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present invention is directed toward optical conmunications, and nore
particularly toward a bul k optical echelle grating

mul ti pl exerWemMsrt?i pl exer. BACKGROUND ART At the incepti @arRkoddsfgr optic
comuni catiions, typically a fiber was used to carry a single channel of
data at a single wavel ength. Dense wavel ength division multiplexing (D\DM
enables nmultiple channels at distinct-wavel engths within a given wavel ength
band to be PeRdE voweIENGTS DIvEoN NOSeLEKEDSEMULTINUSEOE 2 b) EEXR G AFict he Vol une
of data that can be transmtted per optical fiber. The wavel ength of each
channel is selected so that the channels do not interfere with each other
and the transm sEEGHNIGAEEEIIY the fiber are mnimzed. Typical DWM al | ows

up to 40 channel.g to bet.si | ta eo§54t¥ transnmtted hy, a fiber. The vol une
of data being tr es‘?’f?steflelav%mb‘ﬁ reAFd PR OBtiqal copupyGRioRs  prsteerei al |y and
the capaci t parfiatiartieiofaid AN GHE4 QBhellS pfafii ﬂhmpkﬁé:mmﬁﬁiﬁﬁﬂé?d- Burying
additional fibers is not cost effective. Increasing the optical
transmssion rate is limted by the speed and econony of electronics
surroundi ng the gxekeRARMART as chromatic dispersion in the fibers.
Thus, the nbst promsing solution for increasing data carrying capacity is
i ncreasing the ndfrthencertion héfibes bptiqgremnamigatien, tpicaliy afiter why wegty AMPM DVDM

requires t . I ric devices:. a | tiplexer and a.

Gormi 110p1 exasHERERBhT ik BITRIC IRt Bivo Suivtens iR hRnard ipng ghe
each at a dEWDd)enablesumiltiplg thanaclslatldisifrtavaltiongtialwitiob kiven ARvklne@DI nes the
channels into ?gi ngl e mul,ti.- cagﬁnel or polychromatic beam The i nput
typical l'y i%041 e siiovst ¢ sipele moge ber, thupgreally expandias the viohungrof data that of
optical fi b&hbe tr@nsmifie@Bfer apticalfilRt. TIRSGIvedhAl 650K cIRANE Iilsogeﬂgtred 9(%1%1{1@48‘ |

source. The output is typically a single waveguide such as an op
fiber. A ddanelsdonok bteripavithéack othensad tedemsmissionlossentvetbé fbdoemm i nt o

separ gise chanhghsi aRcRaFhRhMm ‘W‘.};{F ut.ig typically .a single

I nput algsi ber and the "out pu?&l’ stag())/pl :‘}’?Q%QP?‘%%W%@P&%W%%%@%S such

as optical dfilgers or a linear array of photodetectors. 27 FEBRUARY 2004
The volume of data being transmitted by optical fibers is growing exponentially

and the capacity for data transmission is rapidly being consumed. Burying additional
fibers is not cost effective. Increasing the optical transmission rate is limited by the speed
20 and economy of electronics surrounding the system as well as chromatic dispersion in the
fibers. Thus, the most promising solution for increasing data carTying capacity is
increasing the number of channels per a given bandwidth throngh 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
30 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.



WO 01/ 18577 PCT/ US00/ 23898 2 In order to neet the requirenments of DWM
mul {i pl exers and denul tiplexers require certain inherent fenrBEBRUARY2004
they must be able to provide for a high angular dispersion of closely
spaced charwﬁ ﬁ t hat individual channels can be separated over
relatively s P st ances sufficientl y to couple with aPFTAEay2388ray of
out puts such as output fibers. Furthernore, the nultiplexer/denultiplexer
nmust be able to acconmodate channels oveR a free spectral range
commensurate wit over, the

devi ces nust prol\t/il gdgpﬁ{ng} ?Hgg% £ on fﬁﬁm ni’m mﬁ@ cxeﬁssagdfig?h{aﬁ IS must
further be Mgtm gcrtemﬁm@reanfeammsnfmstmﬂgenm gmule fogssvidefioea higleadgutlevi ce woul d
al so be sm t her mal | l e enS|ve nd scal able. Miuch of
t he attentlcll)l qﬁ%kﬂ%}gvfmg el 351“ "é@l"g sepafpied 9vefes.  Array
waveguiges hmﬁeelﬁslaﬁtdlﬂﬁncbmﬁlﬁﬁﬁaﬂwd SoupR Wi earhridly ofdﬁﬁﬁﬁ%&i:}‘ijﬁ‘ss t hat
progressiv

‘H‘Y ?i)g g n o I hcl i ne wavefronts of different wavel ength
signal s wi t PHPP 7. Bprthe Hg?,‘f"r ?mP]é‘ﬁbéer/deﬁﬁk@Ea‘Ff%Ulm abledo genemadatehe conm)n

and i ndi vi dgfahnepASvarRHse EEH! ) t hways.
illustrative exanple is di scl osed I'n Lee, tgtmdhgﬁ HP%%E 56&"’%6 377. Array
wavegui des bandwidgh. fMWY%éhﬁﬂmwmmtagﬁsiEMghbaohgmn expipisizy eotsaalidesi gn and

vavel ongt neSeRBch e el A hARE Bend! 1%, P Bonl e s

scal aljigl i t ybeanuill, gupdtde, rﬂxeahalhrrstala&pﬁmiﬁnﬁwmﬁsbalm insertion | osses. Another

famly of DWDM devi c use a ne of, filters and/or fiber Bragg

gratings for chﬁ%@l(ﬁ@@ﬁg %of’é%bw devices hagheen directed to arraysmavegigdes; s

i 11 ustrati vemayNesveyddes habéwseﬁbﬁﬂﬂﬁhed%ﬁ%ﬂf f‘g\ﬁjda/ s, on the order
wa

of 0.8 or 1.6 rranorreters (nm, limts the nunber vel engt hs that can
be coupl ed HI?%SSB’F Ydfafy igfengthitp fncline wiighromeef dlﬁmavaddmg&esgnaﬂsrmam&
t hermal sensitivi t ar| ous guﬁﬁé%c%g%&e ngf%{’/(lil %@smﬂ%\?@ {Jbeen

i nvestlbgat epdsifee q£ thedntermediate Imhvaws ane, ﬂluﬁanﬂedxennple Mscﬁas&?&, 180,
teaches a t q%lf eI en I exi devi ce using
a Bragg di ?‘?rgalj(': Sad gf’z uyP”é1 %u}}ag “t %‘Ft@ra"'lﬁa Yani3g H’(ril FiBg or
fabricatio Itxpefnsaa toedeaigﬂ and/\mmgmﬁa unkblétorpRdvi @i sl GhafeP@HSHed RefBrol@Vi NY a
Bragg grat |VE% ten i nt? &vegw de. This device has |limted channel
separation f)lﬁ SRR 1B thermal sensiivity and aslask of sealability ped di fficult to
control an@olmﬁggpﬁaéﬁmmgfgw&sggm WO 01/ 18577 PC7' 1USO0/ 23898
20 Another family of DWDM devices use a network of filters and/or fiber Bragg
gratings 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
present significant issues of optical loss, cross talk, alignment difficulties and thermal
25 sensitivity.
Various bulk optical DWDM devices have also been investigated in the prior art.
Fu et al., US. Patent No. 5,970,190, teaches a grating-in-etalon wavelength division
multiplexing device using a Bragg diffraction grating. Fu requires either a tilt mechanism
or fabrication of an etalon waveguide with reflective exposed faces having a Bragg grating
30 written into the waveguide. This device has limited channel separation capacity and

requires a tilt mechanism that can be difficult to contro] and is unreliable.



3 Duecki U S. Patent No. 6,011,884, teaches a D\\WM device wth a

col [imating optic and bulk grating in near-littrow confi gur2it FEBRUARYK0(0s}
concerned with the use of a honpbgeneous boot lens to create a one-piece

I nt egrated ‘gﬂﬂlﬁ?’ This device is intended to be conpact, robust and

envi ronmental ['y 2Rd ther mal | y stable. However, the devi c@CTASHE8ByY Dueck
fails to address the need to provide many channels for DWDM hi gh
efficiency and a short focal length to pPovide a conpact device. Lundgren,

U.S. Patent No. | , C e.use.of a. bulk .

diffraction gr atlﬁlﬁgﬁﬁi?% Négﬁé@ig%glbﬁ;?&ﬁu nazgmg?"é%?é’ﬁﬂ’sa ‘ioﬂgnqtl?gﬁ oBfC an

echel | et t e gddulkgpatinigin oearditiew configwiation. Duecklislcbicer@d aaththensé sct i ve i ndex

foousi ng | CRERReTRAGPAR lenf Bl § B3 iearied viow 1 groe ‘s Amrtiogt

accomugat i begohipadt, obast asd endEhdnyallRRAd teANdll isRBled Halvater ARJELVRE tan@hS PEr Si on
to m focal |ength and apparatus size. O her

of channel s a imze

exanpl es ofbﬁslg\':el‘fgifﬁ]ﬁé%a S%I“PWP&%VHBWCMF qr IVERM bigb pfficieaty si gnal s
i ncl ude t heard%@heH fehliegil YRR 2 GhipiBidkvicd he use of optical band pass
filters, the use of interference filters, the use of prisnms and the use of

sequences of cadaaderen§-StHatpgsNo. GRS like Runek, Ehchichths @ssofatbalis pr ovi de t he
For Dwou _Hilec Sl B8 DY, SLA], BAESE Bhoker 8 piiTan echrnclitiud "°°*°
probl eggs diis combieationakitverodsite pradgat efthdiee indotlelis @ftnbGiag leRCHLLdReMiAt i NY

Cost - ot  sctty et Re Tooe et 1eiine oy bRndiers skeorriase adaBIM. ¢ he
present i Nwiewick Gipabls ofactENERINGY BB MHhdhel d&l&i?a%%ﬁ{h%ﬁ?d%ﬁe ihgxer (" DWDM')

for use in gptical comunication systens. Th s a nul tiplex
optical wavkipessies of Fhapagisce o minmizefoqal length awdapperatus sibannel s of a channel
spaci ng of 0.4 gmLE S JPdchbi Sl ngl jcal signal wthin a
sel ect near infrar e)c{iin\a%vel engt R‘Lerggﬁg%lﬁﬁ%gxé%% ?@ﬁ‘g{ﬁ?ﬁékftlggagﬁlﬁgmggﬁ cis
opticdbly deskydedle usg of bigefringeintenixilanent) the we bf opicaldandigasafilias, $iel @€ bf f ocal

| ength. A, i echell e qrating.js. optically coup]ed to the
col I'i mating Hg%géscfx%crgb Fase OF%ESLQSC‘H@I eeusﬁf’gfeﬂﬂed"’?gé’éc cascyded gratingss paci ng and

bl aze angl dqwessr Bline@f theSedysteins poRile te cBPBRath TbehdiRialRHrbidal fecelagpt | cal
signal at the select focal |length for a select order of diffraction. A

linear ar r &™6% 19 gigvme ngedsor 2004 WD 01/ 18577 PCTI USOQl 23898
The present invention is intended to overcome some of the problems discussed

20 above and to provide a bulk optical echelle grating multiplexer/demultiplexer with many
of the attributes necessary for cost-effective DWDM.

SUMMARY OF THE INVENTION
A first aspect of the present invention is a dense wavelength
25 multiplexer/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




- select order of diffraction an

4 channel wavegui des, each propagating a single channel w thin the near

i nftared. wavel ength range, is optically coupled to the 27 FEBRUARY 2004
col I'i mating/focusing optic. Each single channel waveguide has a center and
a propagat j;ng, F#; and the propagating ends are spaced the focal |length from
the colli rratl ng ocu5| ng optic and the centers of adjacePfT/UNRIBE i pl exed
wavegui des are spaced the select channel separation. Preferably the groove
spacing is bet ween about 50 and 300 groov435 per mllinmeter and the blaze

angle is th range is preferably
bet ween about ?ggﬁ %T@gﬁoﬂﬁ l?ﬁi ‘é@ﬂ%@ 'L’&Tlg"t‘? g@flerabl y has a
free spect mlvelengtlgmnge, id @asﬂlyﬁuﬂlwtgﬂ]eaﬁlliniﬁn?ﬁﬁﬁsmﬁ iRl Efch\@y®d engt h
range. The is preferab 0.4 nmor |less, the

ct chan acin
preferred Sﬁ”é’ﬁ e“(avs%‘ﬂﬁ%f F8ﬁ“‘?f§n # Propagafingiend,ang thepeoppgating endsiaee fpoesdl | engt h
is prefer #lfycdl Ragthtfvanthd eallithatiip) fodfg PSS B &ﬁferscbff?@ e& action is

bet ween 4 ?Ind 7. The resolution of the grating Is pre y at | east

20, 000 and9eRWtBE%ed Wayegnides are sprced éteéplest Cbﬁnnaltsepdrdmt Pmmgme graove i pl ex
and t he si q@@g@,g al ers. A second
B%kﬁ &n 0B SO HACAD an %Soﬁ?ar a ?%‘f&lﬁ@ g

aspect of the present invention | ptical
comuni cat befweeny Sl Eifs Thenean infiared svavelengtiernmgd ik pie&xabaytb@\pédn@%utﬂ szmal

conprisin of di.s veI en th s) having a sel ect
chgﬁnel sgglgffndg %ln[%ﬁ% Eeé‘g@é ?é?tbbhﬁaéﬁ ﬂ’fége)éb‘ﬁ%ﬁtaﬁt'g@elaﬁcl udes a
plurajgty tie neqmmed vanchgpthdage aThaare ch&ﬁﬁﬁtpatlhyls%é?&%iy ba m@age optical

axi s and hav d[bagatl ng end. A reflective echélle grating is
optically H?P%(Ptiqﬂys dtieagitl mtonmegdlﬂdé@ahllengtglst he opti cal

axis and g ,@fé@dbgggssaﬂmpgbu% SRRt &P%rto? "38?%56%'5"(5%%2 ‘f?re of the

optical wave The optlc Sl gha T8¢ | east one
ot her of t¥sgo @tpmqfahegmtmguvrdkmblyﬁh&asgaammgxdﬂxﬁgrﬁfuﬁgflﬁﬁa;bémcﬁﬂcy&gbel | e

grating h Qut rooves per millineter and a bl aze
angl e of gt\é%s!d? Sglﬁﬁggﬂﬁp ‘bg‘ﬁs gr““gﬁ"ﬁlgw% %éatflﬁ?fﬁ'@%é’%%ﬁt’?f&te havi ng
a focal IengthMEecbﬁﬁapédﬂaﬂh&ErBseﬁtm&nueﬁ%fzﬂraﬁpirytu§ﬂ?ué@qf{§+tﬁ:ggth range is
bet ween 1520- 161Q nm the channel spacing mn or 1ess and the

grating ha® i PGERSSFsIngulRlx %41%%“1&??@4@?&%\?13@1&93%&1@%#1
separ at i onchahnef{Q o AistifBvhvatnoth éﬁ)%ﬁbgb@é’l@t @hﬁel}?&%ﬁ% i mer A . gss_for a

an efficrency o out 75% The
appar at us Waglengthiranger Thenppargs includes 4 prelitygf bptcabvavgguipdsiatipnsdt | cal | y

coupled b ca mave Uld the echelle

gr ating. %ﬁe coEi t;l‘r?gatl ng fd(?clﬁasllg%éa'?ﬁa?nﬁgé’r‘g’a? g end. I%ﬁ‘g&ﬁ ‘feé’ﬁ}%e(i{ghan 152. 4
arfd th@ratp:gumpncamsbmume@mapagatah@gafbpecaswa@agadwmmqhao hxliave 27
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di stance FromcENe BAPUcEs eé‘étéﬂ'f“’f thg gptica} wevegwitlese (The

optical signal(s) is diffracted into at least one ather of the optical waveguides. The grating

is preferably an echelle grating 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 40y 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

0 may further include a collimating/focusing optic optically 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



di stance being less than 12511. A third aspect of the present invention is
a nkt hod. of nultiplexing or demulti pl exing optical signals 2hFEBRIARY2R004
comuni cati on system The optical signal conprises optical channel (s) of a
sel ect channel spacing and different wavel ength within the sel ect

wavel engt WO AHWE?” A plurality of optical wavegui des are porwstwtasisand ar e

al i gned generally along the sane optical axis. An optical signal is -
directed fromat |east one of the optical waveguides to a reflective
echell e gratl tic ed to the plurality of optical wavegui des

al ong the Sbet"iegfﬁf sﬁﬁ“legas%/lﬂ%% %P ?mg'ieﬁﬁrélcgmearr"éa'éi?‘m% bey thegeleer al | y al ong
the opti cajistanek Beihfleds Mhn 1B5pst one other of the optical waveguides. The

optical wavegui des are preferably optical fibers. Preferably a plurality of
mul ti pl exed cHathird pspegirod therpogseng anvsation is hmeﬂlodaefmﬁltlphmngpt i cal f| bers and

sin I ch t her.s .of tical rs and the
ot hgr opt ?dc%&l%ltﬁﬂe%g%s g?agggﬁﬁgneaa%&g?mm’ Unication ?yg . O@Fé’Pté%ﬂ ! the
channel bamd:pnshsfmptx@l ummapoﬂ&&eﬂ&memmcmmdmﬁmmmw ithi# 0.4 inn
or less a roove spaci ng and a bl aze an Ie providing a
channel ggepﬁpeﬁi E%aﬁm Yyplity o erticalay eéé‘ieé’f?,"é‘#fiép‘gal@f adj acent
optical fialighed geﬁerﬁﬂ}ealbxigﬂﬁﬁéameafph@dl afib, ARBptel skt & aﬁé’éted'ffdﬁ%theafspf a sel ect

order of diffraction at an efficiency of at |east final aspect
of the pr @8t the Apdst Paveevidesto pusllectiysiechelly gw@mmgptmhly mleled to thqm tipl exi ng

and

operg mgtlJ:hEhgyEggprﬁgfﬂafra égés\%hgj\q} iﬁlgn tﬁdﬁ)?’gﬁg@e&ﬁg@%ﬁ%nne&fé%z& ng of 0.4
nm or d! es genefily @T@&E@mﬂdmdﬁs atlegit arevghes pﬁthg gﬁpcahga\gg‘?ﬂﬁé ghang| /e f
rovidin ar, di sper.si and 0, 11 degrees/nmfor a
gel ect o?tﬁ’gﬁcag?vgy FRet reﬁer%bglﬂ éﬁaje%cﬁmﬁé%‘:'%b%? plypality ‘éfé'é‘{]' ‘%lﬁ?%ﬂt 75% The
grating i shpinekareqhbpagaad ﬁﬁ]ﬁﬁloheoghabptiw ﬂb@iélaﬂtgsﬁglgl’:l%ﬂﬁs&l? fdpRghtedbet Ween
about 50 an g{g gr.oove gﬁ Fllé(Jnmater and a bl aze ang ween about
51-53.  THeBRethersof thegptical fbcrs padie ptherangeal fiberp e plipng w%mm about
152013 610 PRl thdhanbét blncith S Bl 1200710 ! G881 SRAGARNg 11802 2l | east

as large as the near infrared range. The select raction is
pr ef er abl mtimemmcmtm&bas@@wem@gma hlazn,dnglemk@xrbmgaidmall pl exer in

accordanc tilei chel l e
grating t atgﬁrég(lm% t| p¥§£é|°ﬁg‘%ﬂéérm°|ff Jaﬁegﬁ‘fpﬁ&j%gf"g @hannel
spaci ng ( an'dtv amhecneleberssa)l 1emg¢rfom selekcdrier of Yiffwictlen fran dificithby oﬂalﬂﬁﬁﬁ by 27
FEBRUARY %994

20 ' A final aspect of the present invention is a bulk optic grating for use in
mu!tiplexing and demultiplexing optical signals in optical communication 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 multiplexer/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




WO 01/ 18577 PCT/ USOQO 23898 6 nmaxim zing the nunber of channels that can be
cartied by a single fiber for a given bandwi dth. The DWM2¥eFEBRUARYi2004g
a bulk echelle grating allows the channels to be nmultiplexed/ denultiplexed
at high resolutions and high efficiencies. The high angul ar dispersion of

t he echell ew%P'éWﬁg al l ows for adequate channel separati GETEEN23808
relatively short focal length, providing a snmaller formfactor than
presently available nmultiplexers/denultiplexers. Use of bulk optical

el enents pr.ovi.de syst.em whi ch, i e to nuf actyre, highly reliable,
scal abl e and te %{“‘gi%ce%( b ot chagnels tf%f‘a‘?%%meéré? &P@gﬁa&ﬁﬁr keagiveh . BRI EF
DESCRI PTI ObafiffwiditHE THRAW DRSdevice utilizikga Bulk 601e1I@érhEng 1B s e @HarREls b be .

mul ti pl exer/qﬁ&ul t 'dghﬁf'ei using a bulk echelle grating in accordance with
the present™fRigxrd{dspulnpieyed 3t hish resqlutigpsgnddiehetfidencisac Thedriglvaingule echel | e
grating gr Qispesionlof thieletidlle Behtin RN SRR sen il ' . phi cal
represgnt ation of possi bl (_a?glt eépﬁ\l/ﬁ?ﬁ[tsadg%d ri serﬁﬁg%%{ns&gdtﬁglﬁﬁ%fent
orders whi chotkfogahlenatly providinga swepllecfonnh fastag thmnipregentiFiagailabiei s a schemati c

repr esent atj ' r/demul.tipl exer 1th a bul k
echel l e grg#@ﬁ%g%erﬂkccor}gare\%égvﬂe ﬁ%@%ﬁ%@%@gipﬁv%FW}”W‘B‘%? is a
partial cr essy-teewniioctate, highlyrajiable, soalgtled reltpdpinexpeliige to@ndntfagmuier specti ve
vi ew of the Erulti | exer/demul tiplexer with bulk echelle grating of Fig. |
i|lustratifg tHe potential adjustment of the components; Fig. 7 is a
schemgpic view of a first alternate enbodi ment of the

mul ti pl exer/ demnul t ng a buID echel ISe grating including a pair of

col i mati ng/ f oc BRIEGDESERIRIIONQ @is a second alternate

enbodi ment of t pg, M4 deRdeeE lefloraw &d 0 7. further including a
prism providing for wa\(/:el ength di sperag}}l"girgﬁ%e?;ge‘ﬁ%lgﬂ%eﬁ?% g%?@%gﬂe h:  Fi g.

9 is a thi Errtiag insgeperdance mith dheneesentdfiventien; mul t i pl exer/ denul ti pl exer using a
single collimatgng i lrrore Fig. 10 ds a fourth . alternate

embodi nent of t % éfruk%&%% dtp esﬁ%?%“i%?*é%%ﬂeﬁmﬂasé’@f’&féd WAing, t he present
I nveni$ on ve¢vagt dimemsidnspaxi s parabolic mrror as the collimting/focusing

optic wth the 1g.evi'ce arranged in a near-littrow configuration; 27
FEBRUARY 2004 fig. 31s a graphical representation of possible step widths and riser heights at

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 illustrating 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;
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;



WO 01/ 18577 PCT/USOCQO 23898 7 Fig. I1is a fifth alternate enbodi nent of

t he' mul tYi pl exer/denul ti pl exer of the present invention usi iRy BEEBRIARY 2004
echelle grating; Fig. 12 is a schematic representation of an apparatus for
di vi di ng aW romzl bandwi dt h i nto bandw dth segnments for ‘

mul ti pl exi gl 1t plexing; Fig. 13 is a schematic repr¥S&fo828®Wn of the

enbodi nent of Fig. 12 using three waveband dividing elenents; and Fig. 14
is a schematic elevation of a pigtail harhess having a one-di nensi onal

i nput array of f£i ber. a t dj nensi opal oyt put arr of fjpers; Fig. 15
is a schematic élgpﬁelggﬁ?tgtaﬁ%f%awgfmg%?qt Pg@%%ﬁ?&éﬁ%%‘f“ﬁ%%? °tjﬁg?/i ng stacked
mul ti pl ex piebax mvantibnaisinga colicae@helradatingy ay of singl e channel fibers; and
Fig. 16 is a plQt of. the systemresponse versus wavel ength for the

nﬂ'ﬁtﬁd

nul ti pl exer/ de f 8 EPmatic reprgseniptioppfan appamtpgfordividingabreyd THE PREFERRED
EMBODI VENTphdiidth iritd Bandid dilie $Bghehi k&&ﬁﬂﬁﬁl&&ngmﬁui@iégmg cal communi cation
e

systens 10 of the present invention is illustra Chematically in Fig.
1. 1t includes Bgpt3fs asthematicueprssentation ofith¢ embodimant offigi Rpsingwaeegui de 14, a

plurality gf. SuiPsliaNe\ L.es.416 arranged in a linear array adjacent the
I nput fi ber,va co‘?{llhl ﬁ%te%}lg’o%gsi ng lens 18 and an echelle grating 20, each
of which are opfigcldlib y schempliceslevation éftapigisibleemiss hlivirplischie@iméddRnal input

mul ti pl exer/de tiplexer will be discussed in terns of a denultiplexer.
The descriWyooﬁ%bgrﬁg‘ﬁ%gwe%ﬁﬁw‘a{%’@tﬁﬁytqqﬁk’%%er, only with the function
of  thg i nput arldg.qmiwbchmmub@@maﬁaﬁofalﬁulﬁllﬂvﬁ&/a@rﬂulﬁﬁeﬁ@,ha\ti_eés 4 sake of
clarity, onlﬁi@seven out put wavequides are illustrated (the center output

wavegui des™HIBEXTbES apha tyiimensipnsbarrayef single changel fibary; #d seen wi th respect
to elements 14Zmang id48oPéfihd teljnf;i'):s ofd! E@g%%ngth?&tﬂ@vegw des 14, 16 are
t1bers. AS W e

preferably singlé node optica S. I scussed in greater
det ai | bel wwtipleser{depultiplextrafifégl denbodi nent, 90 or nore out put wavegui des
can be associated with a single input waveguide, depending upon the
bandw dt h channel, separation and a nunber of other factors. As used
hereil$, "opti caE ESCRIPATON 0 THE P EsEIEBIMPRENS any

t] | i i nk the_li ke, by which optical | ied b
one optical  ol‘sMeiPlerpriepiRIexSELoF Wseih pticel aprEascaian EeRAIOPERe i ng
el ement.  Sptedent iR s iMuskatel SEHRHARYANZ 80Mg. 1. It includes a pigtail harness 12

consisting of an input waveguide 14, a plurality of output waveguides16 arranged in a

linear array adjacent the input fiber, a collimating/focusing lens 18 and an echelle grating
20 20, each of which are optically coupled. In the present discussion the
multiplexer/demultiplexer will be discussed in terms 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 underlies 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 with a single input
waveguide, depending upon the bandwidth channel, separation and 2 number of other
factors. 7 '
30 As used herein, "optically coupled” or "optically communicates” means any
connection, coupling, link or the like, by which optical signals carried by one optical

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




WO 01/ 18577 PCTfUS00123898 8 communi cating" devices are not necessarily
directly! connected to one another, but nay be separated by27aFEBRUARN 200
whi ch the optical signals traverse or by internediate optical conponents
or devices. As illustrated in Fig. 1, the multiplexer/denultiplexer 10 is
in "near |YPOUSR7 configuration,” meaning that the inci CREAYUSBRZBIBAL - n" and
the channels diffracted off the surface of the grating A , A2, 13, 41 As,
A6, A, are generally along the sane opti&al axis (that 1is, they trace a

very cl ose he_l en th coll.imates the input beam At.. and
focuses tha %lt@cra ac?i eéﬁvﬁﬁsaaﬁ?\e?tg gTisiaﬂBftdéregﬁ'ecoBﬁetc‘Beﬁtm CEOPEEOUTIY bEchel | e
grating 2Qsepdrate@bys fewe thedigh ndichshecdptiosl spadletrhise @r By Aickdfate YHRE!

i nterference bet vveeg!PI.i ht wavefronts reflected fromvarious portions of
its rul ed OWPPEEL OrGFViEFeps 22 to divide the incident beam consisting of a

pluralsity of cmm@uawwﬁghgmer}ﬁulapleﬁﬁd%ﬁmﬁw'?éisiﬁ%ﬁélﬁtﬁgwthi n a select

wavel ength range X1. into separate channels of wavel engt eans At-A,
whi ch ar e cengirationy’ rogasingtieas thetiycidentbegmal i, angl thewttonels difftactedvaffdgui des sone

di stance a . ferring to Fig.,1 he channel . separation of the device
(D), whi c FPefTice, g“;%’%‘ﬂ’&%v Tt B by p E‘ﬁ’ﬁfﬂﬂy 6?“%&’@@%%?4@#@6% mati ng

OPti €. "t hds aRGH8E a vély SRE BiVand i 1 SoSIRAR Rl BAREL SAPCI N0 1'5_equal

to the distance S between center of adjacent put Wdvegui des. The
echel | e griatusesthediffractedohatinglsiiad) tp thedutpd fibersiése i n -opti cal conmuni cation

syst qgs because, of .a,uni gue i.pation of properties: 1) it provides
cl ear channel ggf)ﬁ%ﬁ??%ﬁ%%ﬁ‘?%%‘ﬁ%%ﬂﬂés%’ﬁ %%ﬁ%ﬁeﬁ%gﬁﬂn { &2y spaced (0.4
nm or | edftpifergjceibetweenlipltemvefiontareSqRakifm vRidad pride oPhs altanngles over
relatively short distances; and 3) it is highly efficient in the range of

optical cORFERS Leidiide theinsidep dean conxistieg of sty Bf chanels X, bavikga pur pose of

this specifj | . qr.at are a_ special gratin tructure
havi ng gr (%l\?gt%hggﬁ’g]i’ ¥ 3&1?? Mﬁ' n%fs g%#lt&gd?d bafl%eo@egf?ﬁﬁp%ﬁtﬁ cba“gfﬂ:sif angl e 8b
of _gr eat erwaiang eals 1, Wih@R dngulnediaieRieaty 88 gRHEObuslif T act i on
greatl®r than 1, In conbination, these features enable a

mul t i pl exdYAVERMsS 69t diRigpcermay- Befpimine éniy !, aqshianebssparatisnalf fhesiovice d

channel s > which! i8R kiR dof al I S&:BP o S abling a

smal | for ?ﬁ??ac.t or fo?*(n factor %nfetgﬁtgog{rhggr 0 é/?%g?%%q%é’?gﬁ?’n%ﬁ%ﬁﬁl?ﬂ or

| ess). Corpprdien aud b insremecatal ehiannad spagingad equaldo ferdistmpeSiberweantat r ai nt s poi nt

L e R @r plyhden®buf Wit il 2 el Yranidg s phRuEH} SldA 1o GRNST A NS
20 in optical communication systems because of a unique combination of properties: 1) it

provides clear channel separation notwithstanding channels being closely spaced (0.4 nm

or less); 2) it provides large spatial separation of channels over relatively short distances;

and 3) it is highly efficient in the range of optical communications wavelengths.
Referring to Fig. 2, for the purpose of this specification, echelle gratings are a

25 special grating structure having groove density (1/d) of under 300 grooves/mm and a biaze

angle 8, of greater than 45° which typically operate at an order of diffraction greater than

1. In combination, these features enable 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 the order of 10 inches in length or less).

30 Consideration of certain external and performance constraints point to the
desirability of echelle gratings for DWDM. The external constraints include the
following:

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




1) Mnimze focal length, with a focal length of under 6 inches desired. 27
FEBRUARY. 2004 WO 01/ 18577 PCT/ US00/ 23898 9 2) Cent er wavel erdft REBRUARY 2004
infrared, approximately at the center of the C band, 1550 nm 3)A m ni nal
channel spaci ng (7e.g., 0.4 nmor less). 4)Large free spectral range, 150
nm 5) Systg'l?l"r' ¥ifber in the range of 4-8. 6)Rugged, m rRGRARIEEE syst em
The performance constraints include: 1) Resolution greater than 20,000

(al though resolution > 15,000 will be suiStable for some applications). 2)

H gh di spersion, 3) S £EQss spectral range. 4) Hi efficiency
or low | oss, (22)5% .C%ES%}W%%§%%{ZE§§B%F5&%{Z% ngﬁoxgg%%lmgtﬂ? °‘T“6%§Hb$2:é ext er nal
constrai nts of ruggehndsiss58nme and cost mnimzation as well as perfornmance
constraints of gase of . ali q:gman and hi gg efficiency dictate a littrow

configuration, thi cK* Dif¥plprmel PAEnG GO RPTR$Dat i on anal ysis. Fig. 2

il lustyates t hepyechelatg? fge apdeiddl rAREMBO MM, and t he vari abl es set forth bel ow.
Ob = bl aze angle a = incident an%lee diffracted angle In littrow, 8b = a b =

step (reflectivd sufysen)y nymper ipthe rpanggofdde density a = riser size

Exam nation of g nu edOhiBA0S b @i factors di scussed above illustrate
the wutility of@echel ?ée gratings ?S%%%\DM 1. Constraining Factors: f

nunber (f) in rEwgerfomanceronstinteisdhdsi on ("R')>20,000. Result: For a
0Dy 2, S b o i o et 0
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 consfraints 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.
0, = blaze angle
20 | a = incident angle
| p = diffracted angle
In littrow, O, = o =
b = step (reflective surface) size

d = 1/groove density

25 L
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 (), where W is the lluminated width of the
grating. Thus, or W = (20,000/2)(1550 nm)

orW=155em




or WL.55 cm 27 FEBRUARY 2004 WO 01/18577 PCT/ USOQ' 23898 10 Wx f= If
(fotal llength), or f9 =1.55cnx8 z124 2. Constrai ni ng Fact d6SFEBRUARY 2004
and channel separation at at |east 804. Result: For an echelle grating in
littrow, dispersionrl = m,fp where m= order of diffraction. Thus,
assuni ng cHAMHE Separation to be at |east 8011, dl =4x RETAISEV/IBB 1. 2x
1044, nm» 1.5b. 3. Constraining Factors: FSR (free spectral range) > 150
Result: FSR = m, which inplies m= 15501¢5T or ms 10. 4. Constraining
Factors: Wsh to provide a flat response over the bandw dth. Result: The
diffraction envel ope nust have a broad enough maxi numso that loss is
mnimzed at the extwqu&bdanengu@yﬁl ength range. This dictates b< 8.54.
An order over 7 spreads the light too nuch across the diffraction peak,
resulting in urfé@ééﬁt“%@’?%w efficiency. Thus: b < 8,54 and ins 7. 5.

Constrai ni ng Fagtor §5,..Hi L CI. >85 esult: Efficiepncy is a

f unct isgn of st 2% si i(?a".“%@@f‘%&g‘?‘éz'gﬂ%ﬁ“(%@ a%%‘f%é'ﬁeéﬁepaﬁ %?tﬂﬁﬁgéﬁb%hannel

wi dt h capturing 90%Rubsult:NEorah echlle giting is Gteed, dRpeddon 1 d8,Bg yi el ds suitable
efficiency., 6. an%t raildﬁgﬁg& Factors: Ljm hat ions on m ST 4b- : H{g 2. above.
Resul t: 1.3 €M OFITY 1oncd s ASSPRing ghangelisgpagationor * an' echel | e grati ng

in 1ittrowoRGicad BOMESMEU X @4 Tarmt A2 B3 x TG, M > 54 at mr6 5. 43p. at n¥7
Fig. 3 illustrates that these Igonsjt%ralflingt{s ﬁ’n’@ rlgssbgl ts provide a range of
val ues for a 3 Constraining Factors: FSR (free spectral range) > 150

10 Result: FSR= A opihimpliesm= 1350 orm < 10.
4, Constraining Factors: Wish to provide a flat response over the bandwidth.
Result: The diffraction envelope must have a broad enough maximum so
that loss is minimized at the extremes of the wavelength .range. This dictates b< 8.51. An.

order over 7 spreads the light too much across the diffraction peak, resulting in

15 unacceptably low efficiency. Thus: b<8.5pandm < 7.
5. Constraining Factors: High efficiency. (>85°)
Result: Efficiency is a function of step size. A step size must be selected
providing a channel width capturing 90% of the signal at a select order.
b > 3y yields suitable efficiency.
20 6.  Constraining Factors: Limitations on m from 4. and 2. above.
Result: 1.5<m<7.
7. Constraining Factors: For an echelle grating in littrow mode: a= an_l )
Resul: a = 3.88patm=35
25 465pat m=6
543patm=7

Fig. 3 illustrates that these constraints and results provide a range of values for a
and b at a given range of suitable orders (m). Simulations aimed at maximizing efficiency
and minimizing polarization dependent loss optimize around blaze angles and groove

30 frequencies that fall in the range of echelle gratings, i.e., 45<6,<78° and d < 300
grooves/nm. Furthermore, limitations on manufacturing further dictate that only echelle

gratings can provide the necessary results within the external and performance constraints.




and b at a given range of suitable orders (nm). Sinulations ained at

maxi-m zihg efficiency and mininzing polarization dependerid?7 FEBRWARY 2004
around bl aze angles and groove frequencies that fall in the range of
echelle grati nlgs, i.e., 45<0b<78 and d < 300 grooves/nm Furthernore,
linmitati onsY@AEHuf acturing further dictate that only eekeiusegssati ngs can
provi de the necessary results within the external and performance
constraints. F 27 FEBRUARY 2004 WO 01/ 18p77 PCT/ US00/ 23898 11 In
designing a fum}t i,oni ng | t]plexer/demultiplexer, a nunber of design
paraneters wer e [ S¢siningp fpchoning multinlexer{dempltinjexen aynuebertof designt er nal  and
per.f or ManC eyardnifsts tvarh SEiha ; n]?ﬁf Lguration is

i1 lustrat e?a;chenafvi&gg%lléa I n t&ﬁg& &C%Fég\‘;\f t ?ﬁieg‘ggegpée%lﬁp%g%é’\# %’bc%t he sane
reference rigngwaintssst forgy abgve. Preexdinplagtdonfiguraivstis iHusttaedaddniatiailly iefigect on

h I . . ' foll : . 1. Ch I
Char acSori o i@ s o b Bk Lk R R RS ol o i | < know as

the "C' bansnstfaintesnd théindffear @cthewexeaiptangbillls echally\@ruie bardsiraei ng from
1528- 1565 rranorrit ers tn@ This . provides a bandwi dth or free spectral
range of 37 nm avai Ig If separation. Known prior art

mul ti pl exer/demddrkﬁly&it@i&ﬂcb@zﬂiﬁiﬂc@ﬁeﬁmﬁﬂ%@ﬁiatﬁmgﬁgwﬁ:% d0f&f even 1.6
an C

nm resulting in a possibi lité@Of only between 48 annel's. Because
echelle gr ’é’a‘f?i)%‘%h&é‘w gth band rpegingfrom A338 K165 dampetess @m). Fhisuch

smal | ch | nesulting in ossibility
of 93qéhan§£§k§&3\%@%ﬁvﬁgm%§gg%?%%%%%@%‘%g%%@%ﬁ@%ﬁ& ctor | asers
i ncreases dawvapriocat mebiphxer/deatultivhses rapmire a cheayiel 3pacidge 0@ nnbansred 0 | ncl ude
the "L" ba 15661610 nm ..and the *S" band (=, 1490- 1527 nn), a total
bandwi dt h 9196 ‘%B’o‘ﬁi“l “ﬁ%%%b%%&”b'ﬁ%b‘?%ﬁ?“é‘s‘@é’&&%? els,i Besausg ephslie pi ity

of the mul tgrpingxprovide matkictlyl sepdior AtGRIARAAIbK) A nRRA sHRRR BRInfel Qpaciy &t PET

i nput fiber, QJrre%tqioI{)tica.l comuni cati ons_ operate primarily at a channel
frequency &4 Bmavas gigsen, pespiine ia pessibilitygf 9 channels aves Kigr(hkandwiddthe as = 0. 02

nm Opsi calyni IfGathicBRtic [efelde J}ﬁﬂ | : frequency of
10 GHz, know as 192. cAt &igag&-?he chg%?]e' %ﬂgi"qﬂ’}i‘&‘gﬂ@g’%&@g“ nm 2. Fiber

Di mensi ons beyanddbe '€ dandjlodnehadictho i "ibard (1566GE610uwam dnd the Pt band (~1490-

conmmuni cat i Lcalid e n er dianeter of 125 microns_ () and a
core di arretlggf%@: %&g&#‘?@ﬁl q’fiag%urt gﬂﬁ Chg oSS E’B"ﬁ?eé‘]’iem @P"%\bglgb and
core di anetofthemulifhlSki/damedtiplesr kadohodaigsioo HdnddS6r mere periasd: Go&d by

Fi bercore. In t isnzxa. e, bot.h the input fiber 14 and the ou%gut fiber
16 are singl e nbUEHRBHSHGramHgatiaps opgats Prigiagsiedt & channeldteanengy efid S out put

fiber8016 I, knownas OC48. At OC48 the channel width X, = 0.02 nm. Optical
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 80 and core diameter of 8.3 are available, 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 80 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 80y 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 80p. spacing can be reduced, with core spacing of 40y or less being foreseeable,




abutted in parallel as illustrated in Fig. 4, this results in the core
centers 'bei ng spaced 80}.1, or a required channel separati &7 FEBRUARY 2004
the select focal |ength. Because fibers of different outer dianeter are
avai l abl e and fibers cladings can be etched away, it is possible that the
80 spaci ng"@UASYHE reduced, with core spacing of 40 or PEHYSWE3AY

f oreseeabl e, 27 FEBRUARY 2004 WO 01/18577 PCT/ USQCQO 23898 12 which coul d
enabl e shorter focal lengths or differem2 echelle grating designs having

| esser ular er sj on. | of th eamemtte fro thefiber“
was 10 at “?‘Lﬁ“gr’lﬁ origf Eﬂfﬂaﬁwﬁs g‘ﬁgﬁawcgrl {Qfﬁﬁf be 14 at
the 1% pO'a{ﬁhuia?&sp%&idH ﬁ%@%?éadﬂf@aedﬁ%gﬂu%%ohﬂﬁlsﬂﬁﬁ%& Q0Pdt e LR1Idn gh

channel density in a formfactor .consistent with or smaller than used in
current meistanse.caltbeyehdtiviastiaten fovadto e ldctthe 136 pojital | engt h of bet ween 10- 12
i nches was thedesig &#p}* g,gt To accommopdate all the optics and harnesses,
a maX|5rrumfocaI | engt i nches (127 mm) was chosen. As di scussed above,
in light of thé&hedergnwisrintemyefl &provide ohigh klsanfieldandity in o foravfartor4- 8 and a

resolution (R >20,000 ocal J.ength, of i el ictated. 4.
D1 sper s orFPEFFE AR ambe A dredf Seed Bhyip Erer Bl iepists. A bl
necessary ledp# of teewedh 1P R $iches wds ﬂﬁmmgerda@t I 'Bo Scaimindgatofll e Bffidsahded. The
initial .4 nm channel| sp Ci p}%he echel | rating was . required to be
about 80p lwmegasﬁér%&xrlawn afﬁ%@% e eﬁﬂ?ér%m vaysheepoAa et the core
spacijng) - Hdbvd, il délft Bfthe BiRRainih e crdS tﬁ@ﬁntﬁl‘iﬁ?ﬂ&%eéﬂ 418 Bnd refdidiRa

frequenC|es coul d not dispersé to nuch greater than the fiber core

aperture dRéﬁOtQQ@,fff'@eaiﬂan@lﬁg‘tl%W@ma@lymw separation < .4 nmwhile
channel wi dth 9.0192D1 ngsﬁﬁ mrqpp er spaci ng 80A core di arret er 8.3 5.
ec

G ating Design The va ting grating design are: 1) wavel ength
range 2) ef fi dn evdeyto pRventitleglesssf data,(iDyasheceiesy thatihe érspﬁrsibﬂ@mhdJM Fig. 3is
2 O 038 Sogh RSO HE MhobSe TR iRl S5 U5kl sPA e AR S8 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 separation 4 nm , while channel width (0C192) . 0.08 nm
fiber spacing &0p core diameter 8.3n

20
5. Grating Design
The variables affecting grating design are:
D wavelength range
2) efficiency
25 3)  dispersion (D)
4) desired resolution (ﬁ)
Fig. 3 is a cross-section showing the principle 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 80p = 12,000p. This desire to have 90% of the intensity contained in
12,000p constrains the size of b. The far field pattern of the diffraction grating is



i ncludi ng: bl aze angle (8b), wavel ength range and groove densi té&%d)\. For
desi-gn af the grating, 150 channels centered on 1550 nm wa®/chEBEUARY;2004
results in a physical size of the spectral inage of (nunber of channels) x
(maxi mum separation, or 150 x 8011 =12,00011. This desire to have 90% of
the intensMQ@8H{ai ned in 12, 000p constrains ‘the size BET/HSOORBRE8far field
pattern of the diffraction grating is 27 FEBRUARY 2004 WO 01/ 18577
PC11US00/23898 13 | = 1Q (..)2 (Sins )2 Mb I'd N = nunber of lines
illumnated, 3 = sinCb and a = sinOb, 77 X Spread sheet cal cul ations show
that b s 5.5A (or b s 85 ), is ne;oe(ﬂﬂﬁ s_'ub’_f');ake the spectral inmge >
12,0004 at its 90%intensity point. \TB /mM\ni%i/ze loss, i.e., maintain
adequate efficiency, b > 21. Thus 21 < b < 5.51. (Condition A). In littrow
node, the angul ar dispersion is: dA~ cosOobor_ - Ti" o> X (linear

separ ati on) = (O3 futhbet OPlines ilfuindindtdl?. P = (i) sinGond e gLy eiby. 10g) (1.2 x

| 05) 176b ne- >1. 6bw However, for OCl192, dispersion nust be constrained to
cont ai n t hé&Preag shegt catraitatians shap dhan bisrd. W (oob ¢ $r5p), isnecessary tomakegth84b. Thus,
1.67b < m g hid 0N :Bhno, :1he.desired resolution (R = X = N-m
Here, A = fg%ggﬁ%a eﬁ%qgtpbdyabtgb%’r?}wﬁlgpﬁp{ﬁg a required resolution R =

19,375 or  appr O iniiBitrite)losd(i.d)Hhintdis 9T eMicRB& b S22 Talis DL pI f51.ng of 2.1
cm (based upon_a fl = 124 cmand 10 divergence): N = p(2.1) =1lines/cm
cosOb d TKuGR AP0 < 2.1 x 00 2 cm. M= 2.1-2 cmmor b < 1.05 m

(Condiggion Q). [y littrow mode, the angular dispersion is:

— db
(’39:)- T, & T =B

A x (linear separation) = (AB)(F)(AR) =(-) (A%) - (0)
sop < - @x 107°)(1.2 x 10°w)

1.6b
m> _6TLP_ > 1.6bp

However, for OC192, dispersion must be constrained to contain the .08 nm channel

15

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

124 cm and 10° divergence):

25 N=%’%§_g;),p=lines/cm=-é-

Thus, 20,000 < 21x10%em .o 21%em o
’ d cosO b

b < 1.05 m (Condition C).

30

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



To align the order mwith the diffraction peak in littrow node, we know 27
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a = 3.8811 at n5 4.65u at m= 6 (Condition D) 5.43 at n=7 Only as 0Ob

i ncreases to greater than 450 is it possible for conditions A and D to be
sati sf i_ed:szogﬁ?‘ﬁj'?lg Ob = 60, and in = 5, a = 3.38[1 b=2.Buso0/2ses 4. 48[ 1.
Al of conditions A-D are satisfied. Selection of the precise groove
density and bl aze angle are also affected4by the polarization dependent

| oss and manufacturing constraints. For the enbodinment illustrated in Fig.
4 use of an interferonetrically controlled ruling engine to machine the
l'ine gratigg o gweahiwst gt detvelies:of a |ine density evenly divisible by
3600. Consi deTz_ng these various factors led to selection of groove density
d = 171.4 grooves/ mm and?ni= 388 #im=5ealls to a = 3.8811, b = 3.55., and a
corre?)ondi ng bl aze angl e of %5& tf1%r=§h s exanpl e. However, this

nmet hodol ogy shows that for a ogaf engt Hepudi®n - 125 nun and an order
of 5-7, potential blaze angl es4spmge=Iyetjveen 51 and 53 and the groove
density carries_ between 50 and 300 grooves/nun to provide |inear channel
separation of HewlKaeh. mereasssto greatar Yian 48T itnessibiefor sonditionpAresd BDriode t he
echelle of ando _degr ee; In the exanple of Fig. 4, the
echel l e gr%ﬁ?%ﬁ%ﬂgﬁbogg ’g%%éi t§ ofa_%ﬂh grooves/ nm and a bl aze angl e
of 52.6. The echelle may be forned from-omgo0f several known nethods. For
exanmpjge, it may be formed from an epoxy |ayer deposited on a gl ass
substrate into which a master die defi dirfg#8ithe steps is pressed. The steps

are then coat edAllx‘féonﬁiomnﬁlﬂ %egﬁfshgac_t ive material such as gold. The steps
may al so be precision nachine I'réctly into a glass or silicon substance

and then coat edbekiction af thepreeisd grogvenansity iatd blazd angle are also affected by the
polarization dependent loss and manufacturing constraints. ?or the embodiment illustrated
5 in Fig. 4 use of an interferometrically controlled ruling engine to machine the line grating
drove the selection of a line density evenly divisible by 3600. Considering these various
factors led to selection of groove density d = 171.4 grooves/mm and m = 5. This leéds to
a=3.88y, b=3.55y, and a corresponding biaze angle of 52.6° for this example.
However, this methodology shows that for a focal length between 30-125 mm and an order
” of 5-7, potential blaze angles range between 51° and 53° and the groove density carries
between 50 and 300 grooves/mm to provide linear channel separation of between 40-125
microns and an angular dispersion of the echelle of between 0.091 and 0.11 degrees/mm.
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 formed from one of several
25 known methods. For example, it may be formed from an epoxy 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

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




further option is the use of photolithographic techni ques described in
McMahon,'. U.S. Patent No. 4,736,360, the contents of whi ch 2 EEBRUARY 2004
expressly incorporated by reference in its entirety. The lens 18 could be
a graded i ndex ésGRI N) optic with spherical surfaces or a conpound |ens
with one oWOA®TSyrfaces that might not be spherical (aRpmEs0NeIps The use
27 FEBRUARY 2004 WO 01/18577 PCTIUSOQO 23898 15 of lenses or a single |ens
to collimate the beam and focus the dispessed light limts spherical
aberrations_or COImB.I €S Iting fromthe use of front surface reflectors that
require t REIHSE Pratingle ieus to solimatrdhe beampand docus thedisperseddight limits geonetry. A
1St tyPesferi biatiohs or Séifa iSdlinghdi el ¥r RIRURHCL RHEAG ingrebtfle 1O
achieve near-diffraction [imted imaging of o 1)1 axl s rays. second type
of |ens acthoptical raypiq Eaverseithe gystanpingtoff-giis peorietry.dd dirst fypeof poteptatdens e d

t oget her ( : g%ﬂﬁ& . | a. o Noi vi-dual . | ens pi gces
(tripl¥et). %Eg;ﬁé&% ecesR%@‘Rﬁ‘lc‘#\gi‘%ﬁ?’é%ﬁ@@%@ﬂ%b@%‘* I%Plgé’gg T oor if
requi red fasis tays.r Acedoodtypé of lesy denially tonsists obiht ledsetwoaidividual piepdter i ¢ sur f aces

can be utilized...ln.thi e, the lens would,be .referred to as an aspheric
doubl et or “¢F§ fidé?g.e'l}eﬁt(’?’ﬁ@@%%?ﬁfp% °Pﬁ‘?q}§??t§{°88’dilvﬁd“lﬂj lgns preces f@ibleBns 18 is an
aspheric sThegk plec@imay iRdividudlNhatd SPBERCT subBs/ S ifreGRIRE Tdr&Blrectigh bACE 26 with

a radius of curvature of 373.94 nm and an aspheric surface 28 with a
radi us of ESFRPPEsOf gyerration,aspheris syrfaces ran hegribizedn dn s cage, §dens womldl aver age

focal jJ engbdirekeirell Afastm2GhdnSibubletbBYyRt €ngth range is 125.01 nm Thus, the

di stance A fromthe centier of the spheric surface to the emtting end of
the input and lodkgmemplelilinstatediin Fig 4, theddno 08 isl@Gspheric Sihgetofardgendi st ance

between th ric surface 8 ,and.the..center of t rface of the
grating Zogilmg&g out” %ﬁ% en%f%suﬁcetzﬁé“&agrf’%ﬁ gfﬁwﬂ?"eﬁfg%ét,&l%@diaﬂput and
out put fi besphericesnrfhsedSevith hdigs GFauBafk@dT5 mol Bida éonicddoQart Re~G@BE Wi th the
exanple illustrate i me configuratiaons, however, the inlet

i Fig. 4. |
P out THE Mvefbie fochlenetin ti 120 SR iy Sapeisnaiiomecan b5 pim g i fhe

terniymat e HiBakdees §oRBhdYeaRfof M PhEidSrEcekd thebbhifhe LifoidhRithn@r € Preci sely
| ocat ed by belgi% fit into a tenplate 34 illustrated schematically in Fig.
4

5. The t enfHeHt 1ol igabont 129 mmy The avemrge distante betwicn fedsphedonefc86. The
tenpl ate gl O ARERHAROQVES _ by etching the grooves
36 into a sialmi con sub(s’%?ate. ?%ﬁ%@@f?ﬁg%&ﬁ“{g. g. 4, the grooves of the
tenpl ate are spadwdigaipl2 g dxtwpipat aoivfuipgtfitdrs tormindte i the sane farghown i n

perspectivg..yview in Fig...6, To facilitate alignnent, the pigtail 12, the
| ens 18 an@"%/keaﬂ&r aet?aﬁegw’?bmﬁg’\‘/aglﬂh?aﬁﬁuf‘? f‘?ggd%‘ ﬂﬁme%v@a% 'n nultiple
di r e onshovianeethe eyt 1draad omlce dbdrl O©arp 0f lightl diffehay @ end®aisied in  pl ace

by clanps or a suitable honding agent. The lens 18 is held stationary. The
pi gt ai | 1 Jterminate 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 sificon substrate. In the example in Fig. 4, the grooves of
25 the template are spaced 80.

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




I's novabl e by translation along the x, y and z axes. The input and outYput
fibers cdan be nmoved independently along the x axis. The ecdfeFEBRHARY)H0
is fixed against transl ational 27 FEBRUARY 2004 WO 01/18577 PCT/ US00123898
16 novenent exce‘}ot along the z axis. It can be rotated about each of the
x, y and zW2O¥I577 Ot her possi bl e combi nations of el ementPGFAISeNEAB may al so
yield suitable alignnent. The di mensions and performance criterion of the
DWDM devi ce 10 of Fig. 4 are sumuarizedias follows: Fibers: SM 1250

(Fi bercore r dianeter 801 re di ter 8.311 f Nunber 4-8 Lens:
hopher | o o e Shest S0 Bhe & Lt Pyt EpPoutonat ot rorpnagigstal - x =
1528- 1565 Otiier pessibluoimbicnstd elenintdndiinent maplalb vl suitable Flighniday,  60=52. 6
order = 6 System Performance: D (linear separation) = 8011 Resol uti on
(R) = 20,000 EFyq dimgpiigps and peyfopmance smtesion of thy RWDM devies 1\of Figntt pws ponse
(y-agi) VaimMsieauefoBngt:h (x-axis) for the grating described above at a
100 (0.8 nr% channel spacing over the 1528-1565 nm bandw dth at an
aver age i nsertiBherso8M-B50 Fiberdere) This plot illustrates the flat insertion
| oss across the ha %rddtgh'eté@ an alternative to the use of a littrow
configuration as welT as e g% of collimating | enses, concave mrrors
may be used for cel Ictd}aaihﬂgteagl_glpfocusi ng the incident beam A first

al ternate enbodi nent _of a concave mrror dense wavel ength -

* fNumber 4-8
HU Lens: Aspheric singlet
¢ Average focal length (ff) = 125
Optical Signal: A =1528-1565 nm
channel spacing = 0.4 nm
Grating:
15 e d=583p
s 0,=526°

e order=6
System Performance: |
¢ D (linear separation) = 80p
¢ Resolution (R) = 20,000
e Efficiency = 75%

20

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
25 bandwidth at an average insertion loss of 7.5 db. This plot iilustrates the flat insertion loss
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 collimating and focusing the incident
beam. A first alternate embodiment of a concave mirror dense wavelength

30 multiplexer/demuitiplexer 40 is shown schematically in Fig. 7. Single mode input fiber 42
emits a divergent incident beam 44 consisting of multiplexed 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



mul tipl exer/demul tiplexer 40 is shown schematically in Fig. 7. _Sin node
input fi'ber 42 enmits a divergent incident beam 44 consi stifgFEBR ARY2004
mul ti pl exed channels onto the surface of a collimting/focusing concave
mrror 46. The collinmated beam 48 is then directed in an off axis manner
to the surWE@HIEY? an echelle grating 50. The echel | e gr CTA§HEBEPer ses t he
27 FEBRUARY 2004 WO 01/18577 PCT/ USOQ 23898 17 channels according to their
wavel engt h in t he manner di scussed abovelith respect to Figs. 1 and 4 and
t he di sper hann are reflected off axis off the front surface of
the Conea ot SHARRR & Pt naYsi et n i maper dikusSeatos uits FORRbus| ng i rr or

54 then f OFigsGSanaAdnd SE dRBérSedENNERISD QkbSelddtn BEH akisloff the £6H: s@SREBEI Ng fi ber
of an output fiber array 56. As alluded to above with respect to the

di scussi onfheFoRcA @H%W&/&wg%mmréé The gollimating/fepyaingmirsarS shen ref | ect i ng
opti 03 SUCHRcSs irdGeffts! thdMikioBOcHIhAAb a 26 g&hd Qibgpéﬁﬂ%ﬁlﬁu{@o%i"% m rror
54 requires that the ggtlcal beans travers systemin an o axi s
geonet ry wh- ots aliudesk te gbavie grithfrespastito @bétsmatupmnféthé srplbmlumﬂmd of #tigst t ad ons and
coma) that n nce .of stem However, the
use of the” ?“%%%S%cr% %f?:e\émllgr(g#'fge%: °i5%§t%op‘fq @%lq%@mf’ﬁ%e i) PEAVE of

faci | itatifoeusingmitrer Sbrypins thad thelopticil beamis haverdethe PasmIiRhLoftiaki | ttrow
configurations ' [ apparent,

us nﬁasm | tical lens. As should be readily
conbi nat i GHFEMEEY W&”G freafgt T‘g?g a\“g?l?e‘é‘E‘EqnﬁésPBﬁcﬁj@é’e%@mF adsemarthat be used in
non- 1hi t t rOMiRQARTY Gl Alel RASMMABE 6F tRESBR A HoweRer A ﬁ’éé%?ﬂmfe‘ﬁroﬁld&ﬁﬁﬁ
m nimzation requirements and optical aberrations. A secon ternate
enbodi nenthQ@UFSOPt}CFbéith%\Pféﬁmaw& ita@nggnerh compast fooh daverrithen iy epr esent at i on
of an ech [ I S (1S
conbi nat i olsﬁblgwrh?):ﬁ)tvp‘{:sﬂlﬂﬁgmaﬁ&u/sigga 1&1%%68#)%%@% As lﬁdg%%%}yne nt, |ight
froma SI ragpa’entrmdé;manmstoffﬁ:obmzrﬁ& refecting qﬁiceahddéﬂsesﬁcaﬁ(bb hiedah harg/ f ocusi ng
mrror EHS t(gu(éic ed beam? tedthro h prism68. The
prism 68 r}’r oY § feerl'?ﬁ?sﬁarcvi (g‘ffé "ﬁ Or JupgHzabeegMIgRGaiSct | on as
I ndi qat ed aay optival seasEons0. These horizontally dispersed beans 70 are
directed off the echell e gratlng 72 which in turn diffracts the beans 70 in
an orthogonal Acﬁeﬁgﬁ tﬁ‘ﬁaﬁﬁ@bﬁfm’é’é‘t@lftﬂéﬁw&mﬁga&”@& Eetsehenadtic t he front

surface OffedrBRntaGd TN QclieBl bil wo di mensi onal
out put fi lfl):ér aIrltraay 76 I’Z‘CEI \k/es fp%gﬁi{%idnﬂ& fékérr“?{ng %nﬁrén{

col li mati wgmbweu@iw@lﬁmlswfacmpncahme Ip tthis mqunn@mlest frcnnasmglbl nati on
LD L RO 868> Mk RbRY il U0 HITEORL 1Bl AL ALy NV el eng i

di spersion an thererore rtaci or a fter length
as nd¢ be beaia :66 lsadmdeeted thraghtpeism 68pPhé mrizhi E8wovifidsdor v&vbl%ng’ih gispeastad inc

representa f a third. Jte e enbadi nent 8Q usin si.ngl e concave
mrror as f‘ 85?%%&? ’i“ %By ?’S@E@i’ﬁ?& gﬁfﬁe@%@f?&y ﬁEe’Ef'ﬂtheé‘af axis. In
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.

%0 Fig. 9 is a schematic representation of a third alternate embodiment 80 using a

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




t his enbodi nent, input fiber 82 directs a beamconsisting of nultiplexed
channel s'.to the surface of the concave mirror 84. A collirngtEHB Y2004
reflected off the echelle grating 27 FEBRUARY 2004 WO 01/ 18577

PCTI US00/ 23898 18 88 which diffracts the nultiplexed signal in the manner
di scussed a¥dWass7The denultipixed channel s are then refpefiswashd t he
surface of the concave mrror 84 and directed into the array of out put
fibers 92. Wile the enbodi ment 80 contengl ates the mrror 84 being

spheri cal d the ore having a constant diameter of, for exanple 25 cm

a slightly °‘i§rth“a‘§'1!iHElP’Ff‘é signplrin the mapndyalisqessell abové. iifheove | mage
quality, if m?” | -ar nat e _enbodi,nenf 100 usi ng
an of f - axi sCI e%glrﬁgﬁ%a%amrﬁl??%gh egtlgeﬂ l\f.lteﬁ‘o Ll%r?téﬁjf SetETHY 6?4 &In this
enmbodi ment diraeied infsl the aue) Qfghtputfﬁtmm%hé\’hlhphﬁexﬂboﬂmem d@cdniempllitdseld ed of f the

front surf bolic mrro 04 whi in turn directs a
col li ted%gﬂam o@%o%&?&%d %t'rﬁ a“étﬁt%é‘%‘%“ﬂ&t?‘féeﬁgqmeéwap lgef fg- 108. The
mul ti pl exed shglgbtparaﬁohcedrlaeph‘cﬁdnﬁﬁdrniab%e&bbrdft@ﬁ@pr@ife ltnlage @' IrSe@taly ng 108
back to the sur t of ax rabollc mrror 4 and dispersed to

of
respective out pE Fq i5arfe °mf“ﬁe e’é‘ﬂﬂ@&?%ﬁtomﬂ?ﬁep@mpmqmﬁatl ng is
I n near - | i e cQWinsBiaf et . I he out put
bor e, 106 e QUL RIERE LAR, 13 BB hldextd B f‘°@%§m§‘%f¢ bst

USGS

concave ech@? lséhfs‘l’t@é plighe ﬁP@VSUéféfFﬁquupﬁ’thtsmmtaboltchmnoplﬂmmth mhumol | i rrat es
and feoguseg, (pgeagle tl'%%fftﬁ n& Sc¢|:=hlhm nat e need for the
col i matingi ocu5| ng enses OF CORCAVE m F frbodi nment s

one - four mllltaﬂaxodlhg}nmheﬂewofbﬂhum&be ofthpéchvitedestinga 08 Bﬁ:kb@ﬁie%uﬁ&:@e' l'e
grating de 'h élexer ructuF&s i.l.lustrated scherratlcalli/ in Figs. 1-1 |
to further® FWEO LHREE 1 04and dispersed teétﬁa@ww@utﬁbwg Q6. riﬁcﬁés opti cal
fibers. ASexabddihdeﬂ ﬂ:@eéﬂaﬂé@-atlﬂgtzs irﬁieﬁxol’itﬁﬁﬁ%aﬂg%rdhﬂn oAt
advancenen% in optlcaé nﬁ’él I er technol ogy W | ena%l e ban w-dth in
excess of P tothgopeHt tiksss M8 ne bandwi dth used |n optical conmmuni cati on.

Such {5 oad bandmﬁ% e Ialc {,eat
etl‘Jf ectivel i{m mul tipl |e?1§ Ig%gelgte(trtﬁnt@r?ll des%i%cﬁﬁ ﬁ%tlt??lgegbaﬁn d?c??q%pgﬁtmgcul arly in

the freque “é‘gﬁatredWéﬁeéhfg@tleﬂvhmhlcelhmatmdncb&ndcsmemmding%m This woul d be

usef ul andggdesih of..echelle gratin DV\DM devi ces with
each device opt| m z ed %teyﬁrrﬁl ?‘f‘{;}?e'i\’?a"e%ﬂf“fft PEpmgl ‘ts OF FORSAYRIPNTOBYPEof ¢ he
broad specalteaiate andhrodanenBome efmnpl e, assuning future anplifier technol ogies

enabl e bandw dt/as. on order .of 120-1 each echelle grati ng DWDM
coul d be opti ni &% %*5*031?5%1%%%@65&@? baric schsilegrating demwifipleysr ¢ he

bandvdldt h, stGBrAS ilfistratbi goherbaidally inTigal a3 t&ﬁ:ﬁﬁ&@ﬁd:&a@é!ht!cﬁa%ném&%ﬂé us 110 for
dividing .a brgoad bandw dth _for nulti li)l exi ng/ denul ti1 pl exi ng e appar at us
il

110 consi s¥E2QW of singls ginde pptisal fibessy Asallpdegrio 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 the 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 technotogies enable bandwidths on the

2 order of 120-180 nm, each echelle grating DWDM could be optimized to function with a

portion, for example ¥4, of the bandwidth, 60-90 nm.
Fig. 12 illustrates schematically an apparatus 110 for dividing a broad bandwidth
for multiplexing/demultiplexing. The apparatus 110 consists of an input fiber 112, a high




27 FEBRUARY 2004 WO 01/ 18577. PCT/ USQQO 23898 19 pass thin filmfilter 114,

a fjrst *focusing lens 116, a second focusing |lens 118, a f i 27 FEBELHARY 2004
grating DWDM device 120 and a second echelle DWDM device 122. By way of
exanpl e, the operatlon of the apparatus for dividing broad band signals

110 wi || b&MEETEsed in terms of a demultiplexer. As wi POI/GI0HRIZ08

embodi ments of this invention, the apparatus may |ikew se function as a
mul tiplexer sinply by reversing the dirdeétion of |ight propagation. A

mul tipl exed_ b tte om.the input fiher 112 is_ directed onto the
hi gh pass A %Pq}%dq‘lﬁeﬂm a%?h{‘ qﬁ?sglﬁgﬁgmfiﬁ?wsmsiwm péirsthas a design
cut of f wa\eeﬁeemmngmmememmgsk&mecﬂeﬂébmjwd@ﬁc el ength range
toward the first echelle grating DAWDM 120. The upper of the wavel ength

range passes thﬁam%’@mﬁqﬂe@m@wqféhqameare@%@ndw@emw@@mmu ce 122.
In thig exqwlvv@llbémﬁ’cdsﬁﬂ‘iﬁteﬂﬁé’&"a%&m leké. IA@V&I&.EJ&{CE dod%L?r&sl 53280 nm The

hi gh pass thin filmfilter iIs desi gne to cut *nrn. Thus,
a wavel engﬂweﬂm&edppwm“mmﬂmhdm assomeltiplexaraingly bierebérsiag thechel | e

g;gz)lnggeche e gra % é%gegﬁ%gnﬁf eé%g g&"&%&%‘f"éﬂiez‘%ggﬁtﬁ r|O|r§t

echel | e gr directed orbyibivhigh pamthmaﬂmmelougl E[ﬁe high b tHfih fibh ikQhESs 8Gigdhens 116

whi ch di rect ttthfthII

G at i ng DWERTOR HeFRERab TG Degpieer b L NavRMnaessefesenl HE6its. opt | cal | y

coupl g8l t 0céffefle SRGANDWINIUSD "Tnd Giper &if%f%'%eleﬁ%éﬁﬁépg& &%ﬁ '@ wavel engt h
evi ce

beam 128 as_ an |nput beam to the second echel
present ex&Hp1 Hide hesmondechslle RN devite &2hﬂlgth1msmplbhhmmpmtlwavﬂehgtbr 114

However, o sed ncl udi ng
devi ces ugssflﬁréhc}@% E?ﬁagigs\égggl?l n%gﬁﬁ’% %?Jﬁ %lt% S ﬁ% ﬁ@‘FP rat| ng
DWDM devi cesl520@am. 112@5 @fwavblengﬂn smgembf li460-2 520 rmmw@iﬁmétéh oo tefirsof t he
configurati di ve Wi.th.r r ' s. L1-11, The us_e of the
echel I e D\/\ﬁ%\gge ?@ﬁv{ T”FY% né&l‘i‘ﬂgg?ﬁlét?@d% Watthds  provi de
the nkny asbkeand a@e“e mmwma&@éﬁmt&@nﬂ ﬂﬂéﬂié&tb@aﬁhﬁfﬁﬁ%lgﬁﬁlﬁg
illustrate vt’lh&dﬁlzl S 11, However, the present invention cou

practiced %Wleﬂé%hé@t &?&ﬂn%nﬂl@évm@da@gsgw&qwg devi ces,
| ntegr at edvirag Biamdk ERikputd didifts chie eiflh %ew O ?rgé.hfe;%{u ' N9

wavel engt h spectrograph spacing of .4 nm a prow fng a total
wavel engt h“PI&ﬁQ’éV%@gmmﬁdﬂwsl dptigaliysanplest to the3@end tieousiag kens bl Soehich

o ) ek A T A o AT 1 ©

device 122,

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

3 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
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di vi-ded ‘usi ng three waveband dividing elenents to four 60 4/mfBBRWNABYH2004
beans each of which can be input into an optim zed echelle grating DWM
device. Such a device is capable of acconmpdating a total waveband of 240
nm and ass ¥ P48 7wavel engt h spacing of .4 nm a total chkenpsdorspmynt of
600. The bulk optic echelle DWM of the present invention is able to

simul taneously demultiplex signals fromz nunber of input fibers. In each

of the echell.e gratin vices illustrated in Figs. 1-7 and 9-11

above, |igﬁP‘?P§19é%’£8fr"g'|‘ %Hz‘@"s‘%%a cuhbeghivigedyising dhrpe wavebend diddingcal [y in a
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bandw dt h, ' xGe 90.aut put .fibers per _output fiber row.
Each out puf él%@ﬁ%gﬂat%%g‘g egg{%{ l@?f’%%’"ﬁ'ﬂ%"lﬁﬁf‘ 6‘&55? fromthectsFigusdpitter s ar e
spaced a @ibat.aflie cageyptlis Mlosttaked sthieapatally @PPigatd. ®e.al id HeiGhadd NewaF t he
devi ce focal. | %tg{é ﬁtdh%?%‘er, t he, giunber .of correspondi ng i nput and out put
arrays may?B RHICE g‘ﬁf”é@"*ﬁﬁ the cqllimgfinglfoqusing ppiig. diirsb Secord er nal
factors suad thiid inpet SRACRI2AVAL L ey Rig 01 vdiiG Bhedf Aldy gtera%ﬁ@a% cbilfea s houl d
l e”de tiplexer to

be appreci g;ed, this configuration allows a sing
denul ti pl eXrstEeroRh andsthird Besizentalouseut rays 48150, F52bresmectivelye By, ainai mi zi ng t he

nunber of gahelibel Hodt iR M i . jred forsa.myltiple input fiber
optical syst em .Th?{g fur?l%r | I?S‘g%('rdg?%gmgﬁwétp agﬂ'b}’vl%fl?y‘eé’ﬁ‘%e@cal ability
of the echefamplejs limitedtohes/inpet/fitwes] 42)144c bisrad brig nisielobtphhfberd iiRNt i On.  Fi g.

15is a scaﬁ%{ﬁ ' r tation of pr ef d enhodi nent. of a_stacked
i nput  bul pléﬁ:récE %gcﬁ’g%ﬁg HEWYEEI%L%@? ?{%ﬁﬁt“%%nher,o_f,oﬁtﬁlﬁ‘%ﬁ nput
fiber20142 wil aegohéc B7 nhRROARN 208 Mels and will be a function of the channel

separatiqn and input bandwidth, and may easily exceed 90 output fibers per output fiber

row. Each output fiber has a core center, and the output fiber core centers are spaced a
distance equal to the linear separation of the grating at the device focal length. Further, the

number of corresponding input and output arrays may be greater than three and is largely a

25 function of externat factors such as the space available for the pigtail harness 140, As
should be appreciated, this configuration allows a single demultiplexer to demultiplex
channels from a number of input fibers, thereby minimizing the number of echelle grating
DWDM devices required for a multiple input fiber optical system. This further illustrates

0 the flexibility and scalability of the echelle grating DWDM devices in accordance with the

invention.

Fig. 15 is a schematic representation of a preferred embodiment of a stacked input
bulk optic echelle DWDM device 160. Input beam 1A', , from input fiber 142 is directed
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collimt'ed beamis then directed off the reflective surfa 2004
reflective echelle grating 164. The diffracted channels A" i, A2 then
return through the collimating/focusing optic 162 and are dispersed to the
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and scal dfp fibesgall Wél’n %Wﬂﬁﬁpﬁ@ﬁt@? fgeal iemgthiofi thersolliontipgifobusiigptic fomuse of a
waveband dhybdlinRGingfbbRRlopakich as a thin filmhigh pass filter allows
extrenely broad barids o ngnaIs to be divided and sinmul taneously

mul ti pl exed or Thereheile gtaé&gaBWDM;daviedslimhccoﬂemuﬁﬁ thmesdﬁMhﬁdﬁnmdi sperses

light in I nens ur.al i qf ut fihers can be
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careful selection of the echelle grating blaze angle and step spacing, the channels may be
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-

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 lengﬁhs between the focusing lens and the input/output fibers. The use of
bulk optical elements provides a system which is easy to manufacture, highly reliable and

05 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 paraliel. 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




Clains 1. An apparatus for use in optical conmunications ' systens to
nul tiplex or demultiplex an optical signal conprising opt i%%FEBIWBV(@)M
of distinct wavel ength(s) having - a select channel spacing within a
sel ect wavel ength range, the apparatus conprising: a plurality of optical
wavegui des aligned generally along the sanme optical axis each having a
propagating end; and a reflective echelle grating having a groove spaci ng
of between about 50 and 300 grooves per mllinmeter and bl aze angl e of
bet ween about 51-53 degrees optically coupled to the plurality of optical
wavegui des al ong the optical axis rec@vin§ an optical signal emtted from
at | east one of the optical waveguides and diffracting the optical
si gnal (gjil,ft0 at least one other of the optical waveguides. 2. The
apparatus of claim| wherein the bl aze angle provides a channel separation
of at | east fo m rmﬁ;agsta f ocal Irgig%;h of 152.4 mmor |ess for an order
of diffractton 4 Js710T J1se Tineo cammeniofticnsadystelns W eh el h
pl ur al i 4E§BHPIEH 9t gPtic veignal desprising optieal athahexlG dfnyg:gﬁcttg}?vﬁl letxog
wav eguilii¥ingy o selgett ichanrel pipaciapi twthof Mlsleb@'v@@@léngﬁhi‘éﬂk%' TN Wé,sOt hers
of t he copwirisirig: wavegui des propagati ng single channéls, the optlgi—lﬂa .
wavegui des prpipesditst ofeptichEwsvddtidRs Qﬁgaeé ' i | near array and
havi ng lﬁvmgraqgmp@aﬁﬁﬁd;%dcodrggi ce%?er S g?el?ﬂgg-%gjga egﬁfn‘?/\%%ﬁﬁﬁ?’ﬂ%%ei ng
spaced 125 4 @fe&dy : ratus of claim1 wherein select
vavel epgidves %Qﬂﬁjﬁiﬁ?j@%ﬁ%iﬁgg ?f:) aage&% EX0 SRS between shout 80 @od 36Aannel
spaci ng; s %?rgtrb&i S.0r 16857 '5. ! éie&?eépﬂﬁwaﬂrcbuplbder
conpri é‘{’% fote} £ | %/ il along the opficaloais yeasoing eu optitalesigndl he ‘
pl ur al '1%?5? ngﬂ ARGPE | Vv eghides and digkcactimgdbhentica! siguas) fgo Spaced
the sefect™ FBESIf ehleoPHra Waveguigesural i ty of optical wavegui des, 6. The
apparatus of claim 1l wherein the groove space is about 171.4 grooves per
mllinmeter &nd t ABeApRamtysnef elaim Abehtreh2 e blags @@ple provide® LRRALAL US Of
cl ai m fePpAtioRaf at deast #8 imigronatfot adetal iewptlobf 152 4qnk 601esIVRH SRULAES £ 2N
pr opag@ifitaniion betwesnfe?. nuitipl exed optical signal conprising a plurality
of channels, the nmultiplex optical wavegui des being arranged in a
mul ti pl ex |3.near The rapparardoft BRIMAt NekerSh {HR i alr Yavegui des .bei ng
si ngl econipaizeedt lemy oY dFahe VplisdlIREvdetidds prif ?gilorg,gg@ P‘%"?%‘ | i near
rows petapslhadiiRTothéts b o BHHch PR ehldE AlopRh by, St . dach U iplesed: ow
' T - Nei . Bigoptical 0
center, the core centers of the adj i o ar artay and having a core
mter, ¢ adjacent waveguides being spaced 125 microns or less,

corr eSPARGUIABs propaghiitld HRY KR PiHaGALs WAl

4, The apparatus of claim 1 wherein select wavelength range i
e is betwe
and 1610 nanometers, the select channel spacing is 0.8 nanometers or lefs, tween 1520

5. The apparatus of claim 1 further comprising a collimating/focusi i
. 1 ocusin ti
optl.cally coupled between the plurality of optical waveguides and the reflective gcggllg
grating spaced the select focal length from the plurality of optical waveguides.

6. The apparatus of claim 1 wherein the groove s i
e pace is about 1714 gr
per millimeter and the blaze angle is about 52.6 degrees. ooves

7. The apparatus of claim 1 further comprising;

o at least two of the optical waveguides each propagating a distinet multiplexed
optical signal comprising a plurality of channels, the multiplex optical waveguides being
arranged in a multiplex linear array; and

. the qthers of the optical waveguides being single channel waveguides arranged in a
two d}mensmnal array with linear rows perpendicular to the multiplex linear array with
each linear row corresponding to a multiplex optical waveguide.




8. The apparatus of claim7 wherein a nunber of single channel wavegui des
in each rowis at least equal to the plurality of channel £7 REBRYARY 2004
‘mul tiplexed optical signals. 9. A dense wavel ength

mul tipl exer/denul tiplexer for use in optical comunication- systens
conprising: a multiplex optical wavegui de propagating a plurality of
optical channels of a select channel spacing nultiplexed as a single
optical signal within a select near infrared wavel ength range; a
“collimating/focusing optic optically coupled to the nmultiplex.optical
wavegui de at a select focal length; 2& rélective echelle grating
optically coupled to the collimating/focusing optic, the echelle grating
conprising a_,grooye spaci ng of between about 50-300 grooves per mllineter
and a bl aze 8ngl e B¢ dDpatntng oficleiva A vdierein pamatbenof sirgloekmnaliv de§ ignnel s
of  t heCaehrpWiF akleast spual dathegilymbity aficheielsialthe muftiptededlopAgdl Biohals, an or der
of diff’ractigz between 4-7; and a linear array of optical demultiplex
wavegui des efch propdgati navelefgthgliBultPRRE®IemuMibIBLG ¢ ar. i nfrared
wavel engimimoniogion g@femmiﬂﬁ@mg%itgrml ti gl ex. \N&%%Eii(ééle @gvp%g o ®isebr and

a propagati ngnﬁmbmbbﬁﬁbalﬁ, (&cﬂrb GHPL L8y P&, 82 4 mati ng/ focusi ng
R i e o
wavegui de‘{swgb écﬁ%g@ ing to a channel separ ation

d_a dist. -
bet weery & g erci gos Ellnéiﬁ’ ' %‘fb‘]%ﬁg éﬁﬁ‘ggﬁtgﬁﬂgﬁé‘aﬁg‘g%n‘%ﬁ@‘H@H%-Onﬁﬁﬂémmdhde at
r

mul tipl S s rc%x r of, claim9 where in the blaze angle is between
about 51‘-;\%%% eeiye copglle grating opfeallyagaapladdo therno Hinpting/focudimmuptic pinexer  of
cl ai m ¢ SFHIIEh ECPHYBY & gPeyengpackgabl betvicth. dbagit SMSE) pesovel | pdr et er

and t hduiblimster andyn blazs angloyroding a degnd aspardtion FteedLRAFAPVRINAAT f
mul t i pltscaultidenedtdpticalxsignabat the atlevifordlderitn férha orﬂ&%fﬁag}mécﬁaﬁﬂe%§' engt h
range Ms7:mstdween about 1520 and 1610 nanoneters. 13. The dense wavel ength

mul ti pl exer /adémeat dirt ekeptical demdiipleR wies RIS dabE I.pg has a
free spttin dle neungefratd Hﬁ&élen%\tﬁ ﬁh@%@%‘f&? a%%fﬁ%%iﬁéﬁﬁ%ﬁ h
" ange. cdter diien RIAEIRGHSDRER [Rlick) EXEILLEME ORI AT, A
toe on Opedh i cho Bl eed i 0 0 o ool ops and
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10. . The dense wavelength multiplexer/demultiplexer of claim 9 where in the
blaze angle is between about 51-53 degrees.

11.  The dénse wavelength multiplexer/demultiplexer of claim 9 wherein the

groove spacing is about 171.4 grooves per millimeter and the blaze angle is about 52.6
egrees. '

. 12.  The dense wavelength multiplexer/demultiplexer of claim 9 wherein the
near infrared wavelength range is between about 1520 and 1610 nanometers.

13.  The dense wavelength multiplexer/demultiplexer of claim 9 wherein the

echelle grating has a free spectral range at least as large as the near infrared wavelength -
range.

14, The dense wavelength multiplexer/demultiplexer of claim 9 wherein the
select order of diffraction is 5 or 6.

. ' 1.5 . The dense wavelength multiplexer/demultiplexer of claim 9 wherein the
collimating/focusing optic is a single lens assembly. '




16. The dense wavel ength nul ti pl exer/denul tiplexer of claim9 wherein the
nul tipl ex optical waveguide, the single | ens assenbly and t4eFEBRUARY2004
all aligned along the sane optical axis. 17. The dense wavel ength

mul tipl exer/denul tiplexer of claim9 wherein the reflective echelle
grating is formed in a concave substrate and the reflective echelle grating
conprising the collimting focusing optic. 18. The dense wavel ength

mul ti pl exer/demul tiplexer of claim9 wherein the select channel spacing is
0.8 nanoneters or |ess and, the channel separation is at |least 40 microns.
19. The dense wavel ength mul tipl exer/ d&mfl ti pl exer of claim9 further
conprising: at least two nmultiplex optical wavegui des each propagating a

di stinct mul tligpl‘e d d.o tical  signal arran&gd in a multiplex |inear array,
and a Iinlﬁgr rra ' veayel g il eserdamaliipleres of arlains ponkérem e each
of the ﬁ Plex optiealovayseviipi the siggleileud asserblywindeiss gratig biengPdligd 85 Of

opti cal @tQHSICéE@XISNavegui des bei ng arranged perpendicular to the

mul tiplex Ii Ggar qfrmr ay. 20. The dense wavel ength mnul ti pl exer/denul ti pl exer
of claim 19 Wer eiTheadense vaseleafthO@itipléel/BXmWRY Ra Y, i h Linear
arrady ofefleptive edhetle gtitingé ﬁmnwms%&%e sﬁﬁsn%fe ﬁﬁ%ﬁ% igtéé%@ f mﬂn trality
of opti Cc&hpﬁéiﬁ@ﬂﬁl@llhﬁaﬁﬂgefoeﬁgiﬁé%t@ged optical srgnals o cchellegnatiog of

mul tiplexing or dermultiplexing an optical signal in an optical

conmuni cati opg sy L cal signal commrising optical channel (s) of
a0.8 'ng;ﬁfel ?i?%éﬂ%gﬁ#éﬁgﬁgﬁ% _e’gﬁj%nn@P é%?re?ﬁ lain & evhgrein whe hin a
wavel engl}E Lange “petveen” PSS 08 1855 AR otherchranel separationtisdt basiptli si ng:
a) providing 'a plurality of optical wavegui des aligned generally along the
same opti caL%axi ih‘hat | east one of the wavegui des propagating a plurality
of multiplexttl chifhefanse apavelpngtt maitiplexerdlbmubipldxenl of\a¥aaUio Gfirther
propaga‘iqr'?ilj’ﬁ}l&ﬁgltgwchaurir]el:es; b) aligning the others of the optical

wavegui des i# least fvie anulaplexyopticdl whveguiden gach aifd adi | east
one of apbiealgyigriat atranged dy ainddtiplen lineartaaihy Said \r/%r@ﬁghel e gér%glt%% %ﬁ%@gal |y
coupl ed to tabingiraralidfyopicalogér@tblenayvAguhiies c@ﬁv&@&n@gg é%éggﬂ gta{heaa)é' s, the

gr at i ndeasomwd Sntlipkexq foptiva m&gglﬁ&spfﬂlgeﬁfn teoUz .
Slaveltideebahs Msh - ' a igé FAnRRFeas efemultiplen |
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2.1. ' A method of multiplexing or demultiplexing an optical signal in an optical

communications system, the optical signal comprising optical channel(s) of a 0.8

nanometer or less channel spacing and different wavelength within a wavelength ran .e

between 1520 and 1610 nanometets, the method comprising: g

_ a) . providing a plurality of optical waveguides aligned generally along the same

optical axis, at least one of the waveguides propagating a plurality of multiplexed channels
and the others of the optical waveguides propagating single channels;

b) a!igning the others of the optical waveguides in a linear array,

. c) directing an optical signal from at least one of the optical waveguides to a
ref{ectwe e.chelle grating optically coupled to the plurality of optical waveguides along the
optical axis, the grating comprising a groove spacing of between about 50-300
grooves/millimete; and a blaze angle providing a channel separation equal to a distance
between core centers of adjacent optical waveguides in the linear array at a select focal
length for a select order of diffraction between 4-7;

d) diffracting the optical signal(s) generally along the optical axis; and

(?) focusing the optical signal(s) into the at least one other of the optical

waveguides at the select focal length.




27 FEBRUARY 2004 25 22. A bulk optic echelle grating for use in
mul ti pl exi ng and derul tiplexing optical signals in optical2cbRBRARY2004
systens-operating in a near infrared wavel ength range, the grating
conprising a groove spaci ng of between about 50-300 grooves/mllinmeter and
a bl aze angl e providing an angul ar di spersion of between 0.091 and 0.11
‘degrees/nmfor a select order of. diffraction between 4-7. 23. The bul k
optic grating of claim?22 where in the blaze angle is between about 51-53
degrees. 24. The bulk optic grating of claim?22 wherein the groove spacing
is about 171.4 grooves per mllineter Saad the bl aze angle is about 52.74
degrees. 25. The bulk optic grating 012 claim 22 wherein the grooves are
formed in a planar substrate. 26. The bul k optic grating of claim22
wherein the ooV [ ; S . [ . f.ocal
e s e oot S Mo Hiidatly 1Y o) 253
op me ns systems operating in a near infrared wavelength

range, ﬂl? ) grating comprising a groove spacing of between about 50-300

grooves/millimeter and a blaze angle providing an angular dispersion of between 0.091 and -

0.11 d§grees/nm for a select order of diffraction between 4-7.

23.  The bulk optic grating of claim 22 where in the blaz i
about 51-53 degrees. © #ngle is betwieen

24, The bulk optic grating of claim 22 wherein the groove spacing is about
171.4 grooves per millimeter and the blaze angle is about 52,74 degrees.

25.  The bulk optic grating of claim 22 wherein the grooves are formed in a
planar substrate. '

26.  The bulk optic grating of claim 22 wherein the grooves are formed in a
concave subsirate having a focal length less than 152.4 millimeters,




