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I NVENTION 1. Field of the Invention The present invention relateggfjp

optical fiber, nore particularly relates to a reverse dispersion (optlcaﬁ)
fiber (RDF) f or realizing optimal 10 characteristics when connected wth a
singl e node optical fiber (SMF) to form & transmission line. Mre
specifically, the present invention relates to an optical fiber for

wavel ength division nmultiplex (WDM transm ssion and a wbDM transni ssi on

line 15 suitable for mhen connecting this optical flber and _an _SMF. 2.
‘Description of thBER HLR e DI L

transm ssion, there has been a stron denand for 20 reallzation of

br oadband conmmuni cations for Ion@Béﬂgﬂﬁﬁéégﬁpéﬁgﬁission of a |arge nunber
of different high frequency pul se signals over a single optical fiber
transm ssion line. Various severe requirenents are placed on such broadband

comuni cations such as a small 25 dispersion in addition to aﬂMMHWNﬂ“NMMMf
t he transm ssi on *aooool * REPLACEMENT SHEET ~ 8 SAY zooz - {

one nethod for satisfying this demand, the idea has been proposedefss
connecti bhg the SMFAQEE@ROUNDaOFyTHB UNVENTAOW wi th a di spersion-conpensation
optical fiber 5 (DCF) to satisfy these requirenents as a whole. Such a DCF
is not a conventibnal Bfelaodfl ehebOhvantkRbh used as a |line connected with
an SMF. Intensive studies are underway toward its practical use. A 1.31

zer o-di spersi on SMF havhagpgedefipelifvenitiGnokrelapasnibk anabpaivwadel engt h of
1.31 ,umis a line (optical fiber) extrenely superior in characteristics

such as the fiDPet| NRSLet Partialsarsyi 081h0EeS, taNd pekakisealdiepeFaddn
di spersion (PMD), but has a large positive dispersion value and positive

di spersion Sk&ﬁ@ical) fiber (RDF) for realizing optimal

10 characteristics when connected with a single mode optical
fiber (SMF) to form a transmission line.

More specifically, the present 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

MR
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.15 (ratio of change in dispersion with respect to change inR\ﬁg\L&WﬂNT@HEET
a wavel ength of the 1.55 ,ctmband, so wwth an SMF alone, it is difficult
to transmt an optical signal of a wavelength of the 1.55 E cm bapg 9 r2 a
| ong di stance without signal distortion. Accordingly, 20 realization of %
transm ssion has been difficult by an SMF al one. Therefore, dispersion
conpensation becones necessary. -~, Accofdrngly, 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 E.cm  REPLACEMENT SHEET 2
8 MAY 2002 -. 3 band when connected with an SMF whil e naking active use of
t he advant ag]e%s%f the characteristics of a 1.31 zero di spersion SMF. As
such a DCF, for exanple, a DCF which 5 conpensates for the positive

di spersi on possessed b§5a°‘1?3'19*i}é?‘3-€?§pég£?‘6ﬁysm BYieafemagdy n&hgppar ent
refractive index difference of the center core higher by at |east 2.0~ to
gai n a | ar geldrRY N3 9 LW pr¥PRAeHheh GGHHEEFénggbﬁ EME wREdah#cpRdieby
achieving an overall 10 high figure of nmerit (FOM that is, ratio of |oss
to di spersi otp (wptpbrrownyithnandisspensionsepmpensatkanpbprtigalFOiber about
200 ps/nm dB, when connected with the SMF, is being devel oped. Further, a
sl ope cofpendFonte ypetiEEy 1Bhesautreéguinementsoapeasahphg.for the

di spersion slope a.s being | ooked at closely for WDM transni ssion. Wth
such a sl ope conpensat$wehtypeCPBCEs conotral cohvantionhy DOF mENhleyt al so

t he di spersion sl ope beconmes inportant. The di spersion-conpensation
performance pieraR RepNESsdi g @& 1ind Z6hinedtsfcwsitRAnadVEMENd t he above
menti oned DCF can be easily understood if expressed by a conpensation rate
CR defined byhtdies{iwd | ovhdPes 0458 GndEPRRPNESHESA L8keprabtical use.

(Sl opeocF/ Sl opeg~) / (D spersionocF/ D spersionSM 25 ~) ] x 100

REPLACEMENT' SHEET 2 Op MAY32092ro-dispersiok liMFIhAQLAY 8 disSbenebs-

i ndi cates the dispersion slope of the DCF (ps/nn2/knm) , SlopesL, indicates

the 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
polarization 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 S\F, for exanple, a 1.31 zero 5 di SHePLAGRMENT SHEET
(ps/ nne/ km , DispersionpcF indicates the dispersion of the DCFzgpglngﬁgn
, and Di spersion9~,g, indicates the dispersion of the 1.31 zero-di 6 rg on
SMF (ps/nnmfkm) . When a conpensation rate CRin fornula 1 a.s 10 close to
100 ~, a broadband zero-di spersion becones possible. In other words, it
means that when the DPS of di spersion-Cofpénsation 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 sho the ratio_of_ the dispersion, slope to the
di sper si on, B3pg when ?%ﬂﬁ?gﬁ@fg%h/ avsﬁwswhﬁtfa ’Bﬁgg{’ﬂn’?."t&gﬁa &8e
Unexam ned Patent Publication (Kokai) 20 No. 8-136758 proposes an opti nal
design for sUehthenddvrakager. ofhehgpcharpctepéptirscrésadli- 3li&p&Rese
Unexam ned Patent Publication (Kokai) No. 8-136758 and ot her such optical
fibers, howsdespenaienuPMFo now been 25 nodul ar DCFs ai med at shortening
the I ength. The REPLACEMENT SH~~T 2 8 MAY 2002 - 5 effective core area
Aeff in general is a sheal$udB & RAR, oforesxamplie; ha BEPawbathrefracti ve
index difference is high. Therefore, a non-linear phenonmenon easily occurs.
Furt her, 5t hecamperssates hEot r tihenpesibaveéodisperiBnopoSseaskhdabyoaul ar
di spersi on-conpensati on optical fiber (DCF) is large . Accordingly, the
nodul ar DCF kugh msrdct+dispsedion SMpabgseailagngnthedappheehtPubl i cation
(Kokai) No. 8 136758 is not suited for connection wwth a SMF, for 10
exanpl e, a Ire¥lrZetiveli Spdesi ADEfHdrenéorofeghezbagtebec¥bll highet g on
aimed at by the present invention. Recently, as a new approach, ECOC 97,
vol . 1, p. 11,14 9p0se0%t b8 gRiN04 Dhr§enpegseiiagalepedsspar when by
connecting an RDF having a reverse 15 di spersion characteristic to the SM.

The di sper si Qfhdid £&d Ol i e Ch@NsiPFan80¥RY BEby | 8cRDEYiAGOHNh olark@1- 30
ps/ nm km When connecting with an SM-, it is assuned that the ratio of

lengt hs; of gy R¥ hSr{BderélOULtndt11L0 £QRSLT YEL 1EQ%MHZ:E”9- Even 20

if an RDF having such a dispersion value is cohnected to an , however,

}:;[‘)I‘i E:{/Tﬁr”acﬁc QLB atg %&PE:LQHE?Q%SMMSEBLOEoSSS‘5“,“ £8¢ 8gUhgyed- An
g a di'spersion val'ue conpensati ng
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 loocked 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 (%)
= [(Slopey/Slopeys) / (Dispersion,,./Dispersiong,

25 4)]1 x 100



for the positive dispersion value of the SMF is being 25 IgoiﬂlﬁA%FNﬁME&b‘EET
but up until now there have been no  REPLACEMENT SH~~1" ~ 8 MAY MX02002 6
good reports on the optinmal characteristics and optiml design, including

t he di spersion val ue, dispersion slope, non-linearity, transm ssion | oss,
and PMD satisfying such a requirenent. 5 According to research by the
present inventor, with such an RDF, sinc® the RDF occupi es about hal f of
the line, arelatively large power is propagated through the RDF over a

| ong distance and as a result the problemof non-linearity arises. 10 Wen
connecting an SMF and an RDF, a | ower absolute value of dispersion of the
RDF enabl es the length of the | ow non-linear SMF to be nade'léﬁber and
enables the ratio of the length of the SMF to the RDF (length ratio) to be
made | arger, so there I% ‘E'q’l’émllsaa’dva%%‘a@%muslwaa’é‘f%rﬂﬁi‘glﬁhakfs%ﬁ’é t ot al
non-linearity of the line can be reduced. Therefore, an attenpt was nade to
construct a Skgre BE chmREF nfpafnmifkmal Sidreashindigatedi &9 si on val ue
of less than the |large dispersion value, for 20 exanple, -60 ps/nmkm of a
convent i onaldiBgreng 1dn sl @ oHuthe sSMR pl Edoneexampie, drdbBingeremined in
respect to the transm ssion |oss and PMD. For exanple, a conventional DCF
has a transmisgpenrsiwssSMR (he/in%%km)ym Desgearmjidn hadadifcatese 2 t han 0. 4
dB/km and a PMD of nore than 0.2 ps/.,~km REPLACEMENT SHEET 2 8 MAY 2002
Further, it dizsdersidheficilestDCE gbs/mn/lease andibespeganongi.stortion due
to the accunmul ate di spersion. Use of such a conventional DCF as an optical
fiber (line}iddilcoosetié i sphdiisbon SHE tise di [ 81 Crbtofd0B8pEraiprasmEcal
perspective. SUMVARY OF THE | NVENTI ON An object of the present invention is
to provide apdFAmAat) sfying various characteristics and able to exhibit
good performance when used connected with an SMF, 10 for exanple, a 1.31
zero-di spersion SMr. Apided QhthselsLEidNerPESSERTih WERMLPA 1Si50 provide
an optical fiber transm ssion line able to realize WDM transni ssion

br oadb i tqr 1 SSi LPg; r exanple, a
2L S or A S 00 L S g Mo ONMEGL 0 Son

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
"dispersion 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



The present inventor proposes a new type of RDF having a dREMACEMBENT SHEET
of -60 to -35 ps/nmkm and a di spersion slope of -0.10 ps/nn2/ in the

1.55 /, cm wavel ength band of the |ight used for the transnissi dh® MYallag
the optical fiber. The present inventor selected -60 to -35 ps/nmkm as the
di spersion val ue advantageous in terns of non linearity and | oss and found
the optimal design of the RDF for the 3afe” As a result, he found that by
using an 25 optical fiber having a profile of the apparent refractive
REPLACEMENT SHEET 2 8 MAY 2002 _ g _ index difference of the center core of
1.2 to 1.4~, :éﬁconstant a expressing the groflle of the r rgctlye i ndex

di stributi olPTFeTFEVR TRES 2872 BPEH nigeneral ahs appIPant L8 FRctP%e i ndex
difference of the side core of 5 -0.60 to -0.35k and_a ratio of the

di ameter b dfetheand dehe ARPREER herof sRgtLye alnfdexndiEERrerc@oi8 (di aneter
rati o) of 1 6 to 2.4, an RDF having a low |loss of a transm ssion | oss of

| ess than 0.1imhie/Thereforsy M meR-1iaear Hahenonsnes/ easkhy aREUES|ow
bendi ng 1 oss 10 characteristic of a loss of less than 5 dB/mat a curvature
of 20 mtp hidthdrwyithe annlie cof | Ve coransmissienflogsnorePMRanf19 |, unp
could be realized. Further, he learned that in a structure adding a second
side cor®e | ayagh t ndrulan sitdsperfsiom-compensabien ddtibalefiberi ve core
area Aeff can be increased to nore than 23 E.cn2 by optim zing the apparent
refractive (D) did flamsnee of the center core, first side core |ayer, and
second side core layer, the diameter ratio of the side cores, etc. 20 The
"ef fective core area Asdddrdimgby| hehefedhlye Depi eachfaprapagabsed of the
LPal nmode and is defined by the following fornmula 2 when expressing the

electric fialfl G4gdrndss ivetdnined opitent PUBEicAYi&Nr Y KbVAEY eNb .| Bdi cat es
a position in the radial direction of the 25 optical fiber) . REPLACENMENT

SHE~r 2 8 MABEHE is that %Jmie@(faazré&l&lcéf&ﬁ with-a- §Mr, f£Ekr)4rdr a
According to a first aspect of the present invention, there is provi ded an
Opt|Ca|(f'bgkéﬁﬁié¥3é11_31 zero—-dispersion SMF, for realizing the
WDM transmission aimed at by the present invention.
Recently, as a new approach, ECOC’ 97, vol. 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,
is only about =15 to -30 ps/nm/km. When connecting with
an SMF, it 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 looked at closely, but up until now there have been no



center core and a first side core formed at the outside 5 ﬁE'?%CEMﬁMT SHEET
core and having an apparent refractive index difference of the ggq%ﬁrzﬁﬂre
of 1.15 to 1.40k a constant a expressing the profile of the refractive

i ndex distribution of the center core of 1.0 to 5.0, an apparent refractive
i ndex difference of the first side 10 core of -0.60 to -0.35k a dianeter
ratio (b/a) of the dianeter b of the fir8t-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/nn2/ km when t he wavel engt h of
the Iight propagated 15 through the cepter core is the 1.53 ~.cm band, a
transm ssi oif VL FROBET PB. B 2 kiPavh TR 2 FRCTRELF ERGEN2BE PREIPRGNL
propagated through the center core_is the 1.55 ftmband, a ratio_of the

| 0ss to the dAKiE si Y EtvYg thardizperriprsrbret cdiFPers1on £4°B80
ps/nm dB, 20 a PVMD of O to 0.15 ps/,rkm an effective core area Aeff of 19
to 50 , un®, nEntlingarh by, | beansnissenntees , odn@ PR, satdsfPiBgderab
REPLACEMENT SHEET 2 8 MAY 2002 - 10 According to a second aspect of the
present inventdexmindmereti s provided an optical fiber having a center core
and a first side core forned at the outside of the center core and having
an appar®nt refracti veAdcordliaxg dté f eesemecihfby hetheeptesentr énvénboe®,t o
1.4~, a constant a expressing the profile of the refractive index

di stri buti owicdh tdeclc edri ERDEOr €inde 1tide tRDB. dccapiappabeunt helfaofi ve i ndex
difference of the first side core of -0.65 to -0.35k a dianeter ratio (b/a)
of the 10 ditnweetiind, of idbativsly sidlegeopewed iseptopagheedathtotigh center
core of 1.6 to 2.4, a dispersion value of -60 to -35 ps/nm km and a

di spersi on YHPREF oA a tTond . &bs A EGLAKI aben £88uYBVEhENgEBLLEmt he

| i ght propagated through the center core is the 1.55 E.tm band, a 15

transm ssi onRd Qsn-Of i fbd @i €y 32r f8h&m when the wavel ength of the |ight
propagat ed t hrough the cent'er core is the 1.55 E,cmband, a ratio of the

| oss tgldhe di sper si Ol EOodAGEtiSg L SBRF ShLRE/ LRSRDF Of 2 128wb8 500
ps/nm dB, a PMD of O to 0.15 ps/,/-km an effective core area Aeff of 19 20

ool enpt nE PR SID LOSE Bho S8 0nd a0 FSLAD L0200 Tre
;um  Accor ding hh S N ASPeSnofs DS PLGSCD) B8 LOYENILRDes" Rke 1S
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.



REPLACEMENT SHEET 2 8 MAY 2002 - 11 layer forned at the o I
first side core |layer and having an apparent refractive in(L:I%§PgiATcT%MEN§.eS&EET
0.05 to 0.35 and a dianmeter ratio (c/b) of the dianeter c to theddiMiNet8i2 b

of the first side core of 1.3 to 1.7. 5 According to a fourth aspect of the
present invention, there is provided a WDM transm ssion |ine characterized

by connecting a |.31 zero-di spersion SVF7r a positive dispersion optical

fi ber having characteristics resenbling the characteristics of the SMF 10

and an optical fiber of the above first to third aspects to suppress the

di spersion of, a ecific_wayel ength of the 1.5 ~.cmband tg a | ow
di spersi on. BRF EgﬁESé:ﬁl BRE rﬁz%%‘ﬁEdmftN@ PR HREEEASTI 18 H1® obj ect s

and features of the present invention will becone clearer fromthe

fol | owi ng deStFPPLi BaSEPF&A R NS &retbfc @ocymue ter Cd@med dodvi ngs, in
which: FIGS. | A and 1B are views illustrating an RDF having 20 a Wshaped
refractive index profiPeeasfaspchsg eopyenvdenadf DQFe aspanc aiptiiaadr of the
present invention, where FIG 1A is a sectional view of an RDF of the first
enbodi ment afdberG(liBe) s faryiconnelctions atiithg aph SMFefisacififd duidexqamf i | e
of the RDF illustrated in FIG 1A; 25 FIG 2 is a graph of the results of

i nvestigati oa pfactRERLAPENENECSHFET 2 8 MAY 2002 - 12 the apparent
refractive index difference of the center core, the dispersion-conpensation
rate with respect SUBMARYSPHF, THRd INNENTITANsn ssion | oss; FIGS. 3A and 3B are
views illustrating an RDF having 5 a (Wshaped + side core) refractive

i ndex profile as Ansebgedtesiiotthaepiresbnthé@nfehitish fiisbao @irdvirRigrasent
invention, where FIG 3Ais a sectional view of an RDF of the second

enbodi ment okpthgapissgihgi RueAbuen chlgdabteridBiics and awld lwstrating the
refractive index 10 distribution of the RDF illustrated in FIG 3A; FIG 4A

illustrates axhesie §8BHI pHkgbrRABneaMhenctsel 2Bnaletald wRldh Gennregied in
a 1:1 relationship, while FIG 4B is a view of the configuration when a

pluralify of eypi bxhinpes, 0L 1h81SYE-80d 1BPE libUSki@i ed in FIG 4A 15 are
connected; and FIG is a graph illustrating the wavel ength | oss

characteristic ofAancRRE 8h3aBteBROULEPRL8bkNEnREEIRL 42V i on.

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 DESCRI PTI ON OF THE PREFERRED EMBODI MENTS Embodi ments of (REPLACEMENT SHEET
fiber of the present invention will be described next with reference to the
attached drawings FIG 1 to FIG 5. First Enbodinment 25 FIG 1Agzigsy&y 2002
sectional view of an RDF of the present REPI . ACEMFNT S~ 2 8 ~aY 2~z -13
invention, while FIG 1B is a viewillustrating the refractive index
distribution of the RDF illustrated in-FBG- | AL The RDF 1 of the first
enbodi ment of the present 5 invention is an optical fiber suitable for
constructing a transm ssion |line by connecting with an SMF in the case of
wDM transmi ssign. The RDF 1 illustrated in FIG | A has a center core 11, a
side core | ayRfe¥ofiifrEeBre o5 theneanirEuRdTenet1d -2ake, 1afd :a x| addi ng

| ayer 13 formed around the side core layer 12. As illustrated in FIG 1B,
the center ceP@stankad arPappsieat thef Paefide Phdé&hedirrfapstddeviindame
side core layer ? 2 has an apparent refractive index difference 1~2, 15 and
the refracti %StﬁébutépgtbeGEPOﬁGP§GMI§naple The probi-Pe @n she
refractive index distribution (or apparent refractive index difference

di stributi orappireht refirartiveecintersdififamebyet b pheasdter carellnE
paranmeter a is defined by the followwng formula 20 3: ?2.r , r,, n~,r ,., r
~ .l=nc(b_~,~0Q.66std;40a36%,, ahd a; ratio dfr the RERMAEBNWENT oSHERE ~ ~ MAY
2002 - 14 The dianeter of the center core 11 is designated as 2a, while

t he di anet ersbiletbersi de eheedliaperetr?ai sfdehegprahtdragozle. (Hiameridro b/ a
of the dianmeter of the center core 11 and the dianeter of the side core 12

is 5 called theid) asEt B[ 67 8bi 2. 4Asahl ROt hatedgi B Eb®WSlolsA axdalB, the RDF
having the side core 12 around the center core 11 and havi ng the apparent

refractive ipgexsdiééesRNLEs60bEr 2EEBCERYA DNAEXHBPKAS | he 1bas etolost he
Wshape is sinple in 10 structure while having a high

di spersi on- cCOOPENERAAH0D , PSTHRY IR E. af@ daBotk NBeRGYAG! PgEsOf being
relatively easy to manufacture. The present inventor found the optinmum

COHditi?@S characteristic of a loss of less than 5 dB/m at a

curvature of 20 mm¢ while having an effective core area
Aeff of more than 19 um? could be realized.

Further, he learned that in a structure adding a
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 electric
field distribution in the optical fiber by E(r) (where r
indicates a position in the radial direction of the

25 optical fiber).



for an RDF when connecting this RDF to an SMF, for 15 exanBEg,LA@EMENT SHEET
zero-di spersi on SMF havi ng zero di spersi on when propagating light of a
wavel ength of 1.31 /.gymfor use in WDMtransm ssion etc. The o BiMAYT2002
conditions are given below. The dinensions of the optical fiber are shown
in the 20 follow ng Table 1: Table 1 Di sBersi on (Ps/nm km S| ope

(Ps/ nn2/ 1~) Aeff (/~nR)DPS (nm) Ac (~)BendPng | oss

(~/ m SMF16. 50. 0607526012501. 0 25 REPLACEMENT SHEET 2 $ MAY 2002 - 15
Basic Conditions (1) The absol ute value of the dispersion of the RDF should
be nade as |arge as possible. The reasdn is that if the absolute value of
the dispersion is large, it is 5 posdilpE@)¥éldufficiently conpensate for
the di spersion when connected w fhxan 8MF. I n pa(ELi cul ar, connection with a
| arge positive di spersion SM- bectnes possi bl e, *Furt her, as expl ai ned
above, there are various advantages if[f{@grs@bsol ute dispersion value is
large. 10 (2) The ratio of the dispersjon slope to the dispersion, an

i ndi cator of the conpensation rate (dispersion/dispersion slope, DPS)
shoul d be good. t+othe i eLab 2 00 nm or about
the same as the g%csé%%&{alggl\ﬂ? IQffgg%mﬁgﬁéggn%gc%rﬁgggﬁggga 15 and RDF,

t he conpensat i b S ¢l 0 e I ensation
rate a.s obfl a%‘gée%é.ﬂ%!g) %gg%f%gcg?‘\g;‘éiggéeggrégt%gg? %E%%Pdggggggr %er t han
the effective core area Aeff_of.a_conventional _DCF. .For ampl e, .the DCF of
the ROF1s aroTeae, 588 cafiton “FhBs B0 SEr: S8To, RETBRE BtelPPnCHERIFSS [n ¢ he
past was_I| ess_than 19 was notagrefergbl e_in \éi.ew of the non

E.cmz but thjs
linearity. Notet fate? %rnﬁ?Fﬁuﬁ?éa*’ﬁ‘élﬁg PRe2BPPEEE vEeESFg aréa Aeff is
D St he SME CRA (OHESTRHCS PEPERCCRENTOSHERTO008 tnSobpol- 108, %" A"

constant o 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

10 core of -0.60 to -0.35%, a diameter ratio (b/a) of the
diaﬁeter 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 O to 0.15 ps/Y km, an effective core area Aeff
of 19 to 50 um?, and a bending loss at a diameter of 20

mm of 0 to 5 dB/m.



- 16 with. In the present enbodinment, the effective core RERLASEMENT: SHEET
1.31 zero-dispersion SMF is 50 to 190 fcnR. The effective core qgga Qﬁéﬁzis
preferably large, but if it is attenpted to nake it larger than MAY !
the 5 bending | oss beconmes nuch greater. Therefore, the effective core area
Aeff is preferably a value in this range, Fromthe above conditions (1) and
(2), the value of the dispersion of the ¥brin the 1.55 ,um band was made
10 less than -35 ps/nm km and the val ue of the dispersion slope was nade

| ess than -0.10 ps/nne/km The range of the dispersion value was -35 to -60
ps/ nm km The range ofdthe gisgersion sloge gas -g 30 to -0.,10 15
ps/nme/km I n t he"cEREILPIs §Rn2a38FSPEr 8PBRCYaPHe TRRIPERSSRESi on s! ope

val ue, when connecting with the SMF, .the conpensation rate_shown in formula
1 can be maiHREPREYOR; ghhess FRcPEBMpERdapPORPELCBLaTiPEre@Valgy 3a. n a
range of about 100 to 85~. In general, a.n a Wshape based profile, if the
appar ent ref?eREPTeCPRBcRNEi Bf ELEREeSPAeoFOrReLRERLE adotbel PUtsigede

| arge, the absolute value of the 25 dispersion can be nmade | arge.
REPLACEVENT SHEETe 2centpy 2082 and7havhngefdr appekengr sséxacitdvent or

determ ned the apparent refractive index difference D1 of the center core
to be at5| eabnddx 14iffiepedee 06 ther eapderheonespér 9i.8nthr dndttha@ of the
RDF di sclosed in ECOC 97, 5 vol. 1, p. 127 where the apparent refractive

i ndex differeomet@itok eékpresaisg tbeepitéfiiedefcthbedediszasitovie intlex Not e
that to conpletely elimnate the effect of the bending | oss, the apparent
refractive idilekribdtborncf bPhei septetrectabbyoffadelatol 8a9t, &n20. 10 It was
confirmed that as a result of the design, an RDF having a di spersion val ue

of not nore ipwarent Pefpatkiveasnabikadi€Ber¥ics blfetapp@ELiest kaldeactive
i ndex difference D1 of the center core 1 is less than 1.15k if trying to

meke 15 the gbspessi 0f, 6§Seot DAN3ERD RASANEMKRLri kavas (BRENEd £t hdk the
bendi ng | oss or the dispersion-conpensation rate becones worse. In this

sense, ié fa&§éﬂ@téPEQaBEaEﬁQtfiEEEaEEhgecore 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/y km, an effective core area Aeff of 19
20 to 50 um®?, and a bending loss at a diameter of 20 mm of 0
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



index difference OL of the center core 11, a good (Il arge ZOREEMQEME\MI. L%)’EET

di spersi on characteristic can be obtained, but if the apparent 7g{jagcigye

i ndex difference D1 is raised, the denmerit of the transmission 10ss and the
PMD increasing is encountered. If the apparent refractive index difference
Ol is made | arger, increasing 25 the co ensatlon rate also tends to becone
nor e REPLACEMENT SHEET 2 8 MAY 2002 - “difficult. This relationship
was anal yzed. The results are shown in FIG. 2. FIG 2 is a graph of the
results of investigation of 5 the dispersion conpensation rate and the
transn155|on | 0SS th respe to par.en f.ra tlv i ndex erence
DL of the ceht¥F® c%%ﬁmﬁf 3ﬁd%§ﬁ g ?ﬁetbgsgﬁfg ﬁecFﬁfegfﬁﬁﬁilon

t he paraneters other than the Wshape roflle wer.e flxeg 10 In EIG 2, the
curve CV-A ST TREREnaRgEPPAERE geggepgﬁxﬁ SBfEndAEroeraee ot ¢ 1 he
curve CVL shows_the change in the transm ssion |o0ss. wi || be understood
fromthe grd%h°$IF%s?r§§gdaPﬁ g| giapeter Fﬁ&lapéﬁféht°feFP3cFF@@qtﬁﬁbx

difference D1 of 15 the center core 11 is raised, the

di sper si on- c@r¥Rnthe| dharaterihl p§ she E£hestr ahdsi serenofods 3 ker dades.
Therefore, it was learned that it is not possible to increase the apparent
refracti¥e i ndex A¢¢srdingetplaofonnthcampertcofethe pmesrditt i onal ly. 20
From t he above viewpoint, the suitable range of the apparent refractive

i ndex differiomcentilonasthede ihepregidaedwhcWBMt heahsmassiosi dankeoss
gradually rises and where a high conpensation rate can be naintained to a
certai n ext erigradedrisedanyappaneatingf aatt Blezerderdisdpedisibar sMre ol of
the center core 11 of 1.15 to 1.40. REPLACEMENT SHEET 2 8 MAY 2002 - 19
The conpensad ipssiaiee adispessibitopscalefibéronuklifig 2, is a high one of
about 100 to 97~. By doing this, it is possible to expect the value of the

PIE, which ichgff£etéyisepesdeatebBliig 8RRAERArabteel sREELVOEI RUGX SMF
difference D1 of the center core 11, to be held to a snmall val ue of for

exanpl e1p essadddadn Copibsl £ik8r 68 €RE &xa8¥B! eirkBeteh@nged Bspects
characteristics was

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 sectional view of an RDF 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



i nvestigated when setting the apparent refractive index 10 dif

the center core 11 as 1.30 and neki ng the constant a expre@%ﬁ%@gﬁﬁﬁgET
of the refractive index distribution of the center core 11, t he? r
refractive index difference D2 of the side core layer 12, the ratio of the
di anmeter 2a of the center core 11 and 15 the dianeter 2b of the side core
| ayer 12, and the dianeter ratio b/a vari%abl es. The results are shown in
Tabl e 2. REPLACEMENT SHEET 2 8 MAY 2002 - 20 Table 2. Results of

Si nul ati on When Changi ng b/a b/ abi spersion (ps/nm knm) Sl ope (ps/ nnmR2/ km DPS
(nm Aef f (~m%_2ac . ) ,

(nm 1. 70- 44. 919 RIS 59883crEva3indexdififesenseosf. he4¢eB8L8r10938520.
87971. 85-40. 6-0. 11934020. 38021. 90- 37. 3-0. 11 532519. 78071. 95- 34. 2- 0. 09834819.
08132. 00- 30.%2%° 0773y 7dBSRePBLan=compengptionrapg whthapparecshéfs 2an
exanmpl e of the change in characteristics such as the dispersion, the

di spersi on si*¥pe, 2nfetippstrapemissieni ¥@seore area Aeff, the cutoff

wavel ength hc, etc. with respect to the diameter ratio 15 b/a of the

di aneter b of thefE¢%le 3drand23Boaracvilewaeibiuatsating aanRBF bavdngl when
ais made 2.0 and the apparent refractive index difference D2 of the side
core | ayer B (W simajeed (Ot 59idgheodeéhneefractivaeindakeprofidel dswas
adjusted to 20 give a constant value for the bending | oss. As clear from

t he resul t s scdmbl emi2odimenticofli thet eptiasl of bbarbetotke pkesento 1. 70,

t he di spersion sl ope beconmes nore than -0.10 ps/nnR2/km and the DPS becones
mor e than 4Gthventien pesivaes FEE. f BANLshe ERStO6nad vhewSHE. ahhrpef eFe, it
becones difficult to nmake the REPLACEMENT SHEET 2 $ MAY 2002 - 21
conpensat i ortHatseddhdi gfissd et | b£ bendngeesénedihventionniha fraend
practical realization beconmes difficult. If the dianeter ratio b/a becones

close to 2. i e SO B1DAs£ AL €iNGCORESraPPREL138 Pajapi km and the 5
absol ute val ue of the dispersion rate becones |l ess than the targeted 35

ps/nm kg FYiefibd ol dLCthy erEPr £1 Ph SR A0EH 8hSP1ES gasmal | one of less
than 19 ~,cnz . If the dianmeter ratio b/a becones larger in this way, it is

learned that prolyfis g1 SE1LQeFLB06CL £Qs186cGhEPGhEL000on comprised

of an SMF and RDF connected in a l1l:1 relationship, while
FIG. 4B is 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



10 val ue and conpensation rate and ot her dispersion characteristics and in
respect to the effective core area Aeff . Fromthe above consi deREﬁLg@E'E

is learned that in this range of profile, the dianeter ratio (b/a) is f@ NT St
15 suitably one of 1.80 to 1.90. This nmethod was used for optimzatio ‘““Ymo
various paraneters. Further, this optimzation was perfornmed while changing 2
the apparent refractive index difference D1 of the center core 11. 20 As a
result, it was |earned that when the apparént refractive index difference

D1 of the center core 11 is 1.15 to 1.45, preferably D1 is 1.2 to 1.45, a

is 1.0 to 5.0, the apparent refractive index difference Q2 of the side core

| ayer 12 is -0. qgvggt.-o.%k and the dianeter 25 ratio b/a is in the range

of 1.6 to 2.4, it is pdssiBhele REPLAGEMENT SHEET 2 g MAY 2002 - 22 to
realize an RDF p@y&p a hi gh conpensati on* T ate, viaw eﬁﬁ@g%gye .core area Aeff

of nore than 19 ~ c%sﬁtf@ciﬁhiﬂleal Byst.Ong . n the range of 1 6186 <ree) |

and a | ow bendipﬂglq s characteristic wth afditla@eRskogllﬂgs-GO 5to -35

ps/nm km and a DPS in"the range of 200 to 400 nm Furt her, 'i3kee tihe desi gn
was performed setti the bending loss at 20 mmtp to a small 3 dB/m it is
possi ble to express aesﬁﬁﬁr és sione f fltpsti ncrease in the transm ssion | oss

at the longSwavglgngth side. 10 Wien a i's | Ebedihan: 1,0, «gyen if other
paraneters are optin zedS ?heommungiﬂjé)ss becones nore thanP3%#Bim Wien a
is made more tbam&,;Q.  the DPS becones noréithbbe 400 ny,apd the

conpensation rate fal Féc.’nli‘lftﬂwmapj@lrnggt. refractive index dffféicence D2 a.s

15 made | ess tdmmpy0, 60k the bending ' 0s8"9 nérdases, swhijl e i.f the apparent

refractive index differEfitésbeni s made nore than -0. 35K theth(?or‘?ﬁéﬁsati on
rate falls. Wen the diameter ratio b/a is less than 1.6, the absolute
val ue of the dispersion” betohbsiseeecd han %%20 ps/nnm km and the effective

core area Aefflpegoges nore than 22 ,ung, tlﬁeh@lesab@ggggs 600 nmor far
a

fromthe DPS of the SMF @@ tlheecom@)e@a%; on rate ends up 115996 On the
other han when,mayg than 2.0, the abso uté ' vaRudoehed he.gj.sper si on

beconmes | ess than 35 ps/c ARIwhedy i3S %é %nsuffi cient, the DPSSbecones
more than 400layey the  REPLACEMENT SHEET 2'S% MAYu2002hre 23e ..

Center core 1; ® distribution) of

is sh
OWn by the Parametep o

p L 1 Y H f.} OWlIlg r J:Hllll



effective core area Aeff becones less than 19 ,une, and the ﬁ’&ﬂsﬁs@EmENT SHEET
condi tions can no | onger be sinultaneously satisfied. Therefore, 2?%
optimal value of the dianmeter ratio b/a is preferably in a range o YL 1V
1.8 to 1.9. 5 Note that as the all owable range, the dianeter ratio b/a my
be nmade 1.6 to 2.4 or a range broader by about 25~ fromthe above opti nal
val ue. Second Enbodi nent As expl ai ned-aBBdve, according to the first 10
enbodi ment, by optim zing the Wshaped profile, it is possible to realize
an RDF with an effective core area Aeff increased to nore than 19 /,~n?
fromthe conventional DCF by optim zing the Wshaped profile. However, even
if the dianeter e slismeter 10fthe Irenterceene thris Aewsiamatedapdut 22
~nz at the largest. A larger effective core area Aeff is desired. A second
enbodi ment 2@, mdullieithe diameker «3f cthe veidereoxe chayeffliis be
explained with reference to FIGS. 3A and 3B. 20 The optical fiber |IA

i | lustrat eddesigratsh dmha. SHwmxhsicc toref | dyerdiamadeedobetheen t he
side core layer 12 and the cladding layer 13 illustrated in FIG 1A Bel ow,
t he side corcentarercde il larhe ted | dichnidiser fof Sthei sicde otere ay2rid2”. The
center core 11 of the 25 optical fiber 1A is substantially the sane as the
center 5 RERAGEENheSHERIme:er MRELH02 - 24 core 11 illustrated in FIG
1A. FIG 3B shows the refractive index profile. The profile of the

refractive index xgf fticpptdead fd bercdA hecanesi®, (Msi ®isr craeinghaped
profile by the addition of 5 the second side core |ayer 14. The increase of

the effecti yg LA &I T Dloddle O | Sheds b@érépli"’aénétﬂﬂrfﬂgbi};ﬁé

present inventor studied increasing the effective core area Aeff

optim zi ng ta% U %éﬂbﬁvéqwﬁ@iﬁéd%%f i&‘? A ArpLer,of the center

core 11 was the apparent refractive In erence of the center core

11 was O1, t; 'a‘rgg;_t . Pﬁ I [Steqs] de laver. yas, 2b, the

appar ent re%‘?’glgtq%)v |°§E elgétf; ec{r eénéet}g% q'Fhe ¥I|?er sfys%ld%&éorenl ayer 12 was

D2, th 5 di,anet.er. of .t.he second side gore. | r. 14 2 t he
R R o e

apparen 1've 1 ndex r econ ore r 14 was
D3. Basically, he investigated the change in the characteristics when
addi ng t he ¥&FHTIEE ¢ }}aaﬁ/e'{}‘?oa S99 SRR ’f?‘fga%‘é?l ed profile

optim zed in the above way. The results of a sinulation of the change in
the charact &35%t it MM HAFPHKA ti on of the second side core

The present inventor found the optimum conditions
for an RDF when connecting this RDF to an SMF, for
15 example, a 1.31 zero-dispexrsion 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)

SMF 16.5 0.060 75 260 1250 | 1.0

25



| ayer 14 when maki ng the apparent refractive index 25 di ffﬁ%:n’e@CEMEfﬂTtSHEET
center core 11 1.2 y5, a 2.0, the REPLACEMENT SHEET 2 a MAY Z?QZ -
apparent refractive index difference D2 of the first side core Y ﬂmz
-0.50k aid the first dianmeter ratio a:b = 0.5:1.0 (b/a = 2.0) are shomn in
Table 3. Table 3. Results of Sinulation Wwen Changing Side 5 Core payer D3
(~) ¢/ bDi spersion (Ps/nm km Sl ope (Ps/ m&%m DPS (~) Aef f

(N-nm2) he00- 30.1-0.07138020. 58130. 151. 50- 43. 0- 0. 148299822. 512560. 20-47. 1-0.1
4434823. 013910. 25-49. 6-0. 13536823 6151 60. 30-53. 3-0. 14239724. 116290. 1 51. 40- 4
0. 6-0.1422B622. 011720. 2 3 0. 13133922. 81 2310. 25-47. 4-0. 13236023. 213900. 3
0-51. 6- 0. 13338822532 °’3 1t36146. 3- 0. 15230523. 014260. 20- 50. 4- 0. 14235523. 4
15480. 25-52. 2- 0. 14037223. 916100. 30- 55, 1- 0. 13540924. 41 6690. 151. 30- 37. 4- 0. 13B
27121 . 61 0970. 20- 361 b- (The33bagdube juapuesofstheodispsssssn e5osbe3FlX9. 6- 0.
13038223. 414760. 151 . 70-51. 4- 0. 16032123. 615150. 20-53. 6- 0. | 5035723. 816390. 25-
56. 8- 0. | 46359m 1 7oeonade sas )largae3as 3passibye . ABhe| sapsPRoAst KBatesul t s
of Table 3, by the addition of the second side core |ayer 14, good 25

char act eri stiftstize calobo b hedvahuecofictheé dhepebsdbut &s 1REREhCENENS Sf ~EE |
z s MAY 2002 - 26 value of the dispersion, the DPS (in other words, the
conpensa%i orpostidle abd shEfeéientliyecompenaate Aekf théhdiisperstiba absol ute
val ue of the dispersion value illustrated in Table 3 is 35 ps/nnikm or

| ar ger than vhen Scalnsedtiéd whtheanf sMile Hhspearsionluzl ueonhkuostibat ed in
Table 2, the DPSis in the range of about 300 to 400 nm and the effective
core area AetitH Sailafde posgeivé dspersddoh, SHR. béBoRak!t peekablel.he
effective core area Aeff of the second enbodinent is |larger than the

effective cangrtifer! eds ABkb12{nbAcabble! enbedi gpat vhkhuakr abiodnitaghabl e 2.
Si nce the bending [oss is not constant, it is possi ble to keep the bendlng

| oss smal | |ffegﬁ%rgbgg@hgésggdﬁégglggnpgﬂﬁgtignlgggghe effective core area
Aeff. If however the second side core layer 14 is nade too 15 large (if the

val ue ofythe secoag dlfggtggtigt??e?éﬁc %gggglgﬁrggg ar gh@ge gagni t ude of

t he apparent refractlve I ndex di e set core |ayer

14 i Mmde |80l feen L NEy %a%afcs £OUENEHo A ogsggggé%ﬁergﬁﬁgnd the

conpensation r 0 connéc becones
progressi vel t of producj esi this way,

the second s{HPE %lfsel?fa@saaral%nafaﬂeeff?ﬁgzi ShoRia BE 480, Rs “of over 23
,unm2 whil e mai ntaini t he ot her g r' Bics t he ran e of t

current profid®dst 241¢ R 19 BESDHH i é aﬁ°aﬁ§8r8ﬁt°Fe 8BE & eindex

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-
linearity.
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



REPLACEMENT SHEET 2 8 MAY 200 - 27 difference O3 of 0.05 S&Q@P éb s

|l arge) to 0.35 (when c/b is small) and a second di aneter ratt Qﬁ WﬁﬂVE.SHEET
to 1.7 referring to the results illustrated in Table 3. Third Engﬁgénent 5
Optimization was attenpted for an optical fiber suitable for the MO R002f
use of the optical fiber of the present invention. Recently, it has been
proved that an optical fiber can be put i practical use even if the
bending loss is 10 sonmewhat |arge by optim zation of the cabling process of
the optical fiber. In particular, when using only the G Band, even if the
bending | oss of the optical fiber is npde sonewhat |arge, it is sonetines
preferabl e tH-&tr ey the REesenhsapRedyRerbssthe Efpctiveqgore area

di spersi on-conpensation rate and make the apparent refractive ingex

di fference BEGF thethent efl cBpEC19isRRFPioR nSMF sidedRoke 1YBe#Bptica
fiber, it is possible to suppress the bending |oss even_ if making the
apparent refTheteSfechieg @PFe creer Refif of s 2Prefierabhyetatgre Putsafl | . | f
the apparent refractive index difference Ol of the center core 11 is nade

| ess than 0.i%- ishovktemptedectdamkagit obarger oblean nbf eumharti®® dB/ m or out
of the usable range of an optical fiber. Therefore, it was 25 | earned that
t he appa¥ entbearsiirartioss ibeleomals frhieckngeedier . RERAASEMERT ShEET 2 8 MAY
2p02 - 28 of the center core 11 should be nore than 0.9~. Further, to
satisfy the effubtive dra oeedli RGEE 0bS pifefesabliian $81d8/ imwthhsa bendi ng
di aneter of 20 mmtp generally used as an indicator of cabling of an optical
5 fiber, it »sfifgd earned that the apparent refractive index difference D1 of
the center core 11 should be nore than 1.0~. In this way, it was |earned

that the apparentps&f raed i sSovddeandi £ismence) Din@f (2o epat eaigaresll 10
shoul d be suitably selected to neet with the conditions of the band of the

signal used @l 4N &P s Pl thdrROPIIfatnd | PEES AR BaR@SkEsCRAMRL I ON
however, it was |earned that the apparent refractive index difference D1

:QOU' d fig 1 Rddie {yﬁange-ﬁ e&sﬂu{ﬂc&-é@?_gﬁg 9L Qdéffeﬁeléiggfr%iéﬁ wer e
pl ai ned above. The above can be applied to both the optic I bers
slope was made less than -0.10 ps/nm?/km.

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

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 is made large, the absolute value of the

25 dispersion can be made large.



having the structures shown in FIGS. | A and 1B and FIGS. 3/ARBRUA

According to the exanples explained later, it was 20 possible go r@Q?NZéSﬁEET
RDF having a dispersion value of 60 to -35 ps/ nm km and a dISpg%ﬁ@ﬁfzﬁhOpe

of -0.05 ps/nme/kmin the 1.55 ,um wavel ength band. Fourth Enbodi

exanpl e of a systemusing this RDF is showmn in 25 FIGS. 4A and 4B.

REPLACEMVENT St~EET 2 8 MAY 2002 - 29 -FIIG -4A illustrates a basic
configuration of a unit transm ssion |line conprised of a single SMF and a
singl e RDF connected together. FIG 4B is a view of the configuration when

5 connecting a plurality of unit lines of the SMF and RDF illustrated in
FIG 4A TX indi CRHYLEHTEDp FRAIPEPEMRF inuerbeTidrterdinadi Ehtes an
optical signal receiver, and EDFA indicates an anplifier. By suitably

adj usti ng tﬁ?ﬂ%ﬁﬁﬁ?ﬁ?%ﬁ?%ﬁﬁF!@ ipdexndiBEepmmen ddl hef Rom ¢enteyi spersion
characteristics for WDM transm ssion are obtained. Since an optical signal
first strike®oneheendre |lathekeash/MHl . 1%% | 3n poeded| ot bnguepsesthehe
non-linearity. It is also possible to use another optical fiber 15 having a
| ar ge posi t idiespéirspicrrsi romat tHa 65 f ~thven RDF pilbeel o$ed hin IEGQRC’ 97,

zer o-di spersi on SMF descri bed as an exanple of a SM~. As such an opti cal
fiber, i3 isrqlosd bl tIRVsthere utlod fasbatdéctl pofirsetive bendéLSF) having a
cutof f wavel ength shifted to the | ong wavel ength side, a pure 20 silica
optical fibeliffesdigar 41 UK | ¥iee (dentéy edobd Bl CLaddbH8riBYFEr asOhbaukul |y
fluoride doped optical fiber (FF fiber). Further, it is possible to use the

enl arged ef fleaty varduwy ecrad©acd Ydinpd\téli $ Cd DEROh 4 fe JERANEELREY BN RE
Pat ent Publication (Kokai) No. 11-364609. 25 Exanples of the

charact eri siyerRii®lg Sk %é'éﬁparaﬁﬂml%'@dgx%we_@@%e a30

di spersion optlcal flbers ot her than a SMF are shown in Table 4. Table 4.
Positive Di spers éﬁn%l FHadd lparodp SMF Type
ofLoss[]sper-SlopeA égoﬁbpss (dES%%on(p§§nn2(~nr)(nn)bending(nn))(ps/nm

/13) (df m k) CSHG, 194850, A8080, 04300, 931 OFER, 1820 06 §O8E71 94508k 033042

ff0.1915. 00. 0651 en-| arge

RDF having a dispersion value of not more than -35
ps/nm/km was obtained.
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 bending loss or the dispersion—-compensation rate
becomes worse.
In this sense, if raising the apparent refractive
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 is raised, the demerit of the transmission loss and
the PMD increasing is encountered. If the apparent
refractive index difference Al is made laréer, increasing

25 the compensation rate also tends to become more



As shown a.n Table 4, a positive dispersion optical fiber having a

di spersion of 10 to 25 ps/nmkmor so is 15 suitable as an BEPLgQEMENJr SHEET
take the place of a SM-. The reason is that if the dispersion is small

than 10 ps/nm km the probl em of FWM (four wavel ength nixing) aré&M&Y4 QZ

t he DSP becones a small value. On the other hand, if the dispersion a.s

| arger than 25 ps/nmkm the 20 lengthr Adi-o of the positive dispersion
optical fiber becones shorter and there is no | onger any meaning even if
the dispersion of the RDF a.s nade |arger. As explai ned above, the present

i nvent or devel oped a new type of an RDF able to be used as a line. 25 The

| ow non- | i néHrd ieudtyy transni ssion loss, and | ow PMD of the RDF are :
optimal characteristics for a WDMtransm ssion |ine. REPLACEMENT SHEET 2
8 MAY 2002 - 31 Thirg eelationsiRir was sanabriedl Theereaplbstareake on the
task of WoOMtransm ssion in the future. By the conpletion of the profile
enabl i ng aclihepayeim BEGt he. sane, it has beconme possible to easily produce
an optical 5 fiber suitable for high speed, |arge capacity transm ssion.
EXAMPLES The ef f &€%G véhess afgtdph prsend resehts oof wihvebbigahionnefl next
by exanples. Prototypes of optical fibers 10 were prepared with reference
to the S nuitdld @i gpestsditen -ddpdresatticon ar£ts avd the Tebheshiseidabl e 8. The
paranmeters in Table 5 to Table 8 were nade close to the optinmal val ues

found by si mysd ivartiancbdgecoppsrstappd rawt | ¥eerdeexvdi {hesence D1 of the
center 15 core 11 was nmade small so as to try to obtain a [ower loss and a

| ow PMD. Fi ISite fec@dfidled Aheof | €15d L@t €cdSe Al €XRATAS SiranrRDEnEf the
first enmbodi nent explained with reference to FIGS. | A and 20 1B. The

di mensi ons QlediGSME A R dXE K tidle, TS o LXMNPLE- AT StRELPMERRR! OW. The
core dianeter of the SMF is 10 ,um while the cladding dianeter is 125 ,um

25 The coretq,iealggtsq{ageefljze&ﬂlvee TE Al LaqAeff) of the REPLACENMENT SHEET
2 8 MAY 20Q2

10 In FIG. 2, the curve CV_, shows the change in the
dispersion-compensation rate, while the curve CV, shows
the change in the transmission loss.

As will be understood from the graph illustrated in
FIG. 2, if the apparent refractive index difference Al of

15 the center core 11l 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 11 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%.



- 32 DCFis the value illustrated in Table 6 and 8, while the cladding

di aneter i.s 125 ,um Table 5 shows the results of an exanplRERfAGEWENTPSHEET
RDF of a high conpensation rate relating to the 5 optical fiber discussed
with reference to FIGS. |A and 1B. The two profiles of Table 5 @8riAY 2002
sel ected based on the results of the sinulation. Fromthe results shown in
Table 5, it is possible to expect an RDEShaving a | ow 10 non-linearity and
a high conmpensation rate. Table 5. Profiles of RDF Wth Hi gh Conpensation
Rate by Simulation DaD

(~) b/ aCor eDi_s- DPSAef f ac20cpdi a. per-(nn) (~. cn®) (nm ben(um si ond-ggs/i ngnni (d
B/ km) m) 1. 25Xhe Fuwperginiicy saaxat /ey pim&sas pleay fyom HEG434520. 281
11.0 20 Several prototypes were prepared for profiles close to the above
profile. Tabi% % Iimhwenehofmbert ckf&t¥es9b¥- t he prototype Wshaped RDFs.
REPLACEMENT SHEET 2 8 MAY 2002 - 33 Table 6. Results of Prototypes

No. Dl LossDi s- DPSAsf fdasix@r pRNDBFOM §) i s-/pes s inlg (& nexXpedentii®syabaekaFsi on) i
ng, rkm) nm (Pg/ n(d8/ m m) km) OL1. 250. 255- 37. 332421. 2B293. 50. 06149021. 250. 256- 3
9. 330420. 983 (BMIO 7 #8081 . 135 Cy25ve Wb . dislierier?iB2dr . €ie OPFa0ant 350. 274- 53. 2
31520. 08292. 00. 11194 10 Fromthe results of Table 6, by obtaining a high
conpenséa i orefdar-t{iste tialdeex DAY Férendd A RIFE wiheé ecamtet atoragla, | avge

val ue of the dispersion value of -35 to -55 ps/nmkm a |ow di spersion can
be expect ed Hed He DAl E vl uE 5l Fey edeiigpple r Bége vhan consected 15
with a SM~. Further, the |loss can be kept to a low |level. Further, the

val ue of the®ffeative core area Aeff can al so be increased to nore than
20.0 ,t,cn2 conpared with a conventional DCF. Further, since the apparent

refractive index xdi fdft elihindle Of tH CHBY L i 16 WlearddciSri SLALEVREY 20
small, it is learned that a low non-linearity is achieved. The PMD, bending

| oss, and Oti'?‘%res‘@#‘;éeé%/rvg.él %@@ﬂf%&t entCrd FANSEL S| PRALRSS

becane | ess than O. m or | ess e targeted 0.35 dB/ km Further,
t he bendj ng 2 al e | £ss d . L he N,
REPLACE?@ENT d%%él?‘?‘ Shaf By Foo e ’%{l et a"rr%rﬁ if oané P%‘Q;sé‘%f Q{xﬁ‘emﬁg#éQ

wavel engt h nd sid Band) was al so .l ess t 0.35 .dB/ km.and, t he
represent at iQslee \féﬁnusgtaé‘fl-t thERHHEI i%}ﬁe I%%osﬂb et?’l% %%ef%‘%lﬁ?ﬁtiggo nm

(1.58 ,um \g%sdelxes isttq:ai uOEiBOOn doBtz ktrpxe center core 11, the apparent

refractive index difference A2 of the side core layer 12,

the ratio of the diameter 2a of the center core 11 and
15 the diameter 2b of the side core layer 12, and the

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

Table 2.



I
5 The FOM that is, the ratio of the transmssion loss to t ' [Sion
or the dispersion/transm ssion |oss, was 146 to 194 ps/nm dgp%é%& SHEET
conventional RDF is 100 to 120 ps/nmdB, so it is |learned that the present
exanple a.s inproved in the FOM The FOMis better the 10 |argef 8 ¥ 282 ue.
In particular, the case of use of the RDF of the present exanple connected
to an SMF is assuned, but if the FOM irs2Parger, it is possible to obtain
t he sane dispersion value even with a | ow transm ssion loss. In the case of
the present exanple 15 with an FOMof |70 ps/nmdB, a 1.4 tinmes or so
better dispersion value can be obtained with the sanme transm ssion | oss.
FIG 5 is a grapfadia ife wRrSWhgt tPf chinwladrirn dten iarginhdAOF of the
first exanmple/_20 From FIG 5. it a.s learned that the transnission loss is
| ess than 0. 30dB/ knm oMeraidiavellenghd of the |aplsi cal |abgnal jofc L8RP |to
1600 nm The ¢ptical| fiber of theg gr?sqnt invgntion i$ intended to
propagate |ight of al {@VEFEMth ¢rPTARD/ 5 1680 nm d€"Phe J1.55 ~. dm
band. It was proyed [that 1t he RERLAGHRVENT SHEER32 B MaY. 2002 78835
transm ssion llgss_is| low_ in this|broad ranged |band as 1. ds for
eval uation of tlhz5 di fT%¥r&nce bet we'(gng?lhe transrﬁa’ si on \Ié\%sss at| & engt h
of 1.58 ,um amnd.8he [5-4w.ansm ssi ¢grrol.b&s at a Wedssl engthood 1.58B7~m wi|l | be
expl ai ned nexy, Jhe |L.{54, um band Jys;iyre cent grypavel epgth off g4 Band.
The 1.58 E.tm|band i|s the end of |the C-Band (dtart of |[the L-Band). lere is
a hi gh possi bii}ir?Y of~ifsé of the |COBa Were [t37E8 fl al 18hharact i stigs at
the C 10 Band|ares commangat ed forn -iofoddhe di ffdraumsce i niboss he two
is small. Sec doéEx £sFromthe gb resul t|s,g.t he RDE o
exanpl e was able—+te-lac =
conventional DCF, but as a study of howto further increase the effective
core area Aeff, prototypes of @@I@FopfAﬁhg sgcgpy enbodi nent having a
(Wrsi de core type) profile added wth the second side core |ayer 14
expl aingd with reference to FIGS. 3A and 3B were 20 prepared. The profiles
used were ones giving good results in the simulation shown in Table 7.

Tabl e 7 shows th%agigfblgﬁogg %ﬁee&%%%fgséy éﬂéﬂgﬂgﬂég1gé” the (Wside

rava an aflf aafi v ~ara lavran | o AAK t of a
vt o T oot oo uUTrTT o T A

Tt T

characteristics such as the dispersion, the dispersion
slope, the DPS, the effective core area Aeff, the cutoff
wavelength Ac, etc. with respect to the diameter ratio
15 b/a of the diameter b of the side core 12 to the diameter
é of the center core 11 when o is made 2.0 and the
apparent refractive index difference A2 of the side core
layer 12 is made -0.50%.
The diameter of the center core 11 was adjusted to
20 give a constant value for the bending loss.
As clear from the results of Table 2, if the
diameter ratio b/a becomes close to 1.70, the dispersion
slope becomes more than -0.10 ps/nm?’/km and the DPS

becomes more than 400 nm, so becomes far from the DPS of

25 the SMF. Therefore, it becomes difficult to make the



core type) RDF of the second enbodiment with a high 25 co t
REPLACEMVENT SHEET 2 a MAY 2002 - 36 Tabie 7. Profiles of "REE’ZM@W@GSHEET
Conpensation Rate by Sinul ation 8 MAY
DlaD2D3a: b: cCor eDi e- DPSAef f ac20( %9 (% (% di a, per-(nm (~~n) (nm gen’&é‘/ tzpﬂzsi on
i ng(ps/-nnl)km 1. 102. 0- 0. 550. 291: 2. 0: 3. 315. 9-44. 033826. B14803. 51. 202. 0-0. 50
0.201:1.9:2.914. 2-44. 231224. 613862. 01.3F2 5- 0. 500. 251: 2. | : 3. 213. 8- 54. 432723
.213571. 0 Several prototypes were nmade using profiles close to 10 the above
profiles. The characteristics of the prototype Wshaped RDFs are shown in
Tabl e 8. Table 8 shows the characterjstics of_fibers é\/\frsi de core type)
prepared forCYRETFFELIN t Fate LRl ehebdrferill gl ungergEenft §rem

Pr ot ot ypes

No. Dl LossDi sfmunld {4 apd prraroiveab/ perlinafien checompdeddffscups/i k) si on)i
ng, r

km) nmi ( ps/ n( dB/ dBfn th&nd Cane 190 . R7id 3b (8| besoBe 44624086, 64181001, the. 239- 4
5.327725.614953. 00. 05190031. 200. 250- 43. 131425. 213291. 50. 05172041. 200. 252- 47
. 332024. 914 3RispRex g 80ble I00cESs 58931 5230 233268/ 80. 87206861, 300. 270- 57.
233923. 013954. 20. 09212 According to Table 8, it is learned that a | arger 25
val ue i s5 obtaswdch ttoneslwesl of ttha dY shapeiont raté Ubecom&&PLASEMERNANSHEET 2
8 MAY 2002 - 37 having a value of the effective core area Aeff of nore
than 23. 0 E.th&.tabiyetdd IRp s a0/l erFdrohes/ nohéBeffbetorbetore
characteristics were also all extrenely good. It was confirnmed that the

results of \widd MedhenDsd WeNY | e BE &P &F NESs SDENEn WES € 8XCel f Sflle
According to the present invention, if connecting with a SMF using the RDF

of the pr eswﬁ&@mtémoigxémﬁe@%ﬂ%@ 10 eRDStEagt ¢l ow
non-linearity WoM transm ssion |ine suitable for high speed high volune 10

non- | i neari ty VD i ssion high /ol ¢
Speci 11 o enBSa St o Ehodbr T Sr b T oote of 1TTRerTars ond, fEeReEpssp.”
apPar ety ¢ Nl UTEONS: SRS $81 40100 £0UL s DEIBECal BELEL g0y those kil ed

in 15 the art wthout de ting fromt asli C conce and scope of the
i nventi on. REPL CEI\/EI\EI;_ SHEET, 2. 8 MAY 2002, - él—? %’Pﬁé%{:fvd ained_is: 1. An
iTS de

optical fi becrhaﬁ'raé:we ed Wih aan':%:eln erre%%er%ta%% a S cO7e®f BFRBd at

the outside of_said 5 center core, wherein an apparent refractive index
di fference 6 i d

From the above consideration, it is learned that in
this range of profile, the diameter ratio (b/a) is most

15 suitably one of 1.80 to 1.90.

This method was used for optimization for various
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%, a is 1.0 to
5.0, 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 is in the range of 1.6 to 2.4, it is possible



center core is 1.15 to 1.40k a constant a expressing a pr Of’EEELﬁ?@\AENTaﬁHEET

distribution of refractive index of said center core is 10

apparent refractive index difference of said first side core isz-eomgng&
-0.35, a dianeter ratio (b/a) of a dianeter (b) of said first side cor

| ayer to a dianeter (a) of said 15 center core is 1.6 to 2.4, a dispersion
value is -60 to -35 ps/nm km and a di sp@?si-on slope is -0.40 to -0.10

ps/ nm2/ km when a wavel ength of |ight propagated through said center core i
sthel. 55 ~cmband, 20 a transm ssion lost of O to 0.35 dB/km a ratio
of loss to dispersion (figure of nerit (FOM of 120 to 500 (ps/nm/dB, a
pol ari zat i oﬁmﬁdﬁ?pé%i pnsia Pigh 0?%‘5’?)%???’:% rak@: aftef fecti ve
core area (Aeff) of 19 to 50 ,unmz when the wavel ength of the |ight

propagat ed 2ffsftdiith IRe iR rAelf of Mme¥e Bhay 1Ywmand, and
REPLACEMENT SHEET 2 8 MAY 2002 - 39 a bending loss at a dianeter of 20 mm
of 0 to 5 dEsmecifimnaldnti e fibethesrange fof t39 o cFQimm3,, et & n t he
wavel ength of the 1.55 ~mband is a band of a 5 wavelength of 1.40 to 1.65
,um 3. An dovi deindingerless sgtafastdristiod arith, a whispensbonatfo0-60 t he
di spersion slope to the dispersion (dispersion/dispersion slope, DPS) of
sai d optd caltdf 4386 dsv/rsufist antd & IDPSgual tlos wdope ¢H 20@ €PHA00 aml. 31 10
zero-di spersion single node optical fiber. 4. An optical fiber as set forth
in claim1l, wher@urthear efdianid Whe desiafreawd APdyfomed ot bingutRewhen

t he wavel ength of the |ight propagated through said center core is 1.55
fcm 15 5. fenciiingCaodd e P noR) dOrd Mendlr|RidB /A, WEr et Npédeible
transm ssion loss is not nore than 0.27 dB/km and the FOMis not |ess than

170 ps/ nm dBowesirAdas wavRl gbidn td¥e dHNEnd¥FOPagatedepdrough said
center core is 1.55 ,um 20 6. An optical fiber as set forth in claima1l,

wher ei n t he L LARKTISSIRN 1ASS 415 tHY 1TBHE SR chPlh A &n when t he
wavel ength of the |ight propagated through said center core is 1.58 ,um and

25 the jgpsol ute yaldle of; 4 Redd r@].{g.mlsosd O Je35Si Alotnd3ER oSf ~EET 2 8
MAY 2002 - 40 theewavellength of 1 ght” propagat’ed cﬁwou the center core

oo g oI iy I LSO Tosle [4SI  gAge
When o is made more than 5.0, 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 is 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 um?, 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 value

of the dispersion becomes less than 35 ps/nm/km, which is

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



5 7. An optical fiber as set forth in claimi, further haviRBPAAGCEMBENTSISHEET
core layer forned at the outside of said first side core |ayer, gﬁvkp%mﬁn
apparent refractive index difference of 0.05 to 0.35 k and havig M
dianeter ratio (c/b) of the diameter (c) of the second 10 side core |ayer
wWith respect to the dianmeter (b) of the first side core layer of 1.3 to
1.7. 8. A wavel ength division nmultipléx 4% ansnission |ine conprised of a
1.3l zero-dispersion single node optical 15 fiber or a positive dispersion
optical fiber having characteristics simlar to the characteristics of said
single node optical fiber (SMF n n optic fiber as_set forth in claim
1 connected & Heye t%mé?]piﬁ%%sﬁ%gg ?%‘?‘B‘?\sgie%szﬁh?ﬂ)e?:?f’r"ﬁi'\/vaﬂ}éqength of
the 1.5 E.cmband to a | ow di spersion. 9. A wavel ength division rultiplex
transni ssi orfle MECRSIVAY PP L1PRT F7R g0 vhRPEPH R4 #ippitangeudi¥per si on
optical fiber simlar in characteristics to 25 said single node optical

fi ber (SMF) satdisfded a Thergfore REFMACEVENR SHEY U Bf Vplye 2ddametex

shifted optical fiber having a cutoff wavel ength shifted to the |ong

wavel engt h Hadeio P/fauries Preferalpty chor 4 bangeaef mpout| LoBi he Lafer as a
cladding layer, a fully fluoride doped optical fiber, and an enl arged
effecti vie 5Nothee thaeta dg/pehesiallevalntie vatgeal the bdiamdBer Anabpoi bdk fi ber
provided with a center core and a first side core forned at the outside of
sai d cent er mayr dye whetei . AOtan appsr et ramde dotoadert ridgxaldohte2Bbhce of
said center coreis 0.9 to 1.4~, a constant a expressing a profile of a

di stributi oErem nd aidwe dpitianaDfvabuesl. 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 k a di anet Hedold EdiBilmeit @ di aneter (b) of said first side core
| ayer to a dianeter (a) of said center core is 1.6 to 2.4, 20 a dispersion

value is -60 to a3 NYIHEIAIA HKbve di SRES SO SEOPEnL Se1Ps#0 to -0.05
ps/ nnme/ km when a wavelength of |ight propagated through said center core is
the 1.5%/, URRitherit | TAPSSP SHALDI AP SENOTW O K 0a 35 SB K& aerakio
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 areé

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 in 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 1l of the

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



25 of loss to dispersion (figure of nerit (FOM) of 120 to AT
SHEET 2 8 MAY 2002 - 42 500 (ps/nm/dB, a polarization rmdFéEglEg ersion SHEET

(PNm of 0 to 0.15 ps/,/-km and an effective core area (Aeff) BthEUQZSO
,un2 when the wavel ength of the Iight propagated through the center co IS
the 1.55 ftmband, and 5 a bending loss at a dianeter of 20 mmof 0 to 20
dB/m 11. An optical fiber as set forth44 —claim10, wherein the apparent
refractive index difference of 10 said center core is 1.0 to 1.4~ and the
bending |l oss at a dianeter of 20 mMmis 0 to 10 dB/m 12. An optical fiber
as set forth in claim10, wherein 15 the apparent refractive index

di fference A°X&ilt cehtwstratediLn ;FIG. (3R 1. 4~ and the bending loss at a
dianeter of 20 mmis 0 to 5 dB/m 13. An optical fiber as_set forth in
claim10, 20 wherEi% t3R hews kR refraekive sindex, BERELi1e: aThand of a
wavel ength of 1.40 to 1.65 /,tm 14. An optical fiber as set forth in claim
10, wherei nR¥afitle of the wEpmetiv indee o6 the obtpeali Hiber 1A

(di spersion/dispersion slope, DPS) of said optical fiber 25 is

subst anti al beasmesd ar (Whaisde teotdle DRPped prdfBlle bREEWACEIENTISHEET 2 8
MAY 20p2 - 43 zero-dispersion single node optical fiber. 15. An optical

fi ber ass settHeorddrvand diaddenddkre lweyexr NL4 he ef fective core area (Aeff) a.s
.23 to 50 f,cn2 when the wavel ength of the |ight propagated through said 5
center core i s 1.T9e ,ifferddse AE Ofie (ot féddbive aSosetat@sitheffi 6FathelO,
wherein the transm ssion loss is not nore than 0.27 dB/kmand the FOMis

not | ess thapthidhlpHing:sB ahers tédeudbed®] ength of the |ight propagated
t hrough said center 10 core is 1.55 ium 17. An optical fiber as set forth

in claim10, whergid ghsdd @Vt s 05Sidd Ntrd®End heme 0. 30 dB/ km when
t he wavel ength of the |ight propagated through 15 said center core is 1.58

E.cm and t he ARl iU dildig Ya A £ IANGIE 558 Hhd Ofe abodbEn YRYShL 88t h Of
| i ght propagated through the center coreof 1.58 T,cm - (transm ssion | oss

at the yavelanali, Q.- d i@y g{ﬁ%é@r&f’%é NEebELY E6ofQ" £1%%ad- 55

~.~m 20 iS not nore than

2a, the apparent refractive index difference of the
center core 11 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



18. An optical fiber as set forth in claim 10, further havi REP&/-‘@EMEWTM@HEET

core layer forned at the outside of said first side core |ayer,

apparent refractive index difference of 0.05 to 0.35 k and havi nd &BAR

dianeter ratio (c/b) of the diameter (c) of the second

2 8 MAY 2al2 -

44

havi n

an
Y, 20

REPLACEMEN ~ SHAFT

side core layer with respect to the dianeter (b) of the

first side core layer of 1.3 to 1.7. 1925A-wavel ength division nultiplex
transm ssion line conprised of 5 a 1.31 zero-di spersion single node opti cal

fiber or a positive dispersion optical
to the characteristics of said sj

fi p@PParandt peffartive | in

opti cal

fiber

n%!e node opti cal

di spersion of a specific wavel ength of the 1.5 ,umband to a | ow
di spersi on. <Fe Aaxdrelghgth Vi Svh the tFirek diapRirssTaRieiadPas set
forth in claim19, wherein said positive 15 dispersion opti cal
similar in &&:dotleribta s 2. Plsane sshapre imdakkr ikal fiber (SMF) includes
having a cutoff wavel ength shifted to the
| ong wavel ength $ladde 8 .pReswlits cof dhimwla tforbdthdraChangind uSidee | ayer

a cutoff shift

as a cl addi ng

ed optical fi

| ayer,

ber

a fully 20 fluoride doped opti cal
enl ar ged ef Ceatel Iaayeor e area type single node opti cal

fi

fiber,

ber .

fiber

and an

havi ng characteristics simlar
] fiber (SMF) and, an
X Fiff TRRRR 1A% gt her 1Tt sEhPPess

. A0l . A% A. Ay! % AyH. A&% AF% A. AH. A% A9. AyO
9. As. Af N. A9. AyB—Ay—As—Ar—ArrAy5—ARYAY—AY39—ASH—ANIAy—AY39~Ay—A-A— A
. A] 3. Af . Af . AS!|%3ANE). AG/A. A3| BiepAy8iohF{/Elepe DPS Reff Ac
RJghlnvw ghl {{vgl gb] X] ca] ca| /eahed] tabsaheaksal e al¢ ] cq] ca] cg] ca] ca
] ca] ca] ca] ca] Ea} eal-cgfcatcoaf géi'ga] cLale g%cu“\,a} za! g’@m 3%@?!( = -+
{vagkf [ U gb] XUJ|9ca] cal|&a] cajf¥arca] caltea’@al] ca] c@ch;an eay cal calf cqy] cal
g:a{ ca} cg} ;:(;$a]b]c Q].@gl c]ehc:.?bc?l C@ﬂ.@?] c?] :]aib .C:Iﬁbc]a | 2dgei?DSi’£fs! N| 1256 lcaV]
{valg g cal{ca] ca]cal.ca] ca] cq] calca] ca] cp] ca] cq] ca] cal ca]ca] caV]c

aU] ca] ca] cal] q a?]U&\U] day] ca] 03147051] caV] ¢af t?]é]‘ca 357 opbs car gl
JT<BL| %-H >{ vpjoe2ZTl gb] U] c;] eglbca) calfpecaldsca] cal zedl] capsad)] cajisrd cqaU] caj c
aU] cal] ca] ca] ¢g] gg] cd] ca] calll£akcal cal cglq3] cal ca]gﬁ ca|3y., S
<ztni c] XR{vpj ¢ _ZTU] ca] cal] caLﬁa] cal :aalcaU] calUlcaV] ca JFcaJ] cal\égigcaU] cal ca
U] caU] caU] caU|| Path cal]'c4?) catd®4U] cal] c@jddU cal] [c2RY carkd®BvEm h93%] vpj d YS{
vpj e_ZTUU] ca] ¢alkeaU|caU] caUlgapca] cal ca]izal] ;a] ciadjecal] eald calhea] gal] cauU
] cay] cal] cay] U gay] cay c ca] cal] ca$] H-6 %j[ y}#
ytoje [VQ e_] ¢aJ gg] cq] ca] cal] ca]'ca] cay cg]algél.)] cal cg ca J]?%\:/a C af%% ¢al] cau
] caU] caU] ca] cal9} 8aU] qal] cal ¢&llJpca] calfedIBcal] cal 388 Y! | k8.8 1532
TN R TS ESS$SSSITHIRBOORBRE oI 0" YEa) glseal] cal eadd ca] sald calfgall daU] cal
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004 &c8&& 9' f' | O -50.4 ~0.1432 55 3. 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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100 the present invention.

Recently, it has been proved that an optical fiber

can be put to practical use even if the bending loss is
10 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

15 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

20 the center core 11 small.

If the apparent refractive index difference Al of
the center core 1l is made less than 0.9%, however, the
bending loss becomes more than 20 dB/m or out of the A
usable range of an optical fiber. Therefore, it was

25 learned that the apparent refractive index difference Al
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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
15 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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apparent refractive index difference Al of the center
15 core 1l 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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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 A (%) |b/a | Core |Dis- DPS | Aeff | Ac 20¢

(%) dia. per- (nm) | (pm?) (nm) | ben

(um) sion d-

(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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10088’ ()-(N [ 10%i&g1(35 Noj 2550oanaes () 324 [ | 2100aie@e() {m.5 |o0.06 | 149
02 1.25 1 0.256 ~-39.3 304 20.9 832 4.0 0.07 154
03 1.35]10.267 -45.4 310 20.2 821 1.6 0.09 170
04 1.3510.274 -53.2 315 20.0 829 2.0 0.11 194

10 From the results of Table 6, by obtaining a high
compensation rate (suitable DPS) for the RDF while
maintaining a large value of the dispersion value of -35
to -55 ps/nm/km, a low dispersion can be expected to be
obtained over a broad wavelength range when connected

15 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 refractive
index difference Al of the center core 11 is relatively

20 small, it 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 dB/km. Further, the bending

25 loss was also a small one of less than 4 dB/m, so the
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Band) was also less than 0.35 dB/km and the
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representative value of the transmission loss of the
wavelength 1580 nm (1.58 um) was less than 0.30 dB/km.

5 The FOM, that is, the ratio of the transmission loss
to the dispersion, or the dispersion/transmission loss,
was 146 to 194 ps/nm/dB. The FOM of a coriventional 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

10 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

15 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/ o

20 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

25 1650 nm as the 1.55 um band. It was proved that the
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well.
The grounds for evaluation of the difference between
the transmission loss at a wavelength of 1.58 um and the
5 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-
10 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

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 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

20 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

25 compensation rate.
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Table 7. Profiles of RDF With High Compensation Rate

by Simulation

Al o A2 A3 a:b:c Core Dis- DPS Aeff Ac 20
(%) (%) (%) dia. per-~ (nm) (zem?) (nm) bend-
pm) sion ing

(ps/- (dB/m
nm/ )
km)

1.10 2.0 -0.55 | 0.29 | 1:2.0:3.3 15.9 -44,0 | 338 26.8 1480

1.20 2.0 | -0.50 | 0.20 | 1:1.9:2.,9 14.2 -44.2 | 312 24.6 1386

1.30 [ 2.5 | -0.50 } 0.25 | 1:2.1:3.2 13.8 ~54.4 | 327 23.2 1357

Several prototypes were made using profiles close to
10 the above profiles. The characteristics of the prototype
W-shaped RDFs are shown in Table 8. Table 8 shows the
characteristics of fibers (W+side core type) prepared for
the RDF of the second embodiment.

Table 8. Results of Prototypes

No. | Al Loss Dis- DPS Aeff | Ac 20¢ PMD FOM
(%) (dB/ per- (nm) | (um? (nm) | bend | (ps/ (ps/
km) sion ) ing ¥ 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 0.05 190
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 1.30 110,263 -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 8, it is learned that a larger

25 value is obtained compared with a W-shaped structure
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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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5 center core, wherein
an apparent refractive index difference of said
center core is 1.15 to 1.40%,
a constant a expressing a profile of a
distribution of refractive index of said center core is
10 1.0 to 5.0,
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 0
to 0.15 ps/Jrkm, 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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a bending loss at a diameter of 20 mm of 0 to 5
dB/m.

2, An optical fiber as set forth in claim 1,
wherein the wavelength of the 1.55 um band is a band of a

5 wavelength of 1.40 to 1.65 um,

3. An optical fiber as set forth in claim 1,
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

10 zero-dispersion single mode optical fiber.

4. An optical fiber as set forth in claim 1,
wherein the effective core area (Aeff) 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
said center core is 1.58 um and

25 the absolute value of the (transmission loss at
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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)
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
15 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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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
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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500 (ps/nm)/dB, a polarization mode dispersion (PMD) of O
to 0.15 ps/Jrkm, and an effective core area (Aeff) of 19
to 50 um? when the wavelength of the light propagated
through the center core is the 1.55 um band, and

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

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

wherein

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. An 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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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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15 dispersion optical fiber similar in characteristics to
gaid 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.



