; e3e<<\ 6DT(i m~~o~n - 1 OPTI CAL FI LENGTH DI VI SI ON MULTI PLEX
TRANSM SSI ON LI NE 5 BACKGROUND COF mﬁmmmm 1. Field of the Invention
The preésent invention relates to an optl nore particularly
relates to a reverse dispersion (opticaly tiber (RDF) for realizing optinal
10 eharacteristics when connected with a single node optical fiber (SMF) to
forma transm ssion line. Mire specifically, the present invention relates
to an optical fiber for wavel ength division rmultiplex (WDM transni ssion
and a WM transm ssion line 15 suitable for when connecting this optical
fiber and an SMF. 2. Description of the Related Art In recent years, as

typified by VDM ts@aRedh s Sk PEkr t @H Sy esT, PRERY ap S 98N deendpi gk 20
real i zati on of broadband comruni cations for fong distance transm ssion of a

| arge nunber of different high ffﬁﬂ#g@fgsfaﬁSExﬁ gnal s over a single
optical fiber transmssion |ine.~Varrou requi renents are placed on
such broadband conmuni cati ons such as a snall 25 dispersion in addition to
a reduction of the transm ssion *@0002* - 2 loss. As one nethod for -
satisfying this demand, the idea has been proposed of connecting the SM
used broadly up until now with a di spersion-conpensation optical fiber 5
(DCF) to_satisfy Such a DCF is not a
convent i dnal E£T3éi@?ﬁhéﬁgﬁt6§nF€éF;§§%§T£§8a | i ne connected with an SMF

I ntensi ve studies are éMﬂ% toward its Qractlcal use. A 1. .31

zer o- di sper si on SVF hd % EpRr SFBRT 67D O ps/nm km at a wavel ength of
1.31 ~mis a line (optical fiber) extrenely superior in characte |st|cs
such as the non-lineart?S, PTPaRRHi égYﬁﬂtFBBSre A8=pofFar fF2aPPEAC

di spersion (PVMD), but has a |ar ositive dispersion val ue and p05|t|ve
di spersion S?Uﬁ%r¢5“°f?aﬁ?6tbFugﬁﬁﬁ eTPh2APSpEP sfoheWrFRer 8L FREESEG change
in wavel ength) at a wavel ength of the 1.55 ~mband, so with an SM- al one,
it is difficlPREIeRL) aREPEE ARPBht feal Teprghalnsf CRtHEFAI engt h of the 1.55

~m band over a | ong
10 characteristics when connected with a single mcde optical

fiber (SMF) to form a transmission line.

More specifically, the preseﬁt invention
relates to an optical fiber for wavelength division
multiplex (WDM) transmission and a WDM transmission line

15 suitable for when connecting this optical fiber and an
SMF.
2. Description of the Related Art

In recent years, as typified by WDM

transmission, there has been a strong demand for

20 realization of broadband communications for long distance
transmission of a large number of different high
frequency pulse signals over a single optical fiber
transmission line. Various severe requirements are placed
on such broadband communications such as a small

25 dispersion in addition to a reduction of the transmission

LT
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di stance without signal distortion. Accordingly, 20 realization of WM
transm ssion has been difficult by an SMF al one. Therefore, dispersion
conpensati on beconmes necessary. Accordingly, intensive effort is under way
in research and practical application of a DCF conpensating 25 for

di spersion and enabling transm ssion in the 1.55 ~m - 3 band when
connected with an SMF whil e nmaking active use of the advantages of the
charactezistics of a 1.31 zero dispersion SM-. As such a DCF, for exanple,
a DCF which 5 conpensates for the positive dispersion possessed by a 1.31
zer o-di spersion SMF by raising the apparent refractive index difference of
the center corss higher by at least 2.0~ to gain a | arge negative di spersion
when connected with the SMF and t hereby achi eving an overall ZO high figure
of merit (FOM that i|sAsraité am@thddSHot OsdtSPLEySh@Nthis demand, the

(di spersion/transm ssion |loss)), for exanple, an FOM of about 200 ps/nm dB,

when connectiefbavi idls theeSMropSsbei b dengbopedy Enet fer, uaedl PpBadly
conpensation type DCF 15~ sinmultaneously conpensating for the dispersion

sl ope is beiylg dookethat ©losehyafope VOMLLIGEPLSSHO0on VEHHisHEhE@LEFOPE
conpensation type DCF, control of not only the FOM but al so the dispersion

sl ope begonegrdmPord ablei JFP heper sLQR: £ONDLASaL508 pREier mance when 20
connecting a 1.31 zero-dispersion SM- and the above nentioned DCF can be

easi |y understood if exprrsgsegchyid cgaPeQSa&hQQnE%Ea%é@fJneedlgy the
follow ng formul a: Conpensation rate - [ (Sl ope~~F/ Sl opes~,g.) /

(D spers~_033 e /IS S%QQ@N&@5 aFliheX cgggected4w1t akliybkn formula 1,
Sl opepcF indicates the.di spersion slope of ?ps/nnﬂ km) , Slopes-~..

i ndi cates thfntensive studies are underway toward its practical use.
A 1.31 zero-dispersion SMF having a dispersion

10 of 0 ps/nm/km at a wavelength of 1.31 um is a line )
(optical fiber) extremely superior in characteristics
such as the non-linearity, transmission loss, and
peclarization mode dispersion (PMD), but has a large
positive dispersion value and positive dispersion slope

15 (ratio of change in dispersion with respect to change in
wavelength) at a wavelength of the 1.55 um band, so with
an SMF alone, it is difficult to transmit an optical
signal of a wavelength of the 1.55 um band over a long
distance without signal distortion. Accordingly,

20 realization of WDM transmission has been difficult by an
SMF alone. Therefore, dispersion compensation becomes
necessary.

Accordingly, intensive effort is under way in

research and practical application of a DCF compensating

25 for dispersion and enabling transmission in the 1.55 um



di spersion slope of the SM-, for exanple, a 1.31 zero 5 di spersion SME

(ps/ nn2/ km , DispersionDCF indicates the dispersion of the DCF (ps/ nm km

, and Bi spersionstg. ' indicates the dispersion of the 1.31 zero-di spersion
SMF (ps/nnmfkm) . When a conpensation rate CRin fornula 1 is 10 close to
100.~S, a broadband zero-di spersion becones possible. In other words, it
means that when the DPS of dispersion-coppensation optical fiber (DCF) is
close to the DPS of single node optical fiber, a zero-flat dispersion in

br oadband becones possible. 15~ Note that "DPS" is an abbreviation for

"di spersion per slope" and shows the ratio of the dispersion slope to the

di spersion, J.hat hssnt | [ ' i.gn nesg

Unexam ned Pat ent Pu%lc%}%largél%ﬁee{ %)%;l{ %i%.%ﬁ%%ﬁgﬂ%%gﬁgéanéopti mal

design for DCF. The optical fiber disclgsed if,J ese

Unexam ned %gtcgﬁae %ﬁ%r@%ﬁ%sn ?io%'ﬁ )R 2 B3 758" And ot he'rgljéu%%g%pti cal

fi bers, howeyer, have qﬁ¥%o now been 25 nodul ar DCFs ai ned at shortening
e

t he Iength.dﬁﬁfer§l%? ective core area Aeff in general is a snmall 18
E,cn?2 or less and the apparent refractive index difference is high.
Therefore, a non-Iineé}Qpﬁﬁﬁbﬁﬁﬁ%ﬁFe T ORI S %u?éﬁe??l?%e val ue of the
transm ssion | oss or. PMD.of 5 such a nodul ar di spersion-co sation
optical 1ib&PTRTETLS I50he e R FYyl T2 SR HES Lﬂ’%fs?in‘gg‘g[}% 3s

di scl osed in Japanese Unexam ned Patent Publjcation (Kokai% No. 8 136758 is
not suited for’ tARERTITOIPSE THR B, O oF2 49 R% alpf e3PRA1oRY - :

zero-di spersion SMF, for realizing the WDM transm ssion ai ned at by the
present i nveFRTTACERIR eRIS* SSTLETFRAFRAPDPF obled, cEEEEr 97revbigher Py 127,
proposes the nmethod of conpensating for dispersion by connecting an RDF
havi ng a ref skeeast giShe %i%ﬁl%hﬁr%%¥@$i%?g%t%ﬁetﬁéSEﬁF$lqﬁeng§persion
val ue of such an RDF, however, is only about -15 to -30 ps/nm km Wen
connecti ng WAHMeAtSVFith the aS¥Uneedt haerehe achievéng| engensratlt he

10 high figure of merit (FOM, that is, ratio of loss to
dispersion (dispersion/transmission loss)), for example,
an FOM of about 200 ps/nm/dB, when connected with the
SMF, is being developed.

Further, a slope compensation type DCF

15 simultaneously compensating for the dispersion slope is
being looked at closely for WDM transmission. With such a
slope compensation type DCF, control of not only the FOM,
but also the dispersion slope becomes important.

The dispersion-compensation performance when

20 connecting a 1.31 zero-dispersion SMF and the above-
mentioned DCF can be easily understood if expressed by a
compensation rate CR defined by the following formula:

Compensation rate (%)
= [ (Slopeyr/Slopeyy) / (Dispersion,../Dispersiong,

25 g1 x 100



SMF and RDF is made about 1:1 to construct the line. Even 20 if an RDF
havi ng such a di spersion value is connected to an SM~, however, the
perforrmance ai ned at by the present invention cannot be achi eved. An RDF
havi ng a di spersion val ue conpensating for the positive dispersion val ue of
the SMF is being 25 | ooked at closely, but up until now there have been no
- 6 good reports on the optimal characteristics and optinmal design,

i ncl udi ng the dispersion val ue, dispersion slope, non-linearity,

transm ssion |l oss, and PIE satisfying such a requirenent. 5 According to
research by the present inventor, with such an RDF, since the RDF occupies
about half of the line, a relatively large power is propagated,through the
RDF over a |long distance and as a result the problem of non-linearity

arises. 10 Wien conneet ng.a015MT ard 1 RDE .43 cLouer +absalute alue of
di spersion of the RDF enables the | ength of the | ow non-linear SMF to be
e

made | onger ;apdeenables Hog r@tsi/mm\ﬂ 5epgLh of,4ihe. SV Lp.the RDF

(length ratio) to be made larger, so there |g t"hie 15~ advant ageous

characterisyig E'}%tiokh%lk%teal?f”%'e' Ipgar idy, @cﬁa%:%ge{),i e ;can be feduced.

Therefore, an attenpt was made to const’ruct a y connecting an opti cal

fi ber having.a_dispersi val ef,, 1 ess than the | arge_di spersi val ue,

for 20 %xan%ﬁg?efngBSf%%}Qﬁfqg?lék%ghve%ffgﬁﬁflB&Fme?%l%%€§ﬁF?H%ut as

expl ai ned above, pr.oble remgjned _in respect to,the transm ssion | oss and
; RS e At

PIE. For exampFe, -a“CorVentiona tr SSHESRST I8 n the 1.55

~.cm wavel ength band qQf nor.e 25 t.han Q dB/ km.and a PM 7 of nore an 0.2

ps/,/-k.-n. lg’ldf"cliiii"r@tsh(e)clh,e i FE oS torfeid"eef e?t“{g]ofzed??'i#cirpeed’%sel?’h St}#g si gnal
di stortion gue/to/&gs accurnul at e di spersion. Use of such a conventional DCF
as an opticafPs/ ™™ '

When a compensation rate CR in formula 1 1is

10 close to 100 %, a broadband zero-dispersion becomes
possible. In other words, it means that when the DPS of
dispersion-compensation optical fiber (DCF) is close to
the DPS of single mode optical fiber, a zero-flat
dispersion in broadband becomes possible.

15 Note that "DPS" is an abbreviation for
"dispersiocn per slope" and shows the ratio of the
dispersion slope to the dispersion, that is, the
dispersion/dispersion slope (nm).

Japanese Unexamined Patent Publication (Kokai)

20 No. 8-136758 proposes an optimal design for such a
modular DCF.

The optical fiber disclosed in Japanese
Unexamined Patent Publication (Kokai) No. 8-136758 and
other such optical fibers, however, have up to now been

25 modular DCFs aimed at shortening the length. The



fiber (line) for connection with an SMF is difficult from5 a practi cal
perspective. SUL~ARY OF THE | NVENTI ON An obj ect of the present invention is
to provide an RDF satisfying various characteristics and able to exhibit
good performance when used connected with an SMF, 10 for exanple, a 1.31
zero-di spersion SMF. Anot her object of the present invention is to provide
an optical fiber transmssion line abl-este realize WDM transm ssi on, \
broadband multiplex transm ssion, etc. by connecting an SMF, for exanple, a
15~ 1. 31 zero-dispersion SMF, and such a good RDF. The present inventor
proposes a new type of RDF having,a dispersion value of -60 to -35 ps/nnf km
and a di speestentilvepecal atehlrpsinil/ kgenierratihe sl absmElamlwayel’eagt h band
of the light used for the transm ssion 20 along the optical fiber. The
present inveater asdl ebkedpphen® 3T rRpeAARKIndext ke rdiesieers @ val ue

advant ageous in terns of non linearity and | oss and found the opti nmal

desi gn of tRegRDFThekeltheeSane nohS 13 nke@3Ubhenbaichoundatshat, Rydisisng an 25
optical fiber having a profile of the apparent refractive _ g _ index

difference phirthercerher vaarR Qff kn2 Qa2 sfBss2ce0NHANG A BAPIESSI N the
profile of the refractive index distribution of the center core of 1.0 to

5.0, ansappapeft af abtAdkiry el iU IR 20f hhepHidecHigHf 5 -0.60 to
-0.35%, and a ratio of the dianeter b of the side core to the dianeter a of
the center ¢gre)(disanghgl ratio) of 1.6 to 2.4, an RDF having a | ow | oss of
a transm ssion Ross of I'ess than 0.27 dB/km a low PIE of less than 0.15

pe). rkm and a-l ow beRdidg di9% vi0 RAMHAES b Yadh |50 Aerdiny L AN 5

dB/mat a curvature of 20 mMtp while having an effective core area Aeff of

nore than 19_E. | d l|_j rt@gﬁ,. .earn t 4N ay_
structure agai ng%ag%%c?néﬁ%{ée élgfcgc%aaé}glrt to tJﬁg:%cgu Ogll dggoéar}l%hé&oc'en er
core, 15~ t 6gfsfaeclti ve .caore tarcteaferff can ,he incrt%asae%bho’ nor e t han 23

~, cme by opfini'Zing ™ he apparent ref rASE R .
10 example, a 1.31 zero-dispersion SMF, for realizaing the
WDM transmission aimed at by the present invention.

Recently, as a new approach, ECOC’ 97, wvol. 1,
p. 127, proposes the method of compensating for
dispersion by connecting an RDF having a reverse

15 dispersion characteristic to the SMF.

The dispersion value of such an RDF, however,
1s only about -15 to -30 ps/nm/km. When connecting with
an SMF, 1t is assumed that the ratio of lengths of the
SMF and RDF is made about 1:1 to construct the line. Even

20 if an RDF having such a dispersion value is connected to
an SMF, however, the performance aimed at by the present
invention cannot be achieved.

An RDF having a dispersion value compensating

for the positive dispersion value of the SMF is being

25 loocked at closely, but up until now there have been no



difference of the center core, first side core |ayer, and second side core
| ayer, the dianmeter ratio of the side cores, etc. 20 The "effective core
area Aeff" means the effective region of propagation of the LPol node and
is defined by the followi ng fo~nula 2 when expressing the electric field
distribution in the optical fiber by E(r) (where r indicates a position in
the radial direction of the 25 optical_fd ber) . g _ 2~ f E(r-)Zrdr]ZzZ~
Aeff= ...(2) f E(r)ar-dr O According to a first aspect of the present
invention, there is provided an optical fiber having a center core and a
first side core forned at the outside 5 of the center core and having an

apparent refaet ir\é%ﬂg%rﬂitfﬁeelrﬁlq@naqf dhe-Lantals G e Hiq logoido 1.405, a

constant a expressing the profilé of the refractive index distribution of

the center a%rsqgge‘, &n%lk&iﬁxéoétﬁﬂoﬁ%%aégg}tmr efdand | ve dndex di fEegence of

the first side core of a dianmet’er ratio (b/a) of the

dianeter b qf. t]| first, . si ore to the dianete f e Egﬂg rogok e of
1.6 to 2.4,ggnapgﬁﬁ%éﬁéﬁ?wgﬁﬁﬁ“%ﬁi%%ﬁf gxa ’5%‘%n1ﬁn1%§é}%1 I §§e?s€%n

sl ope of -0.40 to -0 10 ps/nn2/km when the wavel ength of the |ight

pr opagat ed 5 fﬁ?bué%e?he'center core is the 1.55 E, cm band, a transm ssion

| oss of to 0.35 dB/ km when. t he wavel engt.h of the |ight propagated through
t he cent52r core is théx‘clc.qﬁyllf%rﬁ%dﬁﬁfe%g?}éﬁ% Gte t%’ég?%ré‘g Jto"%ﬁéor’

di spersion (FOM, that i i spersion/lass) of 120 to 500 ps/ dB, 20 a
VD of 010 "0 1 g 12 ko En it Tk S e 9h (IOBEE 11D $6 . up
and a bending loss at a dianmeter. of. 20 mmof 0 to 5 dB/m - 10 According
to a second ECtPf T M 1t BSERtY i TRAFR iIRAFeT het PTPHTITT et BAv8bt i ca

fiber having a center core and a first side core fornmed at the outside of
the center BIHO NERA iy LR Appat ence eitd@s @ result the problem

of non-linearity arises.

10 When connecting an SMF and an RDF, a lower
absolute value of dispersion of the RDF enables the
length of the low non-linear SMF to be made longer and
enables the ratio of the length of the SMF to the RDF
(length ratio) to be made larger, so there is the

15 advantageous characteristic that the total non-linearity
of the line can be reduced.

Therefore, an attempt was made to construct a
line by connecting an optical fiber having a dispersion
value of less than the large dispersion value, for

20 example, -60 ps/nm/km, of a conventional DCF with an SMF,
but as explained above, problems remained in respect to
the transmission loss and PMD.

For example, a conventional DCF has a
transmission loss in the 1.55 um wavelength band of more

25 than 0.4 dB/km and a PMD of more than 0.2 ps/Y km.



5 index difference of the center core of 0.9 to 1.4~, a constant a
expressing the profile of the refractive index distribution of the center
core of 1.0 to 5.0, an apparent refractive index difference of the first
side core of -0.65 to -0.35k a dianeter ratio (b/a) of the 10 dianeter b of
the first side core to the dianeter a of the center core of 1.6 to 2.4, a
di spersion value of -60 to -35 ps/nniknlznd a dispersion slope of -0.40 to
-0. 05 ps/ nn2/ km when the wavel ength of the |ight propagated through the
center core is the 1.55 ~m band, a 15~ transmi ssion loss of 0 to 0.35 dB/ km
when the wavel ength of the |ight propagated through the center core is the
1.55 f,cm bangrtes at1i0 Rirbbes| 088 LOrLhe iSRRI SLORLEOMinthAL IS,

di spersion/loss) of 120 to 500 ps/nmdB, a PMD of O to 0.15 ps/,~km an

effective cof ;M ra - 0104920 L9 Ble EalBBnuBlde2abEPdLBYL0SS at a
di ameter of 200 mnmmof O to 20 dB/m The wavelength of the 1.55 ~,~. mband is

the band of a mﬁveleng@@eogflséghtg,éogéeyrﬂ%né@cﬁégigg Lg épkbbéﬂ aspect

of the present 25 invention, there is further provided a second side core

- 11 layer EEBQPd(f{nLPefQHt§%§§e8EiEHGW¥LBS%%SEQ§ EQrﬁlkSXSEéE”@rBﬁVing

an apparent refractive 1ndex erence o fo 0.35 an i aneter

ratio (cLb) %fp£§§t9£§fﬁég£sﬁ?£91$ e dianeter b of the first side core of
: 0 a

1.3to 177 Accordr ng ourt h aspect of the present invention, there

is provided a I P gl Q! iResFhaKrgcteri zed by connecting a 1.31
zer o-di spersion Oor a positrve drspérsion optical fiber having

characteristics rese Ling t?etﬁharacter'stics f the SMF 10 ang an _opti cal
fiber of the above™fPPSE to°thiPd BEBEEES tBVEDHpPBsSSt iR BFE¥EFSi 6/ of a
specific wavelength of the 1.5.~.cmband to a Iom1disgersion. BRI EF
DESCRI PTI ON O TRECDRAVE RESV 5% °fie SR2 ARG 6T HEF66j 8RHs2BRE f8atures of the
present invention wll hecone clearer fromthe follomﬁn% descri ption given
wi th referen®ERH+BIEhECGEt BEREATBRRGFNYE SR HSGAI EARPEFESS FATENER1BMAre

views illustrating an_RDF having _
10 for example, a 1.31 zero-dispersion SMF.

Another object of the present invention 1s to
provide an optical fiber transmission line able to
realize WDM transmission, broadband multiplex
transmission, etc. by connecting an SMF, for example, a

15 1.31 zero-dispersion SMF, and such a good RDF.

The present inventor proposes a new type of RDF
having a dispersion value of -60 to -35 ps/nm/km and a
dispersion slope of -0.10 ps/nm?/km in the 1.55 um
wavelength band of the light used for the transmission

20 along the optical fiber.

The present inventor selected -60 to ~35 ps/nm/km as
the dispersion value advantageous in terms of non-
linearity and loss and found the optimal design of the
RDF for the same. As a result, he found that by using an

25 optical fiber having a profile of the apparent refractive



20 a Wshaped refractive index profile as a first enbodi nent of the optical
fi ber of the present invention, where FIG | A is a sectional view of an RDF

of the first enbodinent and FIG 1B is a view illustrating the refractive
index profile of the RDF illustrated in FIG |A 25 FIG 2 is a graph of
the results of a.nvestigation of - 12 the apparent refractive index

difference of the center core, the dispgrsion-conpensation rate with
respect to an SMF, and the transm ssion |loss; FIGS. 3A and 3B are views
illustrating an RDF having 5 a (Wshaped + side core) refractive index
profile as a second enbodi nent of the optical fiber of the present

i nvention, wheks BiEreibdct 5aGHd Udlrad QA &N IRF @f 1 hss second
enbodi ment of the present invention and FIG 3B is a viewillustrating the

refractive i Qb@%a%Q § shydutdan afnd e BOR d | dustdated i fle Sfedl G 4A

illustrates a basic confi guration conprised of an SMF and RDF connected in

a 1.1 relatignshi ile FI ' ' 1t he o igurati on when a
plurality ofdlusfﬁ tl%[ult\rll%sn o?é:t%ee %enlg ﬁ%lvlﬁ ustrated in FIG 4A 15 are
connected; and FIG. 5 is a graph illustrali e mauel engih Loss of

char act er i stFE 3 an K é]la‘ffpel Ckoel r%lnféec#&f%e Present Tnvention. 20

DESCRI PT] ON THE PRI ED EMBODI MENTS di the pptigal fiber
of the psrese_ 'ﬁd:\lfte%ti o W 1 Iarbl\g ?jelél\%ﬁ e‘ggﬁ%(% r%\n{gt"ﬁe?éelf el_?e%ce to the
attached draw

wings FIG 1 to FLG 5. First odi ment 2 1A ]
sectional viTWOICHT RiF B° (A Pre’ent °F E'ir%e 15%7 Ven ‘??E%)?,(d%ﬁ%ge% TG.
13 1S d V 12W 11 | uStrall ng é_h% rl r(ljj%% V2 | nC eXlC‘IqI gréL c')gLétIOﬁ O the
RCF 111L1St e i?f Pr &9 the® R BAVIRE 2i73Y eRdodPrent o~ the

resent 7 InV2nLIG _ ' _S an Optl _Cal ~~ber suild .'7 ~ 2 .0 trL.Ctl ng a
transni ssi oF*3mEbss Emneet f ngt Wehs aﬁhWSI%QL%7ﬂSeaOPOV’%f%

Lransm ss! on. 1''12 1-zDt 1 111L:Strdted_ 1rl1 Llu. 1J; haS d centr CCre
11, d side chbees|Evan-0(bp BS{AyYerl and Hripyy REUIRI 119%°' 10 same, anC a
cl adding | ayer 13 ~or:,t2a arouna the side c,. ldve~ i2. %S

11111Si 1pdt echdractenistig ofra boppLPEChras1EBARY> ABE™ 35d22: Wr-1' GOt ; Ve
_lCeX ~1=~r271C2 u. | _, :.1"12 S1Q2 CO 2 |ayer --2 has an a~~ar2n~
—e==acs=Ve imdexatyee2pé R0cemp~ghilg HAGLpgrap eELpQCLVg2CPrEQRFRe

Gal StriblltlOn 15 ~r1-ShaCeG-. The ~?-Q > 2 C~ t:12 ~2=rdCL_Vc Ir:d 2X

C ~.,| SLr=blaeff EfImptBe &hpa=@eALum2=c30Ud 1bd noaRM zed =2r 2/ Ce
.~..15.7.1"?bL;tICn) O t:'12 Cen=e= COre ' _~ 1S ShOMW bV : he ~d=anet2r

i.f. T:le ~craT~2FR=thxr7>Sh€ led@ned thwutl in2a=strugure adgiag== 1L:~ d 20
3.

second side core layer to the outside of the center core,

15 the effective core area Aeff can be increased to more
than 23 um? by optimizing the apparent refractive index
difference of the center core, first side core layer, and
second side core layer, the diameter ratio of the side
cores, etc.

20 The "effective core area Aeff" means the effective
region of propagation of the LP, mode and is defined by
the following formula 2 when expressing the elgctric
field distribution in the optical fiber by E(r) (where r
indicates a position in the radial direction of the

25 optical fiber).



~-r,~","~" _nln ~r;-: 1.1 nC<-= - 14 The di ameter of the
center core 11 is designated as 2a, while the dianeter of the side core

| ayer .12 is designated as 2b. The ratio b/a of the dianmeter of the center
core 11 and the dianeter of the sa.de core 12 is 5 called the dianeter
ratio. As illustrated in FIGS. | A and 1B, the RDF having the side core 12
around the center core 11 and having the_apparent refractive index
difference (or refractive index) profiTegbésed of the Wshape is sinple in
10 structure while having a high dispersion-conpensati on performance, so
has the advantage of being relatively easy to manufacture. The present

i nventor found the optinun1conditio;§ ‘ézaﬂz when connecting this RDF
to an SMF, for 15~ exanple, a 1.31 §PL£ }gﬁé sion SMF havi ng zero

di spersion when propagating |ighj.sef_a’wavel engify of 1.31 ~.cmfor use in
WDM transm ssion etc. The optinmum'conditions are given below The

di mensi ons of the optical fiber are shdn‘idn the 20 foll owing Table 1:
Table 1 Dispersion (PS/ ~/~)Slope (ps/~~/~)Aeff ~I1ni)DPS (nm 1~c

(nm Bending | oss (dB/ m) SMF16. 50. 0607526012501.0 25 - 15 Basic Conditions
(1) The absol ute yadsaDigtbe 4i spessi gepeértbe RE sheubdtbe nmade as |arge
as possible. The reason is that if the absolute value of the dispersion is
large, it is;prdosséd) echOrsuili gievthyaconpepeatelfointhendispgrsi on when
connected with an SME. In particular, connection with a |large positive

di spersi on SN, be£08Bse PRSIl Bl 81 -EWr £k, c8s=cxpLabaedrabpyecutbene are
various advantages if the absolute dispersion value is large. 10 (2) The

ratio of st he,#i spersiQpes! 08t Antihgadi SQeLsi 9Bpadlnkndieakor oL the
conpensation rate (dispersion/dispersion slope,” DPS) should be good. As a

target, the DPg ;;Sdpfgégéﬁegyo%gﬁlhrgﬁﬁéﬁgegnl:ggeaQQUt&h&aetaa@%a%_,t he DPS of

a SMF. If so, en connecting the 15~ and RDF, e conpensation rate

becomes cl osg 10, 100k, s, 8, BLEl gLakhe §RUPENIALEORLLALE S R0LA! DRty

distribution of the center core of 1.0 to 5.0, an
apparent refractive index difference of the first side

10 core of -0.60 to ~0.35%, a diameter ratio (b/a) of the
diameter b of the first side core to the diameter a of
the center core of 1.6 to 2.4, a dispersion value of -60
to -35 ps/nm/km and a dispersion slope of -0.40 to -0.10
ps/nm’/km when the wavelength of the light propagated

15 through the center core is the 1.55 um band, a
transmission loss of 0 to 0.35 dB/km when the wavelength
of the light propagated through the center core is the
1.55 um band, a ratio of the loss to the dispersion
(FOM) , that is, dispersion/loss) of 120 to 500 ps/nm/dB,

20 a PMD of 0O to 0.15 ps/J—km, an éffective core area Aeff
of 19 to 50 um?, and a bending loss at a diameter of 20

mm of 0 to 5 dB/m.



——

(3) The effective core area Aeff should be larger than the effective core
area Aeff of a conventional DCF. For exanple, the DCF of the RDF is at
| east -19 unR. The 20 Aeff of the DCF used in nodules in the past was |ess
than 19 ,un¥, but this was not preferable in view of the non linearity.
Note that the maxi num val ue of the effective core area Aeff is preferably
substantially the sane value as 25 the ﬂ;eptive core area Aeff of the SMF
to be connected - 16 with. In the present enbodinent, the effective core
area Aeff of the 1.31 zero-dispersion SMF is 50 to 190 E.cne. The effective
core area Aeff is preferably large, but if it is attenpted to nake it
| arger than 50 ~. beng] o] ones C er. Therefore,
the effective cof%g%?ggiﬁgfgoig %%gggéa%$§gggva ugﬂgngf%%gﬁ%ange. From t he
above condo.. tions.( 1 ), and 2 .the value of the.dispersion of the RDF
inthe 1.55 Eﬁ%%?%%%%’m%%eﬁ%déslﬁ%?gégeghﬁﬂ °BEL53 nﬁ%gﬁfaﬁav%ﬁg galue of
t he di spersion_sl ope was de Less, than -0.10 ps/nng/k The ran of the
dispersion\ﬁﬁ?é%ﬁ@§°§§5a$§ §6%lﬁ§7nﬁf§ﬁ1c?ﬁ8 Eaﬁ@ggo?gl Eedfgggggfon sl ope
was -0.30 to 20,10 15 ~ Es/nnﬂ/knl hn t he case of su%h afdis ersion val ue
and di spersi®h 5F0pecvaftet iReA oRABE PPN WAPRAFRB SRR *ER&*¥Enpensat i on
rate shown in formyla 1 can be _maj ntained high. 20 The conpensation rate is
preferabPy i TPaS¥ atgef 8F*R66uPE 168t G=BEST TR*GeREr 81 7 Fﬁng'@gshépe based
profile, if the apparent refractive_ index difference D1 of the center core
11 is made |&PQetarhe*aB¥BFEEEL0Y| HReoPTPR&E125°8i Sp&r SPERACAR VEe 1REGE
| ar ge. , - 17 Therefore, the present inventor determ.ned the apparent
refractive ifHekrdPrFéPBneE BReorerkeXcERFEr °€ortelt §°be-Qt PBast 1.15% in
order to increase the dispersion fromthat of the RDF disclosed in ECOC
97, 5 vol. 12Pparep% wREracth¥cappderendiféprancevefi fiiex fdreierdfi®e D1 of
the center core 11 is described as about 1.1%. Note that to conpletely
el i mi nat e t heoref e€t -8f 6BhtobeAdPRY /| esdiampsegppatént (PéRracti Fée ndex
di fference D1

10 diameter b of the first side core to the diameter a of

the center core of 1.6 to 2.4, a dispersion value of -60
to -35 ps/nm/km and a dispersion slope of -0.40 to -0.05
ps/nm?*/km when the wavelength of the light propagated
through the center core is the 1.55 um band, a
15 transmission loss of 0 to 0.35 dB/km when the wavelength
of the light propagated through the center core is the
1.55 um band, a ratio of the loss to the dispersion (FOM,
that is, dispersion/loss) of 120 to 500 ps/nm/dB, a PMD
of 0 to 0.15 ps/J/ km, an effective core area Reff of 19
20 to 50 wum?, and a bending loss at a diameter of 20 mm of O
to 20 dB/m.
The wavelength of the 1.55 um band is the band of a
wavelength of 1.40 to 1.65 um.
According to a third aspect of the present

25 invention, there is further provided a second side core



is preferably nmade at least 1.20%. 10 It was confirnmed that as a result of
t he desi gn, an RDF having a dispersion value of not nore than -35 ps/nm km
was obt ai ned. When the apparent refractive index difference DL of the
center core 1 is less than 1.15%, if trying to make 15 the dispersion |ess
than -35 ps/nmkm it was |earned that the bending | oss or the

di spersi on-conpensation rate becones worlde- In this sense, if raising the
apparent refractive index difference DL of the center core 11, a good
(large 20 absol ute val ue) dispersion characteristic can be obtained, but if
the apparent refractive index difference D1 is raised, the denerit of the
transm ssi ont3¥xs famnedea Pl the neveasdagef stlemchivnt ereide | foxdel appar ent
ref ractive index difference D1l is nade |arger, increasing 25 the
conpensat i orrrdtlaalsy daenagravebecombraoteve inddx differemte Jhi s

rel ati onship was anal yzed. The results are shown in FIG 2. FIG 2 is a
graph of the r&sutd sO 035% namdt a gdtamatet Hathe kAperst otheodpansteton rate
and the transmi ssion |oss with respect to an apparent refractive index
difference [ of the demteterolbeof lthads s SMide ncdhe s£sul 3stoeflt he

i nvestigation, the paraneters other than the Wshape profile were fixed. 10
In FIG 2, the clkyefdingShows foerchaagsett dhetie spessént- conpensati on
rate, while the curve CVL shows the change in the transm ssion | oss. As
will be undeistaneidn pmhdeegiapPrbliassratwoi a-dhénidsibh Lhegeapparent
refractive index difference OL of 15~ the center core 11 is raised, the

di sper si on- coiPeNsed i Dhed abe éahhécamﬂgtQelt3ﬁn§a}§sa99pé9§§ohngmgaaes
Therefore, it was learned that it is not possible to increase the apparent

refractive indexsgdi{ferensgeligh Bgeléﬁﬂt?ibé?fﬁaéingncondlt'Ona||y 20
From t he above vi ewpoint, the suitable range of the apparent refractive

i ndex d'ffer@N&FagﬂeE@§tﬂ@§erégém5§9h8ntﬂQe&ﬁa£QSté£§Q§ﬂh§Sb@nthQS§MF
gradually rises and where a high conpénsation rate can be naintained to a

certai n, gxt ey LhalpLeca2nannar 68t el LAGLL Ve 200e¥, 25, 0Lkl 6LBaGeSDL Of

t he center core 11 1y5 t

to suppress the dispersion of a specific wavelength of

the 1.5 um band to a low dispersion.

BRIEF DESCRIPTION OF THE DRAWINGS
15" These and other objects and features of the present
invention will become clearer from the following
description given with reference to the attached
drawings, in which:
FIGS. 1A and 1B are views illustrating an RDF having
20 a W-shaped refractive index profile as a first embodiment
of the optical fiber of the present invention, where FIG.
1A  is a secticnal view of an RD? of the first embodiment
and FIG. 1B is a view illustrating the refractive index
profile of the RDF illustrated in FIG. 1A;

25 FIG. 2 is a graph of the results of investigation of



- 19 The conpensation rate at this tinme, as clear fromFIG 2, a.s a high
one of about 100 to 97~. By doa.ng this, it is possible to expect the val ue
of the PIE, which is greatly dependent on the apparent 5 refractive index
difference Ol of the center core 11, to be held to a small value of for
exanple less than 0.15 p s/ ,/-km. As one exanple, the change in
characteristics was investigated when-séeting the apparent refractive index
10 difference OL of the center core 11 as 1.305 and naki ng' the constant a
expressing the profile of the refractive index distribution of the center
core 11, the apparent refractive index difference D2 of the side core |ayer
12, the ratit®eofapprrafitamafradbi of invex ahififfernores 19 are 1genr ber di anet er
2b of the side core layer 12, and the dianmeter ratio b/a variables. The
resul ts are ssimawn tire Ribipe2sion=c@fperdsdt oo?. rdRes Wi th of e Bt at ¢ oan When
Changi ng b/ a b/ abi spersion (ps/nmkm Sl ope (PS/iun~/kmDPS (nm Reff (une)he
(nm 1. 70- 44 SMEK). Gitlb 23122 . h788dm i/bs 4 ks 99197021

57931. 80-41. 8- 0. 10938520. 87971. 85- 40. 6- 0. 11 934020. 38021. 90- 37. 3-0. 11532519.
78071. 95- 34. 2- 0. (O848 1A OB 2R3 0239 b v ) 773074 8r £820g sarr ROO, h&Rimg- 0. 505
10 Table 2 shows an exanple of the change in characteristics such as the

di spersi®n, & h@V-dHisisdSiOnssdOprrd herdiHcthee efidst ipyeo£DIe asea Aeff,
the cutoff wavel ength ?~c, etc, with respect to the dianmeter ratio 15 ~ b/a
of the di anBifordd MnddRisd e SO end o ©idde givertef endfpideesenter core
11 when a is nade 2.0 and the apparent refractive index difference D2 of
the side coriJeeion 2 wiser@aderc 0. 305 s ThessbereiLr efet her centeprcore 11
was adjusted to 20 give a constant value for the bending |oss. As clear

fromthe resild sddor@ddaimdnt hoe di £Es&Rt| DnPéRcDELOARS £hESE 1O
1.70, the dispersion slope becones nore than -0.10 ps/nn2/km and the DPS
becomes nor e3g han A00; &\ 1 500 PELOFESy f e T2 OME10E1 PPS; Rfiex
10 distribution of the RDF illustrated in FIG. 3A;
FIG. 4A illustrates a basic configuration comprised
of an SMF and RDF connected in a 1:1 relationship, while
FIG. 4B 1s a view of the configuration when a plurality
of unit lines of the SMF and RDF illustrated in FIG. 4A
15 are connected; and
FIG. 5 is a graph illustrating the wavelength loss

characteristic of an RDF of an embodiment of the present

invention.

20 DESCRIPTION OF THE PREFERRED EMBODIMENTS
Embodiments of the optical fiber of the present
invention will be described next with reference to the
attached drawings FIG. 1 to FIG. 5.

First Embodiment

25 FIG. 1A is a sectional view of an RDF of the present

e



25 the SMF. Therefore, it becones difficult to nmake the - 21

conpensation rate CR higher as will be understood fromformula 1 and
practical realization becomes difficult. If the dianeter ratio b/a becones
close to 2.00, the dispersion rate becones about -30 ps/nm kmand the 5
absol ute val ue of the dispersion rate becones |l ess than the targeted 35

ps/ nmkm Further, the effective core area Aeff also is a small one of |ess
than 19 ~,cnZ. If the diameter ratia /.a becones larger in this way, it is
| earned that problens arise in respect to the dispersion 10 val ue and
conpensation rate and ot her dispersion characteristics and in respect to
the effective core area Aeff . Fromthe above consideration, it is |earned
that in this range of profile, the diameter ratio (b/a) is nost 15 suitably
one of 1.80 iA¥et:96n, Thhsleetdicd vas used: f oLe0ptilnuzgatiwmdg othaari ous
paraneters. Further, this optim zation was perfornmed while changing the
apparent refraobcveve ntededidference:dl of tie RENterluwaerecdd. :20 As a
result, it was |earned that when the apparent refractive index difference
D1 of the cemter leore 11 a.s 1.15 to 1.4~, preferably D1 is 1.2 to 1.4~, a
is 1.0 to 5.0, the apparent refractive index difference D2 of the side core
| ayer 12 is -0.60 RIE 3bkoandht héidsanetierc: 2B ntatiio dvea desentt he range
of 1.6 to 2.4, it is possible - 22 torealize an RDF having a high
conpensati on:rargioant ef frectpiteeat of ey a1 Aef e gornorasthartit9 E ~. ne
(specifically, one in the range of 19 to 50 ~.cnz) , and a | ow bending | oss
char act eri st FEaWiMHs Sac™i 3pet st orrumecgons Yot 33 pBffnmkma@nd2&<DPS in t he
range of 200 to 400 nm Further, since the design was performed setting the
bendi ng | 0ssCat"2p ﬁﬁﬁpm%%iémsnall 3 dB/m it is possible to express a
suppression of the increase in the transn155|on |l oss at _the | ong wavel ength

si de. The RDF 1 1llustrated in FrI 1A has a center corezs
11, a side core layexr (or a laver) 12 formed around the

10 same, and a cladding laver 13 Zormed around the side cors

layer 12.

As illustrated 1n FIG. 13, tne center core 11 nas an
apparent refractive wndex difiersnce £Al, the sica core
layer 12 has an apparent refractive index diifference AZ,

15 and the rsfractive 1ndex distribution rs W-shaped.
The proiile ci the reifractive index distribution (or




10 When a is less than 1.0, even if other paraneters are optim zed, the
bendi ng | oss becones nore than 3 dB/m Wen a is nade nore than 5,0, the
DPS beconmes nore than 400 nm and the conpensation rate falls. If the
apparent refractive index difference Q2 is 15~ nade | ess than -0.60k the
bendi ng | oss increases, while if the apparent refractive index difference
2 is made nore than -0. 35k the conpensation rate falls. Wen the di aneter
ratio b/a is less than 1.6, the absol ute val ue of the dispersion becones
nore than 35 20 ps/nmlkm and the effective core area Aeff becones nore than
22 E.~.n2, but the DPS becones 600 nmor far fromthe DPS of the SMF and
t he conpensati on That eliemtsdip SAlYHNGer@ed k@t Nar iRtk s iwiertarrss t han
2.0, the absolute value of the dispersion beconmes |ess than 35 ps/nm km
whi ch is 252ansuhfile aeile diendRT hecams smiee ddran 140 nm2 tihe - 23
effective core area Aeff beconmes less than 19 E cn2, and the necessary

condi tions @arikedteryels 29 sithd taneQuy pn At it8fd Qﬁamﬂt%_rxefdzr &hd he
optimal value of the dianeter ratio b/a is preferably in a range of about

1.8 to 1.9. caphiehe dfial 1as dhe @ld vahladange cdde damd ratio b/a my
be made 1.6 to 2.4 or a range broader by about 25~ fromthe above opti nal

val ue. Second Erhodient; A €xplaldgd above, according to the first 10

enbodi ment, by optim zing the Wshaped profile, it is possible to realize

an ROF with an CRLGLINE GO AraR ARld IeTEaret:  dDitd han A, | - o

fromthe conventiona y optimiZzing the Wshaped profile. However, even

1 the di amesel ald Gl 42 didflq he. SLLARL Ve 00r ALGR 1S, oy t 22

~nz at the Iargest Fective core area i's desi reog A second

xplal ned wE Vo e HeE T s @E&”ef?fé%c"reT%e oppi?i% Hihor

illustrated |n FIG 3 S ase on id dded bet ween t he
side core | ayer x1)2 ané’tltrhﬁ addi nfg tfsréy:vg sfL ﬁ I%st ra“t‘pe%el nFlG 1A Bel ow,
t he S|d]§ cor Ia er 12 w be calle i rst 5|de core la er 12". The

|
center core SITBt-Hie U5 thtiva"d i e lgfqh ‘ihssPs%rb HAhtTAHT The"Tame as the

center performance, so has the advantage of being relatively
easy to manufacture.
The present inventor found the optimum conditions
for an RDF when connecting this RDF to an SMF, for
15 example, a 1.31 zero-dispersion SMF having zero
dispersion when propagating light of a wavelength of 1.31
um for use in WDM transmission etc. The optimum
conditions are given below.
The dimensions of the optical fiber are shown in the

20 following Table 1:

Table 1
Dispersion Slope Aeff DPS Ac Bending loss
(ps/nm/km) (ps/nm?/km) | (um?) | (nm) | (nm) | (dB/m)
SMFE 16.5 0.060 75 260 1250 | 1.0

25



- 24 core 11 illustrated in FIG |A FIG 3B shows the refractive index
profile. The profile of the refractive index of the optical fiber [ A
becones a (Wside core) shaped profile by the addition of 5 the second side
core layer 14. The increase of the effective core area Aeff of the optical
fiber I A was studied. The present inventor studied increasing the effective
core area Aeff by optim zing the conbtnabi en of 10 paraneters when the

di aneter of the center core 11 was 2a, the apparent refractive index
difference of the center core 11 was D1, the dianeter of the first side
core layer 12 was 2b, the apparent refractive index difference of the first
side core |ayer B2sjes Pnditieoris~ di aneter of the second side core |ayer
14 was 2c, and the apparent refractive index difference of the second side
core layer 14 was(1D3. Besiadaddlytdierdlmeesifi gatediidme chiamgeof nthideRDE
characteristics when addi ng the second side core layer to 20 the outside of
t he W shapedghmngfd |kee optdean edldrygd hes ghmyveiviay. THe residbi st oftlaat

simul ation of the change in the characteristics due to addition of the
second si de i0brithd aateyo Ihdtenvhedl venkd McHh ed oppar €idn red rectgee ivdex 25
difference D1 of the center core 11 1.25k a 2.0, the - 25 apparent
refractive igudexinlid fis eneef iPi efcihacdngsis stsler £0rend ayespddsidn 50k and
the first diameter ratio a:b = 0.5:1.0 (b/a = 2.0) are shown in Table 3.
Tabl e 3. ResiHdrs c¥nradtddtvyOn Wrensyghangh nek St 4eu Ba £0r 8o Pyet 1 &8

(~)c/ bbDi spersion (ps/nnm km Sl ope (ps/nn2/km DPS (nm Aef f

(~. enz) ac00~+30:nl-4. M/ARS 0205 58130 . dDdp &fs Ach Usir 19829982 2 542560 20- 47. 1- 0.
14434823. 01391

0. 25- 49. 6- G L363682% H15:450x 30 §3rds P 14239724, 11 6290; 151 480409+ 8505142286
22 011720. 20- 44. 3-0. 13133922. 812310. 25-47. 4- 0. 13236023. 213900. 30- 5% 6-0. 133

38823. 815320; A 54, £05146- B3 fe 10230023; 1 4260.205 90, 420 14235523. 415480. 25- 52.
2-0. 14037223, 916100, 30- 55, 1- 0. 13540924, 416690. 151, 30- 37. 4- 0. 13B27121. 610970

. 20-39. 95 0. 12332422, 714460, 25: 45, 4- 0, 12785523, 1129 9 r
6- 0. 13038223 4147% )151 70-51 4- 1603212%‘%%5 3’8 %8 é‘g g 0-18035723. 816390

LT YRR S L e e
25 CharaCteriétéﬁérg{gn?gggﬁggglég g ope OgPépesgbsfdube good. As a
target, the DPS is preferably 200 to 400 nm or about the
same as the DPS of a SMF. If so, when connecting the SMF
15  and RDF, the compensation rate becomes close to 100%, so
a preferable compensation rate is obtained.
(3) The effective core area Aeff should be larger
than the effective core area Aeff of a conventional DCF.
For example, the DCF of the RDF is at least 19 um?. The
20 Aeff of the DCF used in modules in the past was less than
19 um?, but this was not preferable in view of the non-
linegrity.
Note that the maximum value of the effective core
area Aeff is preferably substantially the same value as

25 the effective core area Aeff of the SMF to be connected



- 26 value of the dispersion, the DPS (in other words, the conpensation
rate), and the effective core area Aeff. That is, the absolute value of the
di spersion value illustrated in Table 3 is 35 ps/nmkmor larger than the 5
absol ute value of the dispersion value illustrated in Table 2, the DPS is
in the range of about 300 to 400 nm and the effective core area Aeff is in
the range of 20 to 24 ~.cn2. In particuhgr, the effective core area Aeff of
t he second enbodinent is larger than the effective core 10 area Aeff of the
first enbodinment illustrated in Table 2. Since the bending |oss is not
constant, it is possible to keep the bending |loss small if easing the

di spersi on edmpendat ithie @rdden efdneeddinreror ectay e Aefdfivd fedrmearesa t he
second side core layer 14 is nade too 15~ large (if the value of the second
di amet er rakbe@fC/dE BeeONMER1 aie)-disddia imyriMmde o tiwe wmpament
refractive index difference D3 of the second side core layer 14 is made too
| arge, the culoffrddaguen@src Dacoms g arge Ak Ahe comensation iate
(formula 1) when 20 connected with the SMF becones progressively worse. As

a result of ipr QAUGINGEMRAdOUS d:ea%éegrastilrhxtdfu'ls “Wedh ddepecend side core
| ayer 14 giving an effective core area Aeftf of over 23 E cnz while

mai nt ai nj ng Hehersokher, ChAGAI] Shids dfdhe I ange of the gurent profile

is 25 found to be ‘one having an apparent refractive index - 27

difference Rl c(a%egc}fééD Ak air.-g%)réﬁe%bn%} (Ahel &L bid sppqml 1) and a

second dianeter ratio c/b 1.3 to 1.7 refer to the results
iIIustratedfi% Table 3. Third Enbodinent 5 Optim zation was attenpted for
an optical i’ber suitable for the method of use of the optical fiber of the

present invention, c;ggc;@kpéI%m}%'?%gdlg%ﬁg(};%gpﬁv)edaggafz)an opliga] ,fiber can

be put to practical use even I oss 1s. 10 sonewnhat |arge by

optim zation.,of t.he cablin r.ace f.the optigal fiber, In particular,
when usi ng oq-'rl{’ley #Jhsigecc_%aonrag:fgv%qe f@)io in tehe plé:? um Pand was maée

10 less than -35 ps/nm/km and the value of the dispersion
slope was made less than -0.10 ps/nm?/km.

The range of the dispersion value was -35 to -60
ps/nm/km.

The range of the dispersion slope was -0.30 to -0.10

15 ps/nm?*/km.

In the case of such a dispersion value and
dispersion slope value, when connecting with the SMF, the
compensation rate shown in formula 1 can be maintained
high.

20 The compensation rate is preferably in a range of
about 100 to 85%.

In general, in a W-shape based profile, if the
apparent refractive index difference Al of the center
core 11 1s made large, the absolute value of the

25 dispersion can be made large.,



the bending | oss of the optical fiber is nade sonewhat large, it is
sonetines preferable to stress the 15 transm ssion |oss as well as the
di spersi on-conpensati on rate and nmake the apparent refractive index

difference D1 of the center core 11 small. In a side core type opti cal
fiber, it is possible to suppress the bending |oss even if nmaking the
apparent refractive index difference Bl1of-20 the center core 11 small. If

t he apparent refractive index difference D1 of the center core 11 is nade

| ess than 0.9~, however, the bending | oss becones nore than 20 dB/ m or out
of the usable range of an optical fiber. Therefore, it was 25 | earned that
t he apparent ref Tacttiefedendehalifdfesrearicemdentor 2@ tegiminwed cdit er core 11
shoul d be nore than 0.9~. Further, to satisfy the condition of a bending

| oss of | esepplaent) mEmactitve a isendididf fidirameteerAlofoR2chmopegereral |y used
as an indicator of cabling of an optical 5 fiber, it was |earned that the
apparent rekoaet itee Hencex lddfterlencs Oh efrddie weenimetraoye tIHe shoul d be
nore than 1.0$%. In this way, it was |earned that the apparent refractive

i ndex diffedasper@icef fdten cerdterof e KA Gistuudsbdbeiswdabd! yosel ected to
meet with the conditions of the band of the signal used and the cabling of

the optixal vidlherl, As. a 2imasitewontld iPhatuveveisrddtvas ieadned that the
apparent refractive index difference DL should be in the range of 0.9 to

1.4~. The gaudsdde Ui~ dihechle dedie @ aineds apoyve-i dde aboveoean be
applied to both the optical fibers having the structures shown in FIGS. | A

and 1B and Rl GS. 3R @NGERE ACCUingd1B, tdhe exanpl eshexdt shoed £ atigs, it

was 20 possible to realize an RDF having a di spersion value of 60 to -35

ps/ nm km an@;e%dir%gqféé.son SHOPHRL ralk %M@E@¥@A&i he; dr oPefel M1

wavel engt h band urth Enbodi ment An exanple of a systemusing this RDF is

shown in 25 ;F %etﬂé&fﬁﬂﬂf 4Bde st 2% HG AR illustrates a basic

configuration of a unit

-

10 It was confirmed that as a result of the design, an
RDF having a dispersion value of not more than -35
ps/nm/km was cobtained.

When the apparent refractive index difference Al of
the center core 1 is less than 1.15%, if trying to make

15 the dispersion less than -35 ps/nm/km, it was learned
that the bendiﬁg loss or the dispersion-compensation rate
becomes worse.

In this sense, if raising the apparent refractaive
index difference Al of the center core 11, a good (large

20 absolute value) dispersion characteristic can be
obtained, but if the apparent refractive index difference
Al 1s raised, the demerit of the transmission loss and
the PMD increasing is encountered. If the apparent
refractive index difference Al is made larger, increasing

25 the compensation rate also tends to become more



transm ssion |line conprised of a single SMF and a single RDF connected
together. FIG 4B is a view of the configuration when 5 connecting a
plurality of unit lines of the SM- and RDF illustrated in FIG 4A TX

i ndi cates an optical signal transmtter, RX indicates an optical signal
recei ver, and EDFA indicates an anplifier. By suitably adjusting the

| engths 11 and 12 of the 10 SMF and thel®DF, flat dispersion
characteristics for WOM transm ssion are obtained. Since an optical signal
first strikes the non-linear SVE, it is possible to suppress the
non-linearity. It is also possible to use another optical fiber 15 having
a | arge positiffécdildpersion at 1.55 ~min place of the |.31 zero-dispersion
SMF described as an exanple of a SM-. As such an optical fiber, it is
possi bl e to use &hcust afefl aghidrtsdd poptasc anafliylrerd .( @Ble) deesniltg ameut of f

wavel ength shifted to the | ong wavel ength side, a pure 20 silica optical

fi ber havi nghawhl uor i .(R). | ayer as a cladding layer, or a fully fluoride
doped opta.cal fiber (FF fiber). Further, it is possible to use the

enl arged effectiwaaore iar ea dngph IF s AnsAdd £ apanrase ddnexain sed

Pat ent Publication (Kokai) No. 11-364609. 25 Exanples of the

charact & i stthes dfs pseiGl IRSidniptsaticd) ralieSRRISB e atdala, fdhars ot her
than a SMF are shown in Table 4. Table 4. Positive Dispersion Optical

Fibers Sim hafsd i3 rBfect to an apparent refractive index )
of LossD~sper - Sl opeAef f ac20pDPSSMF( dB/ sa. on( ps/ nn2( E. t nz) (nm) bendi ng( nm k) (

ps/ nnt / k) ( eBIEAKBLIFQ 119830 QGORQ 015001 . 03 L0RFQ, 1 BRE: 00:,06077. 015001. 0
330Aef f 0. 1915. 00. 065100. 015005. 0230en-| arged As shown in Table 4, a

posi tive di sReRaian aptial s dides avidl all shersion.of J&hdo @%.ps/ nnf km
or so is 15 suitable as an optical fiber to take the place of a SM-. The

reason is that, if.Hhedispersionds s@ller than 10 ps/nnkm the probl em

of FWM (four wavel ength "'m xing) arises and the DSP beconmes a snall val ue.
On the g} her hand, idf;d he, digpersi IS, arger _than 2 npl km, _the 20

| engt h féati o of the posi tezl’ve dﬁes%le% ocr?’ce)p?}?‘g‘é f?%e?é%lgiérrgé shorter and
there is no J.on el[sianry_cnc?r[zlinén gven éaf éhewrgjfeoet-[ Si on o_\];et 3 OWiss made

| arger. As expﬁ A ned above, - the presenif i nventor }beeve‘f’f)pe ad new type of an
RDF able to he used as a ljine. 25 The |low non-linearity, |ow transm ssion

| oss, and | SWPNDHIIT HE ROE® ar Bt T Ot histStt eri stics for a VDM

transm ssion |ine, - 3Jb , _
As will be understood from the graph illustrated in

FIG. 2, if the apparent refractive index difference Al of

15 the center core 11 is raised, the dispersion-compensation
rate falls and the transmission loss increases.
Therefore, it was learned that it is not possible to
increase the apparent refractive index difference Al of
the center core 1l unconditionally.

20 From the above viewpoint, the suitable range of the
apparent refractive index difference Al was made the
region where the transmission loss gradually rises and
where a high compensation rate can be maintained to a
certain extent, that is, an apparent refractive index

25 difference Al of the center core 11 of 1.15% to 1.40%.



Further, this RDF is an optical fiber able to take on the task of WM
transm ssion in the future. By the conpletion of the profile enabling

achi evenent of the sanme, it has beconme possible to easily produce an
optical 5 fiber suitable for high speed, |arge capacity transm ssion. EXAWP
LE S The effectiveness of the present invention wll be confirmed next by
exanpl es. Prototypes of optical fibers 19 were prepared with reference to
the sinmulation results. The results are shown in Table 5 to Table 8. The
paranmeters in Table 5 to Table 8 were nade close to the optinmal val ues
found by sinulation and the apparent refractive index difference D1 of the
center 15~ Tberecthpeasardde srwlel aso tadst citney e aiteaizn fadmoWEIG .| &Ss and a
| ow PMD. First Exanple The first exanple is an exanple of an RDF of the
first enbodiment hexpl aneedMabhutefll@neree st7a .FI GS. | A and 20 1B. The

di mensi ons of the SMF and the DCF of the first exanple are shown below The
core di aneter of ByheloSMg ithik) jitCH)s Waislsa Hilke tol adgidtd dihami=Arud £125
,um 25 The core dianeter (effective core area Aeff) of the - 32 DCF is
the val ue i khustrat edhirhlald @reatng Bepdtidenrtd ke crddippdmaneter is 125
,C~.m Table 5 shows the results of an exanple of a Whaped RDF of a high
conpensat i OReckahe thifleatinddd AitdFR ronQal ingaloff idiRr dirscissad-aMitih, ref erence
to FIGS. | A and 1B. The two profiles of Table 5 were sel ected based on the
results of HhenghitlRt i0RmaANoRtike IRAS WIS Sha d N kablg sy dlid s

possi ble to expect an RDF having a I ow 10 non-linearity and a high
conpensatio%grqrgm_Table 5. Profiles of RDF Wth Hi gh Conpensati on Rate by
Si nul ati on 6

(~) b/ aCor eDi s- DPSAef 20n()d a. - At ~, .G Si --(ps

/i ngnm (dB/ km) m) %ézé’fz“%g 0. 5§’)11.cg88.h?’%9a.ﬂz%l 211.’{455‘11‘%32901. 12?%%55‘8%77. 7-46. 4
31520. 28111.; 3 MRS f i|es. e to the
above profi Ilgl.‘%% ﬁ%ée%ﬁskﬁeq{ C%e c%g\gJ H R t ?{:egidcofzoer e 11—?&%

ows t cterl the prototype shaped
RDFs. - 33, hle 6. Results of Prototypes
No. D1LOssDi %-lﬁ%ﬁeef“f Wik ;fgn/té’ﬁv("ir)t(edrs/%’grr‘? T Y S8 (BT k) si on
yng, / _km nm_(ps/ n(dB/ dB) ni m km OL1. 250.,255- 37. 332421. 28293. 50. 06149021. 250.
256- 30. 3304?&%@?&6&%ﬂ%ﬁ%%%§ﬁ%§%§2§ﬁ)&%ﬁ ® 60 0AYOVM. 350. 274
-53.231520. 08292. 00. 11194 10 Fromthe results of Table 6, q%ﬁobtaining a
hi gh conpensdtisn dﬁa%fe“(%%ﬁ%%l%f DPS) B ThERFE Whi | B edFRAFF T ng a | arge
val ue of the dispersion value of -35 to -55 ps/nmkm a | ow dispersion can
be expect ed &¢I Oht%i MALHVEE LARER SRS MR I gerThelrXdhnket ed i 5
with a SM~. Further, the | oss can be kept to a low |level. Further, the

val ue of thé&hef FERI T othe H Pt xrrrhal e et Y cee’l 1d Mdte than

20.0 E,cnR conpared with a
15 the diameter 2b of the side core layer 12, and the

diameter ratio b/a variables. The results are shown in

Table 2.
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DCF. Further,
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Table 2 shows an example of the change 1in

the DPS,

etc.

the effective core area Aeff,

the

the dispersion

cutoff

with respect to the diameter ratio

b/a of the diameter b of the side core 12 to the diameter

a2 of the center core 11 when « is made 2.0 and the

apparent refractive index difference A2 of the side core

layer 12 is made -0.50%.

20

The diameter of the center core 11 was adjusted to

As clear from the results of Table 2,

diameter ratio b/a becomes close to 1.70,

give a constant value for the bending loss.

if the

the dispersion

slope becomes more than -0.10 ps/nm?*/km and the DPS

becomes more than 400 nm,

25

the SMF. Therefore,

it becomes difficult to make

so becomes far from the DPS of

the



the transm ssion |oss at a wavelength of 1.58 ,umand the 5 transm ssion

| oss at a wavelength of 1.55 /.cmw || be explained next. The 1.55 ~.cm
band i5 the center wavel ength of the C-Band. The 1.58 E,cmband is the end
of the C-Band (start of the L-Band). There is a high possibility of use of
t he L-Band where the flat characteristics at the C 10 Band are conpensated
for if the difference in |oss between the two is snmall. Second Exanple From
t he above results, the RDF of the first 2éxe'mp| e was able to achieve an
effective core area |larger than 15~ that of a conventional DCF, but as a
study of how to further increase the effective core area Aeff, prototypes
of an RDF of_the second enbodi t. having a ( ide core t )-profile
added with the: 1Dseer%:soant st ea%%réeglr}éﬁl%reﬁ s’ex‘ﬁﬁ &d W %rsrt-é%l%%efn’g%mto Fl GS.
3A and 3B e 2 repared. The profiles, used re ones gjyLn ood results
" the si mil TS HORES PIRTECT. Heb e SHORS TR oot T o2 BE L he
results of simulation for the (Wside core type) RDF of the second

embodi ment with & i%f?ﬁfb‘??b%ﬁs’é??b?l b/ ecomesaclasg €0 72 - ¥ of FPEs of
RDF Wth H gh Conpensation Rate by Sinmulation

DlaD2D3a: be Chr 8% S WS At $2 2R T 3) T0'4F a PorR s i ('Hand ¢ nf®end- un) si onnyg
(ps/-(dH nmm ) km) 1. 102. 0- 0 550. 291 2.0' 3. 315 9-44. 033826. 814803

51.202. 02 0. 58201t \pug1ef othe IBIpoys Fagept@Pecomes less than
302.5-0.500. 251: 2. 1. 3. 213. 8-54 432723 213571 0 Several prototypes were nade
usi ng profi l&® ctareeter 135 the/ aibdve. pfotthes, the effeatieeigeres of the
prot otype Wshaped RDFs are shown in Table 8. Table 8 shows the

char act eri stdzsa dieff bakso (V9 st demabk eongpef peepatkanfd? whe ROF Wiet he
second enbodi nent. Table 8. Results of Prototypes No

. D1LossDi s- DRGHes f€=c20cpPNDFROettmes - Iany¢ £, -m-thod bead( pst(ps/ km) sion)in
g, r

km) nm (ps/ n( B kB adn v &) ©idb 180s 2374 43, 0312@5p84 4454 . 2De 0418p82413600. 239-4
5.327725. 614953. 00. 05190031. 200. 250-43. 131425. 213291. 50. 05172041. 200, 252- 47
. 3320241014322126) . 54 8EQb1e 30t 263 - b3+834HA 30 PH32 631 8P B260061. 300. 270- 57.
233923. 013954. 20 09212 ' According to Table 8, it is |learned that a |arger
25 val ue is ehipaOEdrLoOtPAs edndM L Be¥Pp6B88pEE SheUEEHEBtive ddrehavkldy a
value of the effective core area Aeff of nore than 23.0 E, cnR2. The FOM was
al so over 17f=ps/nnm dB. The other characteristics were also all extrenely
good. It was confirnmed that the results of working the

From the above consideration, it is learned that in

this range of profile, the diameter ratic (b/a) is most
15 suitably one of 1.80 to 1.90.

This method was used for optimization for wvarious
parameters. Further, this optimization was performed
while changing the apparent refractive index difference
Al of the center core 11.

20 As a result, it was learned that when the apparent
refractive index difference Al of the center core 11 is
1.15 to 1.4%, preferably Al is 1.2 to 1.4%, o is 1.0 to
S.O: the apparent refractive index difference A2 of the
side core layer 12 is ~0.60 to -0.35%, and the diameter

25 ratio b/a 1s in the range of 1.6 to 2.4, it is possible



5 invention as expl ai ned above were excellent. According to the present
invention, if connecting with a SMF using the RDF of the present invention,
it becones possible to construct a | ow non-linearity WDM transni ssion |ine
suitable for high speed high volunme 10 transm ssion. Wile the invention
has been described with reference to specific enbodi ments chosen for

purpose of illustration, it should be appar ent t hat numerous nodifications
coul d be nmade thereto by those skilled I'ii 15~ the art wi thout departing
fromthe basic concept and scope of the invention. - 38 VWhat is clained

is: 1. An optical fiber provided with a center core and a first side core

formed al 'he oULs,9e ol S M A o ML oML AR, iRl enl, fefractive

i ndex difference of said center cor¥e ant a

expr essi ng fi.l e d| strib of refractiy ndex of said center
core is 10 %f%r Fas e Orae ar@‘%é nfracotrlevet}} ndexgedmffer ence of said

first side core | 0. - 0. 3 a di arreter f a _diameter (b)
of said flrst SI Zflé:org'y ayere W SRS 5 of sald‘lﬂi? g core is

1.6 to 2.4, eS|o val u |s-60to-35p m and a dIS
slope is -Q n"'ps?% TGRS T VRVE %h BETIYH" gtop %at ed
t hr ough sal ce ter re, is the 1.5S ~m band, 20 a transm SS|on Ioss of O

to 0.35 UB/ KA & &S &ﬂtﬁk’fro?édtao BRS gt siitsh 1a9urdE A% t4Q% ) of 120
to 500 (ps/nn)/dB a pol arization node di spersion (PVMD) of O to 0.15
ps/,/-km and an FSFHEET VST BIRLTHET Wt PRFEYTRY SRETIRG e

wavel ength of the Ilght propagated 25 through the center core is the 1.55
,um band, amgrdinggdoss b%‘hcﬁcggm’l“bs%o @ Wafkanktd@/»f Yo mrASHRE5 dB/ m
2. An optlcal fiber as set forth in claim1, wherein the wavel ength of the
1.55 E.tm bdfd P reffarnl VIPRESS skerfel Thgtite ofndrerse o-11. 85 E, cm

transmission loss at the long wavelength side.

10 When o is less than 1.0, even if other parameters
are optimized, the bending loss becomes more than 3 dB/m.
When o is made more thanv5.0, the DPS becomes more than
400 nm and the compensation rate falls.

If the apparent refractive index difference A2 is

15 made less than -0.60%, the bending loss increases, while
if the apparent refractive index difference A2 is made
more than -0.35%, the compensation rate falls.

When the diameter ratio b/a 1s less than 1.6, the
absolute value of the dispersion becomes more than 35

20 ps/nm/km and the effective core area Aeff becomes more
than 22 wum?, but the DPS becomes 600 nm or far from the
DPS of the SMF and the compensation rate ends up falling.
On the other hand, when more than 2.0, the absolute wvalue
of the dispersion becomes less than 35 ps/nm/km, which is

25 insufficient, the DPS becomes more than 400 nm, the



3. An optical fiber as set forth in claiml1, wherein a ratio of the

di spersion slope to the dispersion (dispersion/dispersion slope, DPS) of
said optical fiber is substantially equal or close to~the DPS of a 1.31 10
zer o-di spersion single node optical fiber. 4. An optical fiber as set forth
inclaiml, wherein the effective core area (Aeff) is 23 to 50 ~n2 when the
wavel ength of the light propagated throygh_said center core is 1 . 55 ~ cm
. 15~ 5. An optical fiber as set forth in claiml, wherein the transm ssion
|l oss is not nore than 0.27 dB/kmand the FOMis not |ess than 170 ps/nm dB
when the wavel ength of the |ight propagated through said center core is
1.55 um 20c@redtiQRt icedle fRQN 2% S @edddidsh 11t CldiaR ko Wher ekRdt he

transm ssion loss is not nore than 0.30 dB/ km when the wavel ength of the

li ght propagakedldalaual 2 GantHy cCaQ{lg]oi S chRf ELmand Zanddigsapsol ute

val ue of the (transm ssion |oss at - t he 'wavel ength of I|ight

Propagat ed Lkaugh ctfle (GRAoG0! il bl Gilve U AN ssldoss a

t he wavel ength of 1ight propagate e center core of 1.55 Ecm is

not nore th 0 B/, 7. i cal__fiber set, f.or i aiml,
further hav?%é:q'a? ioe/%or:ft}m?l%efecrc?égylo%‘e% oF imed Oafflsafbﬁzltou 'salt 2%" 0 'Cés'ai d first

side core | r avin apparent refractive.index difference qf ,0.05 to
£ | fuer i)
0. 35k and having a di aa%e?-‘g‘re raa'l“loé” cl/eo)raﬁ‘rget’hgth(ﬁ éder%eafmeerte(rc)rao *? %e/asecond
10 side core _| ayer mﬂ%ﬁ respect, to the dianeter (Q% of, th firg% i de core
| ayer of 1. §1atyo¥°f. 72%g 1AG\SNa 21%rigtH & Fii%h i?ﬁﬁ"’t S5 & 1FHE i %gfson li ne
conprised of_ a 1.%# zero-di s ersioné&ingle node optical 15" fiber or a
posi tive di SPEFsS (ﬁﬁ?%ﬁﬂo Y "RAYRy characteristics similar to the
characteristics of said single node optical fiber (SMF) and an opti cal
fiber as set fort3RSREERRREDSHnect ed toget her to suppress di spersion of
a 20 specific wavelength of the 1.5 ,umband to a | ow dispersion. 9. A
wavel engt h di vi sPéh SHRY3 A% RWRMITFHIThEasretf¥61th in claim 8,
wherein said posa.tive dispersion optical fiber simlar in characteristics
to 25 ddi d SMRFEMRIde & IRGINIPerg (B )W istargikPrefikof f1t is
possible to realize an RDF with an effective core area
Aeff increased to more than 19 um? from the conventional
DCF by optimizing the W-shaped profile. However, even if
the diameter ratio b/a is 1.70, the effective core area
15 is about 22 um® at the largest. A larger effective core
area Aeff is desired.
A second embodiment for realizing a larger effective
core area Aeff will be explained with reference to FIGS.
3A and 3B.
20 The optical fiber 1A illustrated ain FIG. 3A has a
second side core layer 14 added between the side core
layer 12 and the cladding layer 13 illustrated in FIG.
1A. Below, the side core layer 12 will be called the

"first side core layer 12'". The center core 11 of the

25 optical fiber 1A is substantially the same as the center



- 41 shifted optical fiber having a cutoff wavel ength shifted to the |ong
wavel eagth side, a pure silica optical fiber having a fluorine |ayer as a
cl adding layer, a fully fluoride doped optical fiber, and an enl arged
effective 5 core area type single node optical fiber. 10. An optical fiber
provided with a center core and a first side core forned at the outside of
said center core, wherein 10 an apparen% refractive index difference of
said center core is 0.9 to 1.4~, a cons 4nt a expressing a profile of a

di stribution of refractive index of said center core is 1.0 to 5.0, 15~ an
apparent refractive index difference of said first side core is -0.65 to
-0. 35k a di aneter .rati b/la) of a._di er (b) of said first side core

| ayer to a aggr?e{lelr . é‘)gsglfrag:éalddlger#g?w?gr'e is 1.6 to 2.4, 20 a dispersion
value is -60 to - psihm km and a dispersion.slope is ~0Q.40,ta -0.05

ps/ nne/ km when aF\:/iv%\ielggngr‘l‘{hhowésf r%lqmlegﬁte%%é:ﬁééraet &R tfé’hflgﬁd TIé’éant er core is
the 1.55 ~m band,, a transm ssion _l.oss . of, Ot 35 dB/.km ratiq 25 of

| oss to di sBéngla'ﬁ Of 33% r@?flrr?‘&tiltve( FOAS* 6’% %}‘(‘? N I%l‘:-"’114%lbﬁfoqﬁ)s/ nm
/dB, a polarization node dispersiqon (PIE). of O to Q.15 ps/~km. .and an
effective cBFE°EFEad( ASTT) -5t cfgeso P&y RATET e E¥ndid &TgtiE 61 tHe 1 ght
propagat ed through the center core is the 1.55 ~.imband, and 5 a bendi ng

| 0ss at Sa dit@fet&CodE F3ImeFo 12y 1B/ m 11. An optical fiber as set
forth in claim 10, wherein the apparent refractive index difference of 10
sai d center coreThe EnFregse £Ff e i sidinFass s dafifamh dhof 20 nm
is Oto 10 dB/m 12. An optical fiber as set forth in claim10, wherein 15
t he appar enPpréiadctiiRes ddexad fferdmse of said center core is 1.15 to
1.4% and the bending loss at a dianeter of 20 mmis 0 to 5 dB/m 13. An
optical fiber as et HxeErly rnvedincl G tyh athamgdaeadinavdihs engt h of the
1.55 E,cmband is a band of a wavelength of 1.40 to 1.65 ~,cm 14. An
optical fibeffastsete fayneh dnex|faifi My apeinsizig rigid cofb irnrtdispef si on
sl ope to the dispersion (dispersion/dispersion slope, DPS) of said optical
fiber 2% i s psulstetsrnsalwhereqited dirangd tose 40 the dRSaf @de 31 was 43
zero-di spersion single node optical fiber. 25. An optical fiber as set
forth in cl @amn Hhe vdigsetant heefofd @it el odse diiefe{dfeid Jof sti23 to 50 , une
when the wavel ength of the |ight propagated through said

center core 11l was Al, the diameter of the first side
core layer 12 was 2b, the apparent refractive index
difference of the first side core layer 12 was A2, the
15 diameter of the second side core layer 14 was 2c, and the
apparent refractive index difference of the second side
core layer 14 was A3.
Basically, he investigated the change in the
characteristics when adding the second side core layer to
20 the outside of the W-shaped profile optimized in the
above way.
The results of a simulation of the change in the
characteristics due to addition of the second side core
layer 14 when making the apparent refractive index

25 difference Al of the center core 11 1.25%, o 2.0, the



5 center core is 1.55 ~,cm 16. An optical fiber as set forth in claim 10, i
wherein the transm ssion loss is not nore than 0.27 dB/km and the FOMi s

not | ess than 170 ps/nnidB when the wavel ength of the |ight propagated

t hrough said center 10 core is 1.55 E,cm 17. An optical fiber as set forth

in claim10, wherein the transmssion loss is not nore than 0.30 dB/ km when

t he wavel ength of the |light propagated through 15 ' said center core is 1

58 ~.cm and the absol ute val ue of the’(??aﬁsnission | oss at the wavel ength

of |ight propagated through the center core of 1.58 Vim - (transm ssion

| oss at' the wavel ength of |ight propagated through the center core of 1.55

E,cm 20 is_not nore than 0..01 dB/km 18..  An optical fiher as set forth in
clai m 10, fGart aerrenhtav":le%aé:otslevceoHﬂiégﬁ’ﬁedlltfdfreerﬁné%e c‘)T oorf‘rmtg‘eatfa:t SZ‘“- osult(%il de of
said first side qore | ayer, ggying an apparent refractive index difference
of 0.05 to %5k AEhaV nd 25 a @t TiAsSto PANEF IHe Uidadeter (c)
of the second - 44 ide core layer wwth respect to the dianeter (b) of
the first si’de ‘dorfe B\fer & . #1% shopn i TaBd®/el engt h di vi si on

mul tiplex transm ssion line conprised of 5 a 1.31 zero-dispersion single
node optical fibdrtde & plaxultes difspemyicrt-ispt itar fGHraroIng i Hgle
characteristics simlar to the characteristics of said single node optical
fiber (SVE) C&F® &r*Y&#tical fiber as set forth in claim10 10 connected
toget her to suppress dispersion of a specific wavel ength of the 1.5 ~m band

to a | ow di spegrsion. 20 A Wwavetengthrdivistomr ot prex transprssron |ine
as set forth i|fcl® M8, wWhBrEERSEE dShRS ti ve 15‘9‘?‘%} H&e5 on| dpti cal
fiber simlar |in characteristégﬁmlmmsgkﬂa&hnghe nbd&nop1kmﬁb f| ber (V)
i ncl udes a cutfofT shiffred opticat froer havimga cutof fTwavetepgri—shi ft ed
to the 1ong wavel engtt’ si de] "3 pure sirPcH optical 3%4 ber 2Ravi ng & ¥1 yori ne
| ayer as a cl gaditag llay.eo, p-4ully 20| +bucwsi de dopezbeopt eeed f| besg and an
enl arged effeqtd yg care arep_jype sinngjque optigcal fiber, 1301 .

0.25 -49.6 -0.135 368 23.6 1516

0.30 -53.3 ~0.142 397 24.1 1629

0.15 1.40 | -40.6 -0.142 286 22.0 1172

0.20 -44.3 -0.131 339 22.8 1231

0.25 -47.4 -0.132 360 23.2 1390

0.30 -51.6 -0.133 388 23.8 1532

0.15 1.60 | -46.3 -0.152 305 23.0 1426

) 0.20 -50.4 -0.142 355 23.4 1548

0.25 -52.2 -0.140 372 23.9 1610

0.30 -55.1 -0.135 409 24.4 1669

0.15 1.30 | -37.4 -0.138 271 21.6 1097

0.20 -39.9 -0.123 324 22.7 1146

0.25 -45.1 -0.127 355 23.1 1298

0.30 -49 6 -0.130 382 23.4 1476

0.15 1.70 | -51.4 -0.160 321 23.6 1515

0.20 -53.6 -0.150 357 23.8 1639

0.25 -56.8 -0.146 389 24.3 1702

0.30 -59.0 -0.143 413 24.7 1776

As clear from the results of Table 3, by the
addition of the second side core layer 14, good

25 characteristics are obtained in terms of the absolute
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W& ()-T10% & ()-fy
Recently, it  has been proved that an optical fiber

can be put to practical use even if the bending loss is
somewhat large by optimization of the cabling process of
the optical fiber.

In particular, when using only the C-Band, even if
the bending loss of the optical fiber is made somewhat
large, it is sometimes preferable to stress the
transmission loss as well as the dispersion-compensation
rate and make the apparent refractive index difference Al
of the center core 11 small. In a side core type optical
fiber, it is possible to suppress the bending loss even
if making the apparent refractive index difference Al of
the center core 11 small.

If the apparent refractive index difference Al of
the center core 11 is made less than 0.9%, however, the
bending loss becomes more than 20 dB/m or out of the
usable range of an optical fiber. Therefore, it was

learned that the apparent refractive index difference Al
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In this way, it was learned that the apparent
refractive index diff;rence Al of the center core 11
10 should be suitably selected to meet with the conditions‘
of the band of the signal used and the cabling of the
optical fiber. As a basic condition, however, it was
learned that the apparent refractive index difference Al
should be in the range of 0.9 to 1.4%. The grounds for
157 the 1.4% were explained above.

The above can be applied to both the optical fibers
having the structures shown in FIGS. 1A and 1B and FIGS.
3A and 3B.

According to the examples explained later, it was

20 possible to realize an RDF having a dispersion value of -
60 to ~-35 ps/nm/km and a dispersion slope of -0.05
ps/nm?/km in the 1.55 um wavelength band.

Fourth Embodiment

An example of a system using this RDF is shown in

25 FIGS. 4A and 4B.
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fiber) . "Further, it’is possible’ to use the enlarged
effective core area type SMF disclosed in Japanese
Unexamined Patent Publication (Kokai) No. 11-364609.

25 Examples of the characteristics of such positive
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The parameters in Table to Table 8 were made close
to the optimal wvalues found by simulation and the
apparent refractive index difference Al of the center
15 core 11 was made small so as to try to obtain a lower

loss and a low PMD.

First Example

The first example is an example of an RDF of the
first embodiment explained with reference to FIGS. 1A and
20 1B.
The dimensions of the SMF and the DCF of the first
example are shown below.
The core diameter of the SMF is 10 um, while the
cladding diameter is 125 um.

25 The core diameter (effective core area Aeff) of the
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DCF is the value illustrated in Table 6 and B, while the

cladding diameter is 125 um.

Table 5 shows the results of an example of a W-

shaped RDF of a high compensation rate relating to the
5 optical fiber discussed with reference to FIGS. 1A and
1B.

The two profiles of Table 5 were selected based on
the results of the simulation. From the results shown in
Table 5, it is possible to expect an RDF having a low

10 non-linearity and a high compensation rate. )

Table 5. Profiles of RDF With High Compensation

Rate by Simulation

A « A (%) b/a Core Dis- DPS heff Ac 20¢
(%) dia. per- (nm) (pm?) (nm) | ben
{pm) sion a~
- (ps/ ing
nm/ (dB/
km) m)
1.25 2.0 -0.55 1.8 8.1 -39.2 335 21.4 8l6 3.0
1.35 2.5 -0.59 1.7 7.7 -46.4 315 20.2 811 1.0
20 Several prototypes were prepared for profiles close

to the above profile. Table 6 shows the characteristics

of the prototype W-shaped RDFs.
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is with a SMF. Further, the loss can be kept to a low level.

Further, the value of the effective core area Aeff can
also be increased to more than 20.0 um? compared with a
conventional DCF. Further, since the apparent refractaive
index difference Al of the center core 1l is relatively
20 small, 1t is learned that a low non-linearity is
achieved. The PMD, bending loss, and other values are
also extremely good.
The transmission loss became less than 0.27 dB/km or
less than the targeted 0.35 dBR/km. Further, the bending

25 loss was also a small one of less than 4 dB/m, so the
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transmission loss of the long wavelength band side (L-
Band) was also less than 0.35 dB/km and the
representative value of the transmission loss of the
wavelength 1580 nm (1.58 um) was less than 0.30 dB/km.
The FOM, that is,

to the dispersion, or the dispersion/transmission loss,

was 146 to 194 ps/nm/dB. The FOM of a conventional RDF is

100 to 120 ps/nm/dB, so it is learned that the present

example is improved in the FOM. The FOM is better the

larger the value. In particular, the case of use of the
RDF of the present example connected to an SMF is
assumed, but if the FOM is larger, it is possible to
obtain the same dispersion value even with a low
transmission loss. In the case of the present example
with an FOM of 170 ps/nm/dB, a 1.4 times or so better
dispersion value can be obtained with the same
transmission loss.

FIG. 5 is a graph of the wavelength loss
characteristics of the RDF of the first example/

From FIG. 5, it is learned that the transmission

loss is less than 0.30 dB/km over a wavelength of the
optical signal of 1500 to 1600 nm.

The optical fiber of the present invention is
intended to propagate light of a wavelength of 1400 to

1650 nm as the 1.55 um band. It was proved that the

the ratio of the transmission loss
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transmission loss is low in this broad ranged band as
well.

The grounds for evaluation of the difference between
the transmission loss at a wavelength of 1.58 um and the
transmission loss at a wavelength of 1.55 um will be
explained next. The 1.55 um band is the center wavelength
of the C-Band. The 1.58 um band is the end of the C-Band
(start of the L-Band). There is a high possibility of use
of the L-Band where the flat characteristics at the C-
Band are compensated for if the difference in loss

between the two is small.

Second Example

From the above results, the RDF of the first example
was able to achieve an effective core area larger than
that of a conventional DCF, but as a study of how to
further increase the effective core area Aeff, prototypes
of an RDF of the second embodiment having a (W+side core
type).profile added with the second side core layer 14
explained with reference to FIGS. 3A and 3B were
prepared.

The profiles used were ones giving good results in
the simulation shown in Table 7. Table 7 shows the
profiles of the results of simulation for the (W+side

core type) RDF of the second embodiment with a high

compensation rate.
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Table 7.

by Simulation

Profiles of RDF With High Compensation Rate

Al « a2 a3 a:b'c Core Dais- DPS Aeff Ac 20
(%) (%) (%) dia. per- {nm) (um?) {nm) bend-
um) sion ing
(ps/- (dB/m
nm/ )
km)
1.10 2.0 ~0 58 0.29 12,0°3.3 15 9 -44.0 338 26.8 1480 35
1.20 2.0 -0.50 0.20 1:1.9:2.9 14 2 -44.2 312 24.8 1386 .0
1 30 2.5 -0.50 0.25 1:2.1.3.2 13.8 -54 4 327 23 2 1357 10
Several prototypes were made using profiles close to

the above profiles. The

W-shaped RDFs are shown

characteristics of fibers

-

characteristics of the prototype

in Table 8.

the RDF of the second embodiment.

Table 8 shows the

(Wtside core type) prepared for

Table 8. Results of Prototypes
No. Al Loss Dis- DPS Aeff Ac 200 PMD FOM
(%) (aB/ per- (nm) (um? (nm) | bend | (ps/ (ps/
km) sion ) ing Y km) nm/
(ps/n {dB/ dB)
m/ m)
km)
01 1.10 | 0.237 -43.0 312 25.9 1445 4.2 0.04 181
02 1.10 [ 0.239 -45.3 277 25.6 1495 3.0 0.05 180
03 1.20 ) 0.250 -43.1 314 25.2 1329 1.5 0.05 172
04 1.20 | 0.252 -47.3 320 24.9 1432 2.2 0.05 188
05 1.30 | 0.263 -53.9 315 23.2 1326 3.8 0.07 205
06 1.30 ({0.270 ~57.2 339 23.0 1395 4.2 0 09 212
According to Table B, it is

value 1s obtained

compared with a W-shaped structure

learned that a larger
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having a value of the effective core area Aeff of more
than 23.0 wum?. The FOM was also over 170 ps/nm/dB.

The other characteristics were also all extremely
good. It was confirmed that the results of working the

5 invention as explained above were excellent.

According to the present invention, if connecting
with a SMF using the RDF of the present invention, it
becomes possible to construct a low non-linearity WDM
transmission line suitable for high speed high volume

10 transmission.

While the invention has been described with
reference to specific embodiments chosen for purpose of
illustration, it should be apparent that numerous
modifications could be made thereto by those skilled in

15 the art without departing from the basic concept and

scope of the invention.
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What 1s claimed is:
1. An optical fiber provided with

a center core and
a first side core formed at the outside of saxd
5 center core, wherein
an apparent refractive index difference of said
center core is 1.15 to 1.40%,
a constant o expressing a profile of a
distribution of refractive index of said center core is
10 1.0 to 5.0, i
an apparent refractive index difference of said
first side core is -0.60 to -0.35,
a diameter ratio (b/a) of a diameter (b) of
said first side core layer to a diameter (a) of said
15+ center core is 1.6 to 2.4,
a dispersion value is -60 to -35 ps/nm/km and a
dispersion slope is -0.40 to ~0.10 ps/nm?’/km when a
wavelength of light propagated through said center core
is the 1.55 um band,
20 a transmission loss of 0 to 0.35 dB/km, a ratio
of loss to dispersion (figure of merit (FOM)) of 120 to
500 (ps/nm)/dB, a polarization mode dispersion (PMD) of O
to 0.15 ps/Jka, and an effective core area (Aeff) of 19
to 50 um? when the wavelength of the light propagated

25 through the center core is the 1.55 um band, and
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wherein a ratio of the dispersion slope to the dispersion
(dispersion/dispersion slope, DPS) of said optical fiber
is substantially equal or close to the bPS of a 1.31

10 zero-dispersion single mode optical fiber.

4. An optical fiber as set forth in claim 1,
wherein the effective core area (Reff) is 23 to 50 um?
when the wavelength of the light propagated through said
center core is 1.55 um.

15~ 5. An optical fiber as set forth in claim 1,
wherein the transmission loss is not more than 0.27 dB/km
and the FOM is not less than 170 ps/nm/dB when the
wavelength of the light propagated through said center
core is 1.55 um.

20 6. An optical fiber as set forth in claim 1,
wherein

the transmission loss is not more than 0.30

dB/km when the wavelength of the light propagated through

saird center core is 1.58 um and

25 the absolute value of the (transmission loss at
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core of 1.58 um) - (transmission loss at the wavelength
of light propagated through the center core of 1.55 um)
is not more than 0.01 dB/km.

5 7. An optical fiber as set forth in claim 1,
further having a second side core layer formed at the
outside of said first side core layer, having an apparent
refractive index difference of 0.05 to 0.35%, and having
a diameter ratio (c/b) of the diameter (c) of the second

10 side core layer with respect to the diameter (b) of the.
first side core layer of 1.3 to 1.7.
8. A wavelength division multiplex transmission
line comprised of
a 1.31 zero-dispersion single mode optical
157 fiber or a positive dispersion optical fiber having
characteristics similar to the characteristics of said
single mode optical fiber (SMF)} and
an optical fiber as set forth in claim 1
connected together to suppress dispersion of a
20 specific wavelength of the 1.5 um band to a low
dispersion.
9. A wavelength division multiplex transmission
line as set forth in claim 8, wherein said positive
dispersion optical fiber similar‘in characteristics to

25 said single mode optical fiber (SMF) includes a cutoff
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hifted optical’ fiber having a cutoff wavelength shifted

to the long wavelength side, a pure silica optical fiber
having a fluorine layer as a cladding layer, a fully
fluoride doped optical fiber, and an enlarged effective
5 core area type single mode optical fiber.
10. An optical fiber provided with

a center core and

a first side core formed at the outside of said
center core, wherein

10 an apparent refractive index difference of said
center core is 0.9 to 1.4%,

a constant o expressing a profile of a
distribution of refractive index of said center core is
1.0 to 5.0,

15 an apparent refractive index difference of said
first side core is -0.65 to -0.35%,

a diameter ratio (b/a) of a diameter (b) of
said first side core layer to a diameter (a) of said
center core is 1.6 to 2.4,

20 a dispersion value is -60 to -35 ps/nm/km and a
dispersion slope is -0.40 to -0.05 ps/nm’/km when a
wavelength of light propagated through said center core
is the 1.55 um band,

a transmission loss of 0 to 0.35 dB/km, a ratio

25 of loss to dispersion (figure of merit (FOM)) of 120 to
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the apparent refractive index difference of
said center core is 1.0 to 1.4% and

the bending loss at a diameter of 20 mm is 0 to
10 dB/m.

12. An optical fiber as set forth in claim 10,

wherein '

the apparent refractive index difference of
said center core is 1.15 to 1.4% and

the bending loss at a diameter of 20 mm is 0 to
5 dB/m.

13. &An optical fiber as set forth in claim 10,
wherein the wavelength of the 1.55 um band is a band of a
wavelength of 1.40 to 1.65 um.

14. BAn optical fiber as set forth in claim 10,
wherein a ratio of the dispersion slope to the dispersion
(dispersion/dispersion slope, DPS) of said optical fiber

is substantially equal or close to the DPS of a 1.31
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wherein

the transmission loss is not more than 0.30
dB/km when the wavelength of the light propagated through

S 15- said center core 1is 1.58 um and

the absolute value of the (transmission leoss at
the wavelength of light propagated through the center
core of 1.58 um) - (transmission loss at the wavelength
of light propagated through the center core of 1.55 um)

20 is not more than 0.01 dB/km.

18. An optical fiber as set forth in claim 10,
further having a second side core layer formed at the
outside of said first side core layer, having an apparent
refractive index difference of 0.05 to 0.35%, and having'

25 a diameter ratio (c¢/b) of the diameter (c) of the second
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10 connected together tc suppress dispersion of a
specific wavelength of the 1.5 um band to a low
dispersion.

20. A wavelength division multiplex transmission
line as set forth in claim 19, wherein said positive

15- dispersion optical fiber similar in characteristics to
said single mode optical fiber (SMF) includes a cutoff
shifted optical fiber having a cutoff wavelength shifted
to the long wavelength side, a pure silica optical fiber
having a fluorine layer as a cladding layer, a fully

20 fluoride doped optical fiber, and an enlarged effective

core area type single mode optical fiber.



