conpl et e SNALEMIUEE BRI 8f 3 oF hdre 1kd9 thakt Ae total dispersion of the link can

further be either pre-conpensated at the transmtter, or post-conpensated
at the r qosvdior segmepbHparcoptisahfalar bavinpesmeller effeotivesmode fogld areaze t he

5061]  ActbraFght BIGiedr EFcmbl. & Amalh e Gt drc g SR APSIRAA®I n i O 2

segnment 11 lfllz{c 4 %rg&é .l&@er%?gl:%%i%gve% ﬁ%r%f? YEEe s . tHatrProﬂ%ih%&‘ Lﬂ%aiﬁﬁ'@fté) ptical

si gnal ccordi ng odinent, the anplification can be based
on a di st resultimpdiranid smatladffeotive @ehwiibbe siirdiimized. PRierablyfseginentdilit ed
anplification scheme using an erbium doped . fiber, or a hybrid

anpl i fi catindpdes@ftheshaving an Agioffwe showhl YHeY 19 shoubdO rEnsa be utilized.

In addition, the segment II fiber can be a conventional Ge-doped silica fiber. Other

types of fiber can also be utilized, (see e.g., Table I described below, which shows a
number of conventional fibers for segment II), as would be apparent to one of
ordinary skill in the art given the present description.

[00s0]- For a complete system (see e.g., Fig. 11), the total dispersion of the link can
further be either pre-compensated at the transmitter, or post-compensated at the
receiver, or some combination thereof, so as to optimize the performance of a
preferred optical data signal having many WDM channels. |

os1] According to a preferred embodiment of the system shown in Fig. 2, segment
IIT (130) is designed to provide a gain medium for the-optical signal 111. According
to this embodiment, the amplification can be based on a distributed amplification
scheme, such as DRA, a distributed amplification schehe using an erbium doped
fiber, or a hybrid amplification scheme that includes both distributed Raman
amplification and distributed erbium amplification.

os2] In a preferred aspect of this embodiment, distributed Raman amplification

(DRA) is utilized to provide gain in order to compensate for transmission loss along
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anplification and distributed erbiumanplification. [00621 In a preferred
aspect of this enbodinent, distributed Raman anplification (DRA) is
utilized wo opnewdde gain in order to conpensate for transmcIgisozode@ss al ong
-13 WO 02/ 075934 PCT/ US02/ 06641 the span. In this exanple, distributed
Raman anplification is provided by injecting IR radiation (e.g., punp
signal 132) fromnultiple punp lasers into segnent 111, counter-
propagating to the optical (data) signal(s) 111. For exanple, one or nore
commercially avail able IR diode | asers (having output wavel engths_from

about 140¢the spant b thissuempodistribptad amanpmmificaten sprevidebydascirgs IR i | i zed

to provide u source f man_a ification.qf sign in the 1520
-1620 nm Bﬁﬁﬂgnlrigjgégwgﬁl%?ﬂ%ﬁ °BU%H§H%%‘5PP iaézmq fﬁ%@g?\ﬁ’icﬁw‘cﬁﬁe one or
mor e Rarra?rcg;ldgmﬁgawiee@ﬂﬁcmd%) §iBal(sF I Fr ekahyle)ghd dHnfstei Ly, can be
acconpl i she y utilizing conventional dichroic mrrors and the like to
direct a commteedialfy ppdside R diodaigseis€baving owpht wavielehgths flom abtmdtil400on, t he
punp | asers can be vant ageousl y sel ed to he located on a regularly
spaced waP8l QRGP lgiﬁg&,m)tlﬂ'%&'&t*nth%“@‘l‘&ﬁi ﬁayb%gﬂﬁagm%%@eéwamﬁ y. Cther
t echni que i di bStridat) . ihhCaki ' ent to

t hose of 3?‘3?§£°rf§{a§‘é“‘."‘|%"‘ﬁiﬁﬁg*“?“ﬁ‘e"f?%ggi“@ﬁ ftSEg S?%"s"é"ﬁwa*a%s@ﬁ“%?'?gﬁ [ 0063]
For exanplie puaiip sikhiinB2twhich clrsihtlubieibetoranpleiRantaatpuatp wakedsigths of #@ subj ect
of this disclosure, would be to use a fiber for Segnent |1] doped with a
very |ow S¥BReeVRIyBEIRANSHY, eandiensrorapiphpd hy BHlizae AeBeniRNebaghing to the

signal as _descri -above with |R radiation o vel engt hs,4 n. t he range of
2bout 1458a0G e TR ietla dapCpREk i hain YRR BRI on Ty
be doped widifioR the@puap MEeRchinbé fdvatfageditly #RRAM!0 balitaRRd BRAGeat&Pf di ngl Y,

so as to provide distributed anplification in the wavel ength range of the

si gnal . | spaced wavtlength lgtids thawgh/tbe ghith mayyhetpopuiated sparpélypy Other thickriquee Ranan
punpi ng schene.. .[0064].. As. descri bed below, Table_ |1l praqvides.one preferred
Pl o P HIS G e SERpR Ao 41 bR rarar e moneo T e I hunp

| asers of ngl%ger{\%}é?‘é%?%ﬁ?&ﬁﬁ! ected according to the Raman gain profile

for the partic used'in segnent |I1), are provided.
os3) For example, an alternative distributed amplification scheme, also subject of

this disclosure, would be to use a fiber for Segment III doped with a very low
concentration of erbium, and pumped counter-propagating to the signal as described
above with IR radiation of wavelengths in the range of about 1450-1500 nm. Ina
further alternative, the fiber of Segment IIl may be doped with a low concentration of
any dopant, and pumped accordingly, so as to provide distributed amplification in the
wavelength range of the signal. In a further alternative, the system can employ a
discrete Raman pumping scheme. _ |

(oos4] As described below, Table III provides one preferred example distributed
Raman amplification pump scheme, where eight pump lasers of output wavelengths
‘(selected according to the Raman gain profile for the particular fiber used in segment
III), are provided.

[0065] In an alternative embodiment, auxiliary pumping may be additionally provided
by injecting one or more pump signals 112 into Segment I (110) that are co-
propagating with the optical (data) signals 111. Preferably, the auxiliary pump source

is one or more low noise diode lasers located in line unit 102. In this alternative
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[0065] In an alternative enbodi ment, auxiliary punping may be additionally
provided by injecting one or nore punp signals 112 into Segnent | (110)

t hat are wo-o2prpagating with the optical (data) signals PtI/usee/edeer ably,
the auxiliary punp source is one or nore | ow noise diode |asers located in
line unit 102. In this alternative -14 WD 02/075934 PCT/ US02/ 06641

enbodi nent, the wavel engths and powers of the punp |asers can be sel ected
to provide as flat a gain as possible (i.e., with m ninumdeviation in gain
fromchannel to channel). See Table Ill for an exanple Raman punp schene

wi t h bot h egvbadimant, tlpﬁwpmgmgﬂwgnémweﬁ-qcfrﬂaﬁpmg@n la%SBmW%kﬂﬁFeéé@ (00661
Pr ef er abl t to f £ t
T ga n Protie SRR oluE iy WO Ol i Rl s RNt o o by

usi ng gai @oéﬁﬁh&ﬁnswrabflé It fmn@% Rl PurdpRehh W AR bf)ﬂxrcoﬁﬁt@i” ding a
flat gain are al So contenpl ated. 10067) For segnment I11, a fiber can be

sel ected lptraiagttarg adrce+m0pageﬂ11;gplangmur¢wf as conpared to segnent |1, and a

conpar abl e or I | e eff as coglp ed to . se nt |, exanpl e, the

segment | o066} Bastersh fy Bith ToRER! (0 ABARATIAT iR P %Sbffatdualeff)wtl%s BB 70 ne.

An exenpl ¢ n [ d, GCe-
aXleH &%bfe%glﬁ}?&é@%r%;{aﬂg ﬁxgr?&?tsgétérh é % bfﬁm gélh fla erﬁh

doped’ S|I|ca core er ut| I ze (see

e.g., Tablﬁetefs (om;; roteftetialiws foprovidigayiat gainuinbelso edntanpluedt i onal fibers
for segnent [g) as woul d be apparent to one of ordinary skill in the art
_E S

gi ven the W}Wbs egEeat [t fher cary W@Cteﬂébﬁé‘% arql%tt@l}’tlﬁgebﬁapéfrt ies for a

variety of o fibe ken eit fro o] rcial avai | abl e vendor
speci fi cat’ %‘ﬁ 83?5 H‘fglﬁﬂ%l e o%?é Ol efﬁ&f‘ﬁ SR %ed# %egnsen? ever al

di fferent px @)Eﬂﬂll[ﬂe &Eegg@menﬁm fi64ri 100 Tath ﬁﬁvesm!o weom%smchmnt fdGbohi€at ur es
of the invention, will ‘be described below for illustrative purposes. Table

| Fi ber Ty’ﬁeméegéaemenﬁﬂdrgﬁbemnmospmniomgmcsqi&mcbn aZdica-claty Genuat i on
At t enuati on QGtion

‘ 1550 Sl 1550 1385
(1550" nn SopsqSensti SbGa0beEAGER DL aEs Stad BRI are T po Ak D+ X
(nm (dB/ Iﬁ@@crﬂ)gﬂ)glmv, whith W54 & Thumber of conventional fibers for segment III), as

would be apparent to one of ordinary skill in the art given the present description.

ooes] Table I lists the properties for a variety of optical fibers taken either from |
commercially available vendor specifications, or from published data on experimental
fibers. Several different example segment selections for span 100, based on the

features of the invention, will be described below for illustrative purposes.

Table I
Fiber Type Segment Effective Dispersion Dispersion Zero- Attenuation | Attenuation
Loction Area (1550 \nm), Slope dispersion | (1550 nm), (1385 nm),
(1550 nm), (1550nm), wavelength | a5 Clyass
Ay (pm?®) (ps/nm/km) D' s Ag (mm) | (dB/km) (dB/km)
: (ps/nm?/km)
Corning 1 85 17 0.060 1310 0.20-0.25 <2.0
SMEF-28
(SMF)
Lucent I 85 17 0.060 1310 0.20-0.25 <1.0
Matched Clad
(SME) A
Lucent I 85 17 0.60-0.65 1310 0.19-0.23 <032
AllWave
(SMF)
SCF (silica I 80 “14 - - 0.173 —
core fiber,
typical values)*
NDSF (non- I 107 20.2 0.062 <1300 est. | 0.192 —
dispersion :
shifted fiber)** i
Lucent m- 55 3.0-5.3 <0.050 1450-1510 | 0.20-0.21 <1.0
TrueWave-RS (0.045 typ.)
Lucent 11} 50 (4.8) - (- <0.050 1580-1635 <0.215 —
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Corning I 85 17 0.060 1310 0.20-0.25 < 2.0 SM~-28 (SMF) Lucent | 85 17
0.060 1310 0.20-0:25 < 1.0 Matched Cad SMF) Lucent | 85 17 0.60-0.65
1310 0. 19w0.02875984 32 Al | Wave (SMF) SCF (silica | 80 -14pCcT/Ud02/06631 - core
fiber, typical values)* NDSF (non- | 107 20.2 0.062 < 1300 est. 0.192 -
di spersion shifted fiber)** Lucent IIl1 55 3.0-5.3 <0.050 1450- 1510
0.20-0.21 <1.0 TrueWave-RS (0.045 .) Lucent in 50 (-4.8)-(- <0.050
1580- 1635 <0.215 - -15 WO 02/075934 PCT/ US02/ 06641 Fi ber Type Segnent
Ef fecti ve I;_%Ip_rgrm n_Di sSp rﬁt‘;flcnn Zer Q- At t enuation Af'rpnua'ri.nn Ln(‘_ti_n Ar ea
(1550 run)| "8 ¥Ke ¢ ,%g?ﬁ?m 155 5[ :5 B §' Sjé s 5onm
wavel engt hj a, 550 al13 a sh‘rm), nn1k ;%Q',), , ele )a,s m('rfmf Kim)
(s/ nnm2/ km TrueV\ave SRS LAA)ntmtu,eﬂrtm/MI &m 8) af)- (<@l 2 [ B8sx1590
0.20-0.21 THueave XL 1.4 Corpin-@seRem || 75 4 g <9 114 151011520
TmmveSRs H el | N WO . ¥ iruo nr 4 - a.n 4 20O o0
<0.25 < 1. OcteOr Mg T 5%727 0= 5T 1 -0 08B0 138560 2H0.20 T<10
TrueWave-XL 1.49)
Corning LEAF | I 72 4.0 <0.114 1510-1520 | <0.25 <1.0
Corning I 55 2.0-5.0 <0.08 1510-1530 | 0.20-0.25 —
SMF-LS
Corning I 50 (-1.5)- 0.12 1610-1620 | <0.25 <04
MetroCor
IDFx1 (inverse | II 36 (-20.8) -0.067 - 0.235 -—
dispersion :
fiber)***
IDFx2 (double | 11 31 (<40.8) (-0.124) — 0.251 —
inverse disp.
fiber)**
IDFx3 (triple | I |26 (-54.2) (-0.168) = 0.292 —
.| inverse disp.
| Fiber)***
DCF (disp. o 19 (-95) -0.32) - 0.50 -
Compensating
fiber)***
oos9] In Table I, * corresponds to values found in P.B. Hansen, et al.,

“Unrepeatered WDM transmission experiment with 8 channels of 10 Gb/s over
352 km”, IEEE Photon. Techn. Lett., vol. 8, pp. 1082-1084 (1996); ** corresponds
to values found in S.N. Knudsen, et al., “New dispersion-slope managed fiber pairs

for undersea fiber optic transmission systems”, presented at Sub-Optic Conference,

2000; and *** corresponds to values found in S.N. Knudsen, M.O. Pedersen and L.

Griiner-Nielsen, “Optimisation of dispersion compensating fibres for cabled long-
», Electron. Lett.vol. 36 (2000).

Based on the above commercially available and published fiber

haul applications
(0070}
characteristics, and on the features of the present invention, an exemplary

transmission span, such as span 100 shown in Fig. 2, which includes three
segments, can be more optimally designed as follows.

oor1) For segment I, a suitable‘low loss/low nonlinearity transmission fiber can be

selected, such as an SMF fiber type, an SCF fiber type, or an NDSF fiber type. For
example, the optical data signal power averaged over distance in this segment is

relatively large, compared to that in the other segments. For most channels, the signal
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SMF-LS Corning in 50 (-7.5) 0.12 1610-1620 <0.25 <0.4 MetroCor |DFx1
(inverse Il 36 (-20.8) -0.067 - 0.235 -- dispersion fiber)*** |DFx2
(doubl e 1WO32/0¢5940. 8) (-0.124) -- 0.251 - inverse disp. fiPoav)sot/oechDFx3
(triple 11 26 (-54.2) (-0.168) - 0.292 - inverse disp. Fiber)*** DCF ;
(disp. I'l 19 (-95) (-0.32) -- 0.50 - Conmpensating fiber)*** [0069] In Table
I, * corresponds to values found in P.B. Hansen, et al., "Unrepeatered VDM
transm ssion experinent with 8 channels of 10 Gb/s over 352 kni, |EEE

Phot on. Techn. Lett., vol. 8, pp. 1082-1084 (1996); ** corresponds to.

val ues fopnawer is agnagimimuad $rendef segment THieayen usdes epagiel Sropel Ramarged fi ber

oS oruersee,l Bk SRl S en SYSlem, press e el
Knudsen, M0 %%&%I@M%}Sé uﬁdﬁgé_ﬂx‘?ﬁéd}rﬁixﬁ ad\}&ﬁ%gwﬂsﬁ%é Riceh tgi spersion

conpensating fibres for ca aul applications™,” Electron. Lett.
vol . 36. ( Beoétivdyhyde tBasiatiniae thehrecuahdeorcefmoalinéaa iryaiaweits. dbise and
publ i shed fiber characteristics, and on the features of the present

i nvent i on further grederpbls te select 3 dibgr with the mpwRUMPEssiblg sttepmHon G seEBWH in Fi g.

ol love. FOOAT Raeae RIATERLS o (PRets THR FpBRIIRL pokuftiPl e, 0°

transm ssigfesfricRRl aldgh is pRI®sEIE th bSasGmalias pracBbbIE.i ber type, an SCF
fiber type, or an NDSF fiber type. For exanple, the optical data signal

power aveilaed The eequitiements o large effictivemgde fieldiagea and low loss throughout an
exemplary 1500-1625 nm band are met by standard single mode fibers (SMF type),

having non-shifted dispersion, originally designed for transmission in the second
telecommunications window (af about 1310 nm). Suitable fibers can include, for
example, Coming SMEF-28 or f,ucent Matched Clad. Alternative candidates include
similar but improved fibers such as Lucent All-Wave, which is fabricated to suppress
absorption on the O-H bond resonance at about 1385 nm. This suppressed absorption
feature can be advantageous for implementations involving forward Raman pumping, \
as the loss is slightly reduced in the pump band. Alternativé fiber compositions
include fibers having large areas (e.g., NDSF type, with A 4~100~120 um?®) to further

‘ suppress nonlinear impairments. Selection of these types of fibers should take into
accbunt bend sensitivity characteristics (e.g., some experimental fibers show a
substantial loss induced by bends at <50 mm diameter), especially af longer
wavelengths (i.e., >1600 nm). A further'alternative can be a special low-loss silica-
core fiber (SCF), such as has been used experimentally for repeaterless transmission
links (i.e., point-to-point data links with no in-line amplification.) Such fibers can
have attenuations of <0.17 dB/km, with other properties similar to SMF. The reduced
attenuation is preferable because it can yield an improved noise figure per span.

| Alternatively, the span can be made longer without degrading the noise figure.
o73] For segment II, a suitable fiber having dispersion compenéation and secondary
ga;n can be utilized. This segment is preferably capable -of compensating the total

dispersion of segments I and III, both in GVD and in slope. Such fibers can have a
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relatively large, conpared to that in the other segnents. For nost
channel s, the signal -16 WD 02/ 075934 PCT/ US02/ 06641 power is a maxi mum at
the end ovoegn®at |11, even under a partial forward RamaRCTASOPIGegL schene.
Under this design, segment | does not provide the primary Raman gain. The
node field area is thus unrestricted and nmay advant ageously be selected to
be relatively large to mnim ze the accunul ati on of nonlinear inpairnents.
It is further preferable to select a fiber with the m ni mum possi bl e
attenuation for segnent | so as to mnimze the noise figure of the span.
The dis percsnmnranaclysmgummdelﬁe&xhareb@ g.ukr-d8 1’y tvdch provideuggnifieants

pr ef er abl be. as |cab 0721 The ui nts of large
ef fective BT PYRE ‘Eﬁbepidg‘ﬁ}t hf‘ﬂ?% é’t‘“sﬁ’dﬁe 'ﬁ@’r‘ﬁﬁ FEMI00. 1625
nm band a f . having

non- shi ftég (glgikg%%%ﬁgﬁﬁgﬁégs?énaggFﬁpt{jﬁggﬁg)ndé%%?ﬁfﬁ?r aorll'gvm s)s:?on in the second

t el ecomunpiropggating pampienN (l'airecmbenbnlﬁﬁﬁx&mparﬂnen@wnhaiobcbby theamalican i ncl ude,

for exanple, Conning SM--28 or Lucent Matc Clad. Alternative candi dates
i ncl ude dnods figld ige of theseolircas. Fﬁlﬁé}sgpﬁf@ﬁblﬁéoI_Q‘}étéﬁ]@e‘}l\ﬁ?ﬁfMe which is

fabr i cat edof e SURRE 853 SHSRiANL el VIO R0bA AR QRRCE o about 1385

rim This press d an8or dre can ageous for

i npl enent qﬁmgﬁﬁmif&v@bgﬂcﬁgﬂegrmrd Raman punping, as the loss is sli ght |y
reduced in the punp band. Alternative fiber conpositions include fibers
havi ng | anges arkasrding . gneNS@it of thes embedimart] @Jibep (ypaijfetred fauast her

ake i o TSR ApERTTEEss (LIF)icay Of nePde Giscanea T oag DR gdiber - ¢
exper i mentaky Iifsﬁ a P%H&’Wis ersﬁ)'rlt%%p@m&trgf’slmés?ﬁ g%x@@k’&ﬁﬁt Rébag ng@to <5Q nm

di aneter), especi y at on er A further”

al ternati \Cﬁn&ﬂ@dﬂ@spﬁrﬁ@ﬁ@lﬂ(ﬁﬂmﬂ)@%h olbpe of SMFiPype(ﬁiber i meﬂlkéS@Ex) usealuch as has
been used experinentally for repeaterless transmssion Links (i.
poi nt - t o- pBithe ammlatq lerethyiptio (reEeried-tp iah Ehea 1 FOMPERALPR EHI0] 1@%@ les‘er s can

have attenuation <0. 17 ert SMF. The
reduced atteft 1|ogﬁat}o 1s|gf%tdr§)§r"%o elégéuse ﬂ?e?égg ’e‘?‘? Z’n |t %E(a)lts/gd noi se
figure perpesadedibitrafy E@hpekationl risio ! [PEofePR dTaBvdedl mﬁbéx@rag@rncmué&lmﬂ _
degrading the noise figure. [0073] For segnent 1I, a suitable fiber having

di sper si orTabbab eRemthe partisniar $BE dypeafilyers listed in Table 1, the dispersion slope

may not be optimal for obtaining a flat dispersion profile (as a function of

wavelength), as will become apparent from an alternative embodiment described
below.

toors] For segment HI, a suitable fiber having primary distributed gain/low
dispersion transmission characteristics can be selected. For example, for a DRA
scheme, as shown in Fig. 2, the Raman pump signals 132 can be injected at the end of
segment III (at line unit 104), counter-propagating to the optical (data) signal 111. To
provide acceptable powers for the Raman pumps, this segment preferably has a
relatively small mode field area as compared to segment I. However, as the signal
powers will be greatést in this segment, the mode field area can be selected to be 1arge
enough to reduce nonlinear effects. Furthermore, the dispersion slope and attenuation
of this segmént are preferably small, where the GVD is preferably moderate.

o7e] For example, these fiber characteristics can be provided by several different

commercially available NZD fibers, which can have a mode field area between SMF
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gain can be utilized. This segnent is preferably capable of conpensating
the total dispersion of segnents | and IIl, both in GVD and in slope. Such
fibers cawohamwessas -17 WO 02/ 075934 PCT/ US02/ 06641 conparatritsetycesmal |
node field area (e.g., 15-40 m, which provides significant Raman gain
punped by the residual punp that has been transmtted through Segnent 111
(backward (counter-propagating) punping) or Segnment | (forward (co
propagati ng) punping). To reduce nonlinear inpairnents enhanced by the
small node field area of these it is. also ¥referable to | ocate the

fib .
di Sper si ofn® KaTBRHIAPEn S qBGoer TORTE R D1 MR8 HHIERE S he i gnal
pover Wi | habifio @n AT} 8 YR 450km™RboGIANAP! To hARGH hEEGREd AR & One aspect

of this enmbodrnent, a er type referred to as I nver | Spersion
fibers" (dBpyrsivarsidpe, &l prefesred fhat thsepprenéted be asAmallll possitdef Flogt with

di spersion and di spersion sl ope ro&erties designed so that it may be used
to cancellabled, HucspkFaebiav Qﬂﬁ'ﬁ% 8YonR3) btk obwhiglyhaye B'900%er or t he

i ke when usathon pdD, @&B%{)&Q{dﬂ?}tgﬁsl PRONDD PRl Sl BLEE b Afg!

"conpensation rat erel conpensation ra s p gbly sone

i nteger nupdag(e.4. eCOmingIDEAF, 1AxEnt THEWEIN X)) Gt allehafife Spthink fathireg@APENSAL | ON
rati o. Properties of several such fibers are included in Table |I. For the

parti cul ato imFneigpigiredmt sar hayedess prefarzgsl dispersiethglopli andénegreasnd phmpe  nay not
be optimal_for obtaini ng[a flat dliTs{ge;si on profile (aﬁ ah{gﬁgrction of

wavel engt RPWeREAHITRER S SHTER ExPC 13 G am O TR IR RNt

descri bed poRelsOWith kA Rkarl @ffet @Y ARMbukibk mcRe SPHHE 3o tHMREmBAVME NG pri mary
di stributed gain/low dispersion transmssion characteristics c= be

sel ect ed. fiber. I¢isaaigol prefefred that RAbesutilered in segnedntlihhasra Zeraydisgersibe  Ranan
punp signals 132 can be injected at the end of segnent IIIl (at line.unit

104), counta¥rlepsth yell-qutsids the opsrating,tignal bandy JVasn Unsyesg dispersiony  provi de

t abl " i : .
el ati vel v RERES chffiion' JHRERA pRUTRRce Wb d BB bR BRRRE EBRONAZY %o e
signal pevebsadvahtagdttis 8. AC6HInd SMFFLS GoeaiAR SMF/DRCaritndgedtlifll glad ea can be

selected to be large enough to reduce nonlinear effects. Furthernore, the
di sper si odrasV¥pee fomd Lacenshigapperation in the 1500-1625 nm wavelength band. For

this segment, the sign of the dispersion is not critical because as described previously,
either the anomalous dispersion TW-RS or the normal dispersion TW-SRS can
provide acceptable results.

oor71  For embodiments involving other forms of distributed amplification, such as
for a distributed e;‘biﬁm amplification scheme or a hybrid distributed
erbiumy/distributed Raman arnpliﬁcatioq scheme, a"suit'able fiber can include a fiber
comparable in design to the NZD fiber types described previously, but further
including an erbium doping at low concentrations.

too78]  As described previously, other characteristics can be considered in the design
of a transmission span, such as span 100 shown in Fig. 2. For example, with respect
to cabling complexity, it can be preferable to deploy a bi-directional transmission
system, i.e., a pair of parallel, co-located fiber links transmitting data signals in
opposite directions. It can further be preferable that the counter-propagating links be
operationally identical, and that the number of different cables implemented within a

link be kept to a minimum. These requirements can be accommodated under the
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of this segnent are preferably small, where the G/D is preferably noderate.
[ 0076 For exanple, these fiber characteristics can be provi ded by several
di f f erentwooem®sci al | y avail abl e NZD fi bers, which can haee/sonmodel fi el d
area between SMF -18 WD 02/075934 PCT/ US02/ 06641 and 10r tber types. As
described previously, a N -1) fiber type can be sel ected having an Aeff of
about 45 n2 to about 70n2. To facilitate the conpensation of dispersion
slope, it is preferred that this paranmeter be as small as possible. From
Table |, Lucent TrueWave-RS or TrueWave-SRS, both of which have a D <0.05
ps/ nm km apsierzed desighdylselgtting the prngths of segmeeniADnidiIHde be equah Akbeughed node

field e.q. [ LEAF, L t TrueWave- | t ti
opt 1 ons. wiERE PP ORI T Ao 1 EE PbSAlTER, Brdimke &l BPET or f o

di sper si ok @RELARGuIRC ' GRGHIRUARonBRAVR equAHH{RPBMrs bfthé hi s exanpl e,
the |l arger” Aeft can correspond to higher punp powers, wth the salutary

ef fect of selinsdnt I bipeiand thesegmerdt Ilhtepey andicdnobd Used aetgptie edslof thefsper . [t i s
al so preferred that the fiber utilized in segnent |1l has a zero, di spersion

wavel engt Abgeqond gatle gan qomtain paly fiberspidhe segmentil dypevand gan by wed oply
i sher of o HEHFAAE KahBEAEN b BD apydhe AESICNT MABHESERAG miE 0B the - | o

Cor ni.ng ShR/sER.desoriptiber restri al - grade TrueWave from Lucent) for operation
in the 1500-1625 ri m wavel ength band. For this segnent, the sign of the
di sper si ooty gt exgmiplel afdhe prefeamgd embodigrent shaveuingiis 2, U DRA sehamer t he

I . d] i RS di i .TW SRS id
rcoept abl & PEBEH fsthe e Fip it Fabe SRS AOMRGOR MR Ay BAmeRor
di stribut 3%11%{1@1 pabdndérs ?fbvid%'dciﬂ Table If &1d Pab B, "réngétﬁt‘ély.e%ir Usaamd fication

schene or ybrid distributed erbiumdistributed Raman anplification,
schene, aparposabhthis éxabnpie afahe prefdried endoflinent wilt bepempdredtoian desi gn to the
NZD fiber types described previously, but further including an erbium
dopi ng at PRYFIEERA EXi$Et i ons. [00781 As described previously, other

characteristic : (o ' he ydesi : : 1 SSi on span,

such as s;Soglgr?5 18%@%%%\%"? %Eﬁémg@fr%gl ‘IE%? E%x%@%?&vﬁr%d%é%@@%%g cabl i ng

conpl exi t ¥egrhént€efNeqas! 1pngh.eThdiBertseletiigi giraretbis-tai¢ Behippdidadusty ansmi ssi on
described. In this example, a standard SMF is provided for segment I, an IDF type

fiber is provided for segment 11, and an NZD type is provided for Segment III. The
fiber parameters are approximate to those listed in Table I for the corresponding
commercially available fibers (e.g., Lucent Matched Clad, Lucent TrueWave-RS), as
well as for the fiber (1xIDF) to be used in-segment II. The map symmetry simplifies -
cable management. The total map length (75 km) is suitable for trans-oceanic
applications; other lengths will be apparent to those of ordinary skill in the art given

the present description.

Table II
Fiber Parameters for System Simulations
Segment I Segment 11 Segment III
Mode Field Area, 4, | 80 ' 30 50
(um®)
Attenuation at 0.20 0.235 0.20
1550 nm, a (dB/km)
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system i.e., a pair of parallel, co-located fiber links tra
signals in opposite directions. It can further be preferabl
count er - pwopagaiodfg | i nks be operationally identical,
of different cables inplenented within a Iink be kept to a
requi renents can be accommodat ed under the -19 WD 02/ 075934

nsmtting data
e that the

an@crhsn2/odsel nunber

m ni num These
PCT/ US02/ 06641

[l to be
this

One cabl e can
t he| segnment 111
cabl e can
e+ for the
the art
rred

preferred design by selecting the | engths of segnents | and
equal . Although three different fiber types can be used in
enbodinent —only two different cabhle _types can he required:
contain arDl 10nnynber of +3¢ bers of {hg segnent | {type and
type, and sed at poth ends of|the span. The second
contain ( ﬁff Fp@m&l +he—seghrert—Htype—and—can—be—used—ont
m ddl e seg)tepiﬁrsnoa$lupd,b'be+@.p@ar ent tp-00& of ordi naxoskill in
gi ven the (pFhASKR) description.. [007P] An exanple |of the prefe
enbodi neqt—stowr T Fr g

o —for—a PDRATsSTheme— s fiortthrer—desctr] bed herein
with ref ¢demgth,tlo(kme exapdd e di spersidh map and Ra@n punpi ng| par amet ers
provided in Table Il and Table 111, respectively. For illustrative
pur poses, this exanple of the preferred enbodiment will be conpared to a
conventional system [o0o0so] In this design, a symetrical map (L,= L, L,)
is provided, with all three segmanrr;b qual Iength The fiber selection
parameters have been pr evlt)?usll¥5§ql? lglﬁ exarrpl e, a standard SMF

is provided for segnent OVI ded for segnent 11,

ser IS he

and an AD typc S plmvn ded—For \chllcnt HH—Fhe—Hber P&t arreters are
appr oxi matPurhp Winetenglth st ed Dinectiminl e | f of Péver iato Fibepm¥W)ng copmercially
avai |l abl e (ﬁhgers (e g., Lugent Matched djad, Lucent TrueWave-RS), as well
as for the f1ber (IXTDF) tq be _USEd N Segnent H. The map Symietry
si mpl i fi éd41@abl e managenentBackward ot al rralzﬂQ‘bnqt h (75 km) is stitable for
trans- oce appl i cationg; | engt his be apparent to those of
ordi nary g@bﬁ, H—he—at lB'%ng{dhn pres l‘w deser+ptoen—rable{ | | Fi ber
Par anmet er|94per System Si nul |&oreas 85.0

1435 Backward 129.6

1450 Backward 64.8

1465 Backward 432

1480 Backward 21.6

1505 Backward 16.2

toos1] For purposes of this exarhple, it is assumed that seven of the eight Raman

pump lasers (é.ll but the 1425 nm Raman pump laser) can be located at a downstream
line unit (e.g., line unit 104 from Fig. 2), whereas the output from the 1425 nm pump
source is introduced into the transmission fiber at an upstream line unit (e.g., line unit
102 from Fig. 2). Thus, the Raman pumping scheme can be similar in configuration
to the preferred embodiment described previously with respect to Fig. 2.

o82] Fig. 3 shows an evolution of power for a short wavelength (about 1520 nm)
and a long wavelength (about 1620 nm) optical (data) signal over one period (e;g.,
span 100 shown in Fig. 2) of the dispersion map for the exemplary conditions listed in

Table II. In a simulation, a total of 256 data channels were provided, spaced on a 50

GHz frequency grid, with a shortest wavelength being 1520 nm. The input signal
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Segnent | Segnment Il Segment |11 Mde Field Area, Aef 80 30 50 (nR)
Attenuation at 0.20 0.235 0.20 1550 nm a (dB/km) -20 WO 02/075934

PCT/ USO2/ we6rh759B% sper sion, D +20 -20 +4.5 (ps/nmkm D Pgarssoonecs$i ope, D
+0.06 -0.06 +0.06 . (ps/nn2/km) Length, L (km) 25 25 25 Table Il Exanple
Raman Punp Laser Schenme Punp Wavel ength Direction Power into Fiber (nW
(nm 1410 Backward 140.4 1420 Backward 140.4 1425 Forward 85.0 1435
Backward 129.6 1450 Backward 64.8 1465 Backward 43.2 1480 Backward 21.6
1505 Backward 16.2 [0081] For purposes of this exanple, it is assuned that
seven of tphweeifgmacmahamel wemsseleetsé tsappaddimbigly ¢quelizeq@BformarRe femalpunp

Fro. ). iRBPelss PR eI R AR P BRPES Gounbad BIAT) i hoett raveRee i ghuced
ol £ Snpiaon g,y o e (ot 10
confi gur atchmmdstdacrteh&mg)bym O dBrnre b ool thedonigestesaveidngth qfr622 ams I Thewi t h
respect t ?{arFr{ag pur2np powers (see Table IIT) were selected to provide a maximum net gain
over the span of about 3 dB. For the system simulations described below, this net
gain is equalized to 0 dB for all channels. Similar to Fig. 1, in this example, Raman
amplification reduces the excursion in optical power, especially for the long-
wavelength channels, where the excursion value with no Raman amplification would
be about 15 dB for a 75 km fiber span. This effect results in improved noise figure
across the operating bandwidth, as illustrated by Fig. 4, which shows the noise figure
(in dB) as a function of wavelength. For éompaﬂson, a conventional 75 km link using
discrete (e.g., EDFA) amplification can have a noise figure of >20 dB (assuming a
0.20 dB/km fiber attenuation and 5 dB amplifier noise figure, and approximately 0.5
dB loss at each splice). Thus, this example system can yield an improvement of
about 3 dB for even the shorter wavelength channels, which is a substantial
improvement for a long-haul transmission system.
[oos3; With reépect to thé reduction of the deleterious effects éaused by nonlinear
impairments, Fig. 5 shows perfonnance.as a function of channel number for a system
that includes 100 of the spans described;in Table II, for a total link lengfh of 7500 km.
Other conditions are as described above.\The full system performance takes into
account the effects of nonlinearity, dispersion, and Raman amplification noise for the
256 channel system. The Q factor, which can be used to quantify the overall -
performance of the link, is calculated as follows:
Q= 2010g[ Lt J
.\ o, +0o,
(084] In the above equation, ¥,-V, is the difference between the minimum receiver

level for the 1 bits and the maximum level for the 0 bits and o, and o, are the linear
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(0082] Fig. 3 shows an evolution of power for a short wavel ength (about
1520 nn) and a | ong wavel ength (about 1620 nn) optical (data) signal over
one peri owo(eog934 span 100 shown in Fig. 2) of the di spersirarsozeqs4f or t he
exenplary conditions listed in Table H In a sinulation, a total of 256
data channels were provided, spaced on a 50 GHz frequency grid, with a
shortest wavel ength being 1520 nm The i nput signal -21 WO 02/075934

PCT/ US02/ 06641 powers for each channel were selected to approximately
equal i ze performance for all channels. For this and all sinmulations

descri bed noeedopdingsdorsthe Prand d lowplee| A FRjEM t8 zefagpding dowmat #itht33& d¥put to t he
span is -5.8\/8dBr§1 é/&'dlslgh thse ng%l-\gl’s of the | onger wavel ength channel s

decr easi ngfyB Noin(ori} fﬁlr% HB 6rfhe' | ongest wavel ength of 1622 nm The
Ranman punpoepWeris. o shefs b €orl d typichEyhertSedvefch 8t dhanddl eilydss Al 18Bgdrmum net
gai n over the span of about 3 dB. For the system sinulations described

bel ow, t hivavekengthghave betterupisd figure perfortade:. fig. GsHowsHbattledreis aSi mil ar to
Fig. 1, in this. exanple, |ification reduces.the excursion in
opti cal pOHETEREL S GOPY: 4 ofB) AETAING S ERA BT RS Lo Eal Aer o ¢ he
excursi on cﬁ@ﬂ&é?;}%%rg)e)??ld oR IR kB! Gdid IQ%IW?Hér@omBﬁ?@iQ%équlQ @B, for a 75

km fiber span. ect” results 1 n inproved nolse figure across the
oper at i ng 1wl hfsmission $ylstead eraplegingforwagd eror ashiectiorsinaksddthe noi se figure
(in dB) as a function of wavel ength. For conparison, a conventional 75 km

| i nk usi ngncefisgfamat.(e. g., EDFA) anplification can have a noise figure of

>20 dB (assum ng a .20 dB/ km fJ ber .att.enuation .and 5.dB |ifier noise
figure, aﬁ?fssépdg%‘ﬁ'?w_gtbglappﬁ%t tQ&%)SFgggré{'ParggkﬂP@ptﬁ? ?:ré)g.we?ﬁﬁ%,ret“fﬂts exanpl e
syst em caneyirfifdnathe BBV OKRERMndCdisperOh! inag pdFnietérs @%EBe hiffizealtorF 4 er

wavel engt h channel s, which is a substantial ~ |nprovenent for a |ong-haul

t ransm ssitramsmyssioatink[HA0RE b phitality efsspant oft samieros diffehing lengths fwittheach
del et eri ous eLf ects caused%én_)lgf nonl 'énear i npajrnments,  Fig. 5 shows
per f or mancBakBaYng 1R 0% BRTOIIErRR HRET SsEmERt. rlows.Acs0u RUEMaHYE udes 100

of the sp ogﬁﬁ&ft ioP ﬁQSﬂr eﬁ%l\lgrgyné ftIQAIhSlﬁlFIEIlgh ?J[’,ﬁ éarﬁlﬁabgﬂ]gégg}e?gs o200 km

Gt her conditions are as descri Pove syste rmance takes
into accouffing fibercfypes;iss tigk: nonlinearity, dispersion, and Raman
anplification noise for the 256 channel system The Q factor, which can be
used to quantify the ovdr _

[0087] D, L'i |Dijle,

[oos8] where Dj, L; are the dispersion and length (respectively) of the segments
summed over the periodicity. As with the embodiments described previously, the A
value for the span can be 0 < A < 1.0 ps/nm/km, where A is preferably non zero. Tﬁe
value of the total link dispersion A, is preferably 0 < A, < 5000 ps/nm/km, and more
prefgrably 1000 < A, <3000 ps/nm/km, &.g., for an overall transmission link distance

on the order of 10,000 km. The dispersion slope can be expressed as follows:

Z DL,
J

[oogo] where 54 is the total wavelength bandwidth of the system (e.g., 1620 nm -

{0089] - D.= % B <<,

1520 nm = 100 nm = 84). In addition, the period over which the full map repeats

can be, e.g., 1, 2, 4, or more spans.
oog1)  Accordingly, Figs. 7-10 show a variety of alternative configurations for

transmission spans within a practical transmission link. In each of these alternative
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performance of the link, is calculated as follows: V,-Vo @Q20log Ul1+60
[0084] In the above equation, V1-Vo is the difference between the m ni num
recei ver wioaeelhsoBor the 1 bits and the maxi mum | evel for taa/BGobddes1 and 6,
and 62 are the linear -22 WD 02/ 075934 PCT/ US02/ 06641 noi se | oadings for
the 0 and 1 levels. Areturn to zero coding format with 33% duty cycle was
used for the simulations. too85] Fig. 6 shows the Q for a typical
short-wavel engt h channel only, as all |onger wavel engths have better noise
figure performance. Fig. 6 shows that there is a substantial range (about
4.5 dB) otmbediatentspa Ritg) 3pin length@if 38 kiradsishowd.i Hewevepitherapardhgths,channel
powers) vyielding a Qof >13 dB, This |evel of perfornmance is adequate for a

| ong haul eitheshenges & Hnl am)ern shogirdg-n g0 Kepveandesfitiend, avyvprlditeon in t he

data encoding,.fornm 0086] . |, d. [ to .those of ordinary
skill in ? ﬁpear%’rtito ri’evgefr? rélﬁgypsl“gﬁér#g%agg?ﬁf}%{oﬁ%ﬁgﬂ{eﬁ%@éﬁ&/e_ system and

di sper si OﬂoﬁﬁpFBﬁéﬂﬂ?ﬂéﬁﬁF@m&&dﬂBj d1%BftiOthré sepmemSphfsdr®shdwr)k having a
plurality of spans of sane or differing lengths, with each span having two
or nore dwhErersegmertirhaps aseshowmtfor both aymmatel @ame langthaper a¢grneant)canidy e

enbodi nent _of the present inventjon,. transig ssi o an .can h ]

segnent s BPSFSIE FFshene sepment olulifewat ISngthtspaps. o Fie iy, afpsi 209 | £ [ 00ga1
where Dj, jdj SRDFUSRERRh RGN frb U Bolt BIRR & hisSlthnafife L NE segrents
sunmed ovleér-dhto%é'e%erieoggt?c#%. As vvlgltﬁlt e e?v"é)ozgi ment s ?escralﬁ eed previously,
the 0 vakmodiadent. "Whilp sifnitad o the ethbsdidnent Shodvnaa/Fign2k span\B06 rdéffeks from
preferably non zero. The value of the total |ink dispersion AL is

pref er abl §Pay LO0An that g yes! s8Ry 239, (segmeenitiles dispesed PalYepn ade segagnt< 3000
2 Bt 2 Reenb B DXL bR SRl BRs 10T o AR R £ o
Y D, ' . Lj uhitd 202%nd 204, similar to line units 102 and 104 described above for Fig. 2. Thus,

in a DRA scheme, the Raman pump 232 can be introduced into segment II at line unit

204. In this configuration, fiber 213 can be a standard single mode fiber (SMF), fiber

- 223 can be a fiber having dispersion compensation and secondary Raman gain, such |

as an inverse dispersion fiber (IDF), and fiber 233 can be a commercially available

non-zero dispersion shifted fiber (NZD). By reversing the order of the small Aeff IDF

and the larger 4o NZD (segments II and I1I), linear performance (NF) can be

degraded slightly, pump power requirements can be reduced slightly (due to the small

Aefy of the IDF), and nonlinear performance remains relaﬁvely unchanged when

compared to the span 100 shown in Fig,2. '

(0093] Fig. 7B shows a span 250, that has an asymmetrical design. In this alternative

embodiment, segment I, which comprises fiber 213, has a length of about 30 to 40

km, segment II, which comprises fiber 223, has a length of about 25 km, and segment

IIT, which comprises fiber 233, hﬁs a length of about 10 to 20 km.- In the alternative

embodiment shown in Fig. 7B, fiber 213 can be a SMF, fiber 223 can be an IDF, and

fiber 233 can be a NZD fiber. The specific leﬁgths of the SMF, NZD, and IDF fibers

can be selected according to their dispersion properties so as to satisfy the

aforementioned dispersion and dispersion slope conditions. While it can be preferred

from a cabling perspective to use a symmetrical map, it is not required because the
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I [0060] where 8A is the total wavel ength bandw dth of the system (e.g.,
1620 nm - 1520 nm = 100 nm= 8A). In addition, the period over which the
full map wepear®34can be, e.g., 1, 2, 4, or nore spans. [®aIlisoAce&ar di ngly,
Figs. 7-10 show a variety of alternative configurations for transm ssion
spans within a practical transmission link. In each of these alternative
-23 WO 02/ 075934 PCT/ US02/ 06641 enbodi nents, a total span length of 75 km
i s shown. However, other span lengths, either longer (e.g., 100 knm) or
shorter (e.g., 50 km), can be utilized, as would be apparent to one of
ordinary s&iglls, béth ab®hae indictfive] SRhPdiEREM sehafats iy B altelddd82] For
exanple, in Figs. 7A and 7B, alternative three segnent spans are shown,
wher e segnmprovagios exampls tempiseoliguse phiths ppancarrtp eeslucg pewes reqnmgmisniser segnent )
and asymmetrical (at |east one se nt..of diff.erent | eng spans. In Fig.
A spaiho KiratiBiadnd SherBntur PR 0L 8 nefeu Rughny EAHED B about 25 ki
inthis a | ' t i hd13 : : Saisent shown in
Fig. 2, stggﬁéﬂ%g%,uﬁigdffﬁlergragﬂf%‘)fs[{)%r?rgaobﬁdbt@%tgﬁegylgﬁ?@gpsegnent 230

(segnent MHajevesfilhr sgoeé ih seegmeath Eorfekamplesaptientlteridtiyemagnisibnl ) and a
second segnent 220 (segnent n 200 al so . includes |line  units 202 and

I1). . S
204, si mi [SBn 3Q0) 18 shewn i kg 81‘92@#1&%%9@38&%@@%&6%&% 3pQeomprsesa2  Thys,

in a DRA ' ' - Il at

| Tne oni t 9gRgned: 3fp FREREnRY ettt GRRATLAIERS 84 SuREREERY | 01 e

node fi ben3(SMith céhpdes fiB&33 13aWhivh itheishae fibamiypdashiegmeritdl Qine@iigensat i on
and secondary Raman gain, such as an inverse dispersion fiber (IDF), and

fiber 233302and304 stwitarie inewmnils 102and 464 described shove fatifiped; aiegdsoshi fted
fib NZD) . i ng .th i ||, Aef t he |
nefAzh ( Shsgpind S BRI oo R S A P P Y B e ers il aceg.

slightly, (RHRBRWRMP10GAUEEEIRRESh $8T5 RB a8 MCRELrRS degiibhty320d4/¢7 50 the smal |
AeffOF the IDF), and nonlinear performance renains relatively unchanged

when comkar. edls desctibel rpdously@ithirespacti to Fig. 8, vsing § DPGBfokeifiper inB shows a span
250, that has an_asynmetri cal desj%gn., In thi alternactliv ) ?g%)odi ment ,
segment | SegRFRALl Ay Ao dds an imprpvestnoisefigure, A psiie Fpdepldir i to 40 -

alternative design shown in Fig. 8 A may include an increased Raman pump power

due to shifting more of the amplification onto the fiber 323 comprising segment II.
ooss; Fig. 8C illustrates the performance improvement obtainable with a two-fiber,
three-segment map by showing a plot of the relative noise figure (NF) of the span as a
function of the length of the third segment. For these simulations, a total span length
of 75 km is used. Segment II comprises an inverse dispersion fiber (1xIDF, with
parameters co'rréspbﬁding to Segment II, fiber types listed in Table II), and its length is
held constant at 37.5 km. Segment I and\segment III each comprise a standard SMF
fiber type per the parameters indicated for segment I in Table II. The length of
segment III can be varied according to the abscissa of Fig. 8C. As shown, the length
of segment I is thus 37.5 km. In particular, Fig. 8C plots the noise figure reduction for
the particular channel with the lowest signal-to-noise ratio (SNR). For each point, the
channel powers have been adjusted so as to compare the noise figure imprbvement of
conditions of equal SNR. As is apparent, the noise figure improves by >1.0 dB for
L3>10 km, up to about 1.5 dB for L3 = 15 km, as compared to a two fiber, two- .
segment arrangement (L3=0).
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km segnent 11, which conprises fiber 223, has a |ength of about 25 km and
segnent |11, which conprises fiber 233, has a |length of about 10 to 20

km, In tweolt®shnati ve enbodi nent shown in Fig. 7B, fibecTAk82/e@m be a
SMF, fiber 223 can be an IDF, and fiber 233 can be a NzD fi ber. The
specific lengths of the SM~, NZD, and IDF fibers can be selected according
to their dispersion properties so as to satisfy the aforenentioned

di spersi on and di spersion slope conditions. Wiile it can be preferred from
a cabling perspective to use a symmetrical map, it is not required because

the -24 Wgobt?/ O 2filerREEMIGOCéHbEHhent shogh S Figh8B/a flxgalidiion spadl3s@l at i ve,
of the different segnents may be altered to inprove, for exanple, the noise
figure of llﬂﬂ‘éd%@aﬁiﬂdﬁgm@ﬂtﬁéﬁlﬁmt/@ra yeseRd segment 170 (s¢gmesat]D).A8€ 6r di ng to an

alternati S ect he pr esent | nvent he NZD ref.erably used
in segrren;{ﬁfc?? ?%) qhesPmRALs Sﬁ}bgﬁ‘i%fg?i 3\An5taﬁ5§(ﬁ—en %bﬁ%e ﬁb \?,ﬁgt ever
fiber is usede h@hﬁeﬁi@ﬂ;er b23 E&H bEXAIDE, @nd ﬁf&%&%@gﬁéﬁt%’%@% ¥ abb@nsm ssi on
span 300 is shown in Fig.. 8A In this’alternativé enbodi ment, span 300

conpri ses 2a.5 Kmits dbame §2r8 ikin Blengths.dhersacond $qg1mn5332msdbmgﬁérmn B20 (segnent

1), and a third segnent 330, conprjses _fiber 313, which |s the sane
fiber typée%hééaﬂ}?ﬁ-{’lfqlsegi?%lﬁﬁﬁl?é‘go ufg2o g téékﬁﬂ@ﬂ?ﬁaﬂaﬂ%,mtﬁ@ units 102

and 104 d I@g@gg o | fiber 313 can
be a SMF gﬁg&?ﬁﬁer glgth e an %&Eﬂ{ﬁoﬁﬁﬂn \éd:ihﬁgftrﬁjrgega}mm% ré segnents 310
and 330 arsegreati360.8 Rithkimedict thé doisefgnd. &ﬂgmbﬁﬁllﬁa?ﬂldr&r thirdzegrsent As

descri bed previously with respect to Fig. 2, using a larger core fiber in
segment | ICAN h@ysedrto waderatenthe Mman SUmRPOSET qugmlaenta\ Butsr.ig twotfibgdie- of f i n

hi | h d Ra
bunp. poer Rttt ERp ARk A HovR T Fieti o B Vet R R Bl PR B er 323
conpri si n%ﬁﬁmwabaengtﬁ %%@Inﬁe@e di8ferbibh !ﬁB&ﬂé hPBe aés?%nee kd ﬂﬁt@’ﬁ'ﬂl&‘@

i mprovenent obtai nab a two-fiber, three-segnent map by showi ng a
pl ot of thhanaeﬂeastweefBMEmh‘oﬂgG?\@ :(rkll—‘e)xsmfsmmﬁompan as a function of the

75 kmi o (88N, TeBLAA TR PE o LELa Sfivﬁ‘é'eﬁéél?ré‘ﬁ%ggéhé PISER ber (1 1 DF,

B OSSR ST Mo 10

and\ s egnme rRinblodimehds; Beghship [l 81 Be ahamd doth thbldesign because the functionality
and design considerations for ﬁber selection can be merged into those for segments I
and II. For example, in Fig. 9A, a transmission span 400 includes a first segment 410
(segment I) and a second segment 420 (segment II). Here, fiber 413 (segment I) can
be a SMF and fiber 423 (segment II) can be a 1xIDF. The first and second segments
410 and 420 can be equal in length, with each being about 37.5 km for the example 75
km span length. In this alternative embodiment, fiber 423 (segment II) is éprimary
Raman gain medium. In addition, fiber 423 (segment II) compensates for dispersion.
System simulations indicate that such a map can have lower pump power
requirements (by about 1 dB) as compared to the three-segment map shown in Fig. 2.
Span 400 can have an increased noise figure as compared to the three-segment map
shown in Fig. 2 as the amplification will be more localized to the end of the span.

Span 400 has a more straightforward design and construction as compared to the

three-segment map shown in Fig. 2. For example, a single cable type for the
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fiber type per the paranmeters indicated for segnent | in Table Il. The

| ength of segnent |1l can be varied according to the abscissa of Fig. 8C
As shown, wohe/hsagth of segnent | is thus 37.5 km [In pardrousoaneestFi g. 8C
plots the noise figure reduction for the particular. channel wth the

| owest signal-to-noise ratio (SNR). For each point, the channel powers
have been adjusted so as to conpare the noise figure inprovenent of
conditions of equal SNR. As is apparent, the noise figure inproves by >1.0
dB for L3>10 km wup to about 1.5 dB for L3 = 15 km as conpared to a two

fiber, twSMBEKIBRimap'danBeQTRAd. {l-&idkjon, spia 400 cA2{uie Bidinedl US02/ 06641
(0056| I n anot her alternative enbodi nent shown in Fig. 8B, a transm ssion

span 350 Cxcrm’$lgme§thanﬂi¢1s16r$@gwéht\?v3361©ngtbegnent 1), a second segment 370
(segnent third se nment rises the sane fiber 313
e Segnenioot  Adreting | arotTFPEAAE i AeBEE REOPTER: SPIOCAEE an | DF
and t he fit.st @Q%E mlnlength
t he secong{a?eogfnent g%x(%%légs&ugg{;}g%g&? 5 En?lzﬁe Q}Oé&%l%l%l??%‘:?ﬁé ﬁ%(rd segnent

i s from ahtlized> Heve ab@purarﬂl&efsmfithm Jpamgﬁmlare'ﬂmsundas spim 400, akdept that | ve
enbodi ment, the third seg S at shorter than the first

segnent 38} %gthwm@mmédé%se%@%ag@?q (gegraent No gredibfersnt, gndy short er
Fur t her - Seyent Fighe? 923/ pifloli s TRRE0 BN L0 BRARA AUPROROIRL 01 L T ER

can have gnvetsatdigperstinSitRr St ddn nsahUﬂGitidHfZQfsuE@H@ﬂh@l@ﬁﬂdiple @Fi:he i nverse
di spersion fibers can be designed to match the characteristics of SMF in

both GvD d&iber Wpsplmvmmnwgusime@c)m] Figs. 9A and 9B show anot her
alternative e nt th e ntion nsm SsSi on spans

compr | o1 nifotho AScREIR e Yoy arofEeEDE el SR RO bt R e DB B ot 1 11 can
be om t1ededj @ant[k}@vﬁgﬁie%pﬁﬁ l?‘ﬁ %ﬁﬂé?lrfdﬁﬁéﬂdbﬂ%ﬂtﬁﬁze%g tResi gn

consi derati ons for fiber selecfion can be nmerged’into those for segnents |

and H Fodispz@ivnland thendiffiegsio®Appaof the spsm bysntrodusngronéd @0 moncddditemab i r st

segnent 41 (segnent 1) apd a second t 420 (segrrent 1). Here, fiber
413 ( segmdReETs| FOE SFMRle 25 Wsaﬁanﬁprse?ﬁﬂ@én 1hex eapherRroTIASd Raying a | x| DF.

The first ?sggr E‘x%%[}f&gigr?h@%ﬁo%eﬁéﬁ9s1é’ﬁﬁifgﬂ%&@&ha?ﬁl GGAal B h&WE L W th

each being exa
NZD fiber used in Segment ML

oot00] In a first aspect of this alternative embodiment, Fig. 10A, shows a three-
segment, double period map 500. Map 500 includes first span 505 and second span
"507. In this example, each span is about 75 km in length. Span 505 includes a first
segment 510 (segment I(a)), which compﬁses fiber 513, a second segment 520
(segment II(a)), which comprises fiber 523, and a third segment 530 (segment I1I(a)),
which comprises fiber 533. Span 507 ihcludes a fourth segment 540 (segment I(b)), -
which comprises fiber 543, a fifth segment 550 (segment II(b)), which comprises fiber
553, and a sixth segment 560 (segment III(b)), which comprises fiber 563. In this
alternative embodiment, fibers 513 and 543 of segments 510 and 540, respectively,
can be SMF, of the same or slightly different type, similar to the fiber types used for
segment I of Fig. 2. Fibers 533 and 563 of segments 530 and 560, respectively, can
be NZD fiber, of the same or slightly different type, similar to the fiber types used for
segment III of f’ig. 2. Line units 502, 503, and 504 are also provided, having

capabilities similar to those described above for line units 102 and 104 of Fig. 2.
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km span length. In this alternative enbodi nent, fiber 423 (segnent I1) is a
primary Raman gain nmedium In addition, fiber 423 (segnent 11) conpensates
for di speweioen7s936ystem sinul ati ons indicate that such a map/usazodsave | ower
punp power requirenents (by about 1 dB) as conpared to the three-segnent
map shown in Fig. 2. Span 400 can have an increased noise figure as
conpared to the three-segnent map shown in Fig. 2 as the anplification
will be nore localized to the end of the span. Span 400 has a nore
straightforward design and construction as conpared to the three-segnent
nmap shown dowwiFiWith 2espécdto sgaienlsdl(a)pardili(b), ¢.e6 dizl middlepeghents bhigpan? 5030

02/ 075934 PCT/ US02/ 06641 SMF+1 xI DF nmap can be utilized. In addition, span
400 can r &84pP7,a8 IRFPH?ﬁ‘ﬁlmé@(é%‘illéﬁ’eéﬁo’é)ﬁb%rlﬁ’é‘ﬂhé?orﬂ?%@r%fého af Drfaavel engt h.

[ ooss] Acc L.n of t I

o segmermorapist B3SAEE PEERERe e, s el AR USRS BB 1 i o
9B, can a's&@;ebl@ublb‘iﬁ Haéﬁﬂxde'ﬁ'ﬁde pdsh@upﬁ tmh@ﬁ&-%ro'fdh@eﬁ%nshi’f&‘a are the
sanme as span 400, except that ? | engt hs of segnments 460 (segnent |) and

470 ( segmdiber typy usndendcgrn@nseﬁl(a) mddﬂ(lﬁegnmnm fibgri3sér The BDE dibpr dages a
doubl e i nyerse s er si pn flber |, DFX i nver se ersion fiber
i o Lobes Smilag Al groperias, st e isetia ROt el b Ao DR RS ¢y pe
shown prey I [ i ment of
the. pr bsene AL pavickefy, Trby ég&%ﬂ@‘éﬁf’%ﬁ S L il (RROIGE SRTRREL BN

further i neamdrngarstdryconniensatedbypsdgmenhB(a),dvisifecths NZD ﬁbm‘ it bethd;panes sion
sl ope of the span by introducin more additiognal fibers. For

exanpl e, &ﬁmPPWEeﬂsbé/ sagrmentdHb)- Igtﬁ%exa?r{p%?ho(\ygﬁn 5é8- BPOv plieagmeatsi 5\4‘@0%

di spersi *'hofil H SR fﬂ?&% W t§ difte htgl g e sz fyagni tude to
t hat for er-quse g & aspect of
this al teragg HMR Qﬂmﬂéﬁ@ﬂhn tﬁbeonfﬂgQA;t ﬁb@&& Bed @eusl %Imlllb doubl e

peri od mag1 550 ﬁ/ap 500 mcl%des fi rstlospan {3105 ﬁa}ﬁd ussegond spgn 507. In

this ex arr;apparemac Ithcspaﬁondmaabslultl m7®e Iarhgu\renl tbmgnet;ﬁnt @mnp&cms Furtheuides a first
cogrent 510 SR, iy e ROTRL LSS5, bR (5120 0. SErend, ggront 520
(segment Iahh ﬁﬁi)ﬁbers with compensation ratios other than 2, with commensurate ad;ustments
 inthe lengths of Segments II(a) and II(b) relative to Segments I and III. For practical

purposes, it is preferable, however, for the compensation ratios of the INZ and IDF to

be the same. This allows the link to be constructed uéing only two types of cable: one

carrying the SMF and the NZD, and one carrying the IDF and INZ.

[00102) According to yet another aspect of this alternative embodiment of the present

invention, a four (or greater) segment map can be utilized for a single span. As

described previously, adding an additional fiber type of the appropriate properties can

provide the capability to further independently optimize both the dispersion and the

dispersion slope of the span.

[00103] As shown in Fig. IOB, a four-segment span 565 includes a first segment 570

(segment I), which comprises fiber 573, a second segment 580 (segment II(a)), which

comprises fiber 583, a third segment 585 (segment II(b)), which comprises fiber 588,

and a fourth segment 590 (segment III), which comprises fiber 593. In this alternative

embodiment, fiber 573 of segment I can be a SMF, similar to the fiber types used for

segment I of Fig. 2. Fiber 593 segments III can be a NZD fiber, similar to the fiber

8-



whi ch conprises fiber 533. Span 507 includes a fourth segnent 540 (segnent
I (b)), which conprises fiber 543, a fifth segnent 550 (segnent 11(b)),

whi ch conwoiemzsBs ber 553, and a sixth segnent 560 (segnmeat/usor/(ds}), which
conprises fiber 563. In this alternative enbodinent, fibers 513 and 543 of
segnents 510 and 540, respectively, can be SMF, of the sane or slightly
different type, simlar to the fiber types used for segnent | of Fig. 2.

Fi bers 533 and 563 of segnments 530 and 560, respectively, can be NzD fi ber,
of the same or slightly different type, simlar to the fiber types used for
segnent | ltypesfusdd fgr segmeht HEofilfigt 2 B, repdet to aegh izt [16) andillfh), ipe. othe ded,
having capabilities simlar_to _those described above for line units 102
and 104 ofmigilg segmentsof span §63.@r30Ee-ecHP D osrremprise fier PP angdianiNZespect to

segnents | I =N i .S 0 and 507,
an | DFx2 (dg(ﬁla%ef‘ﬁ’g% szé( 18?%508@5% cs)%ﬁh&gsegr@‘ \%ﬁ t@?@i éggelﬁggftlh%%ﬁ%géegf 2) can
conpri se fid @pfipdadate@bidsepthehfNIfH3, Whilkethe NZI®fiberds Edrdnsitay by Segindik Sper si on
and di spersion slope double 1n nagnitude and opposite in sign to the
non-zero di(apekltsmativsly; fiberch8Biche compmes anddd filyer and)frbert588Ichn ¢eprsed |11 (b),
conprises fiher 553..T | DE fi ber .can haye simlar.physical  properties,
such as ef"?éﬁ?i V;‘é“erfﬂ’é‘élgg%@lnﬂ Sh‘r‘é%ﬁal%?sprf’ e%%nggﬁéP@llﬁli%éwraﬁé@mﬁ %vi ousl y.
Thus, t he qdisimed s f6f lideRiSYD2 868 IGN6SFigp. both the first and second
spans are conpensated by segnent H(a), while the NZD fiber in both spans is
conpensat gadtogly Adbfpesdgndeh{sizhn be of eduel Exgthihesioha)wr diffefing leng(@é, asal |
segnents are_of nomnally equal |engths, although segnents, of different

| engt hs c3¥Pulsbbe anparently qus of gedinary SN e At giken tgsym@t@eﬁcr@sﬁn-i Burati ons

e Do R Ul By g B Sh S l |

al t er nat i ueroed1ide dighBlfang ahisah£0ddinvas Bave ifpréved MnSmiskivn Pedpefties DF and | NZ
fibers with conpensation ratios other than 2, with comensurate adjustnents

in the | endiersbydhe Sunmpewer can bapxpastedite bpyeduetdatlishBy aothesmaieoss IDfand 111
Fati b6 of 1§ TEATREWARGER pumposnd gl EAE Jygte i Bisien Sntedon iR be

construct %@'ing&ﬁ@ﬂvmisxestmlamw@e%cﬁﬁemm@m&?ﬁae d“o%resé;%&iad%. SMF and the

NZD, and one carrying the IDF and I NZ. [00102] According to yet another

aspect of Additsonal vafatiets ofahis aheratirendesigh cahénchrde ferther reordering the
fibers (e.g, SMF+NZD+IDF+INZ), utilizing additional fiber types and/or segments

within the fiber span (e. g., adding a fifth segment for gain and/or dispersion
compensation), and using IDF and INZ with‘compensation ratios other than unity
(with commensurate alterations in the lengths of the segments).
foo10s] Fig. 11 sho§vs another émbodiment of the present invention, a system 600 to
communicate an optical (data) signal 61N System 600 includes a transmission link
605, which includes multiple repeating spans 601. Span 601 can be designed in
accordance with one or more of the span embodiments discussed above (See Figs. 2,
and 7-10). For example, span 601 can include a first segment 610 providing low
nonlinearity, a third segment 630 providing a primary gain medium for DRA, and a
second segment 620 providing dispersion compensation. In this configuration, line
unit 604 provides a Raman pump signal 632 counter-propagating to optical (data)
 signal 611. In addition, an auxiliary Raman pump signal 612 can be provided to be
co-propagating with optical (data) signal 611.

-20-



i nvention, a four (or greater) segnent map can be utilized for a single
span. As described previously, adding an additional fiber type of the
appropri awe opoepPsesti es can provide the capability to furtherusomdspendent |y
optim ze both the dispersion and the dispersion slope of the span. (00103]
As shown in Fig. 10B, a four-segnent span 565 includes a first segnment 570
(segnent 1), which conprises fiber 573, a second segnent 580 (segnent
I1(a)), which conprises fiber 583, a third segnent 585 (segnment 11 (b)),
whi ch conprises fiber 588, and a fourth segnent 590 (segnent 111), which
conpri ses [doiokeISyst8m. 600fuitidr Snchdes anahéniftter aiib 654, veich conmpses ﬁﬁBlp(lﬁ segnent

| can be a SMF, simlar to the fiber types used for ,  segnent | of Fig. 2.

Fi ber 593 cowypmtiaRal tlapsmigiars 658 (agNZD-meﬁ Providingioptgal ﬁl@nﬂh ét mdw&ua 28 WO

. L
565, an | BpiEDIWDPM @Ebﬂﬁeqa& &HEfghﬂe Pfok Q%rn}ﬂgaraﬁgﬂlt@f‘uﬂnk\'gﬂ édnber (e. g.

| NZx1) can conprise er 58 Thus, the dispersion of the SMF segnent i s
conpens at @dovb@e 2¥gindividukl w(m)elength ttanpéle thazDefto becommuvioatpénlbag duk by segnent

11 (a). tively, fiber 583 can conprise an.INZ fiber andfl er 588 can
conpri se § ?Bﬁheri_ ﬁé‘aﬂﬁ’i‘i“ft?‘%tzg % GHEPRT SHP T CIIPFR, tiop RAtng

capabi li ti and 104
of Fig. 2 Sﬁ%@lgel]e%ﬂ o%?l@‘ggqrrgﬁpér Jc?gggr%gﬁéé]fb rfg%gl%lﬁeng t?g%gghom) or

di f f eri ng Medigitbs,to povideahié datbmtmaﬁmom forgtmeficityr dnntdsy skill in the
art given the present description, dition, using the design of Fig. |

OB, by mi mrangdugtithemadulptad, lﬁwt1®¥exﬁ¢1@twa§f5’é|?aé signal 644 pessss truekitheal band,

h d h by th
bun pover b0 OB ASHE LERBOSH Efs GARARCRET B R Beioa e oL 108 s
shifted tmsmwmeﬁmﬁe%mldhn&v@mﬁgmm e)l Aretredelied aflRE4i0ET @ be

constructed wusing the two classes of cabl es descri bed above under the
doubl e- peri6dcwhigh can iaduiide 2 phmlity af centvientienabfectiers 646 (@gnBi +Re)-desi gn can

| ude f d f +NZD+1 DF+1 . NZ |
LG onn oG oot it 66 Caneyieite Qisbis Ao R EP R A AhoR |~ nddi ng
a 111117 Seoreph oo 0IARA OF i 3RBEE! ONonAmRATARH AMiteot FHhudighd | DF

and INZ with conpensation ra an unit
purposes of Fig. 11, the system 600 can include the transmxssmn link 605 and other

endpoint equipment. For example, requisite endpoint equipment for transmitting an
optical data signal can include conventional transmitters and receivers, and dispersion
pre- and post-compensation fiber, and other conventional devices, as would be
apparent to one of ordinary skill in the art given the present description. |

o107] Accordingly, the present invention describes a new fiber transmission span
design that can be incorporated in a system for long-haul (e.g., 5000~15,000 km)
transmission of optical data at high aggregate data rates (e.g., >2 Tb/s per fiber)
using distributed amplification. The complete transmission link can include two,
three, or more types of optical fiber concatenated periodically. The principal design
objectives of the system are to provide parameters from which a designer can select
appropriate types, lengths, and arrangements of fibers so as to optimize system
‘performance under impairments of fiber attenuation, group delay dispersion,
dispersion slope, optical nonlinearity, and distributed Raman amplification noise.

The segment arrangement and lengths of constituent fibers can be used to reduce the
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(with commensurate alterations in the |l engths of the segnents). [00105]

Fig. 11 shows anot her enbodi nent of the present invention, a system 600 to
conmuni cawe @n7opii cal (data) signal 61 h System 600 i ncl wdasrsa2/06641

transm ssion link 605, which includes nultiple repeating spans 601. Span
601 can be designed in accordance with one or nore of the span enbodi nents
di scussed above (See Figs. 2, and 7-10). For exanple, span 601 can include
a first segment 610 providing low nonlinearity, a third segnment 630
providing a primary gain nmediumfor DRA, and a second segment 620 _
provi di ng ndise BRSH FHMhé SFARE FRtheANowkNnddlnSarst9 thh b pASVidid (ahd e unit 604
provides a Raman punp signal 632 count er-propagating to optical (data)

si gnal 61311spbmcu1ctmrnpensa;edamﬂau>th¢ smnﬁdmprq&o@pnw@m&b r@§iize d@n be provi ded

to be atl n vvlt ptical (dat 611., -29 WD 02/ 075934
PCT/ US02/ é%@&ﬁ E@ﬁ an kg “% EFra“Pﬁ%?’r ?%%Paamgrfaqigm%r unit 654,
whi ch conpg 1f1ﬁ'l|u#)le9:|h ﬁ gnal transmtters 655 (e.g., T, - TN,

a

provi di ng opti gna dividual wavel engths, % - XN, "which are

mul ti pl exedioat Imphrtuc@lhg@phédw}@ ofthe ptrésemde:rﬂ@nétan‘yﬂaMdB\M(omw he Iike)
data signal. For exanple, transmtter unit 654 can rovi de 256 i ndi vi dual

wavel engt Bn¢ FaRseensinepiak uliradonghamh (&8nmarabent KWO t3 WHMMIBEB.  Furt her,

the trans it 654 ca de_di sper [ ensa (not

shown) , @st%%%ﬁﬁgﬁgﬁﬁi mY%ﬁ?@*’%ééﬁ 9“ qu‘%ﬁua gr%ﬁgfr ‘ﬂg]{gl?ce tg%é%'é i nation

t her eof . aP{@@ﬁlﬂrﬁirﬁfe%ph@amﬁwﬂrﬂﬁnﬁﬁﬁmd@h%nfsain@ﬁld geloﬂglhalﬂf(@gn

sinplicity. In this arrangenent, the nodul ated, multi pl exed optical (data)

?Id gnal) 613pmxgﬁelyﬂ06®|§m|) ﬁ&reestrm?imks G!Bilfec@rﬂnﬂcs fc:;\thgpubmaknﬁﬁﬁtem'sge ogt i Ical
ata) si emul t exed at, ereln the | ndvidua

wavel engt 3@‘1‘ 10 L\F‘%ﬁi @ptb%afea%mﬁ%‘@arl%ﬂs iy cxpandgthe datatptec an i ncl ude a

plural i tyﬂfhlﬁgigxg%him g EMS eﬁatﬁlﬁg di6sef chaniRel § ngh%| On'ﬁ’fé” her, the

receiver unit can prov pers n post-conp not shomm),

for each dinproved spancioisecfigiré mlms lowea gignaigadveers, ahussiedecinsgnbilinead on t her eof .
Thus, for . purposes of Fi q t he syst em 600 can include the transm ssion
| i nk 605 &MBaisneRts andehinae rff"cééf&qebﬁ@ﬁ% kFor exanpl e, requisite endpoint

equi pTent ol WARSHE b eforis 100! Salindiah dcd 4RF bih kSl gespovent  onal

transmtt and recelVé _
: embodiments thereof, it will be apparent to one skilled in the art that various changes

and modifications can be made therein without departing from the scope of the
invention. Thus, the breadth and scope of the present invention should.not be

~ limited by any of the above-described exemplary embodiments.
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pre- and post-conpensation fiber, and other conventional devices, as would
be apparent to one of ordinary skill in the art given the present

descri pt iwn.020@®307] Accordingly, the present invention destriSopescal new

fi ber transm ssion span design that can be incorporated in a systemfor

| ong- haul (e.g., 5000-15,000 km transm ssion of optical data at high
aggregate data rates (e.g., > 2 Th/s per fiber) wusing distributed
anplification. The conplete transm ssion |link can include two, three, or
nore types of optical fiber concatenated periodically. The principal design
obj ecti vesygAT IRCEXRMEN I&F € t 0 provide paraneters from which a designer
can select appropriate types, |lengths, and arrangenents of fibers so as to

optim ze syster perd Qb MBHGEHGIR Fol ?Pe?x%cbﬁi‘ﬁ!ﬁu?caﬁpnﬁiixﬁce&:?@lbh?ﬂ ation, group

del ay dispersion, dispersion slope, optical nonlineari and di stributed
Raman anpl i fi catfiresegaieacompridng & in®t rpticdlrfibed Gawing adiist fissrdéd}gh ahd
constituent fibers can be used to reduce the -30 WO 02/075934

PCT/ US02/ @d@atiphysisakpropeiét;or of the span. Further, |ower nonlinearity can

be provided (and di spersion conpensated withj.n .the segnented appy,oach) in
ordor to 1 educd T FEEHEh CSRBSPE fosespia GRHGCH T0n TRERE 4 SrepBliben

vavel engt e ghd s sdcBad bhRIEN bfopeft9l ang@r g€ nul tiple channel applications.
[00108] In particular, applications of the present invention can include

t rans- oceani ¢ - aathitdtsegmentcenmipriséng althird tptical dibge hanihg @ethiyd, fiber demgh 1000

km data transm.ssion, systens The present [nvention alsg has an
appl i cat | &R 1 g PhYSicallipeonste sa FEst canf sthird sS¢amens ARIEAY 6pRled |0 dat a

transm ssi St i i P . : wmetel y 1000
iyt or r oS PRfE bRt ol Qe 3ol derdf aftene e P o BRRL Ui T

addi t i onalphggipdlipeeertdds i9 tiffdrent Froas etiet setondeptlysiel prépérty. expandi ng the data
rate wthin | ong-haul WDM systens by enabling closer channel spacings, as
the inproved span noise figure allows | ower signal powers, thus reducing
nonlinear inpairments . and channel -to-channel .crpsstal.k. 0109] Wiile the
i nvention has ?een ﬁégmsaon SPRR 36CPT PR G e‘%}ﬁ’%‘ﬂé‘é‘;gﬁ%é i ¢
embodi MeNteodil&’ R noh lindhdity, RBe MR sEFthedt provies Wistritifed ?aih,h%n@rthet hat
vari ous changes and nodifications can be rade therein w thout departing
fromthe seumd sefmerdteompensates for the dispersion of the first and third segments.

3. The transmission span according to. claim 2, wherein a dispersion

condition for the span D, is expressed by:
D, = %]D,L, +D,L, +D,L;|~ A,

where D, is a first dispersioh coefficient for the first ségment, L, is the first fiber
length, D, is a second dispersion coefﬁcient for the second segment, L, is the second
fiber length; and D, is a third dispersion coefficient for the third segment, and L, is the
third ﬁb¢r length, and L is the total span length, and wherein a dispersion slope

condition (D’ ) for the span is expressed by:
D = %|D{Ll +DyL, +DiL)|- B << A,

where D’, is a first dispersion slope for the first segment, D’, is a second dispersion
slope for the second segment, D’; is a third dispersion slope for the third segment,
34 is a total wavelength bandwidth communicated by the span, and 0 < A < 1.0

ps/nm/km.
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invention. Thus, the breadth and scope of the present invention shoul d-not
be. limted by any of the above-descri bed exenplary enbodi nents. -31 WO
02/ 075934wb@t/0i802/ 06641 WHAT IS CLAIMED |IS: 1. A transmpsgiusoz/s@an for a
tel ecommuni cations |ink, conprising: a first segnment conprising a first
optical fiber having a first fiber length and a first physical property; a
second segnent conprising a second optical fiber having a second fiber

| engt h and a second physical property; and a third segnment conprising a
third optical fiber having a third fiber length and a third physical
property, said first and third segnents optically coupled to opposing ends
of the second segnent, and wherein at |east one of said first and third
physi cal properti es Ths teinfrhissiomspdr asnonding toedaimdl , priyes¢io progertigsenfithe 2. The

transm ssion span_. according to . claim.l, whereipn.the first segnent rovi des
| ow non I {figtasea0pd. STty pHysical GreReTtics; a5t Selecied O the EOHP CARSRUDBAR t he

second se . ; d 1 ! f Al b d
egnent o, SersiOAPETE, Fopflior o hiopEiEh Mbe? comtiod FiieBie hte 2

di sper si offieldarea] Rarfan faii céefficiepaandnonlearityroesffeibntyy: De =

LI DI LI +D2L2+D3L3l;t: O, where D1 is a first dispersion coefficient for the
first segnent, L, is the first fiber |length, D2 is a second dispersion

ffici f h d i £ - and
O b T dl oor oy SRR RERH P acbrdie I FeiF 20 Wiereid BE ssCOMI  A0C 8
third fibgpet engtfiver 3BMEctd iffont MR ERJUBl conbigfind BNSME taiRdfivdis! SCR t9pe

di spersion slope condition (D ,) for the span is expressed by: , =LI D
LI +DzLZz+Dfibeis, znd NDS#htype fibets, ibgviag fan reffectiNespedes field astaopiefromrabone7q i r st

segnent, D 2 is a sgcond, di spersion. slope. for. the second nt, D3 is a
Third d s gEF <P GOw o e FgontppieeL BBFci S inighss TSEDER AP EPEN gt h
bandwi dt h .6 QUM CALEE HOM &8P of BN 138 %0 208ursolpl?, A7 BEM optical

fiber is a non-zero dispersion shifted fiber having an effective mode field area of

" from about 45 pm? to about 70 pm?.

6. The transmission span according to 'claim' 2, wherein the first,

-second, and third fiber lengths are equal.

7.  The transmission span according to claim 2, wherein at least the first

and second fiber lengths are different.

8. The transmission span according to claim 2, wherein the first,

second, and third fiber lengths are different. -

9. The transmission span according to claim 1, wherein the first optical
fiber is selected from the group consisting of SMF type fibers, SCF type fibers, and
NDSF type fibers, wherein the second optical fiber is a non-zero dispersion shifted
fiber, and wherein the third optical fiber is selected from the group consisting of

IDF type fibers and DCF type fibers.
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-32 WD 02/ 075934 PCT/ US02/ 06641 4. The transm ssion span according to
claim1, wherein properties of the first, second, and third physi cal
properti edoano7®8l ected fromthe group consisting of di SPETAISON06641
properties, dispersion slope properties, fiber conposition, effective node
field area, Raman gain coefficient, and nonlinearity coefficients. 5. The
transm ssion span according to claim2, wherein the first optical fiber is
a fiber selected fromthe group consisting of SMF type fibers, SCF type
fibers, and NDSF type fibers, having an effective node field area of from
about 70 nP tdOaboC[hel%smi&slohhpaxsmrtﬂng)pii:la'mh 9f wherein ¢heafirst uptmase

di spersion fiber having an effective node field area of about n to
about 40 fber hayan ﬁ@ethp,{@pc@pﬁqlégea qf; fep ap@“ta7Q15W- i%ﬁbo%lgﬁd*@hdhe shifted

2.6 h?ﬁéﬁ%ﬂ?ﬁ@ﬁ%ﬁ&ﬁ e AR Bt afor e B B Bhdlasrioie el 0
second, ,fafld f:gebﬁir 'eoﬁ)ﬁeame%mss 81Uk ctwg moﬁaqie&& { 48 er%ﬁbe”lSS;Pxﬁ“

accor di ng t clarm eln at least t irst second | engt hs
are diffekenbout0 phife transm ssion span according to claim 2, wher ein the
first, ,second, and third fiber lengths are different. 9. The transm ssi on
span accordl ng to claiml1, wherein the first opt| cal fiber is selected

fromthe group onsisting of SMF type fibers, e fibers, and, NDSF
type fibers, wlerei éa%é@&%’r%‘ ﬂ?ﬁ‘l’rdfng@r °1|a§n a}’n‘gl?‘Fr%r'g e firshandi on
shifted I [ Liete® al é | m t he
group confg:ug(tgp tl&ﬁ]?ib%gfg eg%%ahﬁer%grs&gn dn‘P € pe fc%szsf@% &?SMM% 075934
PCT/ US02/ @itbers] SCEOtyp}'HB)etsr,eumﬂnNESdeps ﬁbﬂsaanrbth]h segonid optiical fib8r isMxer ei n t he
first optical fiber has an effective node field area of fromabout 70 nR2 to
about 120 IRE typhBbersecond optical fiber has an effective node field area of

fromabout 45 n2 to about 70 n2, and the third optical fiber has an
effective node field area of about 15 ‘nP

12.  The transmission span according to claim 11, wherem the first and

 third optical fibers each have an effective mode field area of from about 70 pm’ to
about 120 pm® and the second optical fiber has an effective mode field area of about

15 pm? to about 40 um?.
13.  The transmission span aécording to claim 11, wherein the first and
third fiber lengths are equal and the second fiber length is twice the length of the

first length.

14.  The transmission span according to claim 11, wherein third fiber

length is selected to provide a reduced noise factor.

15.  The transmission span according to claim 14, wherein the noise factor

is reduced by at least 1.0 dB for a third fiber length of at least 10 km.

16.  The transmission span according to claim 11, wherein the first,

second, and third fiber lengths are different.
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to about 40 nR. 11. The transm ssion span according to claim1, wherein the
first and third optical fibers are each fibers selected fromthe group
consi sti nyoak/0B¥B4+t ype fibers, SCF type fibers, and NDSFpoypesot/ndser s, and
the second optical fiber is an |IDF type fiber. 12. The transm ssion span
according to claim 11, wherein the first and third optical fibers each
have an effective node field area of fromabout 70 n2 to about 120 n2 and
the second optical fiber has an effective node field area of about 15 n®
to about 40 nR. 13. The transm ssion span according to claim1l, wherein

the first and tlz.hi rq‘%l%]gpa%§mis§faat aBo@iako 0t DewpeeRdn fdrRelivd ength is

tw ce the |l eng of Irst length. 14.7 The transm ssi on span accordi ng
to cl ai m fiodeietd axem of tier firsf oftémal fibernmidithe shigkdmichbfibdrds greater dkapan educed
noi se factor. 15. The transm ssion span according to claim 14, wherein the

noi se faceHectiveimodedipld argaior the seeoadoptic® e for a third fiber Iength of at
| east 10 km 16.. The transm ssion span according to claim11l, wherein the

first, second, and third fiber lengths are different. -34 WD 02/075934 -

PCT/ US02/ 06641 1g17. Tﬁbetriﬂsﬁﬂﬁmns%?zﬁﬂ aBfRBingC &P Icthifmg 11 OvkdrainMmnk, tMAEr €i n an
effective node field area of the tirst optical fiber and the third opti cal

fiber is gesmeantprovides distribufeleBamane gamdands the| third rapsicdlofiberhie aseeptivdl opt i cal
fiber. 18... The transm ssion,span, according to claim1l, wherein the third
dngs S0 Rendapeg

segment pfies Bavings i1 Flad apda &P%-and the third optical fiber is an
optical fiber having a SiO clad and a CGe-doped core. 19. A transm ssion
span for a tel ecomunications link, said span conprising: a first segnent
conprising a filpst dpttranainjssionespdrafong acktommmuhicitéons| tinkyt sa@indpam fi r st
physi cal property; ' ) ‘
comprising:
a first segment comprising a first optical fiber having a first fiber length and
a first physical property;
a second segment comprising a second optical fiber having a second fiber
length and a second physical property;
a third segment comprising a third optical fiber having a third fiber length
and a third physical property; and
a fourth segment comprising a fourth optical fiber having a fourth fiber
length and a fourth physical property, said first and third segments optically coupled
to opposing ends of the second segment and said second and fourth segments
optically coupled to opposing ends of the third segment, and wherein at least one of

said second, third, and fourth physical properties is different from the first physical
property.

20 The transmission span according to claim 19, wherein the first
segment provides low nonlinearity, the fourth segment provides distributed gain,
and the second and third segments provide for compensation of the dispersion of the

first and fourth segments.
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a second segnent conprising a second optical fiber having a second fi ber

| ength and a second physical property; a third segnent conprising a third
optical fwber/oh®sing a third fiber length and a third physiraso2/peeperty;
and a fourth segnent conprising a fourth optical fiber having a fourth
fiber length and a fourth physical property, said first and third segnents
optically coupled to opposing ends of the second segnent and said second
and fourth segnents optically coupled to opposing ends of the third
segnent, and wherein at |east one of said second, third, and fourth

prysi cal propeni] esThe (bR sfotbdeink ¢ S E1aRRYS, Ctherefl ey 20 The
transm ssi on span accor to ¢ a|n11 erein the’first segnent

provi des keptnémwebmpeRnies Yor mhdxsbaurohmfa&gﬁmtsegmm|ad@$hedsesbxid Sagnedt gai n,

and the second and third segnents provide for conpensation of the

di sper si oRompenspigs farjthe dispersionof therfoyeth segment. - 35 WO 02/ 075934

PCT/ US02/ 06641 21. The transm ssion span according to' claim 20, wherein
the third segnent conpensates for the dispersion of the first segnent and
the second segnent TaeFRMGENIGS aﬁracédﬂ@in it E1ains 1 9 wiitkeih BRidpergidoh segment .
22. The transm ssi on span accor to claim19, wherein a dispersion

condi t i oncnditiemb, foméllwamIS%cpm sed by: D, =LID,L, +D2L2+D3L3+D4L4l ;:t~
A, where D, is a first dlsper5|on coefficient for the first segment, L, is

the first fiber |length, D2 IDS ﬁLﬁggo_p@ gl.ﬁ@aLSJ.gnLt{:ngfl cient for the
second segrrent L2 is the secSndL fiber ‘Iength and‘ is athird

di i f t..f th d third fib
ength. DIIEED: i riesis Sl G SRR HBhicERgT Cnis R Rt fo8ogment . L4 i s
the four ‘iéﬁgﬁi W s i?é&gﬁ&‘dlsﬁé?goﬂrcbe?ﬁ&gﬁ PR lseRRAReg R, is ﬁ%@e&ﬂﬁr ein a

di spersi on Sl op condi tion ,) for the span is expressed D c=LID;
L, +D2' L2+ﬂBbB}eﬁgtth4dnd IDQs sﬂuﬁl dmmslm mdﬂiclemtsfoathialt}uaise@nsmemd bpissheope for

the first sedgment i,s a second
fiber length D 1s a fourth d1sper51on coefficient for the fourth segment, L, is the

fourth fiber length, and L is the total span length, and wherein a dispersion slope

condition (D’.) for the span is expressed by:
D' = —}:]D{L, +D,L, +D.L, +D,L,|-%<<A,

wherein D’, is a first dispersion slope for the first segment, D’, is a second
dispersion slope for the second segment, D’; is a third dispersion slope for the third
segment, D’, is a fourth dispersion slope for the fourth segment, 84 is a total

wavelength bandwidth communicated by the span, and 0 < A < 1.0 ps/nm/km.

23.  The transmission span accofding to claim 22, wherein the first fiber.
is selected from the group consisting of SMF type fibers, SCF type fibers, and
NDSF type fibers, wherein the second optical fiber is an inverse non-zero type
fiber, wherein the third optical fiber is selected from the group consisting of IDF
type fibers and DCF type fibers, and the fourth optical fiber is a non-zero dispersion
type fiber, and wherein the third segment compensates for the dispersion of the first
segment and the second segment compensates for the dispersion of the fourth

segment.
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di spersion slope for the second segnent, D 3 is a third dispersion slope
for the third segnent, D4 is a fourth dispersion slope for the fourth
segrment, WD @me7@w3total wavel ength bandw dt h communi cat ed plog/usoospan, and
0 <0<1.0 ps/nmkm 23. The transm ssion span according to claim 22,
wherein the first fiber. 1is selected fromthe group consisting of SMF type
fibers, SCF type fibers, and NDSF type fibers, wherein the second optical
fiber is an inverse non-zero type fiber, wherein the third optical fiber
is selected fromthe group consisting of IDF type fibers and DCF type

fibers, and the,fourth ical fiber is. 0f: I .Sl fiber,
and wherein thgd't hi ?g‘eggagé%ﬁﬁ%é e{]cggfdé@ @oﬁaﬁgﬁ%ﬁﬁs@%ﬁggﬁgﬁ first
segment affbet RS HE€EHELivE SR Ficld AFRRESFSROMSTAbOR 70 Neh’ db 9B&ItSI20NAf, thbe fourth
segnment. -36 WO 02/075934 PCT/ US02/ 06641 24. The transm ssion span

accor di ng thied optidahfiB&, hastaareéfectivehmode fieltl angst ofcablouf 1 pm? kasbaun 48ffECt i ve
node field area of from about 70 n2 to about 120 n2, the third gptical
fiber has 2 the foueth jopticatdiver hasaameffyctive gioda fisiet ares offrompabepbdd Hag tap,  and
the fourth o&)t'calzfiber has an effective node field area of from about 45
m to ab8APU7OHB. 25 The transmission span according to claim 23,
wherein the second optical fiber has a dispersion and di spersion slope
opposite in sign and equal in magnitude to that for the fourth optical
fiber. 26. The 26r angite SBammissjpanspacascdidiog to® ctdimi 23,2@herefietiel secohé first,
second, third, and fourth fiber lengths are the sane. 27. The transm ssion
span accootied) filer diagiarflispersionrandedispespinn | SIONSgOPPASHS 1t KigBeaiferduat dRpri si ng
a fifth optical .fiher hawvi fift jber length and a fifth physical
property. %}lﬁ.ﬂdﬁﬁpgﬁ%tr#g%ﬁegﬁu@bgﬂuﬁagﬁgépt el econmuni cati ons |ink, '
conprising:- a first segnent conprising a first optical fiber having a first
fiber length and a first physical property; and a second segnent
conprising a ' 26condheptransalissiorbepathac¢arding tweclaimd 23,bwherein the first,

second, third, and fourth fiber lengths are the same.

27. . The transmission span according to claim 19, further comprising:
a fifth segment comprising a fifth optical fiber having a fifth fiber length and
a fifth physical‘property.

28. A transmission span for a telecommunications link, comprising:
a first segment comprising a first optical fiber having a first fiber length and
a first physical property; and |
| a second segment comprising a second optical fiber having a second fiber
length and a second physical property different from the first physical property, said
first segment optically coupled to the second segment, wherein the first optical fiber
mitigates nonlinearity and the second optical fiber provides dispersion compensation

for the first fiber and a distributed gain medium.

29.  The transmission span according to claim 28, wherein the first optical
fiber is selected from the group consisting of SMF type fibers, SCF type fibers, and
NDSF type fibers having an effective mode field area of from about 70 um? to about
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| ength and a second physical property different fromthe first physical
property, said first segnent optically coupled, to the second segnent,
wher ei n twe oior®B4 optical fiber mtigates nonlinearity ardTiUse2/8@&sond
optical fiber provides dispersion conpensation for the first fiber and a
di stributed gain nmedium 29. The transm ssion span according to claim 28,
wherein the first optical fiber is selected fromthe group consisting of
SMF type fibers, SCF type fibers, and NDSF type fibers having an effective
node field area of fromabout 70 n2 to about -37 WO 02/075934

PCT/ US02/ Q664dn? dd0theReaRd JptRaSBEQNE aaRhi&ad dfsbq%l'i?iglnidt?%@ﬂbéﬂq S an

di spersion type fiber having an effective node rea of about 15 n?

t o about - 4ffectie Béle flé1¢ ateadiabdEsisommbpaboacsdp@f.ng t o cl ai m 29, wherein
the first and second fiber |lengths are equal. 31. A tel ecomrunications

system for communicating an optical signal, conprising: a first

transm ssi on spgan; erein the first tragnsm ssi.on,span includes a first
segment conpri Ig’ﬁng ﬁdﬂfitlfaé’fmgﬁltof’csgﬁnfafﬁcgamﬁa@i ﬁmbzii Wg?re’fq B’@rﬁrsféﬂ th and a
first phyb&ak fdePREEMY arfeqt@ONd segnent conprising. a second optical

fi ber having a secong ?fbe(ﬁl fength and a second physical property, and a
third segnment conprising a third optical fiber having a third fiber 1length
and a third physical property, said first and third segnents optically
coupl ed to oppdsi nd Eslerommuni¢ations sysiem siof Femmunicating,sar entisakpigndlast ~ one

of said sesol ﬂsi@ d third physical properties is different fromthe first
physi cal proper g a first line unit disposed at a first end of the first

transm ssi on spditst @iYmistionepeMOvhdre@ thHefitst tlaBHRiSEOn sPandnslegand end of the
first transm ssion span. 32. The system according to claim 31, wherein the

first segment provi dedirstosegment Feraprising a fitsk optigat dibsegawing apfiesvifibes pri nary
di stri but ?d ain ﬁng he secon segnent conpensates for the di spersion of
the first %’}gﬁ‘?&% e PEPCRE:  The system according clai m 31, wherein

the optical signal gregRAadegfient comprising a second optical fiber having a second
fiber length and a sécond physical property, and
a third segment éomprising a third optical fiber having a third fiber
length and a third physical property, said first and third segments optically coupled
to opposing ends of the second segment, and wherein at least one of said second and
third physical properties is different from the first physical property;
a first line unit disposed at a first end of the first transmission span; and

a second line unit disposed at a second end of the first transmission span.

32.  The system according to claim 31, wherein the first segment provides
low nonlinearity, the third segment provides primary distributed gain, and the second

segment compensates for the dispersion of the first and second segments.

33.  The system according claim 31, wherein the optical signal propagates

 from the first line unit to the second line unit along the first span in a first direction,
and wherein the second line unit provides a plurality of pump beams into the first
span in a second direction opposite to the first direction to provide Raman

amplification of the optical signal.
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fromthe first line unit to the second line unit along the first span in a
first direction, and wherein the second |ine unit provides a plurality of
punp beamwoimossshe first span in a second direction opp@esirtusor/asctihe first
direction to provide Ranman anplificati-on of the optical signal. -38 WO

02/ 075934 PCT/ US02/ 06641 34. The system according claim 33, wherein the
first line unit provides an additional punp beaminto the first span in the
first direction to provide further Raman anplification of the optical
signal. 35. The system according claim 31, wherein a dispersion condition
D. for the first span is expressed by: D cL JD1 1+D2L2+D3L3 zz "A, wherein
D, is a first dispersion coefficient for the first segnent, L1 is the first
fiber [length, 382 | The yeeANgtcoidne cRim B3¢ aaferdis ited Firdt Ainet st pRA MRS
segment, L2 is the second fiber |ength; and D3 is a third dispersion '
coef fi ci et qdditiopplepurap beam drig b firstspan i thadfirst girecgionitp providmértherand L is
the total Jength of. the first span erein a dispersion slope condition
D, for tﬂié"“é%aaﬁlﬂq@ S%?}’r%‘ls‘glﬁéip%‘%?siﬁ“m IDL +D' L +DL31 sx "0 C 112 2 3 2
where D1 is a first dispersion slope for the first segnent, D2 is a
second di spersion slope for the second segnent, D3 is a third dispersion
sl ope for the t3hird Beegyetem accoding aaim 3 1o wdiereime dispergioh chadition By for

communi cattﬁdﬁb?/ the first an, and 0 < A< 0.1 ps/nmkm 36. The system
accor di ng TO"S HANSTPRE S 'n the first optical fiber is a fiber selected
fromthe group consisting of SMF type fibers, SCF type fibers, and NDSF
type fibers, having an effect Dig=rpoid, #iELg+aNé4- Hi<fA om about 70 n2 to
about 120 m the second opti cal fiber is an inverse di spersion fiber having
an ef f ectipeea; j 1 t . \ the third
opti cal Wkt?g?ﬁr?g%ai %%k%gérrgaﬁieéegfe}?igﬁfgll@ﬁ??%tggngggf ! lﬁg%/%t %ﬁr‘]@ef fective
mode fi el derptled,df a sdconddBparsion4beffidichpfoa theistcotid sefment, L, is the second

fiber length; and D, is a third dispersion coefficient for the second segment, L, is the

‘third fiber length, and L is the total length of the first span, wherein a dispersion slope
- condition D’, for the span is expressed by: '

D, = %ID{L, +DiL, +DiL,|- % <<A,

- where D’ is a first dispersion slope for the first segment, D’, is a second dispersion
slope for the second segment, D’; is a third dispersion slope for the third segment,

"84 is a total wavelength bandwidth communicated by the first span, and 0 < A <
0.1 ps/nm/km.

36.  The system according to claim 32, wherein the first optical fiber is a
fiber selected from the group consisting of SMF type fibers, SCF type fibers, and
NDSF type fibers, having an effective mode field area of from about 70 pm? to
about 120 pm?, the second optical fiber is an inverse dispersion fiber having an
effective mode field area of about 15 pm? to about 40 um?, and the third optical
fiber is a non-zero dispersion shifted fiber having an effective mode field area of

from about 45 pum? to about 70 pum?.

37.  The system according to claim 31, further comprising:
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37. The system according to claim 31, further conprising: -39 WO 02/075934
PCT/ US02/ 06641 a second transm ssion span, wherein the second transm ssion
span i nclwoar/oassBourt h segment conprising a fourth opti calpciriusez/odsavi ng a
fourth fiber length and a fourth physical property, a fifth segnment
conprising a fifth optical fiber having a fifth fiber Ilength and a fifth
physi cal property, and a sixth segnent conprising a sixth optical fiber
having a. sixth fiber length and a sixth physical property, said fourth
and sixth segnents optically coupled to opposing ends of the fifth
segment; and aaiBidud danfistBh spsh, SHRSEH ol seBoRPhARiSRth Han iRFudgCONd
transm ssi on span, erein a First en *The secon nsm ssion span is
di sposed at the secondodrttheegmsnt compfsing hefomytat@mcammrdtmg o feurdh m 37,
wherein the first and fourth segments provide |ow nonlinearity, the third
and sixth @@bﬁﬁﬁ$§méﬁdbﬂﬁ%PBN$%&P¥WCGVstr|buted galn and the second and

fourth segnents co at e for t1e di sper, he, fi.r st hird, fourth,
and sixth segmantsngégé] SPERISTE G o U(S:glcf rnp%y-, mfﬂ? % he first
and fourtlfbnﬁfwapﬁhhewg;@ﬂbk@p&@rgnd he sarre the third and sixth physi cal

properties are the sane, and thé second and fifth physical; properties are
different. 40. The ayssttbrsegncnﬁrobmp@smg a:blathmpiib,al fiber kaving hesvﬂlysfibem

includes ,multiple repeatin ans having 'a structure the sane as the
first spa#ﬂgﬁllagq‘l‘f’e SE{})E ‘g@:‘cg‘m’ie% ts@n‘gc iSHER B t Mtisaldy | ong
haul or apl agyn ssion link. -40 WO 02/075934
PCT/ US02/ 8{%@1 04%0533562%2(&%@???%%@%% to claim 37, wherein the second

and fifth segmanhidpineinitedisguspd as atsecondf ed othietsetaald dmﬁﬁfsidnospa@f t he

first and second _spans
wherein a first end of the second transmission span is disposed at the second llne

unit.

38.  The system according to claim 37, wherein the first and fourth
segments provide low nonlinearity, the third and sixth segments provide primary
distributed gain, and the second and fourth segments compensate for the dispersion

-of the first, third, fourth, and sixth segments.
39. The system according to claim 37, wherein the first and fourth
physical properties are the same, the third and sixth physical properties are the

same, and the second and fifth physicaliproperties are different.

40. The system according to claim 31, wherein the system includes

multiple repeating spans having a structure the same as the first span.

41.  The system according to claim 31 included within a long haul or

ultra-long haul optical data transmission link.
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43. The system according to claim31, wherein the optical signal is a

mul tipl exed optical data signal having a wavel ength band between 1400 nm
and 1650wome/043%934 The system according to claim31l, furthecTamsopodesi ng: a
transmtting unit and nultiplexer to provide the optical data signal; a
transm ssion link that includes a plurality of repeating transm ssion spans
havi ng a sane arrangenent as the first transm ssion span; and a receiving
unit and a demultiplexer to dermultiplex and receive the optical data
signal communi cated al ong the transm ssion |ink. 45. The system accordi ng

to claim31, rei h [ third. j C fihers are egc i bers
sel ected fromw?ﬁé g&&tﬁpg’ééeﬁg?égoﬁﬁfgggo{ﬁ g%ﬁ?%jpe‘%?rﬁgr gl,e geen taygeﬁf"{l.bers,
and NDSF ts¢@ferts réwide @0mpbiatis® 61 dhd Rt Alspbisoar of ShedfirdtDindt ¥Rond i ber .
46. The system according td, claim31l, wherein the first and third optical

fi bers eachatsave an effective node field area of fromabout 70 n2 to about
120 n2 and the second optical fiber has an effective.node field area of
about 15 n2 to about 40 nR. 47. The transm ssion span according to claim

45, wherein theafir i 1 her.l:engt h ual,. . t he. second
fiber |ength W et ecfnégégc{"ﬁd%# G cldif] ?%’s?hﬁ%ﬁlgtﬂ%. Bl g i 8o ny
PCT/ US02/ GfafitiplexetB optida dataasigndl Smiving & pedveRaghr bindgbdtweed 400 4m awdier ei n
third fiber length is selected to provide a reduced noise factor. 49. A
met hod of 19P@®Mdi ng a transni ssion span that conpensates for signal
attenuation, dispersion, and nonlinearity of an optical signal comrunicated
between two line units, conprising: dividing the transm ssion span into a

plurality of fidaer BgEpdtd acsRlimgtd 0miA 391 firBlePBbmpiitigg: for each of the
segnents so that a first segnent “provides |low non lTinearity, -a third

segnent provi dadransmittinguni¢ dndymiuitjplened teaporidertbe opteghdats sigoalpensat es f or
t he di spersion of thefir?r}k&nd.t ird s%q nts, the, ..
a transmission | at includes’ a plurality of repeating transmission spans
having a same arrangement as the first transmission span; and
a receiving unit and a demultiplexer to demultiplex and receive the optical

data signal communicated along the transmission link.

45.  The system according to claim 31, wherein the first and third optical
fibers are each fibers selected from the group consisting of SMF type fibers, SCF
type fibers, and NDSF type fibers, and the second optical fiber is an IDF type fiber.

46.  The system according to claim 31, wherein the first and third optical
fibers each have an effective mode field area of from about 70 p-m" to about 120 pum?
and the second optical fiber has an effective mode field area of about 15 um’ to

about 40 pm>.

47.  The transmission span according to claim 45, wherein the first and
third fiber lengths are equal and the second fiber length is twice the length of the
first length.
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di spersi on based on a dispersion condition and a di spersion slope condition
for the span. 50. The nethod according to claim49, wherein a dispersion
condi t i orwD.02/0f3984 t he span having | segnments is expressedPoyusbwesh+D) Lj HO,
L where Oj, Lj are the dispersion and length (respectively) of the j
segnents sunmed over the span, and wherein a dispersion slope condition
D, for the span is expressed by: | Di is a dispersion slope for the J"
segnent, 2 is a total wavel ength bandwi dth comuni cated by the span, and 0
< 0<1.0 ps/nmkm 51. The nethod according to claim50, further

conpri sing: selggcti i - DPLA i Taly) i i:her, ngt h and
a first physi cglg' p?%f)ztﬁﬂﬁﬁﬁglr&t %Pgﬁ?éc;:éi{dﬁi%é%%dtuﬂ 422%1%&}%%55?5?

PCT/ US02/ fifgdilis ssletted to popvideseredackdapiisecfattof.i ber havi ng a second fi ber |

|l ength and a second physical property for the second segnent; and
selecting a third optical fiber having a third fiber length and a third

hysi cal ty f ' . [ t..l t fe the first
Bt thira phyertal st PESPUSHET HanhiFeg et EShadRs S0l '
property. sfpdal difuidd) QHspRESGE, Mnddndnlin€drty Bf%h opi@l Sighall Efnrhidisite@pt i Cal

fiber is selected fromthe group consisting of SME type fibers, SCF type
fibers, aheatweeskwo dippanity,lsomprisinger ei n the second optical fiber is an

i nverse non- zer.o %}ﬁg?%fl ber, .wherein thci: t@ﬁi rogﬁ.g)pti cal fiber is selected
fromthe group“CdHEe: & RISBYSSIOBESPAR, Jilo 2y, %’_ PEDRIERPe fibers. 53. A
met hod of commypLGal NQifatR ﬁﬁyfq&,ﬂ%& bf ﬁfési?gg%h@rko' féhlﬁﬁ oS g a

plurality of transm-ssion spans, ereln eac an in es at Teast three
optical fipbmiides lotvenoni lineatityl, @athird sagmerit ravided diseibutedt gaim | antli dsacondas a
di f ferent ’

segment compensates for the dispersion of the ﬁrst and. third segments, the
dispersion based on a dispersion condition and a dispersion slope condition for the

span.

50.  The method according to claim 49, wherein a dispersion condition D,

for the span having j segments is expressed by:

Z DL,
J

where Dj, Lj are the dispersion and length (respectively) of the j segments summed

p-L
L

=A, -

over the span, and wherein a dispersion slope condition D’, for the span is expressed

by:
L] 1 ’
DC=ZZ DL |- & <<A,
J
D’; is a dispersion slope for the j* segment, 84 is a total wavelength bandwidth

communicated by the span, and 0 < A < 1.0 ps/nm/km.
51.  The method according to claim 50, further comprising:

selecting a first optical fiber having a first fiber length and a first physical
property for the first segment;
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physi cal property fromthe other of said at |east three fibers, said
optical fibers connected end-to-end, conprising: generating an opti cal
dat a si gnaio ee@nt9as ni ng the data; transmitting the optical pdaresosbgaal al ong
the transm ssion |ink such that the optical data signal passes through
each pf said three optical fibers; and receiving the optical'data signal at
a receiver. 54. The nethod according to claim53, wherein the transmtting
step conprises: transmtting the optical data signal along the

transm ssion |link such that the optical data signal passes through each of

the optical fi ?@l@@tingi 4 Eé&n&%i&lﬁ r ha‘O’g%’ E}s?c‘b@gfﬁﬁe?tlc%fsﬂa‘ﬁg'a bdcBAd

provides | ow nonlinearity, opt | provi i stributed
gai n, and paysiext prapectytfoctie skcdudrsegmememsht es for the di spersion of the
first and third optical fibers. -43 WD 02/075934 PCT/ USQ2/ 06641 55. The
met hod accor di Sefeetingca Hying) optical filsr diaming 4 thirdpfaher fensthand p dird plagsicalf ourt h

o oper ty. BroRerd ot o Bl SR, oRiePRE T Bl A S B S0 BN REEPEBIAT | e
opti cal |y pespeptiedds differét flopm e sebdhdhysiehichraperhyeast three optical fibers,

wherein tﬁe transmtting step conprisSes: transmtting the optical data
signal along the transm ssion link such that the optical data signal

passes t hrough _gach,of th tical fibers wthin . each_span,. erein one of
Said at Iecast. Sfr oo 1Bppaapd poooRfine ko, SIaim 3l sdhetin e, A5 APLGH 205 15 ope
?ngf' t eﬁ&e&b& BroRlthe SO codisHRYDE SWHE R fteR!, I typBeivkRlahd NIDSE: cal
| type fibers, wherein the second optical fiber is an inverse non-zero type fiber,
wherein the third optical fiber is selected from the group comnsisting of IDF type

 fibers and DCF type fibers.

53. A method of communicating data through a transmission link
containing a plurality of transmission spans, wherein each span includes at least
three optical fibers, wherein at least one of said three opticél fibers has a different
physical property from the other of said at least three fibers, said optical fibers
connected end-to-end, comprising:

" generating an optical data signal containing the data;

transmitting the optical data signal along the transrnissiori link such that the

optical dafa siénal passés through each of said three dptical fibers; and

receiving the optical data signal at a receiver.

54. The method according to claim 53, wherein the transmitting step
comprises: .

transmitting the optical data signal along the transmission link such that the
optical data signal passes through each of the optical fibers within each span,
wherein a first optical fiber provides low nonlinearity, a third optical fiber provides
distributed gain, and a second optical fiber compensates for the dispersion of the

first and third optical fibers.
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55. The method according to claim 54, wherein each span further
includes a fourth optical fiber having a physical property different from the physical
property of the at least three optical fibers, said fourth optical fiber optically coupled
to at least one of said at least three optical fibers, wherein the transmitting step
comprises: .

transmitting the optical data signal along the transmission link such that the
optical data signal passes through each of the optical fibers within each span,
wherein one of said at least three optlcal fibers has a dispersion and dispersion slope

opposue in sign and equal in magmtude to that for the fourth optical fiber.

-44-



