WO 01/ 18577 PCTI USO0/ 23898 DENSE WAVELENGTH DI VI SI ON

MU . TI PLEXFR/ DEMULTI PLEXER BASED ON ECHELLE GRATI NG TECHNI CAL FIELD 5 The
present i nweowi/ms7i s directed toward optical communi cati onperagshaRke
particularly toward a bul k optical echelle grating

mul ti pl exer/demul tiplexer. BACKGROUND ART At the inception of fiber optic
comuni cations, typically a fiber was used to carry 10 a single channel of

data at a sigekewiayBkGRsORSAE: smgtrm, ;Qﬂaé el B G (DVDM)
enabl es nultiple channels at dIStInCt wavel engths wt |n a gl ven mevelength
band to be sent over a single node fiber, thus greatly expanding the vol unme

of data that %m‘lrh—%?d per optical fi ber. The wavel ength of each
channel is selecfed soO channel s do not interfere with each other
and thegtransm sgmaprdswswnhmllsld&wtédabwad@ﬁtﬂcnhmiummmhs Ei;chhmel DWDM
allows up tao nnel be .si tran tted a fiber. The
vol unme of d ‘?’?‘iﬁi’?ﬂ‘&‘{l’é‘aﬂg&g‘g /E W%’g exponentially
and the capacity for data transm ssion is rapl dI y bei ng consuned. Buryi ng

additional fibers is not cost effective. Increasing the optical
transni ssion rat BAGKGROUNIIART t he speed 20 and econony of el ectronics

surroundi ng the ti.c di spersi.on the fibers.
Thus, the nost p?%%ﬁ?%%% X\Kﬁ #ll’%?l’pﬁpémm g"Pd‘a’?‘ Léhcfm'és Dty s
i ncreagyng tah&glnwﬂamemfdathaﬁmge Weléhgﬂi Mbﬂ%ﬂﬁ&bﬁfoﬁuﬂ%ﬂ% DWDM

requires twg cept tric V|ces a nul tiplexer and a

demul ti pl exdP Wﬁﬁ %‘ﬂ@g% tinct wayslengths yyi emengravﬁlengﬂght

each at a dipasd &ite &%W i nes

the channels into ase3| ngl e%?tg%dae annwg}egﬂp,di”g’ "g'gaWnput

typically i samb¢ tratsanttq}peaypllﬂal fibere Jhe deeclangtiof eadx dmhneléﬂele&fedayﬂfaithe

optical fibegs rr of er odes Qr .sone ot her optical

sour ce. Thechmnﬁ t ’%ﬁ ﬁﬁ& hé’ﬁh’ﬁ?‘é‘g {ransmissiondlosses tothe fibesarg ¢ o

fiber. 18 desiintibg. erwcaxspmﬁldmsws 8P & 46 QinbldR ¢ GhQBRL L ﬁa@m& v
ally a single

separ ate channel s according 30 to wavel ength. Input 1s typi
I nput fi ber afiher.t he out put is typically a linear array of wavegui des such

as optical fiber - t odet.ector.s. WD 01/ 18577

PCT/ US00/ 23898 31‘1951”@%‘} e?ﬂ% bélhk fnss l&l@#@fﬁ{egs Browes pxnepentially exer s
and denul t i mhéthercapacite fatidata temsmiskion isﬁbﬁﬂl?rﬁeufg%hﬁﬁ)fbﬂ Buryifig addifigha] mMust be
able to proyide.for a hlﬁgh an Iar di spersion of closely spaced channels

so that i ndfPFRdsRotenstsHEstve: Mereaging dhspsical drapsmaission rate is limited by the speed
20 and economy of electronics surrounding the system as well as chromatic dispersion in the

jun)

(Difs

fibers. Thus, the most promising solution for increasing data carrying capacity is
increasing the number of channels per a given bandwidth through DWDM.
DWDM requires two conceptually symmetric devices: a multiplexer and a

demultiplexer. A multiplexer takes multiple beams or channels of light, each at a discrete
25 wavelength and from a discrete source and combines the channels into a single multi-
channel or polychromatic beam. The input typically is a linear array of waveguides such
as a linear array of optical fibers, a linear array of laser diodes or some other optical
source. The output is typically a single waveguide such as an optical fiber. A
demultiplexer spacially separates a polychromatic beam into separate channels according
to wavelength. Input is typically a single input fiber and the output is typically a linear
array of waveguides such as optical fibers or a linear array of photodetectors.
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5 relatively short distances sufficiently. to couple with a |inear array of

out puts such as output fibers. Furthernore, the nmultiplexer/denuitiplexer .

nmust be aMoeomi8szaccommodate channel s over a free spect r pcTAIBRRS898
commensurate with fiber optic conmunications bandw dth. Moreover,: the
devi ces nust provide high resolution to mnimze cross talk and nust

further be highly efficient to mnimze signal. |oss. The ideal device
woul d al so 10 e oxlentd meaftheaequicements of BIIPM, multiplexers and depwpiiplexere and

scal abl e. Migch R Vi d to array
evequi deoai et hsBigh Rt rird BUPHLS %0 B IEEINER RERIED | © %
wavegui desdispefsitn ofieloselly @paced channsig sy/thet indieidgilthinhelstan wepweafdvemt s of

di fferent wavel ength_signals within a free spectral range Conf ocal

coupl grs delarely shosidistagaes Fuificiently ta counie with g Jineaxatray olouipiismehas t ¢ ends of
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i nsertion dnemﬂmﬁ&mgmﬁfﬁ&mdo R4, cnﬁna&@mcerw&maisoof

filters and/or fiber Bragg gratl ngs for annel separation.. Pan, U S.

Pat enp Nobewme,ﬂmuymﬁanmﬂmmblethe channel SpaCI ng of

;Bﬁ;gr dg;n \(/:v:\s;el %c&o&?%%%ﬁﬁ@%l%VB%gﬁcgghfs%eﬁémyw% .'t Eﬁrt her,

these devigmgy wiegides have @ sétiof dfrinetiat pathways, @, iviavbglidssthatcr oss tal k,
alignment difficulties, and thernmal 25 sensitjvity. Various, bul k, opti cal

DVWDM devi dEagressive Ya‘faﬂbmd%h toripeline |"@HF@H“’? of different wayplength signals wighing s

Pat ent NO.ga é@nai'-r%gﬁ ﬁ;.ﬂ;ow&t <5infd B PéltS | on
mul ti plexing sﬁew ce using a ragftal on é’?g%ll ng%i@'{Né%ﬂ?reuz either a
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01/ 18577 PCT/ US00/ 23898 3 Dueck, U.S. Patent

devi ce wi twavaleaghs P‘Pﬁﬁﬁaﬁ’gf%w themmal mﬁgrta@ndw@lapkn of-scalabitifyt
o cr oat o e raRbaldnARIRM Gt ekl T, 10° 0\ Ze s i Dtonded 105 bo
conpaot, robustAmiier family afiDWDM tévicea sk 4 iretworklof filteds ahd/er fitdoBeaggr , t he-
device taugll e for channel separation. Pan, U.S. Patent No. 5,748,350, is illustrative. However,

the channel spacing of these devices, on the order of 0.8 or 1.6 nanometers (nm), limits the

number of wavelengths that can be coupled into or out of a fibers. Further, these devices

preseht significant issﬁes of optical loss, cross talk, alignment difficulties and thermal

25 sensitivity.
Various bulk optical DWDM devmes have also been investigated in the prior art.
Fuet al., US. Patent No. 5,970,190, teaches a grating-in-etalon wavelength division
multiplexing device using a Bragg diffraction gratmg Fu requires either a tilt mechanism
or fabrication of an etalon waveguide with reflective exposed faces havmg a Bragg grating
30 . wrritten into the waveguide. This device has limited channel separation capacity and
requifes a tilt mechanism that can Be difficult to control and is unreliable. ”

011, 884, teaches a DVWI
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by Dueck fails to address the need to provide many channels for DADM high
efficiency and a short focal length to provide a conpact device. Lundgren,
U S. Pat enWON3/1887018, 603, |.i ke Dueck, teaches the use of PCTHISON23898
diffracétion grating for DW Specially, Lundgren.teaches the use of an
echellette grating 10 in conbination with3a rod-1ike graded refractive

i ndex lens or inmaging lens for caorrecting any offset in _the focal |ength of
a focusing Iensp@%gbséﬂt%y@- G,Qil,gs{,&aﬁgfgﬁé mwmfﬁ“’of

acconmodat i bﬂﬁc?atﬁﬁqﬂ -]ﬂﬁ&?‘cﬁﬁffrg%?ﬁi I Pibak 18 Qoribettied Witk of adi SPEr Si on
of channel saggo as tom %léarrn ze foca er?g't %ﬁddgg%pargtgﬂvslﬁm ze. o&aher
exanpl es ofhonmgencioysibeot lems torereste plone-piece integratieshdeivice p Thisidevicojstinterdedso gnal s

15 i ncl ude th irefri [ t ot f optical
Fr1ter st the umpac byt abf peBfmetialy fd ety sble. Howsyercihe dEfie BAGH, Oe  of
sequences Ofy ek #R4o Gddibds TR need EOMBVIEE mafp BianAéls FHIPWDM, High Sffisiesty de the

conbi nation of beneficial attributes necessary to neet the grow ng needs
for DWDM Tind ashers acal kength fo provide g compestdexdce: o over cone sone of the

probl ens di scus 0 [ o} ?g | cal | e grating
mul ti pl exer/ demSJlf%tq'fl ’x]g'lrg' Wéiif:ﬁ%ﬁ&l?,gﬁ}’,tlﬂg a %ﬁ%éﬁen"gggggg% for

cost - ef f ect difffacEMDpdatisg FayIWMORSpetibly, Kvbdgrért dsaches thevise s64@sthelldite ghtingr esent
invention is a dense wavel ength 25 nultipl exer/denu]tiplexer ("DAWDM) for

use i oopt i B&PmbinaHenVith aregrliks gradedireiragtive indesplons Arimaging leps for qomerting
e B . . . hannel
optica mv%&jﬂfﬂ&&%%&ﬂié#gﬁ@& ol I1kné, Pim &l@&faﬁgg{\@ﬂh%D?val\\ﬂﬁtﬁi ﬁ”ge

spaci ng of nm or | ess as a Sl e optl sl gna

- sel ect neadeviceicapablechfiancomreodating highgbannél denbity avsitprovjding alkighrepgulat i ¢ i s
optically cqupled to.,the, multiplex.optical vegui de at, a sel ect focal
Cength. A remegien ofirhamiels 025t nimips tocel g and dpmarates B cd o t he

col |'i mati ng/ f oc ugthiexaiples of tEaEni§sel For riulfipleking end'dsmAtiSEBAY SpticPaghdly and
bl aze angle providing a select channel spacing of the nmultrplexed optical

si gnallsat tincludethe yise efthirefringemgntelement, theuseof optinalibandpassiilters, therusenf A

|'i near array, of single 1/ 77 PCTI US00/.23898 _ 4.channel vegui des,
~each pr opag’ﬁ‘lﬁ&"-eﬂtﬁal\@ %ﬁgﬁﬁg%tﬁﬁuﬁeﬁgswcef ﬂf ?85?3383 %gggﬁ"engt h
range, is OHbwewk, none ofhesecystems provixe!the dconibinigibh of betiefiGialutiribites Béeksady Nyl e

channel wavegui de has a cenifer and a propagating end and the propagating
ends are spBRdast hegrowing agedsferAWMPM, om t he col i mati ng/ f ocusi ng optic and.

Lhe centers of afieainidaEuhis RIciSrlo VUSGHL o OF e HRBGEI difesf oC!

channel separation.” Prefe groove spacing is tween about 50 and
300 gr2fovesahove and folpronidea bulk epti¢at edlicHe gratingyinsltiplexer/demultiplexer with many

of the attributes necessary for cost-effective DWDM.

Y OF ON
A first aspect of the present invention is a dense wavelength

25 muttiplexer/demultiplexer ("DWDM?") for use in optical communication systems. The
DWDM includes a multiplex optical waveguide propagating a plurality of optical channels
of a channel spacing of 0.4 nm or less multiplexed as a single optical signal within a select
near infrared wavelength range. A collimating/focusing optic is optically coupled to the
multiplex optical waveguide at a select focal length. A reflective echelle grating is

30 optically coupled to the collimating/focusing optic. The echelle grating has a groove -
spacing and blaze angle providing a select channel spacing of the multiplexed optical
signal at the select focal length for a select order of diffraction. A linear array of single



bet ween 51-53. The near infrared wavel ength range is preferably between
about 1520 and 1610 rimand the echelle grating preferably has a free
spectral waygaset | east as large as 10 the near i'nfraredpevpvossoagysh range.
The sel ect channel spacing is preferably 0.4 Mh or |less, the preferred
channel separation is at |east 40 microns, () and the focal length is

preferably | ess than 152.4 mm The sel ect order of diffraction is between 4

and 7. Thehaimebwhvéghides, eichtmagamfgimglscwmmmemimﬁd 20,000 and the
grating has an eff|C|ency of at Ieat 75% T hul ti éiagﬂamg@e single
channel waXA¥glgngth sange s gptisally soppleddp thecg mﬁt‘B %"“s’ﬂ!%° pect of the

present. | Rl @fvcidE BasP Rt hilFa {1Obagdfif kit 6 thd Rbpus SRS B8IspRAI Yot TS

Xx-an optical” signal conprising optical

channsl (sﬁmcdllmgﬂnﬂmwwfeqwmmmtbecw offadingent spaC| ng within

a select wavel h ran . The a S,includes.a { tical
wavegui deé‘@f"‘ﬁ’é’?f"@‘fa 55?"8&8“?3?8&5 ei) %@’h’ntge %é’\?sﬁ
propagat i Rgacdiiis bétweeh bt 50!&:48360%&6@@&:%@ ahﬁtuemzeahgwlscoupl ed to
the plurality Oféilno£t i cal wavegui des al ong the opti cal aX| s . and_receives an

optical sibgtveen feuhqmmnawedmmmetswf@pw ool R The

3/2'\[/283: dzi d?hgosgra ?%&fé#@ﬁ%ﬁﬁﬁlﬁh% e gr%ﬁé %%{E‘s %etween

abouyy50 ahﬁine'iﬂﬂlf@tﬂwmlepghmélMeinctclnnnbmpduingampmf@bky&ﬂmbmut 51-53.
The éechélle grating be a concave substrate havin 2 a focal |ength of
| ess t han lassothe prefgrred rcgm é%%@%(ﬂ %ﬂ 550- 1610

nm the c 4 aTgy oove

spaci ng aW@ ngqebg'rngl\!/ll aﬂ%&%tc nne separ atlon&g? 401t or nore at
a focal |Q%l\ihoﬁfofﬂlﬁ&rﬁngris preferdbbsat 16ast 20:000@ind te gratibgrhanén effitiengyodfiabn’ -and-
an eff|C|enc of a abqut 75% _.The_ appar furt ncl ude a
col Iii mat ileass 756y ‘hﬁ‘“ Wﬂggw q Ghapng], p}@@%ﬂ@t@f 'é‘y[? g?aiﬁt’?t? of 30
opti ggl waveguiggsomslpbdi6f fie PRl irfieAtidri8 an dpprated fbi WGk HtickPCUSNg | ens

has a focal length less than 152.4 nmand the optical fibers propagating

the si ngl eommumication sxstemstte yaltiplex gridempltiploxan opticsf sigpad vompyisippomival 5 core

Che. sor ectonagel®oTaub fiybi-050) hyhb d et afnd Sfeflp il ol 000 | O
i nvent i on vigveRngMiriipg. ﬁewmma@lm&tﬁeﬂwtkmgﬁgemmahl 'signal s

I n an optical communication system The opti cal ri s s,,opti cal
channel (s)geamk&yelen&e the same ppticAl Lg\'laaapmpﬁ %P‘?V\ﬁ\ﬁf $hin the

I ded and
e 2R e oS Sogefodil Heninity B ofiRl gttt Ftte S o%??“c‘“?} B onal e

direct ed fandmeceives ameptical signal emitted from at least one of the optical waveguides. The"
optical signal(s) is diffracted into at least one other of the optical waveguides. . The grating
is preferably an echelle gratmg having between about 50 and 300 grooves per millimeter
and a blaze angle of about 51-53°. The echelle grating may be a concave substrate having
25 a focal length of less than 152.4.mm'. Preferably the wavelength range is between 1520-
1610 nm, the channel 'spacing is 0.4 nm or less and the grating has a groove spacing and
blaze angle providing a channel separation of 40 or more at a focal length of 152.4 nm or
less for a select order of diffraction and an efficiency of at least about 75%. The apparatus
may further include a collimating/focusing optic opticaily coupled between the plurality of
optical waveguides and the echelle grating. The collimating/focusing lens has a focal
length less than 152.4 mm and the optical fibers propagating the single channels each have
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one of the optical waveguides to a reflective echelle grating optically
coupled to the 10 plurality of optical wavegui des along the optical axis.
The opticavoeimpsmd s are diffracted generally al org.the OPCT/AGSM0/23898s i nto
at | east one other of the optical wavegui des. The“ optical wavegui des are
preferably optical fibers. Preferably a psurality of nultiplexed channels
are propagated within one of the optical fibers and single channels are

pr opagat eccorercentess spagashasselert distance frony the coreisenter ofiag ad fibens theseleetal fi bers

are alignegd_in a linear ar . 15 Preferably, the channel bandwidth is
bet ween 15@*%%%3?5‘% légé'nnel spacing is 0.4 nmor less and the
grating has a of agidaspétiof the prdeht invehiicifs a R Abf edltihlegngorc hannel
separation equal to a distance between core centers of adjacent optical

fibers i n demultipleing optical signaly inap eptical eerempnjcation sysiemy, Theppticaksignalt or der
of diffracti.Qn: |%aleéh%ﬁlfé®m eclaéhaﬁrﬁ ﬁ%acin 0 di?ﬂreﬁt | of the
present in%o%sg%]ols a bu L optlsgfgratlng or als(% I'n n&iitlp exl ng and

denul ti pl emb?gmp?vdebgt?mgaLAﬂmaﬁmmfgﬂcab\zmmjdeMépmv@dMe oper ati ng
[ ' t J 0.

| ose. "The SHEeed sl olRmgaie e el S0 c ARGPOR S5 1L BEes Ao BIGR i ng an
angul ar d'aﬁ%még@mw%m@s%qf&%ﬁmm%mﬁwm Ritqmeel ect order

of diffraction and an effrciency of at 25 l'east” dbout’ 75% The grating is
pr ef eypabl yplamligrofaiptical gyaveguidesialongthe eptigalawise Thp apticabsipealswrediffraeted 50 and
300 groove per.mllineter. and.a bl aze angle b en. about 51-53..  The near
i nfrared V\&%’ETHQX %gﬁ%‘a’é’c Saxgrxgﬁo@? éﬂftfnggﬁﬁe‘gﬂﬁ\eg?&ﬁ% vi”é’fg‘-“é%slgnﬁm and t he
bul k opt i coptical wikglidés &e bicfdalslp optidablibérs "Brefepdbly £platalitof rtltipieRed t he near
infrared range. The select order of diffraction is preferably between 4-7.

30 The denchanpglsyaepropegated withis ong of the optical fibers and single chanpels ascqaoragated ¢ he

present ipy | 1 1.z ﬁ%“P ' ‘] . es the
mul ti pl exi %gtﬁ%é%@l{%to%qeedyﬁ ﬁ% 0 %é%ﬁ%gﬁ%fhéﬁ%%%ﬁgﬁk%wgss) over
a rele i vePyeferably, thactonnel bandwildthie bstwdén 15201850 tmPe /chiniehspacifig is0.4
maxi m zi ng the_nunber of channels that ,can be carried by.a sipgle fiber for
a given b%'ﬁ(?ﬁl"(??ﬁ'.‘de ﬁ.ﬂ%ﬁﬁﬁ%’ﬁ?%‘%ﬂ M&!ﬁ?@%‘ﬁ@fl&écg%m ng allows -
the channelepaiafiof Gqnaliild dintafe Yt Whieclobleess 8F adhhoehl GPRickITRRIsh i Yinea d N ON
efficiencies. The high angular 5 dispersion of "the echelle grating allows
for adequaamaycdtshesslectfopaidengtivfor e select ardee pidiffiastion atehefficiéney of atleasyt h,

provi di ng ?%,;mal ler formfactor than presently avail able

mul.ti pl exef$7denul ti pl exers. Use of bul k optical elements provides a system

whiched s easy AGinibispeatof thegresbitdfiventioeisianliCoptio@dtinglfer weih r el atively
| nexpenst vr%utlt%lerrx%?gu;n%cdteg{uleﬁplgcri]r(ljg (%)Sti%aelns?glhgfs in optical communibation systems
operating in a near infrared wavelength range and a channel spacing of 0.4 nm or less.
The grating includes a groove spacing and a blaze angle providing an angular dispersion of
between 0.091 and 0.11 degrees/nm for a select order of diffraction and an efficiency of at
25 least about 75%. The grating is preferably an echelle grating having a groove spacing
between about 50 and 300 groove per millimeter and a blaze angle between about 51-53°.
The near infrared wavelength range is preferably between about 1520-1610 nm and the
bulk optic grating has a free spectral range at least as large as the near infrared range. The
select order of diffraction is preferably between 4-7.
30 The dense wavelength mulfiplexer/demultiplexer in accordance with the present
invention utilizes a bulk optic echelle grating that enables the multiplexing/demultiplexing

of dense channel spacing (0.4 nm or less) over a relatively wide bandwidth, thereby



10 BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a schematic plan view of a
mul ti pl exer/denmul tipl exer using a bulk echelle grating in accordance with .
the presegodAgenti on; Fig. 2 is an enlarged cross-secti parebogAagsechel | e
grating grooves illustrating 15 relevant dinensions;. Fig. 3 is a

graphi cal representation of possible steg wi dths and riser heights at
different orders which may yield a working echelle grating; Fig. 4 is a
schemat i ¢ piagfhiem@hehinibr of chainesthaquar be tarfiedby 4 bipgle fiber fdeagiven pl exer  with

o5 part asdvitde dhe S DR dvicroane o ulroghell eblave Beaime 1 6 ," O ©
e

perspecti ' %E%ﬁm@ | éﬁﬁ%m hd i jeb. MTIRLK ﬁfgﬁﬁlrl
grating OW%I. 1T 1T u tlérig!tllaﬂr% t: elpotentigﬁhgﬁegyﬁ%nt ofgl': he conponents;
Fig. g is dispasioamiittieccheliegrasingallows for addquate obanoelacpasationsnver afelatively

mul tiplexer/d l.tiplexer.usin ul k. echelle arating,including a pair of
25 'colol i n&?‘ﬁ%ﬂ&%ﬁ%ﬁ%%ﬁ@o 1 Pig -yg"%? iénd al tgr naltoe
embodi ”Enh\ﬂﬁpléﬁd&@&ﬂﬁﬂéwﬂﬁmmidﬁﬁﬁleremﬁmﬁi@dﬁ a sfrstérh vbichiisc| udi ng a
prism providi'ng for wavel ength dispersion in a horizontal direction; Fig.
9 is a thieasy tamasnfagtuee, bightygeliable, seplablesnd relatively ingxnensiveiomanyfacte® using a
single colli 1r’]siastfliﬂgﬁ/focusi ng mrror; 30 Fig. 10 is a fourth alternate

embodi menf® hul ti pl exer/denul tiplexer in accordance with the present
i nvepgion using an off-axis parabolic mirror as the collimating/focusing

optic with the_device arran B r-litf{row configuration; WO 01/18577

PGTN500123898 Eﬂ&&&mﬁ i ¥R e enbodiment of the

mul ti pl exer/ defgd 4i;0) EhSmafd! plhdiewidif & DRMiplbrtyASthiIAPlekeriligd balk eBMR echel | e
- \

grating; Fig.. i's a schenatic representation of an apparatus for dividing

a broad gratimgdmactohdance withythe graseitinventionant s f or

mul ti pl exi ng/ d tiplexing, . Fiq, 13.iS C tic r ation of the
enbodi nent of %?%.5‘i@‘%‘@?ﬁ%‘?ﬂ%ﬁ%@%&ﬁ@“&%ﬁ&%@ﬂn@ﬁ@ and Fig. 14
I s aischen@bvdmt Ginfisbhen of a pigtail harness having a one-di nensi onal

input array of fibers and a two dinensional output array of fibers; 10

i A .
Big. 15 is a s&igAdsa eraphigslsenrescatation ofjossiblesiep wadths and iserbeight$ Mo xer havi ng
stacked . different orders which may yield a working echelle grating; : : : '

- Fig. 4 is a schematic representation of an example of a multiplexer/demultiplexer

with a bulk echelle grating in accordance with the present invention;
20 Fig. 5 is a partial cross-sectional view of a pigtail template;
Fig. 6 is a perspective view of the multiplexer/demultiplexer with bulk echelle -
grating of Fig. 1 iHustratinQ the potential adjustment of the components;
Fig. 7 is a schematic view of a first alternate embodiment of the
multiplexer/demultiplexer using a bulk echelle grating including a pair of
25 collimating/focusing concave mirrors; o
Fig. 8 is a second alternate embodiment of the multiplexer/demultiplexer of Fig. 7
 further including a prism providing for wavelength dispersion in a horizontal direction;
Fig. 9 is a third alternate embodiment of the multiplexer/demultiplexer using a
single collimating/focusing mirror;
30 Fig. 10 is a fourth alternate embodiment of the multiplexer/demultiplexer in
accordance with the present invention using an off-axis parabolic mirror as the

collimating/focusing optic with the device arranged in a near-littrow configuration;
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mul tiplex fibers and a two-dinensional array of single channel fibers; and
Fig. 16 is a plot of the systemresponse versus wavel ength for the

mul ti pl exeWOOWH8HT i pl exer of ‘Fig. 4. 15 DETAI'LED DESCRI PTPCRUSHU/2B8%8
PREFERRED ENMBODI MENT A rmul t.i:pl exer/ demnul ti pl exer.*for use in opti cal

comuni cation systens 10 of the present imnvention is illustrated
schematically in Fi g; | . It includes a pi g‘tpai | harness 12 consisting of
an i nput waveguFigellis a Gfitpalternete embodiment of the myltiniexer/demultiviexerofdh) in a

linear arr iixﬁ’éﬁg ).\E& tvel delile orlinGP! | | MatiAg/ f ocusing 1ens 18 and
an echel | e%}gérs%ﬁl ng %‘%?gdeac Wi V\ﬂecgﬁﬁlggé optically coupled. In the

present di scussFiga12 isa schethiticrkepresentationof dn gpparats foridividing adireatlussed i n
terms of a _demyltiplexer. The description .applies equally to a

mul ti psexelb,andeﬂﬁ‘i‘Wtiﬁn‘E‘ﬂg %ﬁ@ﬂ%@r&wﬂﬂ@@&g@'ﬁ&m’%&& put wavegui des 14,
16 reversed. A iBh b: g{,agmsﬁy ;@ UbRiinc g€ Ui des
are illustrat ed?&(tl%g%enter 0 putg\’\l/gi\i/egﬁlrggs un er@éés)qt heinlgnput fiber in
Fig. 1 as ownelnad dbidingelemedts; andspect to el enents 142 and 148 of Fig. 14).
Furt hernore, the, equides 14 . 16 arg . erabl.y single .oode. opt.i cal
Fibers. As. wi | 1 Figh T4 7Sk 3BERa evafiofpln el e vl 3onS BcosismBl inffe
enbodi ment ar@f oPfibeiPar Diwolliin wpRanepof fiergssoci ated with a single

i nput wavegul de, dependi ng upon the bandw dt h channel , separation and a

nunbet0of ot her Fig 38 dsa schematicyeprgsantation o multipdgxer/demylijplexarbpving sgeked

"optically ' Y : | ' link or the like,
by which oﬁ%?isilﬁ%%a %agé%@éwgﬁgﬁﬂggfh@#%gwre I nparted to
the "coupl ed" ofFig. d6isaiplocefthéisystenl esponke versis wavelpigth fdrithe WO 01/ 18577

PCT/ US00/ 23898 = 8 communi cat i r%g devices are not necessarily directly,
connect ed mepltipigxer exer@fiFigedy be separated by a space through which
the optical signals traverse or by internedi ate optical conponents or
devices. 5 As illustrated in Fig. 1, the multiplexer/demultiplexer 10 is in
"near 15i ttrow OEFAIEDIDESGRIPTIONOF FHEBREEERR EMBODIMENT A, ,, and the
channel s diffracted, otf the  surface of.th rating.11,12- 41 A4, A5, AG,
A7 are generall f’é‘f‘g’ﬁ’w&%‘g _e’f%?‘?rd’ﬁ?%ﬂ%@(cf’ﬂg’c“g‘@é,n?ﬂﬁwstlpé’géhea very
cl ose pat h)prasest iVidtibs BSillkdtialedGBhdndiRAIBSInIFRE 11 MAHEludRA Pighil hamafdd2 focuses
the diffracted channels A -A7 to the output fibersl6. 10 The echelle

grating 20 consigtngsfan innyt weyesyideddcapluralitycofoutput wavegnides Legerangedin a

i nterferen s | . I ef. ed f | ou rti.ons of
tsrul ed SeRant Sfiaoact e P S RhonbEg il 01 BB Sfib i O &
pl ur a0ty @0, edchiofiehich/Are optically &mipled. In the present discussion the

multiplexer/demultiplexer will be discussed in te‘rms'of a demultiplexer. The description

applies equally to a multiplexer, only with the function of the input and output waveguides
14, 16 reversed. Also, for the sake of clarity, only seven output waveguides are illustrated
(the center output waveguides undetlies the input fiber in Fig. 1 as can be seen with

25 respect to elements 142 and 148 of Fig. 14). Furthermore, the waveguides 14, 16 are
preferably single mode optical fibers. As will be discussed in greater detail below, in the
preferred embodiment, 90 or more output waveguides can be associated w1th a single input
waveguide, depending upon the bandwidth channel; separation and a number of other
factors. |

30 As used herein, "optically coupled” or "opticall_y communicates” means any

connection, coupling, link or the like, by which optical signals carried by one optical

clement are imparted to the "coupled" or "communicating" element. Such "optically



sel ect channel spacing within a select wavel ength range A -0 into separate
channel s of wavel ength beans A -A which are angul arly dispersed by the

grating i fgoeraeémut 15 wavegui des sone di stance away.: Repefiissbdiaser Fi 0. 1,
t he channel separation of the device (D), which is the product of the

focal length of the focusing/collimti ng gopt ic, the angular dispersion and

the incremental channel spacing is equal to the distance S between the
center of cadhameaﬂngbdé\ﬁws moegedeshﬂly dieethyeednaedied tgioné arvthe?,buk-fay be

particularly s |ted to us tlca.l comuni cation systens because of a

uni que c opBRTRiEd samfﬂ'a epp tical signals traversear by idgrmedials fptical

separatlo %&&@&%ng channel s bei ng closely spaced .(0.4 nm or |ess);
it provides Iarge spati al separation of channels over relatively short

d| st ances; I in Fig.dhthe m\ﬂﬁplexes/dcmmhpbhe lfamgé'n&rlmmw cal Con

F
speciTi EZ% i “@%Em%e-%gsi)gfﬁgt%ﬂeat bl e hanpots ttEndted i e ﬁaan'g:
or oove degihb ofhl BB IUALSE, 200, B, SOUE LRI Mok i G52 opBI I BaPD of

than 1. isntheptridersnierpelose patt))and the lensdothadliphaestherinpin teh Ao asiierrul ti pl exer

that efficiently separates closely spaced channels over a relatively snall

f ocal Ien@&hseegleghﬁasteﬁﬁbmslf3-1'&11@@?%&1"&@%” formfactor formfactor (on

ext ornal and i Aak prathe A0 koot riip) el DA R | °C1 ' Ccher ¢

gratings ﬁwf&éﬂ&ba%mwmwﬂonmaﬂmmvmwkpmomzwfmkﬂme 1)
M ni m ze focal |engt wth a focal |ength of under 6 .inches desired.

| | ;I | P \é\ommgzwgw@lp 93999911 congisping eﬁmple;falmf@hmlsm havinga -
3) A
oo Ry S g e S S

range, 15Qavdkn ﬁﬁmﬁm%u %vhﬂum%gmaﬂyhﬁ gﬂmﬁ’gRe tpaggged, mnimum

costissystem The performance constraints i ncI ude: sol ut i on greater .'

tihan 20, Owaveguidessamstistanss|awey oReferring tobip. b the cluenel separation of the device
(D), which is the product of the focal length of the focumng/colhmatmg optlc, the angular
dlspersmn and the mcrementa! channel spacing is equal to the dxstance S between the
center of adjacent output wavggmdes. 'The echelle graung 20is partxcularly suited to use

in optical communication Sj?stexné because of a unique combination of properties: Dit

20 provides clear channel separatlon notwithstanding channels bemg closely spaced (0.4 nm
or less); 2) it provides large spatlal separatxon of channels over relatwely short dlstances,
and 3) it is highly efﬁclent in the range of optlcal communications wavelengths

Referring to Fig. 2, for the purpose of this specification, echelle gratings are a
o5 special grating structure having groove density ( 1/d) of under 300 gropves/mm and a blaze

angle 0, of greater than 45°'wh_ich typically operate at an order of diffraction greater than
1. In combination, these features enabie a multiplexer/demultiplexer that efficiently
separates closely spaced channels over a relatively small focal length (e.g., 5 inches)
enabling a small form factor form factor (on fhe order of 10 inches in'length' or less).

30 Consideration of certam external and performance constraints pomt to the
desirability of echelle gratmgs for DWDM The external constraints include the
following:

1)  Minimize focal length, with a focal length of under 6 inches desired.

- A



10 suitable for sone applications). 2) H gh dispersion. 3) Flat response
across spectral range. 4) H gh efficiency or low loss, (>75%. 5)

M ni mi ze pwba1/18szt i on dependent | oss. 15 The external conBCT/EBI23898f
ruggedness size and cost m:ni-mzation as well as": performance constraints
of ease of alignnment and high efficiency -gictateialittrow configuration,
which sinplifies the systemoptimzatign analysis. Fig. 2 illustrates the
echel l e grati n@)geom%ﬁﬂ%ﬁbwmm,W’@@?‘F‘Y%&eﬂl‘m@(ﬁl&cbl aze
angle 20 a = inciden ngs = diffracted angle In littrow, eb = a a (3 b
= step (reflective sur ce@ Ssi'ze d =1/groove density 25 a = riser size
Exam nati on of 3) nurAetiniafal cleanaéirspacing (@.gf, @t mn or Bsg)cussed above illustrate

the wutility of echelle gratin for 1. Constraining Factors: f
nunbers (f) in ré8hge gezlg%e - @GF’JSK\S%' ("R')>20,000. 30 Result: For a
grating in |itt§ow osyifehffhahbéin tHe rangé of4-gvhere Wis the illumnated width
of the grating.” Thus, or  Ww (20, 000/72) (1550 up) orWps 1.55cm WD 01/ 18577
PCT/ US00/ 23898 €0 = Ruggediminimym cosssystemengt h), or fQ =1.55 cm x; 8 =124 5
2. Constraining.Jfactors: FO > 12%3' nd channel separation at at |east
80.t. = Result™® TINCE SRRtam ‘Tfig in littrow, dispersion (p.) ' . fp
where m = order1pf dRésblutioh gfeater than 20,000 Galthbuph resohRivA!> B5000 willl ten

10 suitable for some applications).
2) High dispersion.
3) Flat response across spectral range.
4)  High efficiency or low loss, (>75%).
5) Minimize polarization dependent loss. _ _
15 The external constraints of ruggedness size and cost minimization as well as
performance constraints of ease of alignment and high efficiency dictate a littrow
configuration, ‘which simplifies the system optimization analysis.
Fig. 2 illustrates the echelle grating geometry and the variables set forth below.
 B,-blazeangle
20 o = incident angle
B = diffracted angle
In littrow, 6, = o = B
b = step (reflective surface) size
d = l/groove density

25 .
a = riser size
Examination of a number of constraining factors discussed above illustrate the
utility of echelle gratings for DWDM.
1. Constraining Factors: f number (f) in range of 4-8 and resolution
("R")»>20,000.
30

Result: For a grating in littrow configuration,

R> 2 (3), where W is the illuminsted width of the
grating. Thus, or W = (20,000/2)(1550 nm)

orW=1.55cm



to be at least 80i, = 4 x |0Ord4and fQ=1.2x 10411, n> 1.5b. 3. Constraining
Factors: FSR (five spectral range) > 150 10 Result: FSR 4which inplies in
or ms 1GQuggygepnstrai ning Factors: Wsh to provide a flpirusi@saeesnse over
the bandw dth. Result: The diffraction envel ope nust have a broad enough

maxi numso that loss is mnimzed at t extrenmes of the wavel ength range.
This dictates b< 8.511. An order over spreads the |ight too much across

the diffraction peak, resulting in 15 unacceptably low efficiency. Thus: b

< 8.511 and ms 7. 5. Constraining Factors: H gh efficiency. (>850) Result:

Efficiency is a furbsbfbtfoeal )PE. A step size nust be selected

provi di ng a channel t ng- 90% of the.signal at a select order. b
> 311 yields sui tabﬂe 12%5%1&0?&2?[4 20 6. Constraining Factors: Limtations

on mgfrom4. and 2.Colexfing FEGG! Fk>]l25nﬁnmd<ch3nne’fsep€ﬁﬁ6ﬁaﬁtluaﬂ§80§act ors:
For an echelle gratlng in littrow node: a= Result: a 811 at m=5 25
4.6511 at nE6 43§_esuhnﬁmw§ellemungmllwe¢m9ntr(3 i

t.y@mi nts and
results provide a %ﬂﬂil s?éar@a ge of» suitabl e
orders ( “EPhuP&‘{"? ﬁs al né% | é hraxi m§| ng efrticlency and m ni m zi ng
pol ari zatma@mrwﬁ Alld)ﬁﬁlmmﬁlﬂe 1az;olmﬁ,1hl>azsb angl es and groove 30
frequenci es that fall .in the. range. of echelle gratl n s, 1. -45<eb<78 and

d < 300 groov%s/nrﬁommrm FSR/{frea.snestral r@ge acturl ng further.
dictgfe that only g__rat)Ln rovid ce ry results -
Wit hﬁ}n t he externaleﬁéyEi gerforﬁngé"‘g’dﬁg’g?sdpnt Tﬁéﬁ@\o 01/ 18577
PCT/ US00/ 238984, 11 ConstieiningRaogrsa Wishtdprovrde]gﬂau‘ﬁpopse&wthdbmdmdth exer,
nunber of design para re sel ected. that ated by many of
the external and p&WnﬁEM@%ﬁ%ﬁ@%?@WﬁBmsgﬁﬂé %&éﬁpl ary

havi ng thg]a{s)@ﬁge\'§ erence nu%ger as II!| g J% éih ggl ct ast |cng consgtfral nts and

U-

their eff Gﬁiérmﬂhpremmﬂhgnyodmh&raemseﬂhdl@aaiqmmmtmgm as follows: 1.

Chanfsel Characteristics Currently opt i cal r;?Tunl cations utilize what is .
know as t Weacceptably loy efficisagy, Thus:'b < 5IJ'andms

5. - Constraining Factors High eﬂicrency (>85°) _
Result: Efﬁcxency is a function of step size. A step size must be selected
providing a channel wrdth captunng 90% of the srgnal at a select order.
b > 3 yields suitable efficiency.
20 6. Constrarmng Factors: Limitations on m from 4. and 2. above.
Result: 1. 5 <m< 7 '
7. Constraining Factors: For an echelle grating in litttow mode: a= I—‘j-z‘ A
Result: a = 3.88patm=35 -
4.65pat m=6
543patm=7
Fig. 3 illustrates thaf these 'constraints and results provide a range of values for a

25

and b at a given range of suitable orders (m). Simulations aimed at maximizing efficiency
and minimizing polariz'atiorr dependent loss optimize around biaze angles and groove

30 frequencies that fall in the _r_ange of echelle gratings, i.e., 45<9,,<_78° and d <300
grooves/nm. Furthennore,'li_mitaﬁons on manufactuﬁng fm’__ther:dictate that only echelle
gratings can provide the rreeessary results within the external and performance constraints.



i nfrared wavel engt hs, a wavel ength band rangi ng from 1528- 1565 nanoneters
(nm. This 10 provides a bandw dth or flee. spectral range of 37 rim
avai | abl e woroi1gssgahnel separatlon Known prior art PCT/US00/23898

mul ti pl exer/demul tiplexers require a channel spacing of 0.8 ran or even
1.6 nm resulting in a possibility of only,between 48 and 24 channels.
Because echelle gratings provide narkedlé superior channel dispersion, a

much smal | er chimdesigningadunetioning raultiplexer/ thmpumbmftdpngu n a

D0 or conduc PaRmeiE P8 ke 846 e Ay 5 ot b PR, 0
the "C' bagendyGinkyyel ot abbve. "Ad eleapthr 46iifkofolib is kst skhepnaiiGally i i  #

1490- 1527 nm, a total bandw dth of about 120 nmor nore is foreseeable,

creatifg a4pwabrlb¢plpm9ntsmwemmfmﬁm@mﬁxgr X digtd8nodat i ng 300
o a1y SPReEE Pt Pl ex i b PSS RTINS AToNRRE 05, |
channel width k1. = OChfnneliGharGjteristia4 cormmuni cations are current |y
R ey
optical fi ot ﬁ‘?‘éér Or%ﬁﬂ%iﬁﬁel&%iﬁ‘wﬁ %&mﬂm&%&%ﬁ@m&m ter

di aneter o 11) and a core dianeter of ) Optlca fibers
havi nggan pmmdns acbaadwid&rorcﬁeemhndgmdrﬂmmue farrchml&pananomvar | abl e,

del SM1 f | t th th t
(Ther 14 Ko bt ghotfinigxes ernfRglex s Fooutrd o chanbe haA0He Sr .8 B brigdny 001 o
di anet er. Alséhkﬁ‘ w&ﬂfxﬂﬁdasibnﬁy Sfdndy B&waéﬂa?&dqwhmdlsl Bebakdbdglle as

illustrated in Flg 4, this results in the core centers being spaced 8011
or a requi resetings provide markedly sunsHorshgnned dispersion. mushasmallerchanne] spaging of

ol adi ngs. o 8 e sl FeRlingH wBositbBFEH Aol BOCTAE AL 0. (o
reducqd, Wwithsing einge spsemiicandaétoriiadets increhses andepticgl donmhmdeatibhsexpiifd 01/ 18577

PCT/ US00/ 23898 12 whi ch coul d enabl e shorter focal |engt r;|s or d| fferent
echel | e gr?heb' orsl the SCGhand g inclpgle thesd e band, (1566-161¢mm)andshe, 18" bepd (xM88ag of

t he beam ﬂ%ﬁ"ﬂ
al t hough it vvahﬁﬁat er oun 3@%?%%22%%1?&&0@ por|I3§r%tE£Bl§3]‘%eaah%s act%r The
desi gn was ofﬂhmdhplﬂra/dmmﬂmmaeaamm@hwmo alimmelsto; moze perfinputnfiberct or

consistent with Qr s ha ed in current r/ denul.ti.pl exer
devi ces. A tot al(gn{egﬂa ”% e i iﬂnsﬁ?i’ée §%§h”gﬂ‘§>&?€§‘f *g Pget . To
accomzodat eGﬁE'lmB%aQW%SAﬁ@t%Qﬁé aﬁﬁﬁéﬁndmmo 0% il Gpltcall €ENGLH OF 5
i nches (127 nm was chosen. As di scussed
communications are currently beginning to adopt a frequency of 10 GHz, know as OC192.
At OC192 the channel width A, = 0.08 nm. '
2. Fiber Dimensions
Standard single mode optical fiber used in optical communications typically have

25 an outer diameter of 125 microns (i) and a core diameter of 10. Optical fibers having an
outer diameter of 80p and core diameter of 8.3 are availaSle, model SM-1250
manufactured by Fibercore. In this example, both the input fiber 14 and the output fiber
16 are single mode and share the 80y outer diameter. Assuming the output fibers 16 are

30 abutted in parallel as illustrated in Fig. 4, this results in the core centers being spaced 80y,

or a required channel separation D of 80 at the select focal length. Because fibers of
different outer diameter are available and fibers cladings can be etched away, it is possible
that the 80 spacing can be reduced, with core spacing of 40p or less being foreseeable,



10 above, in light of the constraining factors of the f nunber between 4-8
and a resolution (R)>20,000, a focal length of 124 was ultimtely

dictated. whormsypersion Limtations In order to prevént pegusdensseel data,
it was necessary that the dispersion of the echelle grating be
constrained. The initial .4 nm channel E)gm ng at the echelle grating was
15 required to be about 80 of separation™@at the output fibers

(cor r es poridhdould dnlible shurter faealdbmabs or Qifféréin eéﬁellegrdﬁagdesxgdsehaﬁngi’essvm channel

wi dt h of OC 192 frequen es could not - dlﬁe(P rse to nmuch ter than t he
fiber cor anSH g%@eﬁ‘&ﬁ&ﬁﬁé folding, 4 nm

channel wigglth, %&%}] & 1I4b te core di ameter > 8.3t
20 5. Gating %emg The varlab &es bZleffectl ng ratl ng design are: 1)

wavel gngt h rande 2)Fetni Fgtancy 25 3) di spersion (D) 4) desired resol ution.
Cam} Fig. 3 ig, a.cLoss-sect sho ciple eghel rating

di mensi ons i.P %&e@&@ Vi“@ﬂ%“é\/é@&eiaﬂ{s 5’ éjﬂg"rgroove
density (%mﬁeﬁM%MM%smﬁmtnﬂﬁmamaﬁmﬁﬁmt&mé totar>0 NM

was chosen. This 30 results in a physical 'size of e spectral inmage of

(nunmber ofengtheafibetvesen 1 012dnchasivas the design target. 'l&acsammdmalkmg optic angthi s

i ze of ooanpEes Rt Sl oSRR of ¥ sfel G yofosshell s BRNEE, 1T 1 "V

01/ 1gp77 E@Velﬁ@i@hiBﬁﬁBcoﬁk&ammg Jfhgtors of thé V nuthber betweeMa8 shdoa resclutisdh r- s N
B gugbgrllc()%klzgnﬁa’@‘lg‘#ﬂqgg MHF“P@F Er ead sheet cal cul ati ons show t hat
4, Dispersion Limitations :
In order to prevent the loss of data, it was necessary that the dispersion of the
echelle grating be constrained. The initial .4 nm channe! spacing at the echelle grating was
15 required to be about 80 of separation at the output fibers (corresponding to the core
~ spacing). On the other hand, the 0.08 nm channel width of OC192 frequencies could not -
disperse to much greater than the fiber core aperture over the focal length. Thus:

channel] M < 4nm , while channel width (00192) 8 nm
ﬁberspacmg 80p ~ core dxamel:er s.3p

20
5. . Grating Design
The variables affecting grating design are:
1 wavelength range
2) efficiency
25 3)  dispersion(D)
4) desired resolution (ZLZ.)
_ Fig. 3 is a cross-section showing the pripci_ple echelle grating dimensions
including: blaze angle (0,), wavelength range and groove density (d).
For design'of the grating, 150 channels centered on 1550 nm was chosen. This
30 results in a physical size of the spectral image of (number of channels) x (maximum
 separation, or 150 x 80 = 12,000 This desire to have 90% of the intensity contained in
12,000p constrains the size of b. The far field pattern of the diffractioﬁ grating is

|
T



spectral image > 12,00011 at its 90% intensity point. To mnimze |oss, -
I.e., maintain adequate efficiency, b > 211. Thus 21 < b < 5.5%..

(Condi ti onWRO8F7 | n | jttrow node, the angul ar di spersi onPCIU X
(l'inear separation). = ((6)(f Q(i~.) =(-S (A% . UV 8011 <f _ (4 x

10' 11x1.2 x 10s) 15 1.6b np>1.6b Howevedd for OC192, dispersion nust be
constrained to contain the .08 nm chgnn Lo, wi tzh in a 1011 core, so that m
< 3.34b. Thus, 1.67b < m< 3.34b I(Jg%jl (ﬂl 20 The desired resol ution
(R =1 =Nm Here, A =1550 nm and ' \.® nm vyielding a required
resolution R = 19,375 or approximately 20,000. Assum ng a beam size at the
grating of 2.1 cm (based upon a f f = 124n%m and 10 di vgrgence): 25 N=c 2

, p=li nes/ cm= Th . Hminafed, 2 cm..x_l\,sinﬁmﬂ-e% i, d cos@b b <
1.05 ﬁ(@nditigfl:&%gbgg’q%c%flgn #ﬁ’e grder mw th the diffraction peak in

l'ittrow no@preadshées calculitions sibthat BB/ IAFDH 2 B, is hécessaFy i maleithet nust have
the values: a = 3.8811 atnr5 5 4. 6511 at m= 6 (Condition D) 5.431latm=7
Only as b ispestrabimage Pd 2100p atits 907 intermity point. possi ble for conditions A and

D 10, be sat! o1 o ARG 130 i sdllalleliciocs, v> B fA 25 S.401L 10
(Condition A).
10 In littrow mode, the angular dispersion is:

(#)- ol = & -5

A x (linear separation) = (AG)(O)(A) =(-B) (A%) - (1)
80p < - (4x 10*p)1.2x 10%)

1.6b
m> _GTL'E' > l.6bu

However,.for 0C192, disﬁersion must be constrained to contain the .08 nm channel

15

width in a 10 core, so that m < 3.34b,,.
Thus, 1.67b <m < 3.34b (Condition B).
20 The desired resolution (R) = KLX' = N'm,
Here, A = 1550 nm and AA = .08 nm, yielding a required resolution R = 19,375 or
approximately 20,000. Assuming a beam size at the graﬁng of 2.1 cm (based upon a fi =

124 cm and 10° divergence):

= p(z'l) =i =

Thus, 20.000 < 2.1x 10'20m .m= 2-1-2m m or
’ d cosB b

b < 1.05 m (Condition C).

30
To align the order m with the diffraction peak in littrow mode, we know



Sel ection of the precise groove density and bl aze angle are also affected

by the polarization dependent | oss and, manufacturing constraints. For the,

enbodi nenwodihestrated in Fig. 4 use of an interferonet ecraséorssent rol | ed
ruling engine to machine the line grating 15 drove the selection of a |line
density evenly divisible by 3600. Considgjing these various factors led to

sel ection of groove density d =171.4 grooveshnmand m= 5. This leads to a

= 3.8811, b = 3.55p, and a corresponding bl aze angle of 52.6 for this
exanpl e. However, this t hodol,oqy shows that for a focal |ength between
30- 125 nur=ad arl ‘ésfgg‘&qg%-*f&potential bl aze angl es range between 51
and 53 and the groove depslty; g dtines 526y bet ween 50- and 300 grooves/mmto
provi de |inear channel separation of betlween 40-125 mcrons and an angul ar
di spegsion of the echelle of 4&Swaen=06 0P1 (@ofdiflodb)degrees/nm In the
example of Fig. 4, the echellg grating hps a groove density of 171.4
grooves/mm and a bl aze angl e %43%5@.“6.: Thie echelle may be forned from one of

several 25 kn r 0 3. ] oXy

| ayer deposi te%n@"%?%%sseﬁg&g?ﬁ%a? nistét%lé%?%gc%a@g?;%?@gg?lﬁ% ng the
steps is RipEe@IAsshfifing6,6P60° 48] thi2e3) caatRWu with a highly reflective

mat eri al such as gold. The steps may al so be precision machined directly
into a glass or silicon substance and bFeh24wated with a reflective
mategpal . A finther option is the use of ot ol i t hographi c: t echni ques
described in McMahon, U S. Patent No. d4:4i‘ ;"360, the contents of which are
her eby expresslgn I FAeAdiRcHsIA Prarb Yatidfled. €f €rence in its entirety. The lens 18
could be a graded index (GRIN) optic with spherical surfaces or a conpound
| ens with one Selectioncofdhe precisagroonstdensityrand blaze angleunalsp affectgdbytheric) . The

I J Q1/.18577 PCT/.US0Q, 23898 . 15 of | enses i 1 . _
Col ||t e POHEZAN AFRFRAcR o o FEofbespene st For the BuBodiil il
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~can be. ut igrisze dotehtihl bidize afgiiFangde tRiwedh $1¥id 53° and the groove density carries

20 between 50 and 300 grooves/mm to provide linear channel sepai'aﬁdn of between 40-125

microns and an angular dispersion of the echelle of between 0.091 and 0.11 degrees/nm.

In the example of Fig. 4, the echelle grating has a groove density of 171.4

grooves/mm and a blaze angle of 52.6°. The echelle may be 'fonn'ed from one of several

25 known methods. For example, it may be formed from an epd}fy layer deposited on a glass
substrate into which a master die defining the steps is pressed. The steps are then coated
with a highly reflective material such as gold. The steps may also be precision machined
directly into a glass or silicon substance and then coated with a reflective material. A -
further option is the use of photolithographic techniques described in McMahon, U.S.

30 Patent No. 4,736,360, the contents of which are hereby expressly incorporated by
reference in its entirety. _ _ _ _

The lens 18 could be a graded index (GRIN) optic with spherical surfaces or a

compound lens with one or more surfaces that might not be spherical (aspheric). The use



10 be referred to as an aspheric doublet or triplet. In the exanple
illustrated in Fig. 4, the lens 18 is an aspheric singlet of a 25.4 nm

di amet er h&QioNg85a7 spherical surface 26 with a radius of cBEVESW23898f 373. 94
mm and an aspheric surface 28 with a radius of curvature of 75 nmand a
conic constant of -0.875. The average fogal length in the 1520-1580 nm
wavel ength range is 125.01 nm Thus, the 15 distance A fromthe center of
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of Fig. 4 QP@“tgg%%ﬁ‘i%@“Eng stancg hetveen theaspheric spetgce oyt er

di aneter 80g @Gfe%eﬂk@@ﬁh@éur&c@@fﬁe@mﬁﬁghﬂsaﬁb&é(khﬁﬁs Aspheric singl et
Average focal length (f =12
. In the plgtall 12 of Flg 1, the input and output fibers terminate in the same plane.
This is also the case with the example illustrated in Fig. 4. In some configurations,
20 however, the inlet 14 and outlet fibers 16 are on slightly different axes and do not

terminate in the same plane. The fibers 14, 16 of the pigtail are precisely located by being
fit into a template 34 illustrated schematically in Fig. 5. The template 34 has a plurality of
parallel v-shaped grooves 36. The template and v-shaped grooves are preferably formed
by etching the grooves 36 into a silicon substrate. In the example in Fig. 4, the grooves of

25 the template are spaced 80u.

The example configuration of Fig. 4 is shown in perspective view in Fig. 6. To
facilitate alignment, the pigtail 12, the lens 18 and the grating 20 have limited freedom of
movement in multiple directions. Once they are moved.into position, they are secured in
place by clamps or a suitable bonding agent. The lens 18 is held stationary. The pigtail 12
30 is movable by translation along the x, y and z axes. The input and output fibers can be

moved independently along the x axis. The echelle grating 20 is fixed against translational



Optical Signal: | =1528-1565 nm channel spacing = 0.4 rim Gating: 15
d=5. 83p 8b52. 6' order = 6 System Performance: D (linear separation) =.
80 20 RgpelmdsiPn (R = 20,000 Efficiency = 75% Fig. ljcirgseonsshot of the
system response (y-axis) versus wavel ength (x-axis) for the grating

descri bed above at a 100 Giz (0.8 nm ch?émel spaci ng over the 1528-1565 nm
bandwi dt h at an average insertion loss of 7.5 db. This'plot illustrates the
flat i nsepfoverientessept Aongthe aaist n&abwd:ﬂtéﬂiboumcnafméwmdmsto the use
of alittrow configuration as_well as the use 'Hgia@hng |.enses,

concave nPthes %WW?W“EWWWMM i dent

beam A first ﬁmﬁg cdritér m\@“@ @eength 30
mul ti pl exer/denu% tiplexer 40 1s shovvnn sc(ﬁlenat lcally 1n F| g. 7 Si ngl e node

[ npute fi bmmﬂﬁ-nzedrasfdloavsdl vergent- i nci dent beam 44 consisting of"

mul tipl exed ch m{iégo he surface of a collimting/focusing concave
mrror 46. The i 2i‘glsthen directed in an of axis manner to
t he surface of an eg{;ﬁ# é_pg 50. The echelle grating disperses the
il~lol WO 01/18577 PCI/ USO0/ 23 98 17 channels according to their

wavel ength in the n@oediambted@Bsed above with respect to Figs:. 1 and 4 and

t he di spersed channels 2' re reflected off axis off the front surface of
the concave col | i*mal SI ng mrror 54. The col limating/focusing mi rror
54 tmen S5 focupgs Bérg S the various channels to a correspondi ng
fiber an output er arra 56. As alluded to above with respect to the

di SCUSSI on of the eAberdgeﬁmléenng'ﬂ)gleSl and 4, use of surface reflecting
optics such as the colljmati ryg_ir'hésrgﬁg46 and the concave focusing mrror
54 requires thQP‘J?ﬂwl%‘ﬂlucal © VR se the systemin an off-axis

geonetry which creates signi fc‘hﬁﬁﬁis L34 MRS (spherical aberrations and
coma) that 10 significantly imt the %erformance of the system However,
t he use of theGtatingt surface

15 e d=583p
e 0,=526°
o order=6
System Perfonnancé:
e D (linear separation) = 80p
" Resolution (R) = 20,000
e Efficiency = 75%
Fig. 16 is a plot of the system response (y-axis) versus wavelength (x-axis) for the
grating described above at a 100 GHz (0.8 nm) channel spacing over the 1528-1565 nm
bandwidth at an average insertion loss of 7.5 db. This'plot illustrates the flat insertion loss

20

25
across the bandwidth.

As an alternative to the use of a littrow configuration as well as the use of
collimating lenses, concave mirrors may be used for cbllimatirig and focusing the incident
beam. A first alternate embodiment of a concave mirror dense wavelength
30 multiplexer/demultiplexer 40is shown schematlcally in Fig. 7. Single mode mput fiber 42

emits a divergent incident beam 44 consisting of multlplexed channels onto the surface of
a collimating/focusing concave mirror 46, The collimated beam 48 is then directed in an

off-axis manner to the surface of an echelle grating 50. The echelle grating disperses the



reflecting optics has the potential of facilitating a nore conpact form
factor than is possible with l[ittrow configurations using a single optical
| ens. As swowlimsste readily apparent, conbinations of froRCTAS00/23898
reflecting optics and | enses can be used in non--littrow configurations
where necessary to balance formfactor m pym zation requirenments 15 and
optical aberrations. A second alternate enbodinment 60 is illustrated in

Fi g. 8 whi clianiels according tottheir wavelengthdn thet thanmendiscussed ehevel witlyrespachty

mul ti pl exeg/ d | 4] Dl.exek. usj i i LAt i it h _front -surface
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collimati ng/ fqcusi.n irrqQr 74. A two _dinensional output fibgr array 76
ecel vos. 2oREE R IA TS ek 5 APl beh THTR g FORDAR BROTaRr 74, The
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ot ernat o Bilsctne s b e potgiet SeBE0ANRE a it BlrgarEt o silordase,
col I'i mat i ngogikle Wik UitdvEcotilighitiohRfhg!a Mingéptical leds(i As shbilld be éagilgnbodi ment

input fiber 82 directs. a beam consisting of nmultiplexed channels to the
surface of appreentrombinations of frongsurface weflectingnpties anddensgweandeused iaqond of f the

echell e gr ili RY E’ﬁgz H%H z #m%l% ' e t he

mul ti pl exegl Si g%o\éﬁg?%aﬁ e lrzr%%qul;egre [ sgﬁgég%féﬁ%\%*&% e er?gﬁ‘{ 0] xé@s
channgs s aand optival abefrhiorised of f the: surface of the concave mirror 84 and
directed into the array of outpyf fibers. 92. hile the, enbodi.nment, 80
contenpl ates t h& %° W@sﬂh’@ﬁ\mgﬁwuwﬁ\h%mhé@@%a pehEMALC o

const ant d'&ﬁﬂ&%&ﬁﬁ&& f dnQRchelié mtiplEXer/dBmltipfity usigd A #nC OF aspheric-
mrror may be used t?) | nprove i mage qua e‘irty, il“? necessary. Fig. 10 is a
fourth al t eombinetiemwishifrontsurfa@opticalmirmars. 3 thiserhsodirendilight fom 4 single as t he

|1i mating/ f ' | s enbodi | tiplexed |ight f h
mput 1 bofiodfabbot BB n il arts PR OB e o ¥ i B8 oiibled, . Lo
m 1 r 020 104 bédth 6B is directét thrdbolibrisACés: Theqstishi 683r6¥idérdoraveldngidispeiifordinl t he

surface of an echelle grating 108. The nultiplexed light I's reflected off

t he surf ac@ horizental direstion as ingigatedhy the beamscl0. Iyeserhorizontallycdispersed beams
70 are directed off the echelle grating 72 which in turn diffracts the beams 70 in an

orthogonal dimension and directs these diffracted beams off the front surface of the
concave collimating/focusing mirror 74. A two dimensional output fiber array 76 receives

25 the focused beams from the collimating/focusing mirror 74. The use of the prism 68 in

combination with the echelle grating 72 provides a two dimensional array of wavelength
dispersion and may therefore facilitate detector arrays of shorter length as may be
desirable in certain applications.
Fig. 9 is a schematic representation of a third alternate embodiment 80 using a
30 single concave mirror as both a collimating and focusing optic along the optical axis. In
this embodiment, input fiber 82 directs a beam consisting of multiplexed channels to the

surface of the concave mirror 84. A collimated beam 86 is reflected off the echelle grating



of the off-axis parabolic mrror 104 and di spersed to respective out put
fibers 106. In this enbodinent, the echelle grating is in near-littrow )
confi gur aty ereby directing light back to the outp | 106. 15 A
fifth.altg%%g ggénbodinent illustrated in Fig. 11 uses agégéégﬁéégchelle
grating 107 configured to be the optic which collimates and focuses the

I ncom ng beam This enbodi nent elimnatd8 the need for the
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a first focusing lens 116, a second focusing s 118, a firs echel l e
grating Dbasktgdhe eutput fiversdf6a second echell e DWDM device 122. By way of -
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hi gh pass gftéthite Embddifdehis@he 1fshr. The high pass thin filmfilter has a design
cut off wavelength that reflects the |l ower half of the wavel ength range
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capacity of single mode optical fibers. As alluded to above, it is foreseeable in the future
that advancements in optical .ampliﬁer technology will enable bandwidth in excess of the
current 60-80 nm bandwidth used in optical communication. Such broad bandwidths tax
the ability of an echelle grating DWDM to effectively multiplex and demultiplex the entire
25 bandwidth, particularly in tﬂe frequencies at the edge of this broad band. Accordingly, it
would be useful and desirable to use a network of echelle grating DWDM devices with
each device optimized to multiplex/demultiplex light in a portion of the broad spectral
range. For example, assuming future amplifier technologies enable bandwidths on the
order of 120-180 nm, each echelle grating DWDM could be optimized to function with a
portion, for example %, of the bandwidth, 60-90 nm. A
Fig. 12 illustrates schematically an apparatus 110 for dividing a broad bandwidth

30

for multiplexing/demultiplexing. The apparatus 110 consists of an input fiber 112, a high



is in the range of 1460-1580 nm The high pass thin filmfilter is designed
to cut the band at 1520 nm Thus, a wavel ength range of 1460-1520 inn is
directed twoamdsszhe first echelle grating DWDM and a wavePCHASP/23898d of
1520-1580 run is directed toward.a 15 second echelle grati ng DWDM devi ce.
The signal directed toward the first echeljpe grating DWMis optically
coupled to the first focusing lens 116 which directs the | ower wavel ength

beam as anpassphmfdmﬁlwelﬂsrasﬁmé'mingéelgrlaﬁmmuﬂmlfalsllllﬁ@ﬁlshner t he
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like.l0Nth eahblhrgrmd)W@Mb%t%mﬁ@ﬁ&vav@m&uﬁ&w*sﬁmghmy of .4
nm a devi ce,,fo royi di ng, a vel e range of Q_urn w IIow
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whi ch Such
R
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The present example contemplates the use of a high pass thin film filter 114,
However, other waveband dividing elements could be used instead, including devices
using fiber Bragg gratings.
The first and second echelle grating DWDM devices 120, 122 of the present

25 invention could have any of the configurations discussed above with regard to Figs. 1-11.
The use of the echelle DWDM devices for demultiplexing the split wavelength bands
provide the many advantages discussed above with regard to the embodiments illustrated
in Figs. 1-11. However, the present invention could be practiced with other DWDM

30 devices such as fiber Bragg grating devices, integrated waveguide arrays or the like. With

an echelle spectrograph permitting wavelength spacing of .4 nm, a device for providing a
total wavelength range of 120 nm will allow up to 300 channels to be demultiplexed from
a single fiber. Furthermore, this system is scalable. Fig. 13 illustrates schematically how



fibers. This concept is illustrated schematically in Fig. 14. Fig. 14 is an
el evation view of a pigtail harness 140 fromthe direction of the

collimatin 11si ng optic. First, second 15 and third i

142,144, 1 W‘i% in a vertical linear array are opti cal {}?}@3%&% to

first, second and third horizontal output rows 148, 150, 152, respectively.
Thus, a one dinensional input array pro&gces a two-di rrenS| onal out put |
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142,144, 1 y ni ne output s in.t out. put rst cond and
third out mmfmwmmmdmmmfwmmmﬁnmmawpﬁmw 20 will

correspond n annels be a.function of the
channel {5 P&E&&ﬁtﬂﬁwﬁ%‘ﬁ? gJ ﬂ{‘?flsﬁ*??& acé’& %@@&590 out put

fi berg perwavebdndlof Di®fh and Bssumbac wavélenpth ﬁaoh@oﬂwmaawehﬁﬁem&m and the
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separ ati o®f600.t he grating at the device focal length. Further, the nunber
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| engt h of e_faocusi n%/ collimating
row. Each output

distance equal to the linear separation of the grating at the device focal length. Further, the

ber has a core center, and the output fiber core centers are spaced a

number of corresponding input and output arrays may be greater than three and is largely a
25 function of external factors such as the space available for the pigtail harness 140. As
should be appreciated, this configuration allows a 's'ing'le'demulﬁplexer to demultiplex
channels from a number of input fibers, thereby minimizing the number of echelle grating
DWDM devices required fora multiple input fiber optical system. This further illustrates
the flexibility and scalablhty of the echelle grating DWDM devices in accordance with the
30 invention.
Fig.15isa schema'tic representation of a preferred embodiment of a stacked input

bulk optic echelle DWDM device 160. Input beam 1A', ,, from input fiber 142 is directed



optic 162. The propagati ng ends of the output .fibers as well as the
propagating ends of the input fibers all lie in a plane spaced the focal

| ength of WEELAHFT i mating/focusing optic from 15 the col PFRESRIMBocusi ng
optic. The echelle grating+DWM devi ces in accor dance with the present

i nvention provide for dense channel spacﬁhg (.4 nn) over a g| ven

Ei:ilwls?h&@ttﬂéeaéﬁ%er Bt Titns oot R8st Rolimpted B b biBted §? the "
20
anCJI tel pleegr%}lgge{?r'ul Pﬁ%%‘g[eﬁ% até’cﬁ(3 h?ggg@%# ons anwaﬁ@ I Cl e:l‘tl 1és

Furt her, uﬂeneémmhhrougcﬁebb&mnyfoegsmglejﬂcemzandmldxspbrsédwtorm& fibérsr because
t he angul ar diffraction allows for _shorter Local Iengt hs bet ween t he
)]'

focusisng | EATAPTESRE the Srst AEEEY ToW Idd s illus mating/ focusing Qptic
el ements p dn cdl a%is9'66 Bhd (B § u'tﬁb?aliﬁ B@ﬁwmar@e nyﬁéa%dab'e
and scal a urt her enbodi nents e |nven I on 1 ncludi use of a

waveband dﬁ'unxihelgptlcﬁBamé Hi6ofitheseotlimatingHotusing dplit in the gertlpﬂshreétldnt dnaal | ows
extrenmely hroad bands of s aI s to.,he, diyvided and, sinultaneous]y
mul ti pl exelkemannss 4 opitp beamay inds emitied fromahe inputfaber 144 and er ses

St acked so"HARE eac’%%a%ﬁ' op‘?ﬁcﬂé‘é 4 bR il ron 1361 " °°

accontfodat fespeit td qakck of Guaphit rows DI dnd 130 tHEcéhtdrd Sfthe optical SEROMABSRIW ard2 CLAI M

What is claimed iso ]. ense wavel ength nul ti pl exer/demul tipl exer for use
in optical each mﬁedmﬁgrﬁm@%mﬁs jogtical fibers in the rew egual ta-te

wavegui de fithe ehl I f :%?'én fifhatigannel
spaci ng mu t| pl ex as a sl ng%neet%%ﬁgc ta%ﬁ%no{ah%ﬂgtﬁ&tﬁaéf near E

infrared ml@w@lhm@gmdﬂﬁmmtpm@bbm@mﬂgsdmﬂmpagmmyftheupl ed

"ot | oot | vettBHaPTR Rl e o SRt b Tonel S FmBERE oREAE AP R ng

opti cl3 t hetheollBhdtingbetis inF @nprising a groove spacing and a bl aze angle
provi ding a select chann separation of the nultiplexed optical signal at
the sel ect focalthe eshglie,gmting B icgt iaccasdance| with theresgnt inyendion

provide for dense channel spacing (.4 nm) over a given bandwidth, thereby maximizing
the number of channels that can be carried by a single fiber for a given bandwidth, By -
careful selection of the echelle grating blaze angle and step spacing, the channels may be

20 multiplexed/demultiplexed at high resolutions and high efficiencies. Further, use of the
echelle grating enables a smaller form factor because the angular diffraction allows for
shorter focal lengths between the focusing lens and the input/output fibers. The use of
bulk optical elements provides a system which is easy to manufacture, highly reliabie and

s scalable. Further embodiments of the invention including the use of a waveband dividing

element such as a thin film high pass filter allows extremely broad bands of signals to be
divided and simultaneously multiplexed or demultiplexed in parallel. Because the device
disperses light in a single linear dimension, a plurality of input fibers can be stacked so
that each bulk optic echelle grating DWDM device can accommodate multiple input

fibers.
30



15 a linear array of optical denultiplex wavegui des each propagating a .
single channel wthin the near infrared wavel ength range, each opti cal
demul ti pl & \My}gq.gw de having a center and a propagati nOpEf@soihRssss i S
optically coup ed to the collimting/focusing optic, the propagating ends
bei ng. spaced the focal length fromthe' cqgl,limti ng/focusi ng optic and the
centers of adjacent demulti pl ex.wavegui d bei ng spaced the sel ect channel -
separation. 20 2. The dense wavel engthAIMSt i pl exer/ denul ti pl exer of claim1
wherein the focal length.is less than 152,4 mllimeters: 3. The dense
wavel engt b rmul tWhatisadaimedisi| t i pl exer of ‘cl'aim 1 wherein the groove spacing

i s between aboyt 50 QQQ‘F%B%& nse wavel engt h
mul ti pl exer/ demJI ti gl exer of clFaim EBﬁ"lere [ rﬁ%&n‘g{fo’éés "ﬂ-gg%&gngl eis

bet wegn ah:onﬁmﬁioaﬁ&mka@ms@mpﬁsmg’he dense wavel engt h -

mul tipl exer/derrul L.l exer f clajml wherein ropve spaci I s about
171.4 grooves Hﬁ FX P! dfﬂg’maé‘fﬁaghélgyPgmfs@q%degrees. 6.
The dense s@ﬁa@mmipr?gitagmﬁ FIORK a8 8 Siblelopticl Signl wiftiPh Saicet WER irfftaled Ne 30

near infrared wavel range.i s between about 1520 an 1610 nanomnet ers.
7. The derwaveleogtbirangss h nul-tipl exer/derrul tiplexer of clai m 1 wherein the

T S o S B ont S S R ' e e b PR 23306

23 8710The afgBslect fovalVRh@hgt h mul tipl exer/ demul ti pl exer of claim 1 wherein

the “echelle grating has a free spectral range at least as large as the
near infrared M@ﬂﬁcg eqhelle grating optically compled & the collimating{fncpsing optic, the

st Eé?%‘%%%b%ﬁﬁﬁ'ﬁ%‘ﬁﬁ%m% bl e PG ctpadrd? 0771 "0

clai m | wseparationtdf¢the muitiplekedooptieal sugnal:httliersalebﬁ focal lengtheforwesatecderder df1l. The
dense vvavel & &ch muj tipl exer/demul tiplexer of claiml| wherein the 10
sel ect or raction+is 5 or 6. 12. The dense wavel ength '

mul thpl exer/ dequyinbiriingy of oﬁﬁcﬁ&eﬂdﬂﬂeﬂ@ﬂe@hﬂestéiﬁh propagating a single channel
| within the near infrared wavelength range, each optlcal demultiplex waveguide having a
center and a propagating end which is optically coupled to the colhmatmg/focusmg optic,
the propagating ends beiliglzspaced the focal lengm from the‘collimating/focusing optic and

the centers of adjacent demyitiplex_waveguides being spaced the select channel separation.
20 2.  Thedense :.w.ayelength muitiplexerldemultiplexer of claim 1 wherein the
focal length is less than 152.4 millimeters. |
3. The dense__ w.a:velength multiplexer/demultiplexer of claim 1 wherein the
groove spacing is between ebout 50 and 300 grooves per millimeter.-
4, The dense.quelength mﬁlt_iplexer/dexnultiplexe; of claim 1 where in the
25 blaze angle is between abqpt 51-53 degrees. ' o
5. The dense yvavelehgth multiplexer/demultiplexer of claim 1 wherein the
groove spacing is about 171 .4 grooves per millimeter and the blaze angle is about 52.6
degrees. . | '
6. The dense ivavelength multiplexer/demultiplexer of claim 1 wherein the
30 near infrared wavelength fenge is between about 1520 and 1610 nanometers.
7. The dense wavelength multiplexer/demultiplexer of claim 1 wherein the
near infrared wavelengtﬁ fange is between about 1528 and 1565 nanometers.

-
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col limating/focusing optic is a'single lens assenbly. 13. The dense
wavel engt h nultlplexer/denultlplexer of clai:m 2 wherein the nultiplex
optlcal weWOedLiIesd? the single | ens assenbly and the gr at i RGTRSIARI al i gned
along " 15 the sanme optical axis. 14. The dense wavel ength

mul tipl exer/demul tiplexer of claim1 whergin the reflective echelle
grating is forned in_a concave substrate, the reflectjve echelle grating

conprising the 8ol | | Fhadenee ve) @Pk&“fyhﬁ@mm %
I tipl hﬁ‘sxf )l.’\ﬂﬁfl P
imsJ OI. ) ﬁgﬁorretﬁgysa ? ﬁe@%:el sgé)n aat | on%&ééﬁlt%%%etgﬂg m crons %Zpa;ﬂhgg

focal |engrdmges | ess than 152.4 nm 16. The dense wavel ength
mul ti pl exer/denmyl tip, of c aimil sel ect or er,
diffrestion is Betve ‘i‘"ﬁ%ﬂa ‘iﬂmﬂ ﬁf@“@%ﬁ%‘r} e

mul ti pl exegsgmbfmggiﬁhggat%mobﬁ wherein the 25 resolution of the

grating is at least 2 18. Thé dense wavel ength

mul ti pl exer/ demi | pTh«éqnsmwmll«mgm mﬂtm}m@emdtmexegofaqlmmgl whereinrthe

efficiency f at % . 19 ense wavel engt h
mul tipl exef %WPEM%WJ%M \/\herel n the nultiplex and denultiplex
wavegui des are @pti CThe dénbewaveldigttiBultipleReriRRrmMiplx¢eb LIl wherein the

mul tipl exer/demul tiplexer, of claim1 further conprising: a select nunber
of at 10 easselectordes p diffrackion jiJ orf- wavegw des arranged in a |inear

111111111111 HE il array;
and a sel ect nu er %.#&#&%ear ardryzlih)%'}ﬁoQ %ﬁu@ewﬁ%ﬁﬁ@ﬁ&m%ﬂe

wavegui desmlhntaﬂnglﬁwdsmgopﬁushlsmgbdéﬂmssemhhsber of mul ti pl ex optical

wavegui des, the i ne rra enu tlca wavegui des. bei ng

per pendi cul ar td the%‘?a@i?x’ﬁ}"’?ﬂ'ﬁgb‘?‘%l‘eg?’ ?’freﬁ cl gé wdie 21 The
dense wavelpqilghiex Gptical Qﬁ&ﬁﬁfdé ABEhgle lHnSé.@.Emey anld %é@r&ﬂn@’ﬁ?@ﬂ?ﬂi%ﬂeﬁ ﬁlong i cal

col l'imating/focusi'ng opticC has as an optical "axis, ‘each nultiplex op
wavegis de ahasameoptical axisspondi ng | i near array of demultiplex waveguides

bei ng an equal 4t ARE 4110 Wbl AR FiG 5t BfhnO PlibErefthl 2

axi s.

<t

reflective echelle grating is formed in a concave substrate, the reflective echelle grating
comprising the collimating focusing optic.
15.  The dense wavelength multiplexer/demultiplexer of claim 1 wherein the
20 select channel spacing is 0.4 nanometers, the channel separation is at least 40 microns and
the focal length is less than 152.4 mm.
16.  The dense wavelength multiplexer/demultiplexer of claim 15 wherein the
select order of diffraction is between 4 and 7.
17.  The dense wavelength multiplexer/demultiplexer of claim 16 wherein the
25 resolution of the grating is at least 20,000.
18.  The dense wavelength multiplexer/demultiplexer of claim 15 wherein the
grating has an efficiency of at least 75%.
19.  The dense wavelength multiplexer/demultiplexer of claim 1 wherein the
multiplex and demultiplex waveguides are optical fibers.
30 20.  The dense wavelength multiplexer/demultiplexer of claim 1 further
comprising:
a select number of at least two multiplex optical waveguides arranged in a linear

O




22. The dense wavel ength nul tipl exer/denul tipl exer of claim21 wherein each

mul tiplex optical wavegui de and each denultiplex waveguide is at a distance

subst ant iwbleyisseual to the focal length fromthe col | i nmtpnssohssesisi ng
optic. 23. An apparatus for use in optical conmunications systens to

mul tiplex or 15 denultiplex an optical 4 gnal conprising optical
channel (s) of distinct wavel ength(s) having a select channel spacing
within a agedyeadd wavel engt-h range, the appar'at us ‘conprising: a plurality of

opti cal wavegui des aI| n 9 ner al | t he .sane opt,i cal axig. each
havi ng a pr opaR¥d gﬂ Hﬁ??"?@“yé %ﬁ‘?ﬁ“ﬁ@‘@%’hﬂ?‘f EB‘Q?W?"G cally
coupl ed t&:ﬁ@&é& Bérto‘f “em t;ﬁé{:il VY Okﬁ linédk Bidyslop Berpillible! axi s

recei ving an optl si gha east’ one of the optical

vavegui deepﬂahwﬂegﬁde&bemg)mdmphrmheknegnmﬁmmmempﬁcdast one ot her of
the optical ﬁ% egui des. 24, The apparatus of claim23 wherein the echelle

grating i optical 25. echelle grating. 25. The apparatus of claim

23 where in. t hgy echpid nsy wiveRfigihasulfipletedamaultpRérod claih 20 Gheenthabout 50
and 300 grooves per mllineter and bI aze angl e of between about 51- 53

degr ees. ~ edlimAting/foppsingontic hes asanaptical axis raelbmultiplex optieal Wasegmidarand ghe s
f d 30 aly th
15978 i | PR A arl U ADBpR Wapbbfies B an SR dlstiioc Tt BB 5, 107

opt i fgl fbélﬁmﬁhnﬁﬁcuéﬂigeom ﬁedluﬂsof cl ai m 27 wherein oné of the optlcal
fibers propagates a AT [~ 11

01/ 18577 PCT/ QO 2@99@0502‘8&‘&!@93@1'? lﬁﬂ)ﬁmlﬂﬁp{eé%’& °@Pﬁhh&h§m%ﬁ‘° he
h f fib
others o E,‘Rﬁ’h&mé’hngm tpte ragfgiﬂ%mn AbD ik eguial Y8 UistantdSubeRitAR! 11 ber s

propagat i n anne
of clai maqbaw\toahechaltlmthu&vmltbﬂgﬂhmmﬂemmgmnmeen 1520 5 and 1610

nanomet ers chapnel spacing i.s 0.4, nanonet ers: an conpri ses
a groove spacih a‘gﬂ aﬁtﬁ‘é’ztlé’ gsr’?d?gptb%?ﬂnﬁ?% o t%lélgl{ﬁ}a%xl“én of at

| ‘| easis 40 H%:ﬁﬁlﬁﬁﬁxfaﬂbpuo%l§1§£dhoﬂ:ﬁﬁﬁiﬁébﬁfbaﬂc§%emd!ﬂlshﬂa$vafvaéngh(s)él ect order-

of dlffractlon and an effrci ency of at st about 75% 30. The .
dppar at usheing:3 sglept clunpel spasing GWWWVM%?’W the si ngI e

comprising:
a plurality of optlcal waveguldes aligned generally along the same opucal axis each -
having a propagating end; and , _ :

20 a reflective echelle gratmg optically coupled to the plurality of optical waveguides
along the optical axis recelvmg an optical signal emitted from at least one of the optical
waveguides and dlffractmg the optical signal(s) into at least one other of the optical
waveguides. ‘

24.  The apparatus of claim 23 wherein the echelle grating is a bulk optical
25 echelle grating. - B o
25.  The apparatus of claim 23 where in the echelle grating has a groove spacing
of between about 50 and 300 grooves per millimeter and blaze angle of between about 51-
53 degrees. |
26.  The apparatus of claim 23 wherein the echelle grating is formedina .
30 concave substrate having a focal length of not more than 152.4 millimeters.
27.  The apparatus of claim 23 wherein the waveguides are optical fibers.
28. The apparafus of claim 27 wherein one of the optical fibers propagates a

-

T A A .

I'n a |i1near . array. 29. The apparat us -



10 channel s each have a core center and the centers of adjacent fibers are
spaced 125 microns or |less and the “propagat.i ng ends of the optical fibers
propagat i nWO0aa85§7 ngl e channels are |ess than 152.4 nil | PEEMUSA23IBom t he
reflective surface of the echelle grating. 31. The apparatus of claim23
further conprising. a collimating/focusingslens optically coupled between
the plurali ty of optical wavegui des and the echelle grating. 15 32. The

appar at us Phurlityofmmltipiexed ghannels and ths othgrs:ofthy ontieplifibery/ rrenagate sipeleens

oohel e or SHARRTSHRSDHEE Aok brdbtifly ke ABRMAPMP SRR 10 | .

than 152.4 m || Qaet efnaeanﬂrdtﬁsmfmlﬁmadhwhefmbﬂbsvapelemmnge\guehmmllsme
channel s each have core centers IS aced el ect distapce from the core
centerSof &nd3610Rawq ﬁmé ipg is m@%ﬁe%?mmm

m crons. deﬂdlﬁﬁ @ha‘ﬂﬂ? eis
bet ween 1%5%’3’35; ngd:%&rr%?ggg the cﬁanne %acﬁ?f%@%ﬁﬁ%ﬁgﬁnﬁ%rs and
the grati ng:foedﬂqmgttmfslsammbssfmelsdgcmdbraf difffaaction anyl an gfficiencyi ofgt a

channel se arat|0ﬂ7sjorrespond| ng to the select distance for a sel ect order
of diffractfBHaBOMH7HR ef ficiency of at Ieast about 75% 25 34. A method of

mul ti pl exi ng or 3dermfnhbat et ofAaif DB vlidtei® thiddpticdl Fibers pRiphidtAg the single
comuni cat i ons system the optical_ signal conprising optlcal channe (s) of

a sel dot  chameld eaglpbavefpor Renter andshe penters of trfibgrs:ang spagedsi)

opt | cal v “wézﬁ?gg%ﬁgﬁr%‘ﬁé § om0 SR s ot e Syl ol

directing aessamnllsaumilnmabmfﬁmm&eﬂeeﬁﬁémaﬁﬂﬁmemﬁﬁg wavegui des to
a reflective echeIIe gratlr{gqotpqa 62” coupled to the plurality of optical
wavegui des aI on& t he Wheappargiug ¢ °B‘PPE%‘38’?° ysigns o

optical axigy fed beiviebd ffe piuralith BEopithi 'dgsnﬂid mﬁ al ong
the opti caI axi g)dcou?o | east Tp(l)nel& er of tﬁgl ot her optica egui des.
5 35. 15’he met ho@2of dlhamppmumfmlamrz&fnﬁhwpompaslng\awgmaﬂw&amnglehs opti cal

Dl Ur &l ty PRSI Red bgtyess e i, oF L favgpicss 4 ft cBRC pebi
propagat i ngmuhﬁatﬁigrmhﬁa@hamﬁbi&g lafocal ItAgBUES ilsana52 UhEIIRRSES ahd {hb%ﬁéal and
allgnl ng the others of the optical fibers in a-linear array.
fibers propagating the single channels each have core centers spaced a select distance from
the core center of an adjacent fiber, the select distance being less than 125 microns.
20 33.  The apparatus of claim 32 wherein the wavelength range is between
1520and 1610 nanometers, the channel spacing is 0.4 nanometers and the grating
comprises a groove spacing and a blaze angle providing a channel separation
corresponding to the select distance for a select order of diffraction and an efficiency of at
least about 75%. _
25 34. A method of multiplexing or demultiplexing an optical signal in an optical
communications system, the optical signal comprising optical channel(s) of a select
channel spacing and different wavelength within a select wavelength range, the method
comprising: '
a) providing a plurality of optical waveguides aligned generally along the same
30 optical axis;
b) directing an optical signal from at least one of the optical waveguides to a
reflective echelle grating optically coupled to the plurality of optical waveguides along the

HIIIIII L llJlTMHHI..




10 37. The nethod of claim 36 further conprising focusing the opti cal

signal (s) after step c) into the at |east one other of the optical
condui ts @o@ngekect focal |ength. 38. The nethod of cl apardsegshssei n t he
wavel ength range is between 1520 and 1610 nanoneters, the channel spacing
I's 0.4 nanoneters or less and the grati n926corrpri ses a groove spacing and a
bl aze angl e providing a channel separation equal to a distance 15 between
core cent egpticalflaxisglpment. optical- fibers in the linear array at the select

focal length for_a select order, of diffractjon at an_ efficiency of at
| east about 75%)-@%@%&9, signal(s),gq ¥ along the o Mﬁtﬂﬁiﬂﬁpé%%d
denul ti pl e&‘th?l-%f‘ﬂ@&tﬁ&'ogﬁéﬂl%?ég%ideﬂ opti cal communi cati ons systens operating

in a near 1 nfrared wavel ength Tange and a channel spacing of 0.4

nanomgters or |3%s, Theaneshokofielpimdwhiersimthe aptipabwaesguidasamegll 2ptichd a bl aze
angl e progagi ng an angul ar : di spersion of between 0.091 and 0. 11 degrees/nm
for a sel rder of diffraction and an efficiency of at |east about 75%

40. The bul k opj6,c CriRthélbdYf cldiRi3f &therbstis ﬁr&sageﬁ@dﬂmﬂiqam echel | e
grating. 41. The bulk optic grating of claim39 vherein the groove spacing

i s bet weenmultiplexedehansels withinIme ofjthe optienl Sbars, propagatingdhe single chanaelpin k optic

ti faclal bn t ng!ig-' . ?ﬂeqs -
gregr Iegg. 04?80%%%?’5 &Hargsrag?laﬁn%ﬁ%qemg al moggle\?ﬁ%}r%i n ﬁlggg%%éove sSpaci ng
i s abgut 3%71114437% o%&n@%@cﬁﬁﬁ?@h&ﬁ?@g&ggs&gﬁm#ﬁaﬁsimﬁﬁ 52.74
d es. : e optic at i of, cl ai wherein the grooves are
fg?:rgd i n gfter giep Ahintoinp &t lpag el?e‘%‘.'#ﬂg %F%i"%‘ﬁ‘&a'g"r%f%@%# im 39
wher ei n the grogyes FiclndidBididi 37 whifeiithd ihveldnigth fahge isibetvbeeh 1520 dmt=S* ~1 h

| WO 01/18577 PCI/ US00/ 23898 27 concave substrate having a focal |ength
| ess than 1619.nénometess;the channelspacinghis O naromeseis or lpssiand the grrating e0mprides f or use

2o B A el S B
i nf r gsed Wbﬁm&mﬁw]aﬁgﬂmm@eﬂb@bmm DisaBareycht Hecisleopbcaltingtls . 48.
T kO 1y e O st o an efbclency 91 & 1asCabont S @1 1ange at least as
39. Abulk opﬁd'gr'ating-for use in multiplexing and demultiplexing optical -
signals in optical commﬁﬁications systems operating in a near infrared wavelength range
and a channel spacing -6f 04 nanometers or less, the grating comprising a groove spaciné
20 and a blaze angle providi_'_r'xg.an angular dispersion of between 0.091 and 0.11 degrees/nm
for a select order of difﬁacﬁon and an efficiency of at least about 75%. '
, 40. Thebulk 6ptic grating of claim 39 where in the grating is an echelle -
41.  The bulk optic grating of claim 39 wherein the groove spacing is between
25  about 50 and 300 grooves per millimeter. - -
42,  The bulk optic grating of claim 39 where in the blaze angle is between
about 51-53 degrees. . ' . :
43. Thebulk bpt_ic grating of claim 39 wherein the groove spacing is about
171.4 grooves per millimeter and the blaze angle is about 52.74 degrees.

30 44. Thebulk opﬁc grating of claim 39 wherein the grooves are formed ina’
planar substrate.
45.  The bulk optic grating of claim 39 wherein the grooves are formed in a
. R —
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| arge as the near infrared wavel ength range. 49. The bulk optic grating of
claim39 wherein the resolution of. the-gratipg is at 10 |east 20, 000. 50.

The bul k oA ®/18573t i ng of claim39 wherein the sel ect or d@CTES0MIB act i on
is between 4-7. 51. The bulk optic grating of claim 39 wherein the sel ect
order of diffraction is 5. 15 52. The nmetdpd of claim 34 further

conpri sing propagati ng a plurality of nulti I exed channels within at | east
two of the WY%H“ FrEabe B f oggl dengthilgs ﬁthmhl limetersy ay, t he remai ni ng of

..
the optical wave PFA ﬂﬁgfe’d nged in
correspéonglgng to t?e at ast op |c |é

b"

a nunber of Iinear rows
wavegui des, mghefbmabomﬁlﬂenm;ﬁmammdmul ar to the linear array. 20

53. A dense wavel gt lexer/d i.pl.exer, for in optic
communisations s¥ ten@h%nﬁgﬁfﬁﬁ épgmdlseg‘%’é‘laé@?“@ﬂ%‘g{@k“%aci ng,
the nulti p}ﬁﬁg{,fﬂ@%dbg{,@mg aﬁd)ﬁ“slxﬁh&geteﬁt |l east two multiplex optical
wavegui des each propagating a distinct nultiplexed optical signal

conprising a pl u#l i t Yhebulkpplicesating ofielaimn3Othaying & frep spectral rangeatleast@s bei ng
25 arranged,in a neac arr di mensi onal array of single channel
wavegui des, astth% Mﬁ@%@g bei ng arranged in linear rows

per pendi cul ar t 049.he The builk bftic graMRAf chiih3P Whetdin e ¢ékolutibs 8f the pfiting is at

corresponding to a nultiplex optical waveguide and the nunber of S|ngle
channeto waleastA09. i n each row being at least equal to the nunmber of

channels in the I ti EH&'E
wavegui des each avi n?ha g%no?B an Etgte centers o?ﬁe %en%

wavegui des beweex#-7t ow bei ng spaced a sel ect di stance;

collimating/focu ticall d .betwee the ex. and
single ~1111] TI3HTY R bk SR rating of Pl B yheron hegeivet opler priBrvRon gy 26
channel FgUIde arrays having an optical axis and a sel ect focal |ength,
each multiple opti cal maveRU|de and the correspondi ng single channel

wavegulsle row beb2g amheupgtho Oﬁlclgmammmngmmgngﬂmsfng optic

optical; and ref r tical I cou t he

coll'i mati ng“ﬂ%ﬂﬁﬁ e%ahgmgkhvﬁfhhggqasgpﬂ) (gldé% w&ﬁraglg % ER‘F “hd a

bl aze angl e ajthy) théheARining\6fthe oytical wiveguidéy propi@ating a single channel and being
arranged in a number of linear rows corresponding to the at least two optical waveguides,

the linear rows being perpendicular to the linear array.

20 53. A dense wavelength multiplexer/demultiplexer for use in optical
communications systems using optical signals at a select channel spacing, the
multiplexer/demultiplexer comprising:

at least two multiplex optical waveguides each propagating a distinct multiplexed
optical signal comprising a plurality of channels, the multiplex optical waveguides being

25 arranged in a linear array;

a two dimensional array of single channel waveguides, the two dimensional array
being arranged in linear rows perpendicular to the multiplex linear array with each linear
row corresponding to a multiplex optical waveguide and the number of single channel
waveguides in each row being at least equal to the number of channels in the multiplexed

30 optical signals, the single channel waveguides each having a center and the centers of
adjacent single waveguides in each row being spaced a select distance;

a collimating/focusing optic optically coupled between the multiplex and single

My



mul ti pl exed optical signal corresponding to the select distance between
singl e channel waveguide centers at the focal Iength of the

col I'i mati gy lﬁﬁﬁ§lng optic for a select order of diffrapét/pseoniddssSd. The
dense wavel ength mul ti pl exer/demul ti pl exer of claim53 wherein each

mul tiplex optical wavegui de and single chﬂpnel wavegui de is at a distance
about equal to the focal length fromthe col i mating/focusing optic. 55.

The dense yyfdl agéghide drfayPhAny doctptival lakis lafid & kelétk fovaHlength Lavimukiplext he
sel ect near infrared wave ength range.i s hetween about 1520-1610 nanoneters

and the 1eptical wevegeide andtthe smpwmmacmwvwdmmmss“ﬂme dense
wavel engt h ?ﬁgﬁhé’ﬂ%‘% HHS5 wherein the optical
wavegui des gird{eléel%lcal er avi %gj n outer d| aneter and in the single
- channgf waveguaﬂkﬂemcheﬂegm&hgophdllgbmm@tbdtmﬂmmglopm tie dohellecent er s -
is about the outer ,dianmeter Qf t q&el Céﬁ i bers,, 20 57. .The tgense
}Nave![ﬁngt hmg?%mmﬁ@%é . ?q?;‘i:ﬂ%no% fect focal
eng 'S i 1 BEWERY g 1

IR k0 ol U (e 035 s O

mul ti pl exer wherein the outer aneter of the
opti cal flmvegmdscemasnbm@fthlnn@nafﬂmmlbmgﬁvmmmwfg@a seleetordennth

mul tipl exer/derul tipl exer of claim57 wherein the. 25 outer dianmeter of the
optical fi % not nore than 80 microns. 60. The dense wavel engt h

mul tipl exer/ densy t i phipdehseGhavelefgtimiditiplbei/démultiblexersif olgine 53 vbevein eackivegui de

centers are spaced a distance |ess than 125 microns. 61. The dense

wavel engt hmultiplexsiptical WM angsingle chapne} wayegnide 1594 8 distance aout e@alo; £ ocal -
length is ’Maﬁﬁéﬁg 2. The dense wavel ength

mul tipl exe#hﬁzérru@gml exer g" clal u\}é rein the select channel spacing

is 0.4 nanonet e3% ormeehnseamlretehgthmﬂqdexeg’dmtﬂﬁpbpacdf nlgin'l§4 wheminthe about

50 and 300 rooves er ter a t he bet we about _
51-53 | ||F€|?°FP°3?L1'5§{%\"?‘F°“ |FfOge s %eaté%e@'fﬁﬁ‘f ‘7‘7‘%5@1“? 23898

29 dpagree e&ml%mmmm&@m%wﬁl on nul ti pl exer/ derul ti pl exer . f.or
mul tipl exi ng/ demul ti pl exing a nulti-channel opt.ical lgnal over  a_ broad

sel ect wavel enghth w&p}ypg@ mgnplexerldemultxplexer of aim 55 wherein the

optical waveguides are optical fibers having an outer diameter and in the single channel
waveguide rows the select distance between optical fiber centers is about the outer
diameter of the optical fibers. .
20 57. The dense-wéVelength multiplexer/demultiplexer of claim 56 wherein the
select focal length is less than 152.4 millimeters. ' '
58. Thedense wavelolgth multlplexer/demultlplexer of claim 57 wherein the
outer diameter of the optlcal fibers is not more than 125 microns.
59.  Thedense wa_velength multiplexer/demultiplexer of claim 57 wherein the
25 outer diameter of the optic:ﬂ fibers is not more than 80 microns. -
60. Thedense wfé,velength multiplexer/demultiplexer of claim 55 wherein the
single channel waveguide centers are spaced a distance less than 125 microns.
61. Thedense %Velength multiplexer/demultiplexer of claim 60 wherein the
. select focal length is less than 152.4 millimeters. |
30 "~ 62. Thedense 'wfavelength rhultiplexer/demultiplexer of claim 53 wherein the
select channel spacing is 0.4 nanometers or less and the select groove spacing is between
about 50 and 300 grooves per millimeter and the blaze angle is between about 51-53
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an input optical wavegui de propagating the nulti-channel optical signal of
the select wavel ength range; a waveband: divj ding optic optically coupled
to the i npHOOWMSITal wavegui de dividing the multi-channePCHPS9083398si gnal
into at | east two portions of the select wavel ength 10 range, each portion
of the sel ect wavel ength range having a selgect channel spacing; a dense
wavel ength mul ti pl exer/denul ti pl exer optically comrunicating with each
portion of degeeesul ti-channel optical signal, each: dense wavel ength

mul ti pl exer/ demyl,ti pl  CODRLI S R VOf | wavegui des
al i gned generar}gf"al cﬁﬁé&{sﬁg&@#@ﬁoﬁt re |“E{g§é‘§e§}§§‘ﬁ‘%§$ af\gﬁlang a propagating
and at | easshultiplxidp/dehmitinhxinged multivebghiicll opticabsigigal averaltirdad select wavelrggthde in

optical communication with a portion of the nulti-channel optical signal;
and anSechePpge PMRISHE: optically coupled to the plurality of optical

wavegui des al ong,‘uti([g@]‘to ﬂ@%y?%%{éégﬁn&itﬁ&nhﬁi@dﬁﬁﬁ%éﬁﬁbﬁﬁi 5 gﬁth\fvavegui de

mul ti-channel opti I gnal | east one
and di f f r acselecywavelengfitvangd; si gnal into at | east one other of the optical

wavegui des. 64. The den el ength di vision l.tiplexer/denuliipl exer of
o 63 her o ey ke PR Opthally copledto T B opfical WaKTEdS |1t 1 | t or
and a fi berm&r&@hawti-amnml%%ﬁca Signal 95 Bt 1A BWvE PEtiBns e thdehit wavelength

mul tipl exer/demul tiplexer of claim63 25 wherein the echelle grating is a

bul k @t i catangs; leadh porignafithe;selegbwavelengthapnge hawing aselgetchanng] spaging;

mul ti pl exer/denu] ¢l | M6 =] . r al.| as a
bl aze angl e and %&%ﬁ%ﬁ’@n’é@ﬁﬁ‘%ﬁ%@%ﬁ%&gf ?ﬁ??ésf &%Q%lé%rg?tg?%%hnd%ﬁg -
portion of pdifiowdf the niulti-chumhelaptitl signal| eoh derge wavelesdti ed angul ar

di spersion, efficiency_ and resolution. 30 67. The dense wavel ength
di vi si on wﬁﬂﬁﬂ%‘ﬁ’éﬁ?‘@é STSPBREYINGSf clai m 66 wherein each echel le

grating has a gr : | . .
mllimeter and ag%“g%lgpgﬁddl e %vgﬁaﬁgﬁggg%%eégégﬁdégg%%ﬁl si%[:llx .
| | 1115111 haviing a propagatifig ardiat(leait che\WOHe bpticd wWavégtides/being 2 3806plex80 68. The

dense wavel engt h. di.vi st on nul ti.pl exer./denulti gl exer of claim63. wherein
each waveg uWﬂgeﬁui‘géﬂ WWW&@P" “B{h a portion F R Sl naind] mcafmgl\’,m’

and

an echelle grating optically coupled to the plurality of optical waveguides along the
optical axis receiving the portion of the multi-channel optical signal from the at least one
20 multiplex waveguide and diffracting the optical signal into at least one other of the optical
waveguides.
64.  The dense wavelength division multiplexer/demultiplexer of claim 63
wherein the waveband dividing optic is one of a thin film filter and a fiber Bragg grating.
65.  The dense wavelength division multiplexer/demultiplexer of claim 63
25 wherein the echelle grating is a bulk optical echelle grating.
66.  The dense wavelength division multiplexer/demultiplexer of claim 63
wherein each echelle grating has a blaze angle and groove spacing optimized to diffract a
corresponding portion of the multi-channel optical signal at a desired angular dispersion,
efficiency and resolution.
30 67.  The dense wavelength division multiplexer/demultiplexer of claim 66
wherein each echelle grating has a groove spacing of between about 50 and 400 grooves
per millimeter and a blaze angle of between about 51-53 degrees.
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30
68.  The dense wavelength division multiplexer/demultiplexer of claim 63
wherein each waveguide is an optical fiber.
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