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(57) Abstract

Dense wavelength division multiplexing within a 1310nm band is accomplished over a single mode fiber. Carrier wavelengths are
selected from within two windows, a low subband (140) and/or a high subband (160), on either side of a guardband (120). The guardband
includes the zero dispersion wavelength of a single mode fiber in the optical communication link and separates low subband and high
subband within the 1310nm band. Dispersion compensation is provided for carrier signals in cach dense WDM channel in the low and high
subbands,




25 anplified by erbiumdoped materials and thus has been

called the "erbium band" or "erbiumw ndow". Because of
the | ower | oss and correspondi ng - reduction in line anplification
required, the t el econmuni cati on i ndustry has focused(ﬂpon devi ces
and 30 MQH®A3MBo support operation at around 1550nm fUS93/03573
especially in nmulti-channel, WDM applications. The 1310 nm band
was essentially abandoned as new fi bers, sem conductor |asers and
receivers were devel oped to : 3 6 Digda

Heretof ore, commercial 35 systens have primarily enployed the 1310nm
wi ndow for The p‘%‘e@%@ Qhﬁ'@Hﬁioﬁomé‘é‘t&&rﬁlbe* optic
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industry is pl annﬁ{&u YArer! Aneredes 8Bbalit$! X felength aivaRARe! S
at 100 GHﬁ)Or S0 multlp(g£¥£g (h%h) aQEO"s mu¥£101e channels to be
carried on a fiber in different carrier wavelengths.
Attenuation and dispersion in an optical fiber limit
the distance an optical signal can travel without
amplification and/or dispgrsion compensation.

15 ©  In commercial optical fibers, there are two
infrared wavelength windows or bands at which the fiber
material offers minimal attenuation. One window is
generally called the “1310 nm window” and include a
wavelength band between approximately 1150-1385 nm

20 (nanometer) with a minimum loss of about 0.4 dB/km. The
other window includes longer wavelengths in a range
between approximétely 1500-1600 nm and has minimum
attenuation of about 0.2 dB/km (decibel/kilometer).

The window between about 1520 to 1560 nm is often

25 amplified by erbium-doped materials and thus has been
called the ”“erbium band~* or “erbium window”.

Because of the lower loss and corresponding
reduction in line amplification required, the
telecommunication industry has focused upon devices and

30 fibers to support operation at around 1550nm,
especially in multi-channel, WDM applications. The
1310 nm band was essentially abandoned as new fibers,
semiconductor lasers and receivers were developed to
support 1550nm WDM operation. Heretofore, commercial

35 systems have primarily employed the 1310nm window for



erbi um band. This presents significant challenges in transmtter

stability, receiver selectivity, ease of 15 line anplification and
equal i zati on, and avoi dance of non-linear interference effects
such as four-wave mxing (FWM. Thus, only a small nunber of VDM
channel s can YR*#F1¥&ctively supported in the erbium POTaIR8P373an
optical fiber network w thout sacrificing 20 reliable, high-quality

comuni cat i on. : . nﬁrﬁ{ : e, according to one
I nt er nat i onal smgleTce:]ilae%%en%mcrﬁ ca z}l?ﬁ& gnglhén (I'TU standard, a 100

G gahertz (GHz) spaci ngt? LR it@ednpEedre ntk ahre) izatd amaiodit ai n
si gnal separati onaandpgiieal tgommukiica tidhsGid bepachage Xéngch diﬁi{s&fb}gat es to
a wavel ength rang : Bﬁgnﬁhﬁiy' n i.ng .on _
channels fit wt h{,ﬁ‘ﬁ?gﬁggg‘%, u ) lc_g %fnpégyegaﬁ%.g%%y\evugr",l ke é’é’(ﬁ’rcﬁ tical
carrier i$ cargpHEhf A Paithe fikeivaceprh ahtediffigrents 10 G ga-

bi t s/ second (Go/ swavalaﬂ@vlzﬁiz Efficiatrs are’ steiabhy &Dlmaximitz!és%eﬁet Wefn
channels to avoid esu . only. sixteen channel s
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wi ndow wi t hi n an B¥bPykting as many,waveleaghhexasrmedsibiza®ente 8561 nm

G oup velocity di sppesi onwid 5o w@yavedlengtB5and fourdRMdwiapiiement in an
erbiun1b§@d becauggs e dk Ve f4481y common, the telecommunications s
industry is planning for ways to crowd eight or sixteen
channels at 100 GHz or 50 GHz spacing within the narrow
erbium band. This presents significant challenges in
transmitter stability, receiver selectivity, ease of
15 line amplification and equalization, and avoidance of
non-linear interference effects such as four-wave
mixing (FWM). Thus, only a small number of WDM
channels can be effectively supported in the erbium
_ band of an optical fiber network without sacrificing
20 reliable, high-quality communication.
For example, according'tp one International
Telecommunication Union (ITU) standard, a 100 Gigahertz
(GHz) spacing is proﬁided between channels to maintain
signal separation and quality. This 100 GHz spacing
25 translates to a wavelength range of approximately 0.8
nm, meaning only 40 WDM channels fit within an erbium
fiber band. However, if each optical carrier is
modulated at high data bit rates, such as 10 Giga-
bits/second (Gb/s), a 200 GHz spacing is preferably
30 used between channels to avoid crosstalk. As a result,
only sixteen channels with 200 GHz spacing can be used
effectively in an operating window within an erbium
band of approximately 1530 to 1561 nm.
Group velocity dispersion also complicates-:
35 WDM deployment in an erbium band because a given fiber
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exhibits a sl oped di spersion characteristic as a function of
wavel ength. Thus, a fiber can exhibit smal | di spersion val ues
only over a subset of the wavel engt hs available in the erbium
band. For carrier 5 wavel engt hs di stant fromthe zero-di spersion
wavel ength ~ WO943118 (1 or 1) the dispersion effect nust be EEMYENLE#Ed at
intervals along the fiber to assure reliable signal reception
This further limts . e .S, - whi ch. can be used in
t he erbi um band forex'{r]gﬁ‘g%lr%,glfgje‘fr&%gj%h%lrgsﬁ?aug}‘lat?/c%%%ﬁccaﬁsl &n.
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W geSpE ead ;Jse Was gl I 08Pesd 43y values leﬁubﬁéﬂ é\béhﬂ@ﬁ;@ﬁit@ﬁé Shifted
Fi ber (NDSF). For . e &, c iber s.a.zerp-dispersion
wavel ength [err] 1gave"'eng%ﬁ%ukn{ E!l%?;%mqgn 8 ?566 i R 5] fr?orslc&ﬁg 18ferr]
of about 3 - Bapsbepsihm{drsankmi “ogeshe. gero CLRAPHNG ian MSVEL R8¢ |
CPC6 L and 3 s;: ng|(ﬁ;)rr0(i@130ﬂ&b@%kfsib@eéff@é@dﬂifét v eoimplengBted 98¢ .
pages an . Furt _ er. ave_a . _..-posi.tive average
di spersi on across %HEEEY%#giéiﬁgthh%n‘%%%Q ?°.aﬁ?%£?i%%%1%ﬁéﬁ &ﬁngﬁhave
been able to conpereaeRtien. This furghiey Byminstthe inupbruyatti chashepe
fiber at int ]gr\t;al Swhich can hd Qf@daﬂp?EhECékbiﬁxﬂkbarllzd bfolz S'Sel%)iable, A
nore rece i ber, . the. i on- Shi, " Fi ber , Was
formul ate 6such th%fgﬁhéifiggﬁs%ﬂ%ﬁﬁglg%%gg?' 1550 nm nmaking it ideal
for transnmitting at that One of gheceandiast Hoveserof wimaleambdek is that
il;] se}/eral ed w hfiﬂwf | Gy icRinfe ahefcmuasgﬁéaaumb. S MavRspaetivany
t hen | aunched wit 1t .Qpt i p ngi.t nto a conmon
fiber, then the ca‘rilﬁlﬁéérés%vﬁ]}nll t?é'%ggfl gg‘i%teg Ef%‘%’%u%‘%m-{ﬂﬁ% M xi ng
(FWW due to non-|erempley sich fiber hagha zeperdispensian wavelength A,

15 around 1312nm and a zero dispersion slope S, of about

0.090 ps/nm*-km. See e.g., CORNING®SMF-28™ CPC6
single-mode optical -fiber, Product Information, 1997,
pages 1 and 3. Further, the NDSF fiber can have a
positive average disgersion across the erbium band. In

20 practice, designers have been able to compensate for
this by installing negative-slope fiber at intervals
along an optical link. -

A more recent fiber, the Dispersion-Shifted
Fiber (DSF), was formulated such that the A, falls at

25 1550 nm, making it ideal for transmitting at that
wavelength. However, one drawback is that if several
WDM carriers are crowded around thié wavelength and
then launched with sufficient optical power density
into a common fiber, then the carriers will interact

30 through Four-Wave Mixing (FWM) due to non-linearity of
the fiber material. '

The capacity of fibers and fiber networks
needs to be increased. Multiple channels need to be
added without sacrificing the reliability énd quality

35 of voice and data communication. The overall bandwidth
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The capacity of ‘fibers and fiber networks needs to be increased.
Mul tiple channels need to be added wi thout sacrificing the
reliability and quality 35 of voice and data conmunication. The

overal | bandw. dih - 3-
of a singl e-waé{ﬁlf%er, such as, an NDSF fiber and/or a PCTNS”’%%?I:—‘ fiber,
needs to be optim zed. A dense WDM wi ndow I s needed in which many

channel's can be QEEQBEQnEYQQQS&e fiber dgﬂ1§ Q “ﬁﬁ%F?&ﬁﬁHﬂ%&%.'%“ over

si ngl e-node fi be 7TF F 6Sént |nvent|onyfrov dés®a
met hod and DSF §}§F§n1F%?dﬂeﬁ%éb%wﬁﬂﬂiﬂﬁﬂ?ﬁ di &i deRAL 1AM MEndeng (VDM
that supports mnulild nelededelin conbelnimaiy cthannhellBecidP@msed to supbemrd over

a fiber link. In Itl-channel
conmuni cati on |nnﬁﬁilléggghg% é%ﬁﬁﬁk{@ﬁil o&g?rasé?%lée nndgﬁp Thus,

accordind to the The eRFPIARE Y EentifRnBFIVides i metded ﬂpﬂhln t he
relatively broad stat@mmEvi ndensé hedvéhengrbidimisionomeltiplexing t(@DMNCT ease

the capact ty of shidl Suopdec oohisel LIRS commenicald ik ALRL1GRL 11 ber

networ k. This avoi expensive o i ncreasi ng

capacity of a fifkRand over a £3pe¥ clitworle °§Gcﬁx§§P1¢ayﬁhﬁg Geagiet Wé‘ﬂal

fiber in a supports multi-channel communication in the 1310nm band

10 over a single-mode fiber. Thus, according to the .
invention, mcre channels can be added within the
relatively broad 1310nm window than the erbium window,
to increase the capacity of single-mode optical fibers
within an optical fiber network. This avoids more

15 expensive options for increasing capacity of a fiber
optic network, éuch as, laying additional fiber in a
network or adding channels in the crowded erbium band.

The present invention provides a multi-
channel optical communication link wherein a siﬂ&le-

20 mode fiber link carries dense WDM optical signals
within the 1310 nm band instead of, or in addition to,
the erbium band. In particular, carrier wavelengths
are selected within either of two windows (a low
subband and a high subband) on either side of a

25 guardband. The guardband includes a zero dispersion
wavelength A,, which is about 1312i3nm for many
installed and new single mode fibers in a fiber optic
network.

The width of the guardband can be set to

30 minimize four-wave mixing (FWM). In one embodiment of

the present invention, a guardband centered upon the A,
has a width such that the absolute value of dispersion
values in both the high and low subbands is
approximately equal to or greater than 0.5 ps/nm-km.

35 In another embodiment, a guardband of about 17 nm
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network or adding channels in the crowded erbi um band. _
The present invention provides a nmulti- channel optical
comuni cation |ink wherein a single- 20 node fiber link carries dense

WDM opti cal  sighdh s wi thin the 1310 nm band i nstead %@@P‘%ﬁbt ]
S

addition to, the erbiumband. In particular, carrier
are selected within either of two windows (a | ow subband and a

hi gh subband) on eiceheersddépohi €n25 A, Iis qaﬁadéél@ep%ﬂ_t%h%@_ gggﬂ?and

i ncl udes a zero di rsi - el en err ich is U
13123nm for nany 184 ghgg?rrl\%?él II_e°d an noe‘:wgc eﬁ%l 8’“#88?—:-“‘?1%%7 SThe) i dthper
optic net Rér khe guardband avoids foppewabet mising BWguay dband can
be set to 30 aBbOiihg et Rt c VEyEL y1i spated E‘A&%—%erénc@ft?r@ﬁgﬂli&%ﬁ{a ao;
the present inventis0 rgpf{wl . er upon the Jerr ” S
wi dt h suchgthat thg‘ggggf’g‘?e va pe°:§‘$%'s§tg}e§%§¥ W?S{_‘mg Pt uPS Phisen
the high and | ow s@gpbareRce srequired feopmifdctivel pivimemloter ;& lgmapdter

than 0.5 ps/nm km o85fiber. |Théwrwidwes, eiMmaiseepbnceanorad dhansk of 22?2? 657
nm . C

-4-
upon the [err] is Iﬁgg‘dl?%e‘ise%%?éft SR iy ioérlf‘_??fdthe %ow.s‘fblfw A Stds. In
each of these enboBigRngybband without causing any significant
10 interference. Tze presence of the guardband is

especially important in reducing FWM over non-
dispersion shifted fiber where the magnitude of
diépersion is not as great as in dispersion-shifted
fiber.

15 By straddling the zerc dispersion wavelength

A,, the two subbands or windows can also experience

different dispersion values. For NDSF, the low subband
or shorter wavelength window experiences negative
dispersion and the high subbéﬁd or longer wavelength

20 window experienceé bositive dispersion. Positive
dispersion in the high subband may be readily
compensated using conventional DSF, or the recently
introduced LS fiber, because these are optimized for
1550nm and have a substantial negative dispersion in

25 the 1310nm band. Positive dispersion in the high
subband can also be corrected or ameliorated by a
chirped fiber Bragg grating set to impart a negative
dispersion, as is well known in the art. Likewise, the
negative dispersion-in the low subband or shorter

30 wavelength window can be compensated by a chirped fiber
Bragg grating set to impart a positive dispersion.

For DFS, both the low subband and the high
subband experience negative dispersion. Accordingly,
such negative dispersion in the low and high subbands

35 can be compensated by a chirped fiber Bragg grating set
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of the guardband avoi ds four-wave m xi ng FWM by assuring that

cl osely spaced carriers co-propagate in a 5 di spersive environnent,
t hereby "washing out" the phase coherence required for effective
m xi ng over a |length of fiber. Therefore, a dense concentration

of waseett ed carriers may occupy the | ow subband /03573

hi gh subband w t hout causing any significant 10 i nterference. The

presence of the guardband is ecially t [ redu0|ng FWM
over non- Yo 19Pher 3RS HHIR %}%pegg%oﬁhergigﬁféﬁggéﬁté1 efe ot

di spersion i s not{NRSFgardtDSR) ialah spdroidyseshpf pegitive s1°Pef|ber 15

By straddling th%l%%é?sgbﬁpé‘é%ém M@/@ 3ANgkNwindow in botkréde idwe 4w

subbands or mnnd ) n dlsper5|on
val ues. For NDSF; lFHeSnB %%%bég p°SltlgF dﬁgs?%%fégv%‘%gﬁ Wi Tidow
experi enées negatbveected or angkinxatiesh byhé Fhérhﬁéhféh%baﬁﬁﬁqg | onger
wavel ength 20 Whgdoys exPesd BINGEoWROSNt khe dirgpersion.  Positive

di spersion in the hlgh sub and, b di | ens usi ng
conventional DSF, or the r n‘t:{@alm band 1, %te}gaﬁg%%iyLﬁggb%&ﬁgc%etge
these are optini oedtherlong end bﬂmmpﬁaVE E%lﬁ%s?ﬁn%ﬂa%c#le@}’ail ve
di EEGFZI on i nl 25wgter tm?ﬁeg»loﬁramﬂca miBafiuin WavedlengERi Dimid tgef hlbgh
subband .can al so ,be correc or ed fiber
Br agg gﬂ&tlng setMPESFApRY t 1 1 % P et ger &P ?uar££%é$s wel |

known in the art sibgkewnsde mmpaqation rié\gsmevexam@ber st DFRIeRE | ow

subband or short envw3@tion pro@V@s NEW ahmdﬁ\ghcaabbenaenapmmx@ by a

chirped fiber t t
For DES, borh t h@PRERFETBbeRn Lath {iastin Khd TR30\136808, avfodlapEson
negative di spersicomsidetablly rippye channels thashagegarreeted Spekkiein the

| ow and i gh subkpd3asd) but nafddw kermiaieasat.ed by a chirped fiber Br agg

grating set In one embodiment of the present invention, a

multi-channel optical communication system and method

is provided. The multi-channel communication system

and method involves a plurality of carrier signals

20 transported through a single mode fiber. The single
mode fiber has a zero dispersion wavelength A,. The
carrier signals have wavelengthé in at least one of a
low subband and a high subband withing a 1310nm band.
The low subband and high subband are separated by a

25 guardband that includes the zero dispersion wavelength
A, of the single mode fiber. 1In one preferred example,
the zero dispersion wavelength A, is in a range between
approximately 1309nm to 1315nm. According to a further
feature, the guardband has a width of at least two nm,

30 and preferably, a width of approximately 17nm.

In one preferred example, the guardband has a
range between approximately 1300nm and 1320nm. The low
subband has a range between approximately 1270nm and
1300nm, and the high subband has a range between

35 approximately 1320 and 1365am. The plurality of
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- 5- to inpart a positive dispersion. Single-node fiber
(NDSF and DSF) al so introduces a positive sl ope di spersi on across
the 1310nm wi ndow i n both the | ow and hi gh subbands. Such a
positive di ' sl ope can be 5 corrected or aneligeat, a

chi r ped fibé&gggggg grating, as is well known:-in tﬁe aggﬁgﬁs

The 1310nm.band is relatively w de, bracketed on the I ong end by

the ?bSO{ Et : on F@&%ﬁi@f Sidndos aﬁ%gxsport dat&ats.ﬁr re@btéﬁei?éb&éﬁﬁem ni rr?m
wavel en Im | [ (0] . [ uar ant ee
9 8%%\??%11":5 ertrfpﬁ? etq'xe &q@%u%ﬁ:%g‘ér ggxgni:he ﬁlgﬁ gubﬁsgncg

si ngl e- node prop nohe exanpl e Fnvention
provi des | ow andTheg@iers® iR channalisngre separatggpbyxanghanrgyel270- 1300nm

and 1320- 1365nm gabb oMb ngr f 1east approsimadengbhyonene.channels than are

expected.with the 15 opul.ar t narraw erbiumb :

I n one e?‘r‘oodi ment of the p%rgsée%}ﬁ&?éﬁv% telf(?%,n% examp&!e’ gﬁgt ?‘-‘l%ﬁ%lﬁ?\%‘?
optical communi cheson TIRILMeFPafe@ppFoximately 130fpByvaAEd1I3TRe the

mul ti-channel cofgyunigEbaR KaStLPange betwedRlappibRimbBEOyVEsoSnMl Urality

of carrier signals_.? tr ortegﬁth u g single_no {iber. The
aingle it (S TR SlbBad, Bal, E7ERBPR PRFYTh The
approximately 1320 and 1365nm. Carrier signals are
10 transported in any one of approximately nine dense WDM

channels within the low subband and approximately

seventy-six dense WDM channels within the high subband.

Each of these dense WDM channels within the low and

high subbands is separated by a channel spacing of at
15 least approximately 100 Ghz.

According to a further feature of the present
invention, a method and system for dense WDM dispersion
compensation is provided. 1In one example, a dense WDM
DCM unit compensates for negative dispersion and/or

20 positive dispersion in the plurality of carrier signals
transported over a single mode fiber in the respective
dense WDM channels. When the single mode fiber is
NDSF, the dense WDM dispérsion compensation unit has a
positive dispersion compensation unit (DCM) and a

25 negative dispersion compensation unit (DCM).

The positive DCM compensates for positive
dispersion in each carrier signal transported over NDSF
in the respective dense WDM channels in the high
subband. For example, the positive DCM can be a

30 dispersion shifted fiber segment and/or a chirped fiber
Bragg grating designed to impart a negative dispersion
value having sufficient magnitude to correct or
ameliorate the magnitude of the positive dispersion of
NDSF. In this way, the dispersion shifted fiber

35 segment and/oxr the chirped fiber Bragg grating
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carrier signals have wavel engths in at |east one of a ' | ow subband
and a high subband withing a 1310nm band. The | ow subband and hi gh
subband are separated by a 25 guardband that includes the zero

di spersi on wavel ength [err] of the single node fi
preferred X9 1 t he zero di spersion wavel engt hp‘([a‘[ s;}vﬂssgfl n a

range bet ween approxi mately 1309nmto 1315nm According to a

further coinf,@hgaee £oe a&@r\deb@mm ok WHodiRiok aispessiod b nm 30

and preferably, ne

preferred exarrpleé‘c ﬁ@r’g’ﬁﬁ'?d%{a) X*]a‘sraangporterg overRSEeifethe apprOX| matel y
1300nm and 1320mmspéktilewdense WDM cheisbeeics Has ther hagh bebbasd.

appr oxi mat el y 1270nn1and The negat i 05l éﬁH%éﬂyithg?o§UQQ@QQUH§S a range
bet ween _35 pr oxi rratel%/ ]1920 and 1365nm_ The g urali

t
- 6- 5 ai's ersion if farh GFIFEARE (L8NGdo FE2RSPATFRY %??éé\{qs\?e dense
VDM chdmnehe wesheative dm\ssmmmmhenhtgé sobband.

The dense VDM chy Fs@ﬁha arﬁﬁ%f@ bﬂegaaﬁwfb%ba can be a SREGY of at

| east appr oxi nat_e anof her ref red
exanpl e, the guafﬂa’ﬁgnﬁragg gratnh%\st% TARE er & Er’B?( ey%SOOnm

and 1320, the negative dispersion in each carrier signal transported

10 over NDSF in respective dense WDM channels in the low
subband.

Similarly, for DSF, the dense WDM DCM need
only be a'negative DCM which compensates for negative
dispersion in each carrier signal in the respective

15 dense WDM channels in the low subband and high
subbands. For example, such a negative DCM can be a
chirped fiber Bragg grating that imparts a positive
dispersion value which compensates for the magnitude of
negative dispersion in each carrier signal transported

20 over DSF in respective dense WDM channels in the low
and high subbands. '

In addition, a dense WDM DCM according to the
present invention can also compensate for the positive-
slope dispersion imparted by single mode fiber. For

25 example, a chirped fiber Bragg grating can be used to
finely compensate for the slope of positive dispersion
in each carrier signal transported over a single mode
fiber (NDSF or DSF) in respective dense WDM channels in
the low and high subbands.

30 In one embodiment, a wavelength division
multiplexing unit is optically coupled to a single mode
fiber. The WDM unit multiplexes individual carrier
signals and outputs the plurality of carrier signals to
the single mode fiber. For example, the wavelength

35 division multiplexing unit can comprise at least one
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| ow subband has a range between approxi mately 1295nm and 1300nm
and the hi gh'subband has a range between approxi mately 1320 and
1365nm Carrier signals are 10 transported in any one of

approxi mat el y_ni nse DM channels within the | ow subband and
appr oxi mat el va?)ggﬁiqu‘ seventy-si x dense WDM channel s wi t hi NPt HESHO3F3
subband. Each of these dense WDM channels within the | ow and

hi gh subbands is sgRaicat 8dnBYwsMChRANEAnS RG] %&%fip%xléng/or | east
approxi mately 100 According to,a turther feature of

Z. . . . s
t he present d%qm‘ﬁlﬁ\}gﬁﬁf‘oﬁ?rﬁl%twaalrﬁj tRAVEdPP0 L N BRe oMo
di spersion dinespensat tbat i s pruovd didedtrionad exabph éiracitivise VWM
DCM uni t conpensat@gsf@eynegati ve di spersion and/or 20 positive
di sper si og in the plurality_of carri transported over a
e

r signals
fiber in the reEpEtEfye °3"“9entsder¢§ét%5ﬁﬁchéﬂﬂe?%‘.’m\/‘}‘?éfﬁq he

single no

si ngl e node fiber dfs the presentDSFrenthiconie mse waDl dissphessonucompengai i on
unit has a Rtk bh V£ L BOSF S Rk € U Ak | tneQMaNd a 25
negative di spersi (?rllJ conpensati on_unit, ( DCM) %8 BE' tnb s%ﬂ:e

posi tive DCM conpdriV&PEdoRor 250 083GRiPed 1n detgil belowwith cerfieranas er
signal transportedootée ROSPmpanying drxawimys.r especti ve dense WDM channel s

in the high subba F &.ﬁc?gm}- ki DM £an be a 30
di spersion shiftedq fiber sgghen%%,n / or l%gctﬁi@ragggéﬁbeeéﬁi &{2‘ . Bragg
grating desi gned t-&PFBIFet PRI At Pgrt of the spegifdgrhiiany

suffici en'sj magni t dddusbraberehhe present invenadehi and etb@etm@agn»}itmﬁﬁ;}%f 'Ejhe
ositive dispersi i ' . e fli | ifte
o557 AR TR SR
7. in the
15 pertinent art to make and use the invention.

FIG. 1 is a diagram showing dense wavelength
division multiplexing (WDM) in the 1310 nm window
according to one embodiment of the present invention.

FIG. 2A is a diagram showing an example of 85

20 channels at 100 GHz spacing in the dense WDM 1310nm
window of FIG.1

FIG. 2B is a table showing an example of 100
channels at 100 GHz spacing including 85 channels in
high and low subbands and 15 channels in a guardband,

25 as shown in FIG. 2A. |

FIG. 3A is a diagram that shows dispersion

for NDSF and DSF single-mode fibers in a 1310nm window.

FIG. 3B is a diagram that shows dispersion
for an NDSF single-mode fiber in 80 channels of a

30 1310nm window.

FIG. 3C is a diagram that shows dispersion
for a DSF single-mode fiber in 80 channels of a 1310nm
window.



conpensate for the magnitude of positive dispersion in each

carrier signal transported over NDSF in the respecti ve dense VWM
channel s in the high subband. The negative DCM
conpensates for negative 5 di spersion in each carrief.signal
transported m”4ﬂﬂ§F in the respective dense W%ﬁ?ﬁg{ﬁ?-’?n t he
| ow subband. For exanpl e, negative DCM can be a chirped

fiber Bragg grating to compgpsatg fiar t [ e . ative

di spersion in each carrier si 'ngﬁ Ilrgaﬁsgg?%eg 1%‘%}(1*E sat?wgvgjr's?\ﬁﬁ—iﬁ
respective dense ¥#M &R Ré’%wﬁvt‘-‘ﬁ‘esF-BWe'm“e fibeghpRnB0 channels of
Simlarly, for DSk, 13itnnderiseiowbDM DCM need only be a negative DCM
whi ch conpensates for negatd ; '§%§ﬁ ' [ ch. | si gnal
in the respective_ 15 1ﬂé,t\é;ﬁs.én:'q\/\ﬂilf/l 3hg%%e S ?Ar%l(glt@hes Og\% Eh%%%%%le%%d ﬁi gh
subbands.d For exaf®f & R¥fcHizeagdar sheredMbdh H@gde-mode £ibewiihdl fi ber
Bragg grating thathampeld faapasidnmewindow. di spersi on val ue which

conpensates for the magnit ofy ‘ ' ' [ |
carrier signal transported ) ‘_1 8 gvg%af)%%gia&né \régls%gé{aﬁg'/é g&és{le W
channel s in the |8%gment suppozidngi YAMsiBpEirlsi310nm window accordingp

addi tion, a densetdDiiddPesent’ dnrgntoohhe ~ present invention can
al'so compgnsate for the pogiiy.ve is a giagrah W MoRRRESLLMbIDA LiaLl: Y

singl e node fiber. For 25 xampl e, _a I Trpe [agg grating can

be used to link | SRAMPIEL SHEROELATE oFPY hih 16 34PNBOUIRERM di sper si on

according to the present invention.
FIG. 6 is a diagram showing in more detail an
example of the dense WDM dispersion compensation module

15 of FIGs. 4 and 5.

FIG. 7 is a graph illustrating the dispersion
limited distance in approximately typical and best
cases of 0C-48 optical communication carried over a
NDSF single-mode fiber. _

20 FIG. 8 is a graph illustrating the loss
limited distance in approximately typical and best
cases of 0C-48 and 0C-192 optical communication carried
over a NDSF single-mode fiber.

The present invention will now be described

25 with reference to the accompanying drawings. In the
drawings, like reference numbers typically indicate
identical or functionally similar elements.
Additionally, the left-most digit(s) of a reference
number typically identifies the drawing in which the

30 reference number first appears.

The term “1310nm band” refers to a band of

"wavelengths within a range of approximately 1150
nanometer (nm) and 1385nm.

FIG. 1 is a diagram showing dense wavelength

35 division multiplexing (WDM) in the 1310nm window 100

-10-



I n each carrier signal transported over a single node fiber (NDSF
or DSF) in respective dense WDM channel s in the I ow and hi gh
subbands. 30 I n one ‘enbodi nent, a wavel ength divi sion
mul tiplexing unit is optically coupled to a single node L.ber .
WOM uni t mul SYQTRYE i ndi vi dual carrier si gnal s angcgﬁjtsf){ﬁ'#'g%t he
plurality of carrier signals to ~ the single node fiber. For
IexanPl e, the wavebepgtliRG to one inthsd AMbdtlbki eiésxwasé&m t AL GYIPr i se at
east one - , - 8- ,
narrow band VDM uRFECRRERE aF° ntfte ipTeSenindayention, an QREARAY plex carrier
si gnal s travel i ngcommonécatiemoiink (not shiowscfihoRMIG(thatcdrxies dense

uni -directional OfpRi pPt{Es1 | HPals within 4B20AMCHindow 100 instead
Further e odlnenti, features,..and advan he pr.esent

ages_ , of t
i nvention® as wel P*as®fht? st 1&§%ﬁ¥359ﬂ1éhe erbium band i FRoPRYCA ar i ous
enbodi nents of theopmesiéeoation link haw att ileastaore desorldramden fdeka,|

bel ow wi th referegggiuding, but qxwelﬁact@mey!ﬂand&fgﬁte 'ohleshifted

[ I n ich._are L ncor por.a ereln and form
gg?taggogﬁgngbggigigg%igﬁbsgy]and éispersion shiftedFkiber (DSF). DSF

The

can include linearly-sloped dispersion shifted fiber

10 (LSF) . Example fiber links supporting a dense DWM
according to the present invention are described in
further detail with respect to FIGs. 4-5.

As shown in FIG. 1, carrier wavelengths are
_ selected from within two windows, low subband 140 and

15 high subband 160, on either side of a guardband 120.

Guardband 120 includes the zero dispersion wavelength
A, of a single-mode fiber in the optical communication
link and separates low subband 140 and high subband

_ 160.

20 In the embodiment shown in FIG. 1, zero
dispersion wavelength A, is 1312nm+3nm as fournd in
many installed or new single mode fibers in a fiber
optic network. Guardband 120 is approximately 17nm
wide and centered upon A,. In particular, guardband

25 120 covers a range of wavelengths between approximately
1303nm and 1320nm to separate low subband 140 and high
subband 160. Low subband 140 covers a wavelength range
between approximately 1270nm and 1303nm. High subband
160 covers a range between approximately 1320nm and

30 1365nm.

According to the invention, then, one or more
channels (also called carrier wavelengths) having equal
or non-equal spacing can be provided in low subband 140
and/or high subband 160. Channels are not provided in

35 guardband 120. Further, the width of guardband 120 can

-11-



Il lustrate the present invention and, together with the
description, further serve to explain the principles of t he
i nvention and to enable a person skilled in the 15 pertinent art to

make and us venti on. FIG 1lis a }qh?l%' ylowi ng
dense mavelqwégﬁ“k& division multiplexing (WDM in th f%H%n1mnndow
according to one enbodi nent of the present invention.

FIG 2Ais a di aﬁé%@@@“dﬂuﬁﬁzéxﬂﬁﬁfewﬂfre&ﬁlﬁﬂlg (FWM)C.hafIliﬁ|o$1eat 100 GHz
spacing in the dg@ge WDN|13%O@EE

Fl
FIG 2B is a tab g an exaﬁfﬁsenF %%g tlon’ a %5%%5:3 at 100 GHz
spaci ng |nclud|ngeﬁﬁﬁxﬁdnﬂﬂﬂnsthﬁ o has a widfh swghl shasubbanabsakiytas

channels in a QU@éﬂ@é‘W- da.%persmnaﬁ'aﬁﬁés\ﬂlh%ﬂtﬁtr%hlgh and low

FIG 3A Lls a diagr at, shows di r.sion far NDSF S

si ngl e- n%de flbeggg? fﬁﬁ@ﬁﬁﬁﬁﬁﬁ%%geiy equal to or greatﬁq B 5

di agram t hat shops/uhspper silgn another emb@ﬂlmﬁnmlfﬁiQH%EW%H%%G@ ﬁbQ@t in 80
channel s of a 3017nm ceﬂé@#Haﬂdﬁbﬁdeﬂb A, is used to separaEéGkhQChi§ha

ghg%;gﬂt Q?t asfig%/sﬁg* S‘Perufb ands. 8\1,1\/15 ae'cr)igsD <'>:uz$|w e mqgg.engf lb?zer in 80
-9- assuring that closely space carriers co-propagate in a

10 dispersive environment, thereby “washing out” the phase
coherence required for effective mixing over a length
of fiber. Therefore, a dense concentration of
modulated carriers may occupy each subband 140, 160
without causing any significant interference.

15 The wavelength values shown in FIG. 1 are
illustrative and can be varied. The 1310nm band is
relatively wide, bracketed on the long end by the
absorption peak of water (approximately 1385nm). There
is also a minimum wavelength limit (approximateI¥

20 1150nm to 1270nm) imposed by the geometry of the fiber
to guarantee single-mode propagation. Guardband 120
and subbands 140 and 160 can also vary in size
depending upon a particular application as would be
apparent to one skilled in the art given this

25 description.

This dense WDM multi-channel plan according
to the present invention allows for considerably more
channels than are expected with the popular, but
narrower, erbium band. Optical transducers and

30 amplifiers for operation in the 1310nm band are also
relatively inexpensive.

As shown in FIGs. 2A and 2B, even a
relatively conservative dense WDM design following the
present invention allows many more channels to be used

35 than an erbium band WDM design. FIG. 2A is a diagram

-12-



FIG 3D is a diagramthat shows dispersion for a DSF TRUEWAVE] err ]
si ngl e-node fiber in 80 channels of - a 1310nm wi ndow.
FIG 3E is a diagramthat shows dispersion 5 for a DSF

linear|y-sl opgshofshrat Si Ngl e-node fiber in 80 channalcarnsbosgssiz310nm
w ndow. FIG 4 is a diagramof an exanple fiber Iink

segnent supporting WDMin the 1310nm wi ndow accor di ng to the
present inventiorshdWing an example of EbCGrhannsls ak difQIGHY spactiher in

exanpl e fiber — ipe deﬂgé%ﬁe%@ahmsumaa&ﬂaﬂ MR in, the 1310nm wi ndow
according to the present |nvent| s _a |agram

showing in more detail an 28 lﬁxﬁnﬁ?@%fs%‘u‘@l%@é nges 5r
conpensat i on nDde:kfarﬂ:Eels at 100 EH@Esspdcangd fncluding the 85 channe;lse 7 1is

a graph iqd lustrat r[' %gsﬂeﬁsbaﬂbands and 1% ”&ﬁ%é’x@@{&@ds%d) in
approxi mately typ| c 3

es o tica
comuni cation car® |9§’di s%own in -RBSF & ng?%c%qr%)]erls Jgsted
FIG 8 is a graphvitdd ustxroaunag Eheghessy (f) in Tératewik diTHzaneaad n

approxi mately typigal xaqu}%‘iﬁ_hgth A (nm cases of OC-48 and OC- 192 opti cal
communi cation carrted

over a NDSF_sj Iermdeflbr
The present invention wll Iﬁoﬁpﬁeeﬂé’é‘@}?bgﬁ 5%‘9 “&Qaé’rderjréé? to the
acconpany ng dr avimgsuded 9 thannels at 1d0a®lizngspad:1ﬂsge he;:fv&‘remce nunber s

typically indicat oxlmatel denb B 13864k Onatigh SddBdAla alspments.
Additionally, th Z a'?
! y e:.ncludes 76 é<':h nn f‘..z at 100 gfli‘ esnzg'aec:.ng between

approximately 1320nm and 1365nm. However, more
channels can certainly be added in low subband 140 oz

15 high subband 160. For instance, channels at
wavelengths below 1295nm can be added. Channels at
wavelengths above 1365nm or within guardband 120 can be
used as well depending upon a particular design
application and tolerance. Channel spacing can alsc'be

20 smaller than 100 GHz to add even more channels,
especially for low bit rates. Channel spacing greater
than 100 GHz (or even greater than 200 GHz) can be
provided to further ensure signai separation.

In contrast, in the erbium band, a 100 GHz

25 spacing requirement translates to a wavelength range of
approximately 0.8am. This means only 40 WDM channels
fit within the erbium fiber band. If each optical
carrier is modulated at high data bit rates, such as 10

. Giga-bits/second (Gb/s), a 200 GHz spacing is used

30 between channels to avoid crosstalk. As a result, only
sixteen channels with 200 GHz spacing can be used
effectively in an operating window within an erbium
band of approximately 1530 to 1561inm. Thus, even the
conservative dense WDM design of FIGs. 2A and 2B

-13-



nunber typically identifies the drawing in which the
nunber first appears.

30

r ef erence

The term "1310nm band"

refers to a

band of wavel engths within a range of approximately 1150

nanoneter (nm and 1385nm FIG 1is a dia m showi ng
dense wavel e PP/3LL8 division nultiplexing (WDM in thep(%g%@?‘f?ﬁ S ndow
100 . - 10- accordi ng
AL L sﬂ% bRESPLESEN 204 RYYd Shannels at 16‘§C§ﬁ£|'§'?a hd he
present invention R°6 FI omuni cat I,on own in

FIG 1) carries d&hae RIS changfi S AD thegsEPd U

but not limted . non

JPﬁP

*1310nm wi ndow 100
instead 5 of , or in Bydstradiltimg tdercediisperband. wataktemgith g/,

comuni cation |i n%aggieggl }Lﬁaéﬁb%i ]Tw %43)(1%01‘ bgglg, gxpenenc

NDS

rsion er
di spersi o shi ftedllﬁﬁBEPnFEgFi"e{E’Fﬂn values. c&s ShOWRJER| FhE3r
di spersion shiftedafrirhetrslin iow syliemd 1l4bxamd &ibhbenbbanésl&upporhimg a

dense DWM 334954 wgnagwt%gpéﬂffeﬁﬂa ditweat beele&eedsmé@ﬂu@

further detail Wltah réspect t

j and

i ncl udi ng,

R~ oped

hown in

FIG 1, carrier WP@ﬁSf-HE ar@ng a singlesgiode é&bFFoF}PRFPﬁi"HgtWW ndows,
| ow subband 140 agdber type. Single mode fiber (NDSF and DSF) also

10 introduces a positive slope dispersion across the

1310nm window.

FIG. 3A is a diagram that shows dispersion
for NDSF and DSF single-mode fibers in a 1310nm window.
The NDSF fiber is a CORNING® SMF-28 fiber having a
15 dispersion value between approximately -6.0 and 6.0
within a 1310am window (approx. 1270nm to 1374nm).
FIG. 3B is a diagram that shows a dispersion range
between approx. -1.595 to 5.329 for an NDSF single-mode
fiber (SMF-28) in 80 channels of a 1310nm window
carriers in

20 between approx. 1295nm. and 1374nm.

Thus,

low subband 140 experlence negative dispersion along a
NDSF. Carriers in high subband 160 experience positive
dispersion along a NDSF such as SMF-28.
However, as shown in FIGs 3A and 3C-3E, DSF

25 single-mode fiber, including TRUEWAVE™ and linearly-
sloped(LS) fiber, has a negative dispersion value
between approximately -10 and -30 within a 1310nm
window {approx. 1270nm to 1374nm). Carriers in low
subband 140 and high subband 160 then experience

30 negative dispersion (at different negative dispersion
values) along DSF. FIG. 3C is a diagram that shows
dispersion for a DSF single-mode fiber in 80 channels
of a 1310nm window. For the DSF fiber,
value is between approximately -24.653 and -15.425

35 within a 1310nm window (approx. 1295nm to 1374nm).

-14-
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15 hi gh subband 160, on either side of a guardband 120.

Guar dband 120 includes the zero dispersion wavel ength [err] of a
singl e-node fiber in the optical comunication : | i nk and separ at es
| ow subband #4Qea4i¢s hi gh subband 160. 20 PCT/US99/08313 t he
enbodi nent shown in FIG 1, zero di spersi on wavel ength [err] is
1312nnBnm as found in many installed or new single node fibers in
a fiber optic net RBEk.3%ub? dbaHraram ithagp shoWwenaieP§TsFem

wi de and cent er e¢g#p@npEer tRUEWAVIDRT § ikl dmody Fi8eandn280 channdP spvers

a range of wavel en bet ween a i e £11.4303 d 1320nmt
separgte Iom/subﬁa%§q§28 Uha ﬂYngﬁg%l{Egéﬁegﬁﬁﬁgﬁd féaégtogﬁéﬁgband 1281 °

covers a wavel engtilspexsgen value is peetirsn apprexiimately 12¥oaft a®d 1303nm

Hi gh sublgand 12.3171G9¢E0N €4 S1 31 618 Gel RiW\eRppaieR.. 0A2EBARI ¥o1320nm and
30 1365nm According to the invention, then, one

or nore CHARRL s (al so called carrier wavel engt hs) having equal
or non-equal spacing can bBI@¢o¥E deel # rdiagvamuiibatd sheys dispersiamd/ or

f;i gPhsubbed 158£fhog1]§nbgb‘51§ﬁ€aﬂl)§'b PLoveded.d)n s3hgle-modguainbangn 126
nyainsgé foﬁrymwnﬁ?%%Qfgﬁggg W ?%%ngﬁi?dow‘ For gﬁﬁb&ﬁnﬁ% eo? ?ﬁé g?esent
i nventi dif, a guardlsmedsion value is between approximately -27.841 an
-17.876 within a 1310nm window (approx. 1295nm to
1374nm) .
Carriers in low subband 140 experience
negative dispersion along NDSF. Carriers in high
15 subband 160 experience positive dispersion along NDSF.
The latter (positive dispersion) may be readily
compensated ﬁsing one or more segments of conventional
DSF, or the recently introduced LS fiber,'because these
are optimized for 1550nm and have a substantial
20 negative dispersion at 1310nm. Positive dispersion
across high subbané 160 can also be corrected or
ameliorated by one or more chirped fiber Bragg
gratings, as is well known in the art. Likewise, the
negative dispersion in low subband 140 (and/or in high
25 subband 160) can be compensated by one or more chirped
fiber Bragg gratings. Such dispersion compensation is
described in further detail below with respect to FIG.
6.
The operation of dense WDM in the 1310nm band
30 according to the present invention will now be
described with respect to example fiber link segments
in FIGs. 4 and 5. An example dense WDM dispersion
compensation module (DCM) is also described with
respect to FIG. 6.
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centered upon the [err] has a width such that the absol ute val ue
of dispersion values in both the high and low 5 subbands is
approximately equal. to or greater than 0.5 ps/nmkm | n anot her
enbodi nent, a guardband of about 17nm cent ered upgn thel‘#err] IS
used to sep¥@P¥iife high and | ow subbands. This avGiUi®PYdr - wave
m Xi ng by assuring that closely space carriers co-propagate in a

10 di spersive enviro nt, & " washy " he €13
coherence required for effecti ve J‘rf411>e<a|r E&H}é \%@ 'g% In%hoét%amplg fHB@%o%l?ll{ber.
Therefore, a densecmenteAf? a3wRRPPEIIing WDM in 'ﬁ%%ILPr:gltoéﬂ‘ rs may occupy

eafh fsubband 1‘11gacé69ding to theViglunéntcansengicmy igeir ildart 400

i nterference. 15, . . ngi b ' 1 are
il lustrative andl@&ﬂlugssvgr?aeﬁ?ovf%gﬁ%%&%#ﬁbg%@dl%ﬁ#y%1ﬁ%%#§?a5m? y

wi de, brécketed 8a0yha pénglenmods fiiker 415, a bhyligigrticRade R 6Fahat er
(approximately 138p08kiefh£2€@, and a dens® WbHOdbspeirsioimmasmpensagtibnlim t

(approxi matel y Zglogﬂ.alﬁa@éépnméo qu%) Eg}gog :jaoxﬁy \,_g?}rg%omat ry of the

fiber t s ngl e-node " propaga and 120
and subbands 140wavelesotbadiwigsion myltiplexes and/or demydddpdier§rupsn a

pa[t i cul artﬁppl izgém,gﬁa@goﬂ@%ﬂ Wvelength digpgdsent to one skilled in the
art giv i s . .description. : ' sg . YDM
mul ti - cﬁgnnel pl 5‘#155'83%%8&9‘&1#&1%% st'h@SJprrl%]‘éeen"tloc}?nvf-eg'nmte?o%?'gl Iggws f or
consi derabl y nor e any typechfinpingle madesfibexr pbresifling h Bire M98pul ar, but

narrower. e bit ﬁmlb.&a@eanbi, CRbsF ' aclranimmmandssoand DSF @ipeirfsi dps, f or
D v ' e TR Slace) L - asrecciond B RS L0
VDM desi gn f ol | o#i28gceRebe any typey k&t dingehiPRit AVGREInEMPLlAbLeT
channel gsto be uged 3hplifyinghzdl Gin &aidiwabenenyiid dedegme WOMGDCEA is a
di agram 440 is described further with respect to FIG. 6. Other
optical components such as couplers, splitters, etc.
can be used is well-known in WDM communications.
Optical emitters and receivers (not shown) are also
20 provided to generate and detect the carrier signals in
the respective dense WDM chénnels, that is, the low
subband and the high subband channels. |
In the example of FIG. 4, fiber link segment
400 is bi-directional carrying traffic in two
25 directions along the same fiber. In a long-distance
fiber network, for example, these directions can be
East and West between two cities. Thus, WDM 410
receives carriers for dense WDM channels traveling in
one direction (i.e. West) and multiplexes them onto
30 single mode fiber 415. On the other hand, WDM 410
receives carriers for dense WDM channels traveling in
the other direction (i.e. East) and demultiplexes them
from single mode fiber 415.
In general, any combination of the dense WDM
35 channels in the 1310nm can be allocated for carrying
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-12- showi ng an exanple of 85 channels at 100 G
spacing in the dense WDM 1310nm wi ndow of FIG 1.
FIG 2B is a table showing an exanple of 100 channel s at 100 GHz

spaci ng i ncl ugpRgie 85 channels 5 in high and | ow suidyasisossrsl 15
channel s (not used) in a guardband shown in FIG 2A. Each channel
Is |isted with a nomnal frequency (f) in Terahertz (THz) and
center wavel engt hsienals (imjone or both directions|evamhdideandliakofOPLG 2A,

| ow subband 140 10, one erilsdiktis: SHdANNGl #18l 4%&&&10%&&1@&%%
approxi mately 1295nm g 1300nm udes 76

i_ncl
channel s at 100 GFHZ*¥pat L??]g”be‘i‘v%ggrfgce&mn Qﬂﬁﬁb’r oK et dieF nm and
1365nm However, nhannels 1n the Howmelubbead 340t ai Casrimrsaddayelingoin

Subbﬁnd tlﬁo o 15¢n he ot A d(h@%u Eee AlBdae &ﬁm@qlslslat )
'gﬁgSeeggGSﬁnlgrO&%Pﬁlh n]c‘ggﬁﬁé?qgg)ca§q§§96£§n€14oolﬁﬁgﬂa& 9= egggeﬁdlng
upon a partlcularmdésfgad to be twapplii-cdrechianal t binksance. Channel
spacing can al so be 20 FISTE |8 dikrah08f Gifot e dkBYAR ¥R €iber
channel s, llgﬁpggéggggvgég 4&%%A¥tlnga%8M lghapnqgl%pa0|q%dgreater
10 according to the present invention. In FIG. 5 WDM 410

is replaced by four narrow WDMs 504, 505, 506, and 507

and a WDM 503 which can be a narrow, coarse, Or

broadband WDM. In FIG. 5 to minimize the potential of

crosstalk or other interference, four carriers in four

15 respective low subband channels traveling in one
direction (West) are received at WDM 504 for
‘multiplexing and transmission to WDM 503. Four other

carriers in four respective low subband channels
travellng in one direction (West) are received at WDM
20 506 for multlplex1ng and transmission to WDM 503. WDM
503 then multiplexes the eight low subband channels for
transmission over single mode fiber 415.
Considering the other direction (East), WDM
) 503 demultiplexes eight high subband channels received
25 from single mode fiber 415 into two groups of four high
subband channels. One group of four respective high
subband channels traveling in one direction (East) are
then received at WDM 505 for further demultiplexing and
transmission to optical receivers. The other group of
30 four carriers in four respective high subband channels
traveling in one direction (East) are received at WDM
507 for demultiplexing and transmission to optical
receivers.
For clarity, only one end of a fiber link
35 segment 400 is shown in FIGs. 4 and 5; however, the
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than 100 GHz (or even greater than 200 GHz) can be : provided to

further ensure signal separation. In contrast, in the
er bi um band, a 100 GHz 25 spacing requirenment translates to a
wavel engt h range of approximately 0.8nm This neans on

40
channel s WO99/43H8t within the erbiumfiber band. |If eacﬁcﬁﬁp¥%gﬁ3
carrier is nodulated at high data bit rates, such as 10

G ga- bi t s/ second dé%aéase o &OQ&%tﬁQ@CHea ié sLﬁ‘ﬁq.a%Oas woultaﬁ

channel s to avoi ross teen channels
with 200 GHz spacFerftlh q?@aﬁe& to a PerS@PfSéam«?é T r?hém 3gire FAVPRY
w ndow wi thin an €fiis ulescription.banllsof wprcfmaﬁmyel y;nJ].SrS@nIeO 16%61nm

Thus, even the NServ \Y; n éﬁ%gﬁé 0 d 2B
-13- subchanié} %idbghé ﬁlgﬁ % ° NDr e c %ﬁne ggmfbg gﬁt
spacing 5 ¥¢ﬁ9ﬁ¢ﬁnQQ-ﬁﬂ&aﬁﬂgl VERVEYiSX haTsf HiugpeFa e .Channels in

By straddling zergndi spersivbandauebeagdfiof efiigh subband 16@alcanebe i n

subbands .140 and éﬁ@@é& t%(%ﬁ gage és dlscuﬁgé ea.b%Qrte.d' %%nrlﬁ'a% val ues.
As shown in FIGs.
FIG. shows 16 channels in groups of four for

111ustrat1ve purposes. The present intention is not so
10 limited, as any number of channels can be allocated
between WDMs 504-507 in dense WDM within the 1310nm
window in the low subband 140 and/or high subband 160
as discussed above. Further to minimize cross-talk and
interference even more, different groups of channels

15 within low subband 140 can be allocated to travel in
different directions (likewise, different groups of
channels within high subband 160 can be allocated to
travel in different directionms).

FIG. 6 is a diagram showing in more detail an

20 example dense WDM dispersion dompgnsation module (DCM)
440 for use with NDSF fiber. Dense WDM DCM 440
includes two wavelength splitter/combiners 620 and 640.
Negative dispersion compensation unit 660 (negative DCM
660) and positive dispersion compensation unit 680

25 (positive DCM 680) are pfovided in parallel between
wavelength splitter/combiners 620 and 640. Dense WDM
DCM 440 is especially important for dispersive fiber
media and long distance fiber links. _

As described earlier with respect to FIGs.

30 3A-3B, carriers in high subband 160 experience positive
dispersion along NDSF and thus are passed by wavelength
combiners/splitters 620, 640 to positive DCM 680.
Pogitive DCM 680 compensates for the positive
dispersion (in magnitude and/or slope) along NDSF. For

35 example, positive DCM 680 can include one or more
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carriers in | ow subband 140 and hi gh subband 160 within - a 1310nm
w ndow experience either positive or negative ~dispersion along a
si ngl e-node fi ber depending the | fiber type. I Si nglde node fi berrO
NDSF and DS 10 i ntroduces a positive slope dis Ss
Ehe QL%?I(I)‘%%SW ndow. P FIG 3Ais a g‘?’;’g‘*r‘%&"f’%
shows di spersion for NDSF and DSF single-node fibers in a 1310nm
wi ndow. JogmeiDSi ¢f bmonvien tal HARNDYE], ebi] tﬁHFr88eﬁtD§r having a 15

. . | - .
P Ry ‘(’Sp&r o*x@%mﬁfﬁ?%iw bachlleUleBeOnre oppimilbhiigen

that shows a di spk?39%h 3hgan impart abéﬂ%éﬁnﬁﬁﬁi-oﬁegaElBng%@%rmfor
an NDSF si ngl e- nod®lue at 131Grrher RoBlf-i3®@) DM 890 cbannel so0in@dd@d pm

w ndow 2 b YR58 r1a%%5 3 {7 S @rrlers |n
| ow subbgsnd 140 ega%%ce negatlve ?Ps? gl o§ é{;&ﬂ%engg{:’ £6 W
Carriers in high g0 A% Pt MStde t fpethe art geepe sFon al ong

a NDSF such as SMkg28val, “Fiber-Optic CommdadesetonaSysbems, + nsdddsed 3A and

3C-3E, DSF 25 Ed s f| [ ﬂlﬁ\/\A

i nearly- (i‘plﬂg?‘ﬁ [ g‘elré%r sasﬂ%kvzggggl ve di § pgf'(g’lglogn a10|€he2

bet ween appr oxi rm&l'?r r1(?' ﬁsvm‘lt6 i*n-a 1310nm wi ndow (appr ox.
1270nm t1¥ 1374nn) . Carrl er Canrieaw in low subblk@ntid48xpesi diah subband

160 then experi engsy ﬁé‘i‘:%@%hv 14| SP&Rb Lon r( t.different ne ive

di spersion va uesd) aI ong E Ik—J §%:’ 2 é dlga ramy (RS gWs

di spersion for a"fﬁéfi'3 nﬂrﬁérspﬂhtéi@réhmel%‘lo tO negatgifveg DCM Onm
wi ndow. For the D f i magatt:.lvre BCMPE6Si @bmpensates FEd Ughed SndRivReRN

approxi nately - 24ﬂf§¥§f§¥$n %50%%5N%§F Form£££mﬂiéi]ﬁgé%g?verggﬁNég%pprox
1295nm11% 1374 can be a chirped fiber Bragg grating set to compensate
for negative dispersion, as is well known in the art.
In addition, as described above with respect
to FIGs. 3A and 3C-3E, negative dispersion can occur in
both the low subband 140 and the high subband 160 when

20 single mode fiber 415 is a DSF fiber (DS, TRUEWAVE™ or
LS). 1In this case, dense WDM DCM 440 need only include
‘negative DCM 660. All channels in low subband 140 and
high subband 160 are then compensated for the negative
dispersion by negative DCM 660. In other words,

25 carriers in the dense WDM channels in the low and high
subbands pass through one or more chirped fiber Bragg
gratings to compensate for the negative dispersion
along DSF. :

In addition, dense WDM DCM 440 according to

30 the present invention can also compensate for the
pqsitive-slopé dispersion imparted by single mode _
fiber. For example, chirped fiber Bragg grating(s) can
be used to finely compensate for the slope of positive
dispersion in each carrier signal transported over a

35 single mode fiber (NDSF or DSF) in respective dense WDM
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FIG 3D is a diagramthat shows dispersion
singl e-node fiber in 80 channels of
TRUEWAVE| err] fiber, the

for a DSF linearly-sloped (LS) single-node fiber in 80

for a DSF TRUEWAVE[ err ]
a 1310nm wi ndow. For the
di spersion value is between approxi mately
-21.201 and 12.317 within a 1310nm wi ndow ( appr ox. )
1374nn). “5099“3118 FIG 3E is a diagramthat shows

HrodsPs

| spersion
channel s of

a 1310nm wi ndow. ck@hnbig 1S fhderow @i High suz>dhaBer SEaBhVehipdd between

approximately -27.841 and co-17.876 within.a ] r ox.
1295nm to ¥1§T§7§Eﬂ$q gratlng? chn’ £ ?o p@férfégégggkﬁ%aﬂgg%%%nd 140
experi ence - DCM #Aéfat P¥ ecaft rerigicdndadony RpShercarrPeEl oh high 15

subband 160 ‘expenigageveone i 60 HEPPYoritivel pou BBSE.

The latter

(positivg di spersion) may z?en:{geiua-dsi;{%r_d fg_lbetrhgpggrép gﬁg&ggtggﬁ%]gne or nore

segnent s” of conventi onal recen

ed LS fi ber,

because these using aadenspiil¥ Add ther 1B39omnwandonagecardimstemttha 20
neggt I \éelglO Spersplgasa%clﬁl@é}mmf(&lﬂ |i‘1‘fbl@1'd%peb%|tf)!is not limi®©é&d a&s, hi gh

subban can als correct r. amel i opat one_or_Jrore

chi r ped fiber-BrﬁBg8c'Ea ox 6§héﬁgtkﬁ§ T2k %SPIaﬁnégnggng¥hér%§?.°én)

Li kewi se, the approximegely & di@persicofiber] swoeuliBURd2840SNRRE.or in

hi gh 10 SMF-LS, and TRUEWAVE™) can be used. For an 0C-192 bit

15

20

25

30

35

rate of approximately 10 Gb/s, an NDSF (SMF-28) fiber
is preferred (though at such high bit rates channel
spacing for a channel plan for Zow subband 140 and high
subband 160 may have to be greazer).

FIG. 7 is a graph illustrating examples of
the dispersion limited distance in typical and best
cases of OC-48 optical communication carried over a DSF
single-mode fiber. 1In the typical case, the distance
an 0OC-48 carrier signal can travel is limited t6 about
1750 km for a low dispersion vaZue of -10 ps/nm-km and
to about 198km for a higher dispersion value of -30
ps/nm-km. In a best case, the distance an 0C-48
carrier signal can travel is limited to about 2900 km
for a low dispersion value of
-10 ps/nm-km and to about 300 k= for a higher
dispersion value of -30 ps/nm-k=.

FIG. 8 is a graph illustrating examples of
the loss in transmitted powér over distance. The
distance an 0C-48 carrier signal can travel and be
satisfactorily detected can be limited by the
transmitter power. As shown in FIG. 8, the distance
varies between about 60 and 100 km for 0C-48 signals
transmitted by transmitters having a transmitter power
between 1 and 21 dBm. The plot in FIG. 8 assumes a
minimum receiver level during normal operation of about
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25 subband 160) can be conpensated by one or nore chirped

fiber Bragg gratings. Such dispersion conpensation is described in
further detail below with respect to FIG 6.

The operati ogfosd88se WDM in the 1310nm band 30 accopgtrmgodioasizshe
present invention wll now be described with respect to exanple
fiber link segnents - in FIGs. 4 and 5. An exanpl e dense VDM

di spersion - 26 ciBmenaat webl nkmiowre iDEMe attal shedeadti PAEMN 18 a

respect to FIG Qeorived unit for expressi - 15-
FIG 4 is a di agramlc}';‘e anpéxarrpfe :fp% | nk segnent 4

DM he 1310 di
nvent i on Fi ber RATRE 286 10 SeELR¥4 g ppwes, Y7 Al vipeﬂa%r%?%“i)on
mul ti pl exer (\ADMSer%.  paravdid wBeclfidl GIlee | aBRkndlx 52 Bb: ds3eciional

opti cal ersion ensat! on
nodul e (DCM) 440. TW’@WlEﬁnl%eF%% ty PR are not ipseefedqEd HMILI on
mul ti pl exer and/ ahaletpel pEekke present invention. As one skilled in

the art would apprec1ate given this description,

10 different link and network designs and components (e.g.
higher transmitter powers, low dispersion fibers,
frequent spacing of optical amplifiers or regenerators,
and a different dispersion compensation module (DCM) '
can be used to achieve long-distance fiber optic

15 communication using dense WDM in the 1310nm band
according to the invention. .

While various embodiments of the present
invention have been described above, it should be
understood that they have been presented by way of

20 example only, and not limitation. It will be
understood by those skilled in the art that wvarious
changes in form and details may be made therein without
departing from the spirit and scope of the invention as
defined in the appended claims. Thus, the breadth and

25 scope of the present invention should not be limited by
any of the above-described exemplary embodiments, but
should be defined only in accordance with the following
claims and their equivalents.
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conbi nati ons of wavel ength division 10 mul ti pl exer/denul tipl exers.

Si ngl e node fiber 415 can be any type of single node fiber

i ncl udi ng, but not limted to, NDSF (CORNI NG err] SMF-28) and DSF
fibers (DS, TRUEWAVE[ err] and LS). Bi-directional | cal
anplifier WO 99431870 can be any type of bi-directional op?&t’ggﬁgﬁgf’ifier
15 for anplifying 1310nm band wavel engt hs. Dense WDM DCM

440 i s descri beda;w_cnl’fé_e%&%ri?ect to FIG 6. Oher opti cal
conponent s such : ters, etc. ‘can be used is

wel | - known in VWDM comruni cati ons. Optical emtters and receivers
(not showin) are also 20 = 1. phRometkodtipmerevaténgndenies eedvelengddrrier
signal s in {ﬂéaeqbr{)an ARALh K8 5 Naer MMopR3BRE! Somdiiicdod e | OW

subband and the h|g anne n the ‘exanpl e of
FIG 4, fiber |ifORRIGBIRT the SLePS48H: s bi-directional carrying traffic

in two 25 d| rections esltabyishéngamei fhiimen. 1310nm band, ca st ance

fiber netwo E@E&H e t n Fasdn West
bet ween tvvo CI t | e éa\XB%E ?gcgh&gg drPé‘Sze% \c}ggpggﬁ?%rgafor ense DM
channel s & ravel i My P4 @ single-pede fihezy 5?,1(1.91@1'%(3 SER TR PPpPexes

t hem ont o7 30 lowi S\gdmnaed abRigH lsubkand ke thihethdansl] 0aDNbaH)
recei ves gLarriers for dens I i el n t her
& Séﬁﬁghﬁgggﬂs 2 %\f@ﬁ 5iiBlah oyex t the sidfi P

direction (i.e. East) and exes si ngl € node
fi ber 415 mode fiber, éﬁéFa?lg%?yhéSﬁ‘BFn%tV%ﬁe%?n‘l ifense WM
35 1channel ssaid t1wew kﬁ:m:amdeaanbe al.l ocated for carrying
-16- 11 transmitting a second signal over the single
12 mode fiber, said second signal having a wavelength in
13 said high subband.
1 2. A method for providing dense wavelength
2 division multiplexing (dense WDM) during multi-channel
3 optical communication, comprising the steps of:
4 _ establishing, within a 1310nm band, a
5 ‘guardband that includes the zero dispersion wavelength
6 A, of a single-mode fiber, said guardband separating a
7 low subband and a high subband within the 1310nm band;
8 and . N
9 transporting a plurality of carrier signals
10 in respective dense WDM channels over the single mode
11 fiber, said carrier signals having wavelengths in at
12 least one of said low subband and said high subband
13 within the 1310nm band.
1 3. The method of claim 2, wherein said
2 establishing step comprises the step of establishing,
3 within a 1310nm band, a guardband that includes a zerxo
4 dispersion wavelength A, of a single-mode fiber,

22-
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signals in.one or both directions over fiber |ink 400. I n one

enbodi nrent shown in FIG 4, however, carriers traveling in one
direction (West) are allocated channels in the | ow subband 140.
Carriers travebvasgisin 5 the other direction (East) #HAUSPVEERt ed
channel s in t he hi gh subband 160. Fiber link 400 can al so be

nodi fied to be two uni-directional, |inks. FIG 5 is

di agram bf anot hWheERERpHRe Fe%e (frspersion wayeHROEdydent S4868 3UERAR i ng
VWM i n the 1310npewwacwvapproximatalgrdddonn to tiEsmym.esent invention. 1In
FIG 5 WM 410 I's replaced by four narrow WDMs 504, 505, 506, and
507 and a WOM 503 which can be a narrow, coarse, or

broadband WoM In FI.G 5 tb ni M3 ReHRE bt EhRim|2phezein said gsstal k or
ot her in2erferenestabbishiray reteas campfraseslbhe step roeS pattabid shdwgsubband

channel sytravel 'Qgt%xanQEIBIOJm bandl! %e&hh‘i‘ﬂbéma)sv&g{gear l;ﬁrtﬁe@ﬁéﬁ: VDM 504

for mul t1 exi ng an ansm ssion to

carrierstin fourlP-%%Y)‘é%?|%@?%@ﬁﬂﬁﬁ&°&hﬁﬁﬁé}%ngth A, of ?r%ir’éﬂ?lg in one
~directi ofi (West )made filseryveshiad gifEMdband widthQfefry sad tsuyahethayg and

transm sgion to ¥¥PL¥' éQéolué’c‘P'\@alue of ai38arki6n wp%i&%sl)ll?f(gﬁbt?xh%h@ ght | ow

subband channel S sSm SSI On over Ssin ber 415.
Consi derTng the BiER 2R kY |§}H’I{% is WOleatelY sade B OFpl exes

ei ght hi§h subbagfeabannehsn reeckipeythm2im; wheréspmivuigwavenagxinger 415

into t gr oups u a. subband channels. One group of four
respecme hi gh ?MP is mg&b mix channel s traveling in one direction (East)

are t hen received at V\DM 505 for further denultiplexing and
5. The method of claim 2, wherein said

establishing step comprises the step of establishing,

within a 1310nm band, a guardband having a width of at

least two nm that includes a zero dispersion wavelength
A, of a single-mode fiber.

W B W N -

6. The method of claim 2, wherein said
establishing step éompris'es' Ehe step of establishing,
within a 1310nm band, a guardband having a width of
approximateiy 17nm that includes a zero dispersion

h W N

wavelength A, of a single-mode fiber.

7. The method of claim 2, wherein said
establishing step comprises the step of establishing,
within a 1310nm band, a guardband having a range
between approximately 1300nm and 1320nm, said guardband
separating a low subband having a range between
approximately 1270nm and 1300nm and a high subband
having a range between approximately 1320nm and 1365nm.

NG AW =

1 8. The method of claim 2, wherein said

-23-
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transm ssion to optical receivers. The other group of 30 _ f our

carriers in four respective high subband channel s traveling in one
direction (East) are received at WM 507 for denultiplexing and
transm ssion cal receivers. CT,Ugggyo_,,gggarl ty,
only one endw§%gagﬁéber i nk 35 segnment 400 is shown Tn FI'Gs. 4 and
5; however, the -17-

oper ation of t he egtBBLiSRing Sstsepri farthas wotpdibes the s-eprdiuﬂ |y apparent
to a person skill S wAlso, for
clarity, §\onl y ones(a a\'l'i.vgtm& fita %%rf%ann Cha’ %2% ‘ﬁgaﬁ Channel is

shown wi fn, 5  subbpedpekd the \}B\ﬁhlﬁ}lbbaﬂév\BVeP c%‘}n%nmckﬂgchannel s in
t he | ow subband 140 and/ or hi gh subband 160 can be provi ded to VDM

410, as di scussed above. Sém I alnﬂ%/ thod of clﬂtﬁn § ?’ﬂ?&rese {@é‘mel s in

groups of four for 've purp ntention
is not s& 10 sepprat-ieg, s'a%P aﬁ@nm t&? éﬁaﬁn‘éf- ss%r%@rem%@eé ed

bet ween WDVs 504-d2@gei mﬁeﬁnmﬁ/&l\é writhihgt kRel3d@nsubbarnd and WHElvigh t he

| ow subbgnd 140 %Qgﬁgﬁdhb tajé$§E%F£:g§%c1ng of atPedds éﬁﬁfﬁkc Véy

Furt her to m ni i Ze Cr0ss~ nterference even mor e,
di fferen® groups 18PCGHRannel s

10. The method of claim 2, wherein said
establishing step comprises the step of establishing,
within a2 1310nm band, a guardband having a range
between approximately 1300nm and 1320nm, said guardband
separating a low subband having a range between
approximately 1295nm and 1300nm and a high subband
having a range between approximately 1320nm and 1365nm;
and

O 0 3 O b & W N -

further comprises the step of separating
approximately nine of said dense WDM channels within
the low subband and approximately seventy-six of said
dense WDM channels within the high subband by a channel
spacing of at least approximately 100 GEz.

L e e ]
W N = O

11. The method of claim 2, further
comprising the step of compensating for at least one of
negative dispersion and positive dispersion in the
plurality of carrier signals transported over the
single mode f£iber in the respective dense WDM channels.

B &KW N -

12. The method of claim 11, wherein the
single mode fiber comprises non-dispersion shifted
fiber, said transporting step transports a plurality of
carrier signals in respective dense WDM channels over
the non-dispersion shifted fiber, said carrier signals

WV B WD ew
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15 within | ow subband 140 can be allocated to travel in

different directions (likew se, different groups of channel s
wi t hin high subband 160 can be allocated to travel in different
di rections).wo 9943118 FIG 6 is a diagram show ng rar/uses/asseet ai |
an 20 exanpl e dense WDM di spersi on conpensati on nodul e (DCVM

440 for.use with NDSF fiber. Dense WM DCM 440 I ncl udes two

wavel ength spli t tieav tmgriwaneslengZthsarich ®404d low subbah@gatdveaid spiglsi on
compensat; on uni QAR HM1310mm ban800L-ANHaPESHL bEr i SPET o1 01

corrpensat | on unit osi tive DCM 680~_are rovided in parallel

bet ween 3 WWW%@W D SOPPIH SR FEe655%BAJ°E40. Dense DM

DCM 440 i4 especial | y i npordempterfsart ighigs fiers positiber dispersion nisuli eacind

long distance fi b%%réié‘ﬂ‘ss ]g? cransported ovef\S-ﬂeSﬁshbaﬂs SFdiSh With
Ia

respect to FIGs. riiers 1n, high Oe erjence
posi tive g SR EtRE & §I‘—es§ﬁ&tﬁﬁﬁs“§fléep@’§e8 etfengt h

conbi ner s7 splitt etise G20gh Gaﬂ.ibktam@oartd ve DCM 680. P05| tive DCM 680
conpensatgs for the pos't'vrﬁampensatl 'f%&eﬁé?Q@ (ré”di%%@i:&i‘&'& ANUQ,

sl ope) algong NDSF. For 35 _ex rgp posiflve can include one
or nore carrier signal <z ported oven._ the non-dispersion
10 shifted fiber in the respective dense WDM channels in
11 the low subband.
1 13. The method of claim 11, wherein the
2 single mode fiber comprises dispersion shifted fiber,
3 said transporting step transports a plurality of
4 carrier signals in respective dense WDM channels over
5 the dispersion shifted fiber, said carrier signals
6 having wavelengths in said low subband and said high
7 subband within the 1310nm band, and said dispersion
8 compensating step comprises the steps of:
9 compensating for negative dispersion in each
10 carrier signal ctransported over the dispersion shifted
11 fiber in the respective dense WDM channels in the high
12 subband; and
13 compensating for negative dispersion in each
14 carrier signal ctransported over the dispersion shifted
15 fiber in the respective dense WDM channels in the low
16 subband. '
1 14. The method of claim 11, further
2 comprising the step of multiplexing the plurality of
3 carrier signals prior to said transporting step.
1 15. A multi-channel optical communication
2 system comprising:
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segnents of conventional DSF, or the recently I ntroduced LS

fi ber, because these are optim zed for 1550nm and can inpart a
substanti al negati ve di spersi on val ue at 1310nm Positive DCM 680
can al so include a chirped fiber Bragg grating to 8% for
positive WO 9/“‘°’1(ﬁ'sper5| on, as is well known in the art. ee gﬂ%ggﬁ
“Agrawal , "Fiber-Optic Comunication Systems,"” Second Ed. (John
Wley & gons: New York 199%) s:ﬁ&fé'ﬁ@d@ Hi¥er having a %e2B! 8isBerPPon

425- 466. 210 hN&'Fr |na4]s i n | ow subband 140 experi ence

negat i ve “di spersﬁ@ﬁ’efi'le&q d thus are passed by wavel engt h

conbinerd/splitters 620, 6alOrluvrakjhbyiokt ®(Mier signal@c@raMedangve DCM 660

conpensayes for tﬂH%dﬂ%%ﬁ%hY@ s1ngle moég5¥¥3é¥(”&é¥dp@ﬁrw@§E sk8hagxanpl e,
negati ve _DCM 660 et . to

| Br a a
conpensate ha‘Vlfn@r wﬁ@ﬁaﬁf‘g'éhﬁl %’be$%dloef‘?s%§qes 3 1ﬁ’ﬁ’0\ﬁ/ﬂb§ﬁn‘flh%n%rt
| n addi tiéon, as cesdghbedbbbodewirbinrasihiidnm band, said Eb@ssubbandd
3C 3E, n gatlve Y3 ghOQuBBQnQCEéiné "separated beptah gha%abaﬂasem@nd 140
and the Rhigh subband 1 sin :?ggr 41 a DSF fi ber
(DS, TRUBWAVE[ er rjrcgmdes the Ze{%)dlff%e‘ﬁﬁ‘g‘ é‘ﬁé’él [ﬁi\?t 40 need
only incBude singlenegdei §8b&CM 660. Al |l channels in | ow subband 140 and
hi gh subband 160 are then conpensated for the negatlve di spersi on
by negative DCM 660. In other rds, 25 carriers_in the dense WM
channel sdin the I ow and hi 5}% the sYSE%%&}%&% ‘h"B6gR1BnE2LE nore
chirped i ber Bramgro dispersignawvawvgiengtlvtdgpiasaheafpandgdcoatagsn ve
di spersi gn apprekdnd tP5F 1309nm to 1315nm. I n addition, dense V\WDM
DCM 440 accordi ng to 30 the present invention can al so conpensate for
t he positive-slope dispersion inparted by single node
fiber. Fdr exanple, chirped7fi bBreBsustemyraf icigis) 15anwherein sap@ used to

finely conpensat gufa3faraia 8heps &ia@&smaa/qncluaes a Se¥BCEEEPBréfogach
carrier §| gnal trans ortgg ver:

wav eng a single-mode fiber, said guardband
4 width being set such that the absolute value of
5 ~ dispersion values in both the high and low subbands is
6 approximately equal to or greater than 0.5 ps/nm-km;
7 whereby, four-wave mixing (FWM) is minimized. |

18. The system of claim 15, wherein said

(o]

2 . guardband has a width of at least two nm.

1 : 19. The system of claim 15, wherein said

2 guardband has a width of approximately 17nm.

1 20. The system of claim 15, wherein said

2 guardband has a range between approximately 1300nm and

3 1320nm, said low subband has a range between

4 approximately 1270nm and 1300nm, and said high subband

5 has a range between approximately 1320 and 1365nm.

1 _ 21. The system of claim 15, wherein said
-26-
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35 single node fiber (NDSF or DSF) in respective dense WM

-19- channels in the | ow and high subbands. Such

chi r ped fi ber Bragg gratings can be coupled separately to dense
DCM 440, or ¢myweolsiisncl uded in either or both of NPOQRUSWO3IHEM 660
and positive DCM 680. 5 A hi gh-speed fiber optic network or
i nk using a dense WM in the 1310nm wi ndow according to the

present ilnventi orploamiityl edecabyier ssignals m-eagpogt data in an OG- 48 or
OC- 192 bix rate. »FézJé &t ide 48nbit whAt €hddinels withindBREEXLER! Sl¥b2nd GO/ s,

a fiber type (SMF-28, SMF-DS, 10 SNF; and_TRUEVWAVEI er can be
ised.  Fob an oc-%éfg *‘tﬁ’tl\‘/ipmgh subband, %"1‘1%?%%8 %EFT‘ng‘?ai‘B%/é‘]Fl%% NDSF
(SMF-28) 4i ber separatedds byr ef ehapgel t3RARIMIat such high bit rates channel
spacing for a channel plan for |ow subband 140 and hi gh subband
160 may have to be greater),. 15 : Fl 7.1s_a.graph

I 1 lustrati ng exanpl es of 52' Thetﬁ%sa?%pﬁﬁwﬁ%ﬁ+ﬁ ?ﬁftggéaﬁégaﬁgédin

typi cal @nd best channel spagdng &6 &C UepsiptapcaioxdoatadlcafPoftHgarri ed over
a DSF ' single-node fiber. In the typical case, the distance

an OC-48 carrier signal Ca33ﬁra¥gg L?sééﬁﬁgéaéfgimaqggtwherein:

J—

2 said guardband has a range between

3 approximately 1300nm and 1320;

4 said low subband has a range between

5 approximately 1295nm and 1300nm;

6 said high subband has a range between

7 --  approximately 1320 and 1365nm;

8 and _

9 sald plurality of carrier signals are
10 transported in any one of approximately nine dense WDM
11 channels within the low subband and approximately
12 seventy-six dense WDM channels‘within the high subband,
13 each of said dense WDM channels within the low subband
14 having a channel spacing of at least approximately 100
15 GHz and each of said dense WDM channels within the high
16 subband having a channel spacing of at least
17 approximately 100GHz. '

1 24. The system of claim 15, further

2 comprising: '

3 a dense WDM dispersion compensation unit that
4 compensates for at least one of negative dispersion and
5 positive dispersion in said plurality of carrier

6 signals transported over said single mode fiber in

7 respective dense WDM channels.

1 . 25. The system of claim 24, wherein said

27-
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20 1750 km for a | ow dispersion vaue of -10 ps/nm km and to

about 198km for a higher dispersion value of -30 ps/nmkm |In a
best case, the distance an OC-48 carrier signal can travel is
limted to aQQ 0 km for a | ow dispersion val Yg1Risomos

-10 ps/ nmkm at%“%‘ggabout 300 km for a higher di spersion \77ajl ue of

-30 ps/nmkm FIG 8 is a graph illustrating exanpl es of
the lossin tlranséﬂﬂgtl%dm{@@éelfiﬁéﬁrc&hﬁﬁﬁ&&-no}ihfaispersion shisitge an EJC- 48
carrier gnal c travel .and.he | o) ct e n be
limted ?y t he aﬁber: %FPa%ngf?t ?%rqs%ov\‘/\%% .d%%eg g&% %J?]rl\%%&i%o\} gl@% | stance
vari es bét ween amampm@®esnid 100 km for OC-48 signal s transmtted
by transmjtters having a thapoBitiee @Rirsion compel@dtbem wWhiandhat dBm
The POl N FLS fndSSUIRRSEdR posieivd UIBHIETER' YR oAy dastfds0 NoT Ml
-26 dBm 6As vel | sdemad itwapseogked ever (iid meBnfiisgession shiftederived
unit for xpressifilber in the respective dense WDM channels in said high

[err] 3 posv\l&rba%réc; ia%ddefi ned as power (in .dBrr) = 10 log[err] 5
9 a negative dispersion compensation unit that
10 compensates for negative dispersion in each carrier
11 signal transported over said non-dispersion shifted
12 fiber in the respective dense WDM channels in said low
13 subband.

1 26. The system of claim 25, wherein:

2 said positive dispersion compensation unit comprises at
3 least one of a dispersion shifted fiber segment and a

4 chirped fiber Bragg grating to compensate for the

5 magnitude of positive dispersion in each carrier signal
6 transported over said non-dispersion shifted fiber in

7 the respective dense WDM chanriels in said high subband;
8 and . '

9 said negative dispersion compensation unit
10 comprises a chirped fiber Bragg grating to compensate
11 for the magnitude of negative dispersion in each
12 carrier signal transported over said non-dispersion
13 ‘shifted fiber in the respective dense WDM channels in
14 said low subband.

1 27. The system of claim 24, wherein said

2 single mode fiber comprises dispersion shifted fiber,

3 and said dense WDM dispersion compensation unit

4 comprises a negative dispersion compensation unit that
5 compensates for negative dispersion in each carrier

6 signal transported over said dispersion shifted fiber

-28-
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See, Agrawal, "Decibel Units", Appendix B, pp. 535-536. The
exanples in FIG. 7 and 8 are not intended to limt t he scope of
the present invention. As one skilled in the art woul d appreciate
given this dgobuplson, 10 different |ink and networ kedpesgnsszand
conponents (e.qg. hi gher transmtter powers, |ow dispersion fibers,
frequent spacing of optical anplifiers or regenerators, and a

di fferent di sperdinotheompeneative Geniss dMMOGHWannels in sgi@d Bighised to

achi eve hong-di stsameRnkl BaE 2Rt s8idS1ow subp@@TUNI cation using dense WDM i n
t he 1310nm band according to the invention.

Wi | e various enbodi nents of the present I nventi on have been
descri bedl above, it shoul d2Be The systemddr stlgda LRat WhAt9imave been
presenteg by way of 20  gai@XA&8%4€iwvddhsprdidel confehaitodn udit Wi ll be
understogd by those skill ed |$4the agi t hat various. qgagggs in
form and>det ai | s SPTBECTade PrEREE EARFh SRR 972T1ng LB FOTRRASF S t he
spirit afAd scope foir tthe magphtida of negative disbemedonnirheachpended
claims. %hus, thehnqagdt Bighg 2bransporte®Ry<d b Bi8BeRsibM Ve HIA

houl d be lir.ted b f.th re: d bed )
ambodi mofits,  but Tiser 1 thg ropelilndiqanss R FREBRELP aShCE A TH e

fol | owi ng subblaaidnendnint $eid lepisudbands.
1 29. The system of claim 15, further
2 comprising a wavelength division multiplexing unit
3 - optically coupled to said single mode fiber, wherein,
4 said wavelength division multiplexing unit multiplexes
5 individual carrier signals and outputs said plurality
6 of carrier signals to said single mode fiber.

[

30. The system of claim 29, wherein said
wavelength division multiplexing unit comprises at
least one narrow band WDM unit.

W N

31. The system of claim 29, wherein said
wavelength division multiplexing unit multiplexes a
first group of individual carrier signals traveling in
one direction and outputs said first group of
multiplexed carrier signals to said single mode fiber
and demultiplexes a second group of individual carrier
signals travelihg in another direction and outputs said
second group of demultiplexed carrier signals.

W I U HhWN -

—

32. A method for providing multi-channel
2 optical communication, comprising the steps of:

= I



VWHAT IS CLAI MED | S: 1 1. A nmet hod for providing dense
wavel ength 2 division nultiplexing during optical comunication, 3
conprising the steps of: 4 establishing, within a 1310nm
band, a 5 guar dband that includes the zero di spersion_wavel ength 6
[err] of a sM®%M3HBde fiber, said guardband separating a YPCT’US”’q:’gW
subband and a hi gh subband within the 1310nm band; 8
transmiting a first sionaleduslyiihany,"ditndn a 131080 Bl
signal having a wavel ength 1.n 10 sal oW su %and; and 11
transmtt?ng a scgbREARIRMA ALK SePATatesn g Loyosubband ARG & g sai g
second signal havsagbandavigireimtthe 131¥nm bandsaamd hi gh subband. 1

2. A mejhod for providin fgﬂ%a% n : LML Sl a4 exi ng
(dense during nulti-p%%nne-_éﬂﬁ&ﬁlé g%?f%éft%cﬁﬁéﬁﬁ%ﬁ%%%LﬁE%§iﬁﬁising
the stepsdof: 4 over a fiber, sgid SATrIRINFLIRRIH HAERDB HAVRISRAFRS 5
guar dbandét hat i nghuglesiédst zme ofi HpdKdslow wabkiwdgind Gsaid hidterr] of a

single-noge fibersuﬁﬁ%gdqg@%ﬁﬁ?ﬂ§m§952hﬁhiBgn§.7 | ow subband and a
1 : and 9

hi gh subband w thin e nm band;

said first

transporting a plurality of carrier signals 10 in respective dense
WDM channel s over the single node 11 fiber, said carrier signals
havi ng wavel engths in at 12 | east one of said | ow subband and said

hi gh subband 13 wi thin the 1310nm band.

* [ L M S *
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1 3. The nmethod of claim?2, wherein said 2

establ i shing step conprises the step of establishing, 3 wthin a
1310nm band, a guardband that includes a zero 4 di spersi on wavel ength
[err] of a single-node fiber, . _-22-

1 whewiogaithe zero di spersion wavel ength [err] is inFPETRERYESD

bet ween approximately 1309nmto 1315nni/13 1 4, The et hod
of claim2, wherein said 2 ~establishing step conprises the step of

est abl i shing, 3 wi tgin. & 1310nm band, a guardband having a width that
4 i ncludes a zero dgspersion wavelength-[err] of a single- 5

node fiber, said guardbéﬁ WI} bei ng set such that 6 t he absol ute
val ue of dispersion val &% ich p&h the 7 . high and | ow subbands is

approxi mately equal to or 89;,\ "~ greater than 0.5 ps/nmkm whereby,
four-wave m xing 9 (__F_y\M_gs m ni m zed. '
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1 5. The nethod of claim2, wherein said 2

establ i shing step conprises the step of establishing, 3 “within a
1310nm band, a guardband having a width of at 4 | east two nmt hat

i ncludes a zero dispersion wavel ength 5 [err] of a gihgle-nmnde
fiber. 1 WO99H3IIE 6. The nethod §b3claln12 mhergkﬂgé§mg8
establishing step conprises the step of establ'ishing, 3 wthin a
1310nm band, a guardband ‘having-a width of 4 approxi mately 17nmt hat
i ncludes a zero dispersion 5 : wavel ength [err]:- of "a single-node fiber.
1 7. The nmethod of claim2, wherein said 2

establ i shing step conprises th step of estabjlshlng 3 - . wthin a
1310nm band, a guardband havi fjg a range 4 . bet ween approxi mately
1300nm and 1320nm said guard%gnd 5 separating a | ow subband having a
range between 6 © approxi gatgl'y 1270nm and 1300nm and a hi gh subband 7
havi ng a range between apprOX|naser 1320nm and 1365nn1 -1

8. The nethod of claim2, mherfln sai d
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separating

subband and the hi gh subband

The net hod of claim8,

wher ei n sai d Wgog43118 SEPArating step conprises the step of sepassiisy said

3

9.

| ow 3

1

spaci ng.
dense WDM channel s wi thing thegsypw subband and the high 4

establishing step further conprises the step of 2
subband by a channel

said dense WOM channels within the

by a channel

1
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The met hod of c¢
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10.
conprises the ste

approxi mately 1295nn;

further conprises th
sai d dense WDM chann

seventy-six of said
a channel

bet ween appr oxi nmat el
11.

guar dband havi ng
sai d guardband 5
conpensating for at



3 negati ve di spersion and positive dispersion in the 4

plurality of carrier signals transported over the 5 singl e node fi ber
in the respective dense WDM channel s. 1 12. The net hod
of claim 11, mhereln the 2 si-ngl e node fi ber conprlse§ 319% Per3|on
shifted 3 WO¥)ly | said transportingsgtep transports a prUrariey” of 4
carrier signals in respectlve dense WDM channel s over 5 _ t he
non-di spersion shifted fiber <%aid carrier signals

- 24- 1 “havi ng, wavel engt®s -i.p said | ow subband and sai d hi gh
2 - subband w ghin the 13§0nn1band @hndvsald fi'spersion 3

conpensating step gonprises the steps qg;* O conpensatlng
for positive dispe si@h in each 5 Qcapki er sFgnal transported over the
non- di spersion 6 fted fiber |n:ih@3respe@1|ve dense WDM channel.s
in 7 t he higg %f and 8 - . —! conpensating for
negative di spersio each 9| carriyerisignaly transported over the

non-di spersion 10 h|ft°d fiber in Rh respegti ve dense WDM channel s
in 11 t%lowxsubnd.
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single
said transporting
rrier
gfuﬁ?%j’ﬁs"?

&

P
al

sai d

| ow subband and s

3
carrier signals in respective dense

wherein the 2
t he di spersion shifted fi ber,

/5

| engths in s

1

13. The nmethod of claim 11,

aving wave

r ’
ﬁs»,?sns

node fi ber conprises dispersion shifted fiber,
RG]

step transports a plurality of 4

WDM channel s
signals 6
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said carrier signals 5
I ncl udes the zero di spersion

nd 7

a plurality of carrier signals
vg/%lbba_

having a zero di spersion 2

said lo
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nm band,
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wherein said 2

The system of cl aim 15,

19.

1

The
21.

20.

1

1
guar dband has a range between

1320nm said | ow subband has a range
1300nm and sai d hipghssaRad 5

wherein said 2
Rgoxinately 1270nn1aﬂq3

Bvé‘[%i@gn approxi mately 1320 "and 1365nm

guardband has a width of approximtely 17nm

system of claim 15,
approxi mately 1300nm and 3

bet ween 4
has a range
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subband,

spaci ng.
channel
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1 single node fiber conprises non-dispersion shifted 2 fiber,
and sai d dense WDM di spersi on conpensation unit 3 conprises: 4

a positive dispersion conpensation unit that 5 conpensates for
positive di§Q§£iﬁ9@ in each carrier 6 si gnal transpop¢edssNsss sai d
non-di spersion”Shifted 7 fiber ¢nsthe respective dense WDM channel s
in said high 8 subband; and 9 . a negative dispersion
conpensation unit that.10 conpensates for. negative dispersion in each
carrier 11 signal transported over said non-dispersion shifted 12
fiber in the respective dense WDM channels in said | ow 13 subband.

1 26. Tme_syqtem gf claim25, wherein: 2 sai d
positive di spersion conpéigation unit conprises at 3 | east one of a
di spersion shifted fiber gggggnt and a 4 - chirped fiber Bragg grating
to conpensate for the 5 g2 magnilt ude of positive dispersion in each
carrier signal 6 transpqgrted jover sai d non-dispersion shifted fiber
in7 the respective dende channel s in said high subband; 8

and 9 sai d negatf ve di spersion ‘corpensation unit
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10 conprises a chirped fiber Bragg grating to conpensate 11 for
t he magni tude of negative dispersion in each 12 carrier- signal
transported over said non-dispersion 13 shifted fiber in the
respective dense WDM channels in 14 said | ow subband. 1

27. The system of claim 24, wherein said 2 singl e node fi ber
conprises di SPRPEH shifted fiber, 310/13  and said dense REKFHIEHE si on
conpensation unit 4 conprises a negative di spersion conpensation unit
that 5 conpensat es for gregaty ve di spersion in each carrier 6

signal - transported over said dEspersi on shifted fiber

- 28- 1 i ngt Ne= réspectl ve dense WDM channel's in said high 2
subband and in said | ow sulibgné. 1 28. The system of
claim 27, wherein: 2 8 sai d negat i ve di spersion conpensati on
unit 3 conprises a chirg f1ber Bragg grating.to corrpensate 4

for the magnitude of negative djspersion in each
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5 carrier signal transported over said dispersion shifted 6

fiber in the respective dense WDM channels in said high 7 subband and
in said | ow subband. 1 29. The system of claim 15,
further 2 wo sy i sing a wavel ength division nultiplexi pgrAuBIsiossys
optically coup?ed to said single node {{Q4gr, wherein, 4 said -
wavel ength division multiplexing unit multiplexes 5° i ndi vi dual g
carrier signals and outputs said plurality 6 - of carrier signals to§
sai d single node fiber. 1 30. The systemof claim?29,g
wherein said 2 wavel ength division nmultiplexing unit conprises at 3
| east one narrow band WDM uni t. 1 .. 31. The system of
claim?29, wherein said 2 wavel engt h di vi si on mul ti pl exi ng unit
mul ti pl exes a 3 first group of individual carrier signals travelin
in 4 one direction and outputs saild first group of 5 :
mul tiplexed carrier signals to said single node fiber 6 ~and
denul ti pl exes a second grofip of I ndividgal carrrer |7 : signal s
travel i ng & another directi E’E% d outpl{s said 8 | - second group of
demul tiple carrier sggnal 4¢w 1 32. A nethod for
provi di ng ti-channel ‘2~ “d‘ggopti cAl ni catijlon, conprising the steps
of : 2 =55 < 29-
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1 establishing, within a 1310nm band, a 2 guar dband
subband within the 1310nm

t hat separates a | ow subband and a high 3
band; and 4 transporting a plurality of carrier signals 5
over a fiber, said carrier signals having wavel engths 6 in at | east
one of said wowssibband and said high 7 subband wi t hif¢T{4§&%3%Ponm
band. 12/13 -30- :
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