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mul ti pl exi ng/ demul ti pl exing and, nore particularly, to. wavel ength
division 5 mubvttBNerHnNoftesubl RUEK I BUERENEZOEMUBTIELERINGEPEPHCES
refractive index | 683RE. HOACKEREEDE 1 NgEgNgth di vi sion
multiplexing (WODM™ TS a rapidly energing technology that enables a very
significant 10 increase in the aggregate volune of data that can be ¢
transmtted over optical fibers. Prior to the use of WDM nost opti cal
fibers were used to unidi r edE¥ENIQE THE (JNVENTEOM singl e data channel at
one wavel engt h. ' t_.of ' n t L

multiple data 1 %ﬁ%ﬁ%%%@i%o%@,reﬁg\sépée%tgfe\% Isalﬂ f tg’nqqgglgrlgg?%ﬁi ber.
Each data dhshmébnis tmaddninkexing/dennildquie esdistengt handand there
wavel engt h : ropti,ately selected t e chanpe 0. hot
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f3 ber are moltifbemingldermohniplexiny\DMdeystess exsiigt habmakkeoeohsr the
transm ssi : [ peous data channels. WOMis a

cost-effec ?5g£%€%%%d£%§k$r£%%é£%hg the volune of data (conmmonly terned
bandw dt h) transferred over optical fibers. Alternate conpeting
technol ogi es for 25 increggj Ldt R n buryi ng of additiona
fiber optic cable or incrgggggsgﬁﬁgm%gtggglE#?gﬁgéggsion rate over optical
fiber. The burywagebéngihli Hionahiohi bRvltippkkdngabiWwbMis 1w terapstily as it
S presentl% on. t he prdgr of $1§$QQO to_$40, 000 per gilonet@g:ﬂLngreasing
the 30 opt FREFIHPANshPERPRIROFYL e 18T 1 i FRPRESBY the "SPded aNH™ “&&8HoNY of
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system Ong of hDE L' SRLY SHALLY SN OISOV use of WM,

most optical fibers were used to unidirectionally carry

only a single data channel at one wavelength. The basic
concept of WDM is to launch and retrieve multiple data
15 channels in and out, respectively, of an optical fiber.
Each data channel is transmitted at a unique wavelength,
and the wavelengths are appropriately selected such that
the channels do not interfere with each other, and the
optical transmission losses of the fiber are low. Today,
20 commercial WDM systems exist that allow for the
transnission of 2 to 100 simultaneous data channels.

WDM is a cost-effective method of increasing the
volume of data (commonly termed bandwidth) transferred over
optical fibers. Alternate competing technologies for

25 increasing bandwidth include the burying of additional
fiber optic cable or increasing the optical transmission
rate over optical fiber. The burying of additional fiber
optic cable is quite costly as it is presently on the order
of $15,000 to $40,000 per kilometer. Increasing the

30 optical transmission rate 1is limited by the speed and

economy of the electronics surrounding the fiber optic
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i ncreasing bandw dth has been to use tine division nmultiplexing (TDV,
whi ch gro ltiplexes multiple lower rate el ectroni g@%@ nnel s
t oget her Hﬁ?%ﬁ%9§$ngle 5 very high rate channel. This tecﬂ%g' ﬂﬁﬂ for
the past 20 years been very effective for increasing bandw dth. However,
it is now i AEFEE®i ngPye de f f tleall primatnpricatedicsnSoirs silectspaddsliyot h from
a technol ogi gal-capd,an 1, hycal a | nt \ng of f t .ential of
both an 10 econ%%?cé? an tegﬁ%glggﬁial SO uf%bn o iﬁgéghs?ﬁgqgggﬂdmﬁdth
by using naRylpiphexing chBbel swhiroht bepupy\DhKi sulcéppereentmaly ipde TDM
That is, V\DMygap Adt OV B orsidskan [ I SSj r at;

channel s to be Eassed overcgﬁé?gg%g §§??g§?gpﬁﬁéfﬂ§%ésﬁte SggaggIggblto

i ncr ease baWewy dbhhoh et e eshanrel badite ddates logat hase foondbpt pakky
symetrical 55 Thg fiJs s eyl [ l epgt h.division myl tipl.exer. This
device takes %%ﬁirﬂ%ﬁ%gan%?9eacf§Mt“ﬁhiggéefghﬁﬁgé %ﬁS%ﬁé“@ﬁ?Fﬁ'are
initially sBaveaety sdpadat edown igparsesiagd ypr duf fesubt 20.aednprboe
spatially cephigip di e vel h into,a_single
pol ychromatic %%%ﬁ%?%%%a%%ggagér}%%%%c%%ﬁgwﬁ%t5%2%58%?§g§?1fi?ﬁ%.a?he

mul ti pl exer efapenbealh demglootioty PERMioff ot itbal pdesn tiabrofmiptihnahude
efgctroni csgt £ontrol. or ' per of the 25 nultiplexer.
The i nput t% ?ﬁ%?nu tip %gergggh §%?%g§?? %@%@ﬁgﬁfshéa mﬂ?ﬁrgﬁﬁﬁggl
fibers, altheodhidtizdy dsddesmany witedrl edptcheahedour cBise ey alWdn be

enpl oyed. I\'é%ggk ahave he o f.rom thy | tipl.exer is_a single
polychronaf?%ﬁ%é§h1 Fch ?g t§8¥6all§ﬁgﬁ%eéf%d %ﬁ?oqﬁﬁl §8‘5@%i%§?yfiber.
The second #tRiteanenus\DMi ¢ draaveliesdth diadesi BDM cévamhieilpl exerbeThi s
device is fynctl® oSk tpe wavel engt h division
nultiplexer# %%%tQ?%#yfigﬁn%g%e?gﬁgfgidl%ggfbn denul ti pl exer receives a
pl ychronati c 35 eanser oy afiMpticdindrideee drehdwisitildesequimansted 2 WO

01/ 14920 PGLUSOQMATLS B! LAL ldbriRRAA§0s LS ELLLEY entpeyel gpat hs of

device is a wavelength division multiplexer. This device
takes multiple beams, each with discrete wavelengths that
are initially spatially separated in space, and provides a
20 means - for spatially combining all of the different
wavelength ?eams into a single polvchromatic beam suitable
for launching into an optical fiber. The multiplexer may
be a completely passive optical device or may include
electronics that control or monitor the performance of the
25 multiplexer. The input to the multiplexer is typically
accomplished with optical fibers, although laser diodes or
other optical sources may also be emploved. As mentioned
above, the output from the multiplexer is a single
polychromatic beam which is typically directed into an
30 optical fiber.

The second device for WDM is a wavelength division
demultiplexer. This device is functionally the opposite of
the wavelength division multiplexer. That is, the
wavelength division demultiplexer receives a polychromatic

35 beam from an optical fiber and provides a means of
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pol ychromati c beam The output fromthe denmultiplexer is a plurality of
nmonochromati ¢ beans which are typically directed into a corres ondi ng
plurali WOBHI48 i cal fibers 5 or photodetectors. During R ﬁﬂg #7130 years,
various types of WDMs have been proposed and denonstrated. For exanple,

(1) WJ. spafiianggn, séﬁ@f&@ﬂn@bhﬂﬁﬁ dYQFeréﬁt Nbav8leﬂ@th£18£E21$é (Aug.
1977); (2) A.C, Livanos. et al. plied S'Cfg:gx ett Vol . .30, No.
10, pp. 5Peiyshrerstigy PEgFs) Th@)ouit_]puq HioF et Gl emuj&hpr}axeaf 18 ght wave
Tlechnol 00V pDhrlithg. o|f4 nécg{bckﬁztﬁtaéta% (Hu@mségﬂfh)zch (é):thﬁaafaaglgz) al (,) ;
El ectronics Letters, Vo No. 1 127 1 5
A E WIic8rested 1nee Wecﬁﬂo&d r?élg’é(y q_fgtot(ptjetrjsc VB‘\/&I% pp.
$38- 841 (bH yhb¥detectard.(6) Y. T. Huang et al., Optical Letters VoI 17,
No. 22, pp. 1629 1631 (15 Nov.  1992), all discl song f f VDM

devi ce and/or REEHSE. it Zﬁoé’FaGﬁ'tP(@r\?‘BMSdg\Ylp@és%%an’/&%]r ?Wé(tenods

di scl osed Heent her abowed | hﬁaediemcbismttle@ns 2@ oar eexdmyshe cal(1pptw.gs- based

WDM approaches which e ver basic | enses_that are a ate only for
use with nAiiRsee: R df‘?Fb F &S rantPhr e{l?haﬂ8qu t e PPor CL?J@Z)' %tgﬁl si ngl e

node optl@@gflbgws)becwsembe aarRndsanBteralof, aagpbngea nmesiptical
fiber (i . IVplcall i is much smaller than 25 the core di aneter
ol

18f a nul tILWSOp dal 3P e~ 10'e pP- tyfireart y182May 33§ 7) thet) s, due to
the very basii lanses,, eaued Jﬁeﬂfg{ﬂwé’r\@/"ﬁifdﬂ \%cqmorz@t i t he

principles set forth'in the classical optics-based r oaches
di scl osed 4/n tHe abftAB&=443t edhuysirbl |]c9<§t4|)ons e dhabl@ars 30°-tr e@di-ve and

transmt 04)‘;46:@10 camsr &£ omandyt p sbagl eg1odes, oppi calglshens, (1s

respective out Incurring unacceptable amounts of insertion |oss and
channel ohm:-ﬁstél“la"l'rheﬁ)un-‘ac%ept*&til@ﬁ-ev@lts 8t - nséFEE onPhosanigd

hannel crgs rgel yydye £0 e+ n quggeghmgj‘gl 10940 .01/ 14920
lg’CT/ usoo/ 147%4% dé{agie‘:t?’telggss ? f hese very ggm c lenses, W%i ch ég?e

typi cal | y 4ol nt@) of . Bt aHdang ept réal @ragsadat@titalrs, Vol. 17, No.
22, pp. 1629-1631 (15 Nov. 1992), all disclose some form of

WDM device and/or method. However, most of the WDM devices

and/or methods disclosed in the above-listed bublications

20 are classical optics-based WDM approaches which employ very
' basic lenses that are adequate only for use with multimode

optical fibers and are inadequate for use with single mode
optical fibers because the core diameter cf a single mode -
optical fiber {i.e., typically % um! is much smaller than

25 the core diameter of a multimode opticai fiber 1ii.e.,
typically 62.5 um). That is, due to the very basic lenses

employed therein, WDM devices incorporating the principles

set forth in the classical optics—baéed WDM approaches
disclosed in the above-listed publications are unable to

30 receive and transmit optical beams from and to single mode
optical fibers, respectively, without incurring
unacceptable amounts of insertion loss and channel
crosstalk. These unacceptable levels of insertion loss and

channel crosstalk are largely due to the inadequate imaging



One proposed solution to the above-described optical imaging problem has
been to a ibional |lenses formed of 5 standard optic %1?6 terials
to WDM de\%@?b hereby resulting in WDM devi ces_havi ng d?u @3 firi?pl et,
and even higher number |ens configurations. By addi ng these additional

| Enses to ViBNasMiiddes wedr eitheske zgdwd beﬁses leypéeal Iwhhalve ateernating

nigh and | W CELIAGE AkdpBKes e aaploh L NS A B B the
increased cost Ore gesusisgdedodiutthioaddiondhehedbovaddescohbibd| epsésaliue to
nssoct ated ST ThE L olchen Wit 30D A BT ltRs SBERERCOL 0SS
ménuf act ur aptdndardfombMade i losss Teategialul téo pVeM| devbses Anbharebyr oposed
aradi ent 1 oFyacty R TR EREes Phetihe JRRIR PR LRl R R e cos.
The 20 use bighdélesenghadi edensef canfl@teramm.l enséy resldhng i bhase

devi ces.  rotsuRr B Tenisds 86 FHA A1 O00p IS s BHALATMANERST, MM
refractive tywesallanbesei alcsrrmmfng:muglhyagdem&erraﬂmcmm todésesssoci at ed

deggl tzg Pﬁg%%%él{]h&% oatq%%g gﬁk%gﬁgg&f%&%&%%@%éé’ andard Ig%f?%%l gl ass

mat eri al s. lenseewref effectovelpicuncdlvet eutendiowewer.can needeased a WM
device which, Qf%se%%%%cgstéh' QthQédf‘Ag{; t%l'pese %n *@J ghey! R% gsd&’ ow
cost, conpohén inte 'OR, €environmnen and erna sta

channel cr osstiiek dlrleow channef @legmaild*ltossaleasnsm, ias mﬂacaagthé arge
nunber  of el.s, n c % or I ul d be
desirabl e t%ﬁ‘%%ﬁﬂg%@%&féé@ﬂ&@@ﬂ gggr%%%rees %&n%gﬁ%(\}g ae%%\?l bed

i adequaci esesndzlsm)d'ecnﬁaﬂgs,mmuﬁae:tln'ab@l&thQZﬂDIvP@E/vw%@@/ 147i1dg
possessi ng ﬁﬁléﬁﬂf@”f@%é@%ﬁ all of the above-stated characteristics.

Another proposed solution to the above-described
optical imaging problem has been to use gradient refractive
index lenses {e.g., Gradium lenses) in WDM devices. The

20 use of these gradient refractive index lenses results in a
significant improvement in the quality of the imaging
system within WDM devices. However, costs associated with
manufacturing these gradient refractive index lenses is
significantly greater =than the c¢osts associared with

25 manufacturing standard homogeneous refractive index lenses,
despite the fact that both are typically formed of standard
optical glass materials.

In view of the foregoing, there remains a real need
for a WDM device which possesses or allows for all the

30 characteristics of: low cost, component integration,
environmental and thermal stability, low channel crosstalk,
low channel signal loss, ease of interfacing, large number
of channels, and narrow channel spacing. Accordingly, it
would be desirable to provide a WDM device which overcomes

35 the above-described inadequacies and shortcomings, while
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OBJECTS OF THE | NVENTI ON The primary object of the present inventionis to

5 provid ngt h di vision multiplexing/demultiplexing i whi ch
use honoglgrll@é%ﬁr efractive index | enses to achieve i ncreggg@%\ﬁfﬁye

performance, as. well as reduced device cost, conplexity, and

manuf act ur PAFSEF KDY Ther abdbeewing edt 9% i ity o%feg‘lt)l}e as2hiRYe-$&abether 10 °
obj ects, fgrLiHiEEerseiaglvant ages, of the present invention wll becone .
readily apparent fromthe follow ng detailed description which is to be
read in conjunction with the appended draw ngs. SUMVARY OF THE | NVENTI ON *

15 According to the presentogjiRtary iodn THEN INVENTION Wwavel engt h di vi sion
mul ti pl exing device is provided. In a referred enbodi nent, the inproved

wavel engt h di vi BpenPrimeEyplBdans deli c8enaaresent f LBEENDBAOr &S kP f or

aombi ni NG 52,H] Y& alid Ve AindBNOHRAMRLNC ARLLEBN cREAFPaLREOL 2p20xing :
mul ti pl exed, polychronatic optical beam The Inprovenent in the iInproved
wavel engt hAgV¢e$ oWhaght see fiongIsarrrs r&ffds thvem e X skeryeqy to :

homogeneoug?ﬁfé{r@cah&eiaeeaxde%%bi PR ARAHEACES %_I@sl f oL f;eahé:@aélg ing th

plurality o monochromatic_optical "beans traveling along a first

direction €evige @P$tracemRherityi mnd ANYHCTEARS fdsthe nul ti pl exed,

pol ychromati c ophiCcalpReamddtave! pPth & PNendectscayd glection,{rom the
diffraction grating. The second 'direction is substantially opposite the

Q rst direebieats: TFRAEIT9TFactioAYrBERAGST SO hridiePASISENE. 1PERNEEPR Ve 30

di ffractiop; g1 ahbBEnar ir@Rlad yatagdae chict QM HHd 1 8611 MRin@nakeayidl respect
to the first and second direcCtions. The honbgeneous refractive i ndex

col | i mati n@PEEELREAGN &dGbs k5 piTaPey raapi afo-TIIRE HeogeHdbuthe
refractiveappeN¥&d QL4dfe9. PCT/ US00/ 14714 index collimating/ focusing
| ens, or a BI -convex honogeneous refractive index collimting/focusing
| ens, although other |ens configurations are possible. For exanple, the

honbgeneous refractive i ndexgpaaley B i1 TR&ENTION €NS can

15 According to the present invention, an improved
wavelength division multiplexing device is provided. 1In a
preferred embodiment, the improved wavelength division
multiplexing device has a diffraction grating for combining
a plurality of monochromatic optical beams into a

20 multiplexed, polychromatic optical beam. The improvement
in the improved wavelength division multiplexing device
comes Ifrom the use of & homogeneous refractive index
collimating/focusing lens for collimating the plurality of
monochromatic optical beams traveling along a first

25 direction to the diffraction grating, and for focusing the
multiplexed, polychromatic optical beam traveling along a
second direction from the diffraction grating. The second
direction is substantially opposite the first direction.
The diffraction grating is preferably a reflective

30 diffraction grating oriented at the Littrow diffraction
angle with respect to the first and second directions.

The homogeneous refractive index collimating/focusing

lens is typically a plano-convex homogeneous refractive

5



5 be spherical or aspherical. Al so, the honogeneous refractive index

collimti Ir{ﬂépﬁie:&?d ng |l ens has a high refractive index andPH,B'é&ﬁI‘JPX

oper at es Infrared (IR) region of the el ectromagneti ¢ spectrum since
this is the region where the power |oss (attenuation) and 10 dispersion of
si'l i ca- basedndpxi el L inaidmg /ifocusipgdl bons, Adc ér Bl NEPTVeX RETRIRBGENEouUsS

refractive Ludexceeol! Limbl RAMNARRIAG)Ir808sE AL VOREAd Ui G ealera high
index of refraction glass material sel'ected fromthe group consisting of
SF59, PBH71lenswvresnfhguraitings hiagle | Reegiblels r FPBctHH R %ss HRéterial s

that effici qutly LEaASMdrr QRLiwAl; RAMBOL N1 hBEI hHT FSERsid Rerde@aan of the

el ectromagnetic spectrum |n accordance wth other aspects of the present
i nfYention t ke | sphevéaeht Pr t AsPhepievkd wavklEhgt HFhe0 iRAISHGRUS

nU|t!p|exinQe%?%E??vganuP#§$h%o§§§m9£?ﬁg??&@ﬂ@ﬂﬁ?uﬁe%%frﬁﬁgi%@ ihAdex
collimating l'ens for collimting a plurality of” nmonochromatic opti cal
beans travelifrgcaligag iadekr anddi tyricahl ¥ ocoReRRERT f +acinén l’ﬁc-rrétﬁeﬁg, and a
homgeneous_ﬂzﬁ%f%@&pﬁ b?dﬁﬁefQEé'ftP&né 25 i thQeHsi i diulst iRl exed,
pol ychromatic optical beam traveling along a second direction fromthe
di ffraction thgr atdeggonl nwhiirs c4de, tiwegecdmesdi r@dthiepmaits ot f énént
figm but nols QABASLLE.of hes {1 E2lp ML ChpPRcal N dBeeLIaNC L LN aker
aspects of the“present =~ 30 invention, an integrated wavel ength division
mul ti pl exi ngccgediibelgan betlpr ovi dedlodRROUS, arFdiftagiiaied wavelegngt h
di vision MildRLEXLINALNLEE; AN Bc VI R LATH | Al of OBDGREOUS
refractive index co ?matln_g ocusing I'ensfor collinating a plurality of
nonochr onmat iiedept pEatebeansl 35 qmﬁemart@ralaeng_eéeﬁ?%timm darg @Frouend for
focusing a c@n‘é\@s@rrﬁ%“%os?%!U%%ﬁ@ﬁéav@'éd&'&e&?& P SRR C
optical beamtraveling along a second direction. In this case, the second
di?ection i gefagakhosubglanti anpyeoppbsi tehahe $F¥sriaiifiact i BANSTHE
integrated wayelengt Bedh¥i skan AUkl RHEXEBQ40EVIRE  region of the
electromagnetic spectrum.
In accordance with other aspects of the present
invention the improvement in the improved wavelength
20 division multiplexing device can be the use of a
homogeneous  refractive index collimating 1lens  for
collimating a plurality o¢f monochromatic optical beams
traveling along a £first direction to the diffraction
grating, and a homogeneous refractive index focusing lens
25 for focusing a multiplexed, polychromatic optical beam
traveling along a second direction from the diffraction
grating. 1In this case, the second direction is different
from, but not opposite, the first direction.
In accordance with other aspects of the present
30 invention, an integrated wavelength division multiplexing
device can be provided. That is, an integrated wavelength
division multiplexing device can be provided comprising a
homogeneous refractive index collimating/focusing lens for
collimating a plurality of monochromatic optical beans

35 traveling along a first direction, and for focusing a
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5 al so conprises a first honbgeneous refractive index boot I|ens affixed to
t he honbgeneous refractive index collimting/ focusing |lens for

transmi tWOMY14%e plurality of nonochromatic optical bearkCHPHNIAHA
honobgeneous refractive index collimating/focusing |lens along the first

di recti on, i ANk fdY, tgARSIHAdNat d hptnddli Peaed;rapad ety anmdriec opt i cal
beam to t he honpgeneous, refractive.i ndex cg:l | i mat i r}%fci).cusi n%e.ns al ong
the secondSeFREIABFECHRD - £ i F-t thdfogeAgoud M TS S 1t Boot® | ens has

a planar isdiaffagsswintiacey bppbd tentagr Fiedtwaiekengbh.di vi sion
mul tipl exi ng device further congii ses, a diffracti Rn.gﬁat . ng éormed at the
pl anar i nt er f acEh® d80E a5LS; Wave+ eRY Uh SHoGeeBL B L P EL P WS boot

lkens for condi niggptsed! Hr EFikky elomoeneesotaifiramyitvec alndweansodint o t he
mul ti pl exed, 20 pol ychromatic optical beam and for reflecti ng{.)rthgge

mul ti pl exe¥epol ?éclfrl{&ﬁgt i ctpt itg’ﬁl PR Rt 0 HEFEFAYE  hNBTEneous
refractivech ndewa boed/ tdansinglhend £br actdwsmni gt aid nhe plpreletady a
reflective diffraction grat,in oriented %t}}ete e Littrow diffraction angle

Wi th respeBeReehroea s ORGGAIaRE3RE chig® PEIERePHSaE B bF Haht s wi t h
further aspggés &f11Hhe Prepecuditentnenalbhy hbengepseudiretthat ve i ndex
boot | ens can _be incorporated jinto the honp enegus refrgctive indfx

ol | i mat i n@?“ﬁo‘?ﬁfsitﬁénlsé‘llr§t§88ht}f‘ﬁé‘lu]tq1‘é’]fﬁi?ﬁfgeﬁé’ JEDEEMALEFaRP FYe* T ndex

col l'i mati ngbfgcusi pg | enghkas t hendPdtasoubsnt er kageaswrifvace atindéxh the

diffraction grating i fornmed.. I n accordance with still further_aspects of
t he preseﬁ?ﬁ-%ﬂ%ﬂ‘?‘lfsnf,o??%l%rﬁﬁbiné@ﬁ?gr & SECRY ﬁ&@?ctcégn' The

col |'i mat i ng{ f o€ UsbGgéeasu S are hawet tve| andex i oet f beres Ha¥\0s 02144820

PCT/ USOQO 14714 _surface_for accepting the plurality of nonochromatic

optical beiREeFI3RT at &2t one optical source (e.g., optical fibers,

Isaser diodes), and frifequttad Wangithethnad ¢1 ol @x el giplystingndevccept i cal

beam t 0 atfhggﬁér(”g%mprises a diffraction grating formed at the
planar interface surface of the first homogeneous
refractive index boot lens for combining the plurality of
monochromatic optical beams into the multiplexed,

20 polychromatic optical beam, and for reflecting the
multiplexed, polychromatic optical beam back into the first
homogeneous refractive index boot lens. The diffraction
grating is preferably & reflective diffraction grating
oriented at the Littrow diffracticn angle with respect to

25 the first and second directions.

In accordance with further aspects of the present
invention, the homogeneous refractive index boot lens can
be incorporated into the homogeneous refractive index
collimating/focusing 1lens such that the homogeneous

30 refractive index collimating/focusing lens has the planar
interface surface at which the diffraction grating is
formed.

In accordance with still further aspects of the
present invention, the homogeneous refractive index

35 collimating/focusing lens can have a planar interface



5 optical receiver (e.g., optical fibers, photodetectors). |In accordance
wth stil bv(;bir,ﬂ;%r aspects of the present invention, the integrated

wavel engt i division multiplexing device further conprisePG/ESWI4714 n ¢
honogeneous refractive index boot |ens affixed to the 10 honpbgeneous
refractive iswddaceol Ebmat eogéfoinsi nthd ensukalityr apsni hdhdehtdgmiaral ity
of nonochro I pt.l beans to the honbgeneous refractive i|ndex

col i mati ngﬁrﬁﬁ‘te&%&gi n%g ens 8ot t%\%af‘lﬁr i PRELFHN, SRNICPor (§1%&msmitti ng
the nultiploptddalpofiidromiasenptdiaedigamehsonidieotbphesnggnagus

refractive i |i,mati ng/focusing | ens | ong the second direction. The
second honoé‘@%?éé’g%‘?&&8@3’&&@%@%%8&#%% & rubry HEESE Hinhar
interface swptdcelf orcateept (agy! heogl il iftibedt, pBBEEREOABLLSs PPt cal

beans from at |east one optical 20,sourc and for outputting the
nul ti pl exed, pol 3§hr%(ﬁ%?1f NGt iw&%h bﬁgﬁﬂo ﬁ'quh«?&st 2§RECHHt i ¢hl thecei ver.

| n accor dangeesient ofheentbqmect stiaf tih@cprasedt watyEMEDN, B Wamelhength
di vi si on mul Ul@li is, a wavel ength

i device can b rovi ded. That
di vi si on multipi gé??ﬁgn%g%l‘é%%e{l%ﬁ’eo‘g HEFiLFEG cofpri sTn§ & HomMBgéneous
refractive homdeeneolibi maifimgdierns {@degolddorat i&gs a aFrukali t¥e Oftne
ochromat i tical bea and a djffraction grating for conbining the
p @ral ity ofh%%:nggfebﬁﬁvgd’feﬂ%%% Vorddes CBE§F@3F%B% MRCVFRY ol 9Af thogl exed,
pol ychr omat iteaophi taindOtheapl ueati £ 9ro f ehdracdiMediie Bytidaliexedns
pol ychr omat it% tqpti cal beam_ The vel.ength division nmultiplexing device

al S0 conpri s8s A hohBYSTESILs: S HATVES ¥ et i Hieny faems 1p6eusi ng
the refl ect é¢psmallbhpl exed fipalychirermtios, @Bt Gak Reamsnd t\WOLG1414920

PCT/ US00/ 14714, ;Lp acgordance with further aspects of the presént

i nvention, ﬁ%e wav el ehgt h "iﬁrﬁﬁl%ﬁl pPBRFE@ldev‘?%aén carF *Fur t kée

cbhpri se at hbeagtnenes r efd facidtigee! eraek f 6611 1witBedingddiap! yeakity of

oL LBt ed. JTBRECNERLR! L&, PP SRR tOMRL Y SIS TS AL ' N9,
refractive index boot lens preferably has a planar
interface surface for accepting the plurality of
monochromatic optical beams from at least one optical

20 source, and for outputting the multiplexed, polvchromatic
optical beam to at least one optical receiver.

In accordance with other aspects of the present
invention, a wavelength division multiplexing device can be
provided. That 1is, a wavelength division multiplexing

25 device can be provided comprising a homogeneous refractive
index collimating lens for collimating a plurality of
monochromatic optical beams, and a diffraction grating for
combining the plurality of collimated, monochromatic
optical beams intoc a multiplexed, polychromatic optical

30 beam, and for reflecting the multiplexed, polychromatic
optical beam. The wavelength division multiplexing device
also comprises a homogeneous refractive index focusing lens
for focusing the reflected, multiplexed, polychromatic
optical beam.



| east one reflecting elenent for reflecting the reflected, nmultiplexed,

pol ychro i tical beamtoward the honobgeneous refract i

focusinguﬁéhée t this point it should be noted that the ggﬁ@g@aﬁﬁﬁt

descri bed i nproved wavel ength division multiplexing device, integrated

wavel engt h di vi $horaaudndgriaexi wgtheiug heandaspaees erdt hthié vicgiesent

mul ti pl exi L a I L dlfectd ena | J ved

mavelengthggg?§¥g§§h nﬁF?Y%Y%Q%% {%é%%ce égﬂ%épggigégggﬁfﬁ%$§6%£2%8

wavel engt h fairgheironcoepol € plaki deaddvi ove theflaceynat ezl emwmvel dngt h ‘

di vi si on |tk pl.exing iC o] I te vel di vi si on

denultiplggﬁﬁagggéhge,ggﬁd ﬁ%ﬁggﬁgéiléﬁgt%ﬂﬁﬂﬁﬁgﬁ%ﬁﬁnuﬁ¥¥%¥%§?ﬁgk &vi ce can

a¥so be a opdiekéndtdamd viewand déshel tdifl fmdatg oevirat i1, BRhEFODESCRI PTI ON

OF THE DRAWN o] sfacidl r j f. Lihe

present i nvwgﬁﬁolﬁger %gg;gﬁgéﬂgs&r\%@v@ﬁnﬁd@{ ?%%eeé;&%@ih?qfﬁﬁ%ﬁgg' These

draw ngs shadltdphexete carstyarebmedid i npptihgal he heagsentovavént itbe, but

are '“te“dﬁgmBBeRSouQE’r???QPEi‘% 9@&& Fb%ﬁ'éfn%aléﬁf?‘ side view of a

wavel engt h“divi'sion nul'tiplexi ng device having a plano-convex honpbgeneous

refractive i ndeAtcdthismappagtf ddusshguléndbeandored efthadt i Ve adbofieact i on
ating in I ce W\ 30 LE L o0, Fi 1S a top

B ow of tnduatoaran: fithved IBIRER, aB LESEMPE pLBOHES dedich 127 o

6 WO 01/ 14920 eBCaLE8OWaatieng i gdivissons milddmdpecmiovedevificei ewndf a

portion of Lhe,wayehengtd dbybai onniylktppkexhag dauigecshow in Figure la.

Figure 2a is a perspective view of a coupling~device § contai ni ng a

plurality ofidizeetidnedesdéviceepl aciliigist hethpl uimpioyedf waptdlicalgthnput

fibers in hﬁ%igﬁkhiPh&f&ﬂglegfﬂ&CEaéﬁ¥H!’ié}nFiQEES 'Be an improved

15 wavelength division demultiplexing device, the integrated

wavelength division multiplexing device can alsoc be an
integrated wavelength division demultiplexing device, and
the wavelength division multiplexing device can also be a

wavelength division demultiplexing device.

20 BRIEF DESCRIPTION OF THE DRAWINGS

In order to facilitate a fuller understanding of the
present invention, reference is now made to the appended
drawings. These drawings should not be construed as
limiting the present invention, but are intended to be

25 exemplary only.

Figure la is a side view of a wavelength division
multiplexing device having a plano-convex homogeneous
refractive index collimating/focusing lens and a reflective
diffraction grating in accordance with the present

30 . lnvention.
Figure 1b is a top view of the wavelength division

multiplexing device shown in Figure la.

ViE



Figure 2b is a perspective view of a coupling device containing a
plurality_of photodetectors for replacing the 10 plurality_ of optical

i nput fi b QO e denul ti pl exi ng device shown in Fi guréyqéps p’ﬁ‘g&fe 3ais
a side view of a wavel ength division denultiplexing device having a

pi‘ano- convex honpggnesusc kef hagliripetbBdex enkl viaki BY/ bogusitagn! efrs and a
reflective 15 diffraction ratln in accordance wi.ith the grese nt

i nvention. Ehguravabergth dig 5&@@mﬁ6¥t%P%§W%R&HQ§H@Fﬁ AROYR h FLUEEI pl exi ng
devi ce showqzi.n Figure 3a. Flgure 4a is a side view of an integrated

wavel ength 20 division nultiplexing device having aﬁg}a Q- convex
honogeneous ref r &8P H8 PRdER e oPEFFRRG RIS BRI ™ 1% ng, deFRLECt i ve

diffraction gnakiAdnknNaaglardanee Wit hakhe dRbESSNiEokNYeRlibeAngFiadre 4b is
a top view of the integrated wavelength 25 division nultiplexing device

shown in Fi §dbEadatyrifur 8P54CRS éﬂﬂ%ﬁavF%QF%fdéh Fhe edtuted WRaveLengt h

di vi si on mulghnl-exispgwaevd cei hiavd ng, an ext ended pl ano- convex honbgeneous
refractive index collimating/  focusing lens and a reflective diffraction

grating in accor §aHEES 30 #Fth PRESRRESER Vifremth éh.CHRfUrd S8visea top

VI ew of the domt@ghah@daw@v@&m@ ofdlpwo%ba@tawgwl £ Northodd iGRy Thawn in
ure 5a. Figure 6a'is de view of a wavel ength division nultiplexing

dé i ce haV|ﬁéuéaééﬁyeﬁfmQQR}Qﬂ%nﬁﬂﬁﬁﬁnéleBvréﬁr&&ﬁ\H?WW%EK”@@PPEW&tlng/
focusing | epgvapd ghbgh!l 86tV rd M0 01/ 14920 PCT/ US00/ 14714 diffraction
grating in accordance with the present invention. Figure 6b is a top view
of the wavel engt B1EPERsiP8n 1Skt iSBPExiHE S c8 ¥I5oRd enAthi glivd ségn 5

Figure 7a i gieauskdg1ukeny oliedn bnt»@aafléﬁqedawl%\&%%ﬂ%hvegl Bkl pl exi ng
devi ce having a convex-plano _honbgeneous refractive index

col | i mat i ngFeé&asthygel gutexasgliimating/focusing lens and a reflective
15 diffraction grating in accordance with the present

invention.

Figure 3b is a top view of the wavelength division
multiplexing device shown in Figure 3a.

Figure 4a is a side view of an integrated wavelength

20 division multiplexing device having a plano-convex
homogeneous refractive index collimating/focusing lens and
a reflective diffraction grating in accordance with the
present invention.

Figure 4b is a top view c¢f the integrated wavelength

25 division multiplexing device shown in Figure 4a.

Figure S5a is a side view of an integrated wavelength
division multiplexing device having an extended plano-
convex homogeneous refractive index collimating/focusing
lens and a reflective diffraction grating in accordance

30 with the present invention.

Figure 5b is a top view of the integrated wavelength
division multiplexing device shown in Figure 5a.

Figure 6a is a side view of a wavelength division
multiplexing device having a convex-plano homogeneous

35 refractive index collimating/focusing lens and a reflective

10



a reflective diffraction grating in accordance with the present invention.

10 Figu hs, @ top view of the integrated wavel ength VAR
mul ti pl gﬁ?%‘g"‘g@vi ce shown in Figure 7a. Figure 8a is a si e)Q/slag\i/)v&(l) an

i ntegrated wavel ength division nmultiplexing device having an extended
convex- pldEREfRendgeneasatriefy acitn veacomiedanmos | | wathngthecugirmegebd | ens and
a reflectiyve diffraction grating in accordance wth the present invention.
Fi gure 8b ¥R 8% view of the integrated wavel ength division multiplexing
devi ce shown i Ffiﬂf:ihgw e6BaisFiagurop Saieve af sttle waswlehgdhwalistisrignh -
di vision 20 mul.tinplexi .devi_ce hay] ng. i -gonvex honogeneous refractive
i ndex col Il?‘ﬁﬁtlipr]‘ge/’?&&gu#%&cleeﬁgogﬁdyg rgés}lg%t ?%é diffraction orating in
sccordance wit IFilduerepriesedrd a isndentview & gy eriedmated opvwdalenatht he

wavel engt h di.vi.sion _25 multjpl exi ic in Fi Ja., Figure | Oa
is a side ViewWieH anmlllgFle%%ft(%a&vva\gglvg%t hehan‘lﬁw i on |‘§ﬁ}§%lﬁ§°gevi ce
havi ng a bicmweresousomederetive irfleactodVbinatbyxgtHdtusing nggrfoamsi ng | ens
and a reflectiy i ffr ' [ i.n_accqrd j t r nt 30

i nvention.? Ff%ﬁf%c‘(fjjo%ei gg%kggﬁg%‘%w@gﬁkﬁﬁg i e%?‘g lé%é‘%g(\e/eplgﬁgt ﬁ&% di vi si on
mul ti pl exipyesdaw devvendvironi.n Figure 10a. Figure 11 is a side view of a

vel ength division | ti pl exi ng deyjc Vi i - i Q eneous

W70 01/ 14920 PEHHSs0H) 1t 1a4x‘£°r*gf‘?laec P%%%%%%s%se&el%‘g&r%ﬁ i ve

di ffracti ofivigriatn moglitnpdecdndades iwet khblwe pne&égtirenventi on. DETAI LED

DESCRI PTI ON OF PREFERRED .EMBOD) . eferri JEl | b, there
é.gl),\_.)res%% 135 Aztl\@\n;ﬁevﬁ cgif’a dd n%p]l':%%]é oﬁ%‘t%ﬂi’ 1 h

are shown a si i'ewdand a top View, Tespe Y, rred
enbodi nentdiofisa amaveh bngp bexlivg sdenipgrl thaptiexd ngn deviceaded danwescor dance

o el ey R nolsSRhEals, e Rl Sty 8] PO AR RS
15 lens and a reflective diffraction grating in acccrdance
with the present invention.

Figure B8b is a top view of the integrated wavelength
division multiplexing device shown in Figure 8a.

Figure 9a is a side view of a wavelength division

20 multiplexing device having a bi-convex homogeneous
refractive index collimating/focusing lens and a reflective
diffraction grating in accordance with the present
invention.

Figure 9o is a top view cf the wavelength division

25 multiplexing device shown in Figure 9%a.

Figure 10a is a side view of an integrated wavelength
division multiplexing device having a bi-convex homogeneous
refractive index collimating/focusing lens and a reflective
diffraction grating 1in accordance with the present

30 invention.

Figure 10b is a top view of the integrated wavelength.
division multiplexing device shown in Figure 10a.

Figure 11 is a side view of a wavelength division

multiplexing device having two bi-convex homogeneous

11




an input fiber coupling device 14, a piano-convex 10 honbgeneous
refractive. index colllnatlng/focu5|ng lens 16, a reflective diffraction
grating 1WO0A48Bt put fiber coupling device 20, and a si K§TAISHE4724]
output fiber 22. Al of the above-identified conponents of the

mul ti pl exi ngefsemiiose 1A miex dilepssed ahdngs anrefitdatdlveaxidd fXrXcolothe 15
nultiplexing devi ce 10, as n_nore detail below At this

point it sh®td Eﬁqﬁa%ﬂnﬁﬁfqﬂ%%?cﬁhnggt?gﬁlDr?ﬁ%ﬁ? HYES > and the opti cal

output fiber 22, as well as any other optical fibers described herein as

resent i nvent i ofE Thf BER; PRI S errpepo BB RENTE honever.
this does not |imdtetdirPresentuioyerd ion WBY tHevECese tdhdiae aWstiheOnl y
si ngl e node optical fibers. For exanple, the present inventi gn DM devi ces

can al so beVited 2B% \d t ORIl tHifdte dRSReAtIVddrs. Oft &hoBFET&FEBIbe not ed

that the nubiphphaxdmg stew Wﬁvel@nq@ﬁ eV is8sn &M&tﬁl@m\ﬁ@m@wbeem
descri bed herein as. being WOM devi ces in accordance with _the present

i nvention, i AEHRHGANGRYWLARL FRe IRASSSNEd IPFRPELE} 0P it RS 18 PK g

el ectr Ormgnééwcémﬁtcmgwgeg sefsg-aveie) @rgbprabyi sigiut Milleipl exj ng
(DWDM) devi ce erating with data channels haV|gﬁ channel spaci ngs

., O
of 1 nmor P%ss}npﬁf Ebﬁ?%e CHgRevRY, BRVECHoes4not 3l i FLERPHEOPF RS ent

iyventi on H@ﬁégkﬂﬁéﬁgiﬂé?ﬂ@@tﬂgeomhaeﬁNE$4EEW&EE&Q/ﬂaﬂhs%&%ﬁnbﬁs fhe 12 WO
01/ 14920 PCT/US00114714 present invention WDM devices can al sg be st andard

WM devi ced (qekﬁecHﬁ&§ra??ﬁérﬁFFho%aﬁﬁfﬁﬁéﬁheﬂ§  ha¥® n@UdPdnefib8paci ngs

greater thapodpNilg REEWNING tdF0Wiesiled optd dald, otibpuB! Wigkity20f 5
opti cal |nput fibers 12 are grouped into a one-di nensional _input fiber

array (i.e. 2l ol the &oxpyi °thé*?Hpu?mP?‘b%ﬁltsdb%ﬁﬁenﬁmdé&?ééxmg whil e
the single @orical 10ubput dikBEEed221b8gS8eUrast 1 it hecjautpu éfbeaecoum i ng

deV|ce 20. Both the input fiber coupling device 14 and the output fibe
multiplexing device 10, as will be described in more detail
below.

At this point it should be noted that the optical
input fibers 12 and the optical output fiber 22, as well as
any other optical fibers described herein as being used in

20 conjunction with WDM devices in accordance with the present
invention, are single mode optical fibers. Of course,
however, this does not limit the present invention WDM
devices to use with only singie mode optical fibers. For
example, the present invention WDM devices can also be used

25 with multimode optical fibers.

It should also be noted that the multiplexing device
10, as well as any other WDM devices described herein as
being WDM devices in accordance with the present invention,
is operating in the infrared (IR} region of the

30 electromagnetic spectrum as a dense wavelength division
nultiplexing (DWDM) device (i.e., operating with data
channels having channel spacings of 1 nm or less). Of
course, nowever, this does not limit the present invention
WDM devices to being only DWDM devices. For example, the

12



10 coupling device 20 are used for purposes of ease of optical fiber
handl i ng_and preci sion placenent, and can be -fornmed of, for _exanple, a
silicon ¥ assenbly. Referring to Figure Ic, t her e P&

perspective end view a portion of the multiplexing device 10 revealing how
the 15 pl uppdédént ofinohtesh WmUtaévbess tanarfl g5 obpedstiatidurichewom '
one-di nensional input fiber arra ,9)’ h% i npug fi bEr cou Iing devj ce 14,
and how t h8eE 5T el byt i c APHRPIT a53 £hanBElFeRaVIREnEaMRDlt fi ber
coupl i ng deya€tng®.grda g ecHan al sm)shows a nonochromati c optical input :
beam 24 20 being transmtted fromeach_of _the plurglity of aptical_ input
fibers 12, and BEEHHGIRI miPt i bt EXe B&I YR o k&Y E‘h%pt%%ﬁaJ‘d‘d:typu‘?fbeam 26
Bei ng transptit¢el imputhefibary a2 eptd eabupedpuhtbi heond2dikanbioehal he
nonochr omat i c op}%j cal input p.earrs 24 lbei ng 25 hrgpsg}‘tted fromthe
plurality DFPORtTERRT iHPAY fibedts P21 % *cBFFFYAgPE SPRgHEPERaRtRFE of data
at a uni queoupbied edgthice Whd chwhsl er eher abhyleboprnoslrequpuediilbebe,

within the_infrared (I region of the, electro netjc. s trum_ _The
singl e cha?ﬂ%e’rs ofe %tﬁa?'gfesoli@?ﬂ ey &P‘ﬁ’%&? éfc%q?gﬁg]chrgl ic
optical inpuwé bapmt24ritsers upslp IosedevDde eagh agar respongt Hige: upigee
vel ength b [Bans (\;a.. o | aser di.odes connect edefto t he El urality of
tical inPRtPLIPpais ’1‘%, QarEnuaFE 1O REFRFFHERE SAFSWATCAPELCAbt form
a part of thberinyealing, ahdtoaeeisedh Khovemémt i hendr tan 35e Thermwad que

| engths_of _th hromatic optjcal input 13 '] 01/ 14920
PCT/ US00/ 1850470 GRS e ChpRFORr T2 BT9 resaiiiby SRER-ERAD the data

channel s dpigoiei nicer fenerav th eaniwrot Bepelispectivberend svisuf faxi gnt
channel spacin and .the optical transnssion, |osses through both the
optical i nBﬁf"?%’E)ePg fﬁlearfﬁ'y‘fh'?p BP9 APV BT paf FBER 2% Y o€ as i s
H so wel |l kborality édheopticaThensungfebenst ipl exedgrpapygahinnat tike opti cal
output  beam 28; P&l PO, LI ASASIED i@ Lhe pingl q,opthcal [ QULRUt £ip ey
coupling device 14, and how the single optical output fiber
22 is secured to the output fiber coupling device 20.
Figure lc also shows a monochromatic optical input beam 24
20 being transmitted from each of the plurality of optical
input fibers 12, and a single multiplexed, polvchromatic
optical output beam 26 being transmitted tc the sindgle
optical output fiber 22.
Each of the moncchromatic optical input beams 24 being
25 transmitted from the plurality of optical input fibers 12
is- carrying a single channel of data at a unique
wavelength, which is preferably, but not required to be,
within the infrared (IR) region of the electromagnetic
spectrum. The single channel of data that is being carried
30 by each monochromatic optical input beam 24 is superimposed
on each corresponding unique wavelength by means (e.g.,
laser diodes connected to the plurality of optical input
fibers 12), which are not shown here and which do not form

a part of this invention, but are well known in the art.

35 The unique wavelengths of the monochromatic optical input
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fiber 22 is carrying a plurality of channels of data at the 10 unique

wavel engt hyo@ingagh of the plurality of nonochromatic opt| i beans
24. The plurality of nonochromatic optical input beans 24bg?)gsgdgﬁ¥1t4ned

into the single multiplexed, polychromatic optical output beam 26 through
t he conbi neob%%‘é? a9 At vfaRRERiatelronreselschedvgenizotzat efhacdave i ndex

col | mat i ng/ élpfising denfod Gncitdre ikl eebhveedLtf racki onegralipg 18, as

will be described in nore detail below A is point 1t shou be” not ed

tHat the inptHt¥ipant happnedy spaiag) 14aaddthheoptiipal trbowpsmissini ng
device 20 Mook dimpasad Wiisetnd! Opt oM SUPUELELEBLLY 1300Mg dle

optical axis X-X of the nmultiplexing device 10 so as to insure

single nul t i REGE PURMENTERaEi @20pERchbW, 0aspus béam @61l skubwrectred t 0
the single ogtd gade out put fiber 22 secured to the outpur fiber coupling
device 20, 25 and not to any of the plurality of optical input fibers 12
secured to the i nft Fisde @upirAgxadvi pelyghromnathywiettcakl setpfthi s
of f set spacipwhof 26hedippRuts f4 : pldng eVl 4 _he t fiber
coupl i ng device 20 i?e‘lglgt eﬁgnﬁir%g%lt%%sl&edé&upgﬁgt \éel%g%%usoﬁgr%g“%gv\e&%ﬁ he

pl ano 30 conV&€hatodEneanisy ing rraeiive lifibext cuidnnedts ndg/ dabsust nthe | ens

160 as wel | @sidure cRavacdggdisd i cgrof the di Lfraction ggggwg 18 Og]d the
wavel engt hs of each of the nonochromatic optical |npuP eant “%4. Referri ng
again to Fi qifReshramakdc| wptdgef dmpite besBugpl 24 al i Mreofp nnddhyonet i ¢

optical i npuforRRaFemdtiarsptid yqlpplftl%%% PGT/ USQO 14 .transm.tted from
their correspondi ng opti ca? i n?)ut fi ber 12“5 igr%t gﬂ'hé&g}lz%n%%atrg{] eb\ﬁeen t he

i nput fiber THEFE My ddpilegedi 4 padychirenpitanooptivek burpgéndsam &f ractive
index col | igridude/ f agusi NGreRsal6.c ¥ LR Rt hig aiy, space, the 5 plurality
of _nonochr onat i c%%pti cal input beans p\ZQ'4 grlgn exgandr'(ral’lde i ?rtglaﬁi%”rre‘toé}veg%ti I

ttlu%y becone JOHPGBROUEpERLFABL L R ahibdennvek! Hoavigeyvetnmi siefa detnisve 6 ndex

col I i mati ng/arioctisd NgelkeBEr1be M MLARLEONEK NIYPIENEAUS 311 be
described in more detail below.
At this point it should be noted that the input fiber
coupling device 14 and the output fiber coupling device 20
20 are disposed offset from, but symmetrically about, the
optical axis X-X of the multiplexing device 10 so as to
insure that the single multiplexed, polychromatic optical
output beam 26 is directed ts the single optical output
fiber 22 secured to the outpur fiber coupling device 20,
25 and not to any of the plurality of optical input fibers 12
secured to the input fiber coupling device 14, or anywhere
else. This offset spacing of the input fiber coupling
device 14 and the output fiber coupling device 20 is
determined based upon the focusing power of the plano-
30 convex homogeneous refractive index collimating/focusing
lens 16, as well as the characteristics of the diffraction
grating 18 and the wavelengths of each of the monochromatic
optical input beams 24.
Referring again to Figures 1la and 1b, each of the

35 plurality of monochromatic optical input beams 24 are

14



refractive index collimating/focusing lens 16 collimtes 10 each of the

pl urali f nochromati c optical input beans 24, and t 1ts each
col l'i na%&"r?%ochronat ic optical input beam24' to the re gé’g'??’ésen
diffraction grati n%018. At this point it__shouLg.be]not edtthart) ttﬁ opti cal
axis 15 dErapsaifitgRof ESRVEI® HoPFEreRPR S oGy QBEGR | haRRE t1Per "
col i mati ng/fboeusi R4 rl 8pscdbbeeiash dese Wriut heiont iealpling sie¢ieof the
mul ti pl exi ng device 10 spo as to insure that the sin Ietrr.ulti pl ecf<ed,
pol ychr oneit4 c a8t i ERP oBEBRP ~BRAKEX 26NPROYF I Bd _]f%&"?f'e g &St cal

out put fi ke 122220 IRETHREG ihe esouteuut Withdn adip iaig depdace 2he and not
to any of the plurality of optical input fibers 1 sg}cured %? t he i nput
$i ber couRlivF@lddVi cef 1RoRaChARee BPS&Ca4s 1RRYY BEHSscr T bédSin nore
detai | belgwanHaa rief | @cdneeedi hht 8Tt tBBygbatong. 1acopenat epono th2b

angul arly di'sperse the plurality of collimted, _ nonochromatic_aqgpti cal

i nput bearsl 280 1HC BN Sdhount R PRI §B € dkpendeht Updfi rhe vvavef‘gﬁﬁtxh of each
of the pl waliins tahg/FdusiRlgedens0NOLhiThRBEH L EnOoptbnaéx | Myt gdresims 24" .
Further, the reflective diffraction,grz ing 18 i_sL or.i § ed @0. at,_ a speci al
angl e (i.eeinartive ¢ ivAf%i £P+ Lt bHIG é?%,shf}‘i LPBPativ e ot Sht i cal
19X s X- X ofadihe fmihlel phexihngtgewitCRondBhomat deropbiobl almpuhieodartst r ow
diffraction condition for_ an opti cala[‘}?leam tf Vi ng g wavel enat h thlat lies
within or 24rearfheth&fel BRRATT I Tho&35H t B EHHF‘ PRty BIRCHH T Sd, 35
nonochr omad i @pt | GalpuitNpYkakeard' 240 Erhe Lreflewtids WO OffdciOizt

PCT/ US00/ 14714 diffraction condition requires that an optical beam be

i nci dent oFr @S &fd-ected back froma reflective diffraction grating at
the exact same manglf.s pBenef oteshdtld e Indieed eaditl yhappatensltakiome
skilled in the art that the 5 reflective diffractiop grating 18 is used to
bt ai n nea®t Lith§ owRdidfOr5CHVER f oPFCBRERNEP Y he ﬁ?ﬁfgﬂf‘{/e'of “(’:(%ﬁ}f i mat ed,
nonochr omegd £1 Qi g/ idiliearend4'1.6 Theindideowedthf raet i optewjl e, a_,

=

[ rmn h , ,
s dete n1a§§LtQL£ é% the multiplexing device 10 so as to insure that

the single multiplexed, polychromatic optical output beam
26 . is directed to the single optical output fiber 22
20 secured to the output fiber coupling device 20, and not to
any of the plurality of optical input fibers 12 secured to
the input fiber coupling device 14, or anywhere eise, as

will be described in more detail below.

1]

The reflective diffracticn grating 12 operates Io
25 angularly disperse the plurality of coliimated,
monochromatic optical input beams 24' by an amount that is

dependent upon the wavelength of each of the plurality of
collimated, monochromatic optical input beams 24'.

Further, the reflective diffraction grating 18 is oriented

30 at a special angle (i.e., the Littrow diffraction angle, a.)
‘relative to the optical axis X-X of the multiplexing device .

10 in order to obtain the Littrow diffraction condition for

| an optical beam having a wavelength that lies within or

near the wavelength range of the plurality of collimated,

35 monochromatic optical input beams 24'. The Littrow
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wel | - known diffraction grating equation, 10 ml~ = 2d (sin a; ) wherein mis

the diffr j rder, h is the wavelength, d is the dif ] ating
groove spggdrllg?”gnd a:. is the comon angle of incidence mﬁ}g‘)@?‘e"g ion. It

will be readily apparent to one skilled in the art that the Littrow 15

di ffracti on difflrectdon depalids omporequirsroushetr iaabl esticahi bkamayee
varied as n ry. to optimze fo ce th i i devi ce
10. For exa?‘g}%g,sd%r%/&ari% Ie%lq%ffg%?lfﬁagﬁle Elg??rov%(} fnff(raaaméo%ﬂang‘%q a=,
i-ncl ude t he didsiraed ignagraginy fatr ddei emaotdeane tdrgrlgr.at Thegrefodd azid angl e,

t he nunber . ,da S paci of, ; t h t he
wavel engt h Sjér%geb%f g{gﬁgpf%uiqéa%%é% %é §§$i %:]élfllg?ed %t% ?ﬁgsgggﬁ@? '?&s oul d be
nobfed that trief esftlivet didfrdcfiomcyianimy at ngs 18sedrtbeobtmiteddaom a

vari ety of : rial . a i ety of chpj ques. L.exanmple, the
reflective &%&ﬁ%&fl o%%r%%ﬁr%gylw f\é%;l béey?hor rrgég bi/‘hg t%rlgggléi%ﬁeg%lfgnal

hol ogr am i n @ lgdmared , nedhaahronatbic reapl it iimputabeenhadital |y rul ed
master with a pol . rialee | ‘hot e th I 20 i v,er coat ed
wth s thin hrolty shPPER sherreteal SEDEr oot BRI E 0l o or
al um num Aldedrindiowel @iffhectedh eptatvinglidduaadtonon grating 18 can be

fqrmed by chemcally etching i a ar terial such as, for exanple,
glqgss or silicon, which is al g%)‘govezr(g{)sgﬁtr}l dxivs\rn'at h a thin, highly reflective
35 netal | aydrersichmass fbhe ékBimda;iqgoloddar,ahuisntne wWaoveROTH.4920

PCT/ US00/ 14714 1.ousi ti.Qned, the reflectjve diffractign grating
18 operates J’[]So tah'rblé;u?%f ﬁ/a i sc%ler eatltl%%e p ruoroa‘fel’ t%%ﬁﬁlgdolefllﬁna?b& ,S £he

nmonochr omat icommoni cahglepotf beangicdde dindisrefibetief] ectivewdlif action
or 100, 10, WAES, BR.PROUL AL Resaas s, olpd e PLUCR! Ly sl e
pad$ ychr omat idd fdpeictabnowrmite ,beam 2&pdatk tpear dsimelreuspi wna-adras X
honogeneousw%gkkackgﬁe Eﬁpe&aried as necessary to optimize the
performance of the multiplexing device 10. For example,
variables affecting the Littrow diffraction angle, «,
include the desired grating diffraction order, the grating
20 blaze angle, the number of data channels, the spacing of
the data channels, and the wavelength range of the
multiplexing device 10.
At this point it should be noted that the reflective
diffraction grating 18 can be formed from a variety of
25 materials and by a variety of techniques. For example, the
reflective diffraction grating 18 can be formed by a three-
dimensional hologram in a polymer medium, or by replicating
a mechanically ruled master with a polymer material. 1In
both cases, the polymer is overcoated with a thin, highly
30 reflective metal layer such as, for example, gold or
aluminum, Alternatively, the reflective diffraction
grating 18 can be formed by chemically etching into a
planar material such as, for example, glass or silicon,
which is also overcoated with a thin, highly reflective

35 metal layer such as, for example, gold or aluminum.
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collimating/focusing lens 16. The single collimted, 10 polychromatic
optical output beam 26' contains each of the unique wavel engths of the
pluralit W0 i mat ed, nonochromatic optical input bea®STABWI4Iys the
single collimted, polychromatic optical output beam 26" is a single

col limated, nul hkplPesdouRahy BRI, 0Ptheake kbt PUt JIGFPaLBionThe

pi ano- ccnvex honogeneous refractive jndex collimting/focusing |ens 16
focuses t h&r&tagrel8cOPETRBERATC MAAIH AR e F1sRAN idfad et daPfout put -
beam 26', -andikBeBd}r ABBBthEohALiECsPLiEAY ShpdtebBuhsi plaexed Thus, -
pol ychromatic optical outpyt beam 26 to the output fiber 20 coupling device
20 where i t-hfe&&id€GidEd SHE FEFGH 1ORe 9T AT e 18pEitPRVESuthGt 3FONERT22. The
s§ ngl e nul tgeplaekedon RE WHY OFRLILL DPY i 62 coUl PRk tBEAMmERJch roR@mRieoupl ed
into the si ngl e optical output fiber 22 for transm ssion _there through.
25 At this 996t tPEHBUPEEEgaf hi bePMOLERE 195 thS iR CHilB&ate8upl i ng

device 14 gpdycheofdtpdt dgtiRialcogpthiie e C2620 ik dtsweses ehkset
from but symetrically aboug, the optical axis X-X of the nultiplexing
devi ce 10 PIRRSCPRWEHr e t METPHERFAGIS nul ¥ BEITSXeHL Vol yehrd#EEi ¢ 30

optical outpull iRe@ANIB rosudingCt Behd 0 e singbe HMdTal cAutirdl ek ber 22
secured to the output fiber coupling device 20. However, in addition to
{%i s of f sePOLYSEFAGASECt RRELIFADLPVFP P PRFUMA § nF WA I £RUN@L k820ut put
fiber couphiig@edevasR1dgthiRe IMglendul biptexedy pelkyckiamatiagedy oOptical
output beam 26 is also insured of being directed to 17 IL WO Q1/14920
PCT/ USOQ 1FPLRCRERBRASL[g PRI c APPHH RAZTS et 22 TRUS, vER§ SiPEdPent
nmanner l(ikj%g,ll\i/:tnbhemer?pdl%ﬂétﬂﬂﬁﬁh ttii-:gn-_:bQS:_S,§§ a.crwtf mﬁg.b ngiﬁﬂal_ezs'ch@@ng! |
crossta i rtue _of the enhanced i.magi ng o th the input optica
beans 24 afdPEHEpUESINLPERFIpealiias 15 IneHn PROVAIERBteS nGRidgrde 10
Wi ch is obiudipnedbelmnorgh . tITéel$a adlb-iche vieka ROMYBHRO U0 RIS e
refractive .i ndex cgilinatinp/ focusing lens_16. I n the enbodi nent of

ex cC imating/foc

Fi gur es in using ‘iens 1 focuses the single
collimated, multiplexed, polychromatic optical output beam
26', and then transmits the resulting single multiplexed,
polychromatic optical output beam 26 to the output fiber
20 coupling device 20 where it becomes incident upon the
single optical output fiber 22. The single multiplexed,

polychromatic optical output beam 26 is then coupled into

the single optical output Ziber 22 for transmission
therethrough.
25 At this point it should again be noted that the input

fiber coupling device 14 and the output fiber coupling
device 20 are disposed offser from, but symmetrically
about, the optical axis X-X of the multiplexing device 10
so as to insure that the single multiplexed, polychromatic
30 optical output beam 26 is directed to the single optical
output fiber 22 secured to the ocutput fiber coupling device
20. However, in addition to this offset spacing of the
input fiber coupling device 14 and the output fiber
coupling device 20, the single multiplexed, polychromatic

35 optical output beam 26 is also insured of being directed to
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|l a and 1b, this enhanced inmaging of both the input optical beans 24 and

out put optical am 26 within the nmultiplexing 10 device ' j.rect
resul t of “E%@"ﬂ?zjno-convex honogeneous refractive index Perisinihh

collimating/focusing lens 16 being forned of a high index of refraction
glrass mat eritdle, siagyldesoptibedl | outpre débarl ZBeliow aTheryse Dficidntgh i ndex
of refractign_class,.materi t o] .h?.‘ i -.cQn ﬁ?ﬁg us
refractive irfidex- i%r?rha‘%ﬂnlb/‘%%é’ug?%g{ eéﬁs c-qtﬁlg%ssggeﬁg%ha _ e*%%%

mul ti pl exi nghateeilcecrt@®sdpdkat dyy i nirtueryf ethecieahangadndimagiing. ofini t h
very low inserti I s : i Qi c n S t-g the
fact that a%oé:rggﬂgi ggérﬁéngggjéé:%t% Rg\%ée%ﬂ?hghggﬁﬁigéﬂér%lex 0 rzgf raction
of 5t he pi aneriddrinexhbomeieousing ebvacei V& winidex isobbtabbedgitfrmagh ng | ens
16 and the nmuch | ower index,of refraction of the ai Ges, adj t to
the |ens 1gﬁe'rﬁfsse |Fr g&%i Pt %P%n %nﬁeé{ v%%rﬁogﬁneeﬁsghg?%p%xﬁé’fe dj!rngferggcti on
of the pianadidriwexihgtigensbug Yeis ddt.i vEnitideernddddokhtnaf i Figyurfegcusi ng

| ens 16 and .t he nu I i ndex of . ref.racti.o j.acent. .alr, spaces
allows for tie aﬁ‘Fg%P’y Qgﬁ%i éczlgllg?l c%%lllnl{argaltn%or? faﬁagi]o{éggi ir?lrgé\%fC Cﬁ'lﬁteﬁ!lanlput
optical bedmman®42anandutipiputopbitdab lbisesm 28 wiehpectheehy] tipl &g

pi,ano- convex, hanpgeneopus. refractive .i ndex collinmating/focusi l.ens 16,
\/\H?I e siml t%%vel(‘f&sl yri% M m%i ng-the arﬁ)eusnl%?iocof ?/\#éve eengt Iacﬁostéooggfegn t hat
i S i ntrodudedchagenectike refitbhcalvsyshéax ofol hematdig pfexigigrg denscd €10 by

this lens 16, .Furthermgre. this | ar difference.betwen the high index of
refraction e f%’“%?a%-%g%%& ﬂgfr%(ggrédﬁéf Pé?% Ic}tcl\?g 5§ n%%xeh“{lsq\/\o

01/ 14920 PCHaUSRGI14Dh&4 ioohbreaadetwil flociesi.ng | ens 16 and the. much | ower
index of refraction of the adjacent air_spages.is.uch greater thgn can
be achi eved usi ntquhleehlg(%’sOftof‘rng1J gg‘f *g‘figﬁdé?d‘ggf?%%ong?%%ssseg‘“ ecause
stlédndar d opttccafoghassies Rawaoradexesf HMomefersstusonredkaesivaatiratex nuch

e e o b9 9 ochELACLLR0 B as ket M g |
device 10 operates in a wvery efficient manner {i.e., with
very low insertion losses and negligible channel ¢rosstalk)
due to the fact that a large difference exists between the

20 high index of refraction of the plano-convex homogeneous
refractive index collimating/focusing lens 16 and the much
lower index of refraction of the air spaces adjacent to the
lens 16. This large difference between the high index of
refraction of the plano-convex homogeneocus refractive index

25 collimating/focusing lens 16 and the much lower index of
refraction of the adjacent air spaces allows for the highly
efficient collimation and focusing of the input optical
beams 24 and output optical beam 26, respectively, by the
plano-convex homogeneous refractive index

30 collimating/focusing lens le, while simultaneously
minimizing the amount of wavelength distortion that is
introduced into the optical system of the multiplexing
device 10 by this 1lens 16. Furthermore, this large
difference between the high index of refraction of the

35 plano—-convex homogeneous refractive index
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material to formthe piano-convex honbgeneous refractive index

col i ma qum ng lens 16 are greater than can be 10 aﬁmﬁ% |ng
| enses f%&% standard optical glasses. Exanples of hig mgex of
refraction glass materials which can be used to formthe piano-convex
homogeneow 1 igtatdardAfedusdag deinisi e i ard f BeeisPrgh| davers indekued SF59

manuf act ur ot S el ggiespbddh 1 dn @350 nm,
PBH7 1 (mnﬁkﬁeﬁggl tt%]; @hgr gdl(g)regoratl on 1\:/>\Ilt ns _mu ?%66@ 1550 nr’r) LAH78

(manuf act Wasd g eaphiavedousdngt ilenshs hfmrmeq BGOS@DHB@dnr@Ptlzmd any of a
nunber  of o 0lNAls apREAREL AR AR d n&*@&&h r ghB3SkE0h Al AS$nqlRt ¢ al s that

effici ently transmt optical beans in the 207infrared (IR region of the

&l ect r omagirinactEgactralijessiat arg swpeh t heweegkbanwhépl dpdegowdr | oss

(attenuat '%ﬁr%ﬂond'éﬁ%rss'xﬁﬁ‘t@iléii' caTgaged 8R! ik HiidhRIiSs Scnerr Yy | ow.
In fact, nost WDM devices are used in the wi ndow of 1530-1610 nm which

i s the ramfe ovelrieFeehber Bisimdopedifhbemdsy pf| rritarsStiPDEAEassper at e

and opti c%aﬁéxqearls ﬂf@vgomvwhleoiﬁanlshlc%n%@%%%%éﬁ@owp@ffa?cmteen cal | ed
the "third wndow' for optical fibers. Simlarly, however, sone WWDM

d_eV| ces arindgxgaldd@aitingiosysannl dans ke onEe WIFRIVET fBhan oA &8 fibers
101 - ., typaaldeediddiny tl*é%s‘é‘s”%‘ﬁ’m%h $20Q+3Rqd3d0-p0) cuhepeaoptical I/\IDE/Ier S

have very |l ow dispersion and |ow |oss. Consequently, nost prior art

devi ces use stEap@Rd@sosth dalghyliagess afthgefiragisan EfFsTineaiesidls t hese

| R regi ongynfaf XAMHNL, usd@ndar kOnt i €8k %'1%%%3%05%'& %md:é%’neo
(manuf actured by Schott G ass Technol ogies ' wth n 1. 450 @1550 nm,

BK7 (manufeRiuacdd sy isckest codlagsting/ W\Eﬂeif-magkgnpclm UST) ude 5F59
Technol ogi %dﬂ‘tafk%r'edl b‘SPJs&@oléSCMHQs ﬂ&mwlaec; wlec@l by = Sicfwé d ass

Technologies wwth n = 1. , G adi um have opti cal
Bransm ssi®bnt &5 |ré¢)enc‘?lﬁ%710f(n9m®91)?étq-‘2ﬁd (m’e-thﬂ:rrP B At Nl MKirfdsses in

these IR regiong. g7 Thi s;igyelndf t nARSH S3hoRuehELGEERCLY S dcgm%{a' ly

adequate, but, as previously nenti‘oned, there are cost COI’ISI rations
associ at ecCaMRAT At SE t&F It Fede 8Qt &r 1AF] nm), and any of a number

of other appropriate high 1index of refraction glass
materials that efficiently transmit optical beams in the
20 infrared (IR) region of the electromagnetic spectrum, since
this is the region where the power loss (attenuation! and
dispersion of silica-based optical fibers is very low. In
fact, most WDM devices are used in the window cf 1330-16190
nm, which 1is the range over whick erbium-doped £fiber
25 amplifiers (EDFAs) operate and optical fibers have low
loss. This 1530-1610 nm region is often called the “third
window” for optical fibers. Similarly, however, some WDM
devices are also used in the so-called “second window” for
optical fibers (i.e., typically within the window of 1300-
30 1330 nm) where optical fibers have very low dispersion and
low loss. Consequently, most prior art WDM devices use
standard optical glasses that traﬁsmit efficiently in these
IR regions. For example, standard optical glasses such as
FK3 (manufactured by Schott Glass Technologies with n =
35 1.450 @ 1550 nm), BK7 (manufactured by Schott Glass
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for lenses in WDM devices (i..e., increased conponent costs for VDM

devices r LL] multiple | enses fornmed of 10 standard ogjd S
&8§w9?‘ﬂc ?Q/ri)g}():‘y%g‘si ndex

material s reased fabrication costs for gradient
| enses). Furthernore, all "of these standard optical gl asses have i ndex of
refracti on Tatbeslogies wirhipincal 1y56l v@ 1.5 0@ntb50Ks mimarhefactamednbyh | ower

than the inde fraction values :f.high 15.i Xa0 f ti gl ass
materials i g?ﬁ?,ggt {%FE%I %clﬂno c.’%le@ 1‘%%3%"‘ n?’r)f‘ Aﬁgggd;@t |58r[51§| ;’%gheglgfi to
usi ng a hi gbraddaex akver epbtactilonrghasdssdber ieflficdehoiest hé PiTalG2convex
honogeneous _refracti.ve.i ndex collipating/ _focusing.,l ens I hat the
use of a hi éﬁri r?d%e)flnghr elg?é%lt%i‘%lh gﬁégggeﬁﬁ(?)%ri%& At ows hé'%qji%n%'

cod | i mati ngfrhasusilegelen®£l6 ttrankeiasiphan@ifdnmiencyi nglset gemsireaddyof a
bi - convex si ggl et

|

dquhl et, _or._even higher nunber, | ens confjguration. That
5. Cohe T oc BOPRE BB ner B ciit - PERYTRUR b d T T 08 on TR D b g Convex
honbgeneous chakidetbzeonfndexsocidtiddrati g/ floc ussangp i etz sk6 magexibilisci ent to
provi de esi\%t 'éal I¥ dig;fnﬁ%ft' on-limted col|ipmati o&n/focusi ng. | tt shoul d
be noted, hdRévar  tRat™t OvEFodd ~Fot pPEEFLHET THPESHY MR Ryl
focusi ng | efsrl6oWwbromidei aws a degqudainex lhapbgentanuses efffcamtedy e oifndex
coll i mating/focusing singl.et doubl et r even.higher er. l.ens
cOht i gur ot § SranearRREt R pipsS HHE e B BT ROP ST SR AR FEME™6 i s a
bi - convex hkesngefiepusradidractrefeacnder cabbknbénsgé f OC BintGhersiongl, et ,
doubl et, or en_hi gher_ nunber .l ens configuratiaon, 35 the imaging aof both
The i nput Coftioa?® badie S 4 TERABER o LA B PR 0 Be U474
opti cal beameZbawtibnnvihedrulit.iepl, extpddevivce 20115 @ igBoOved ewen nore,
as will be discussed,in nore detail _.bel 0\'%/. E:A_further benefit t %\}ggl ng a

hi gh i ndex 8FSrBRFACIPEHF Saft &3¢ RfEF af F8TFrT Yhe’ i Hifo-do
hosrogeneous inBekr a¢t irnegropdesncallhbpaniangihiacysiiagel ensypbcesiyhat =t he
hi gh i ndex %tgrgfﬁgggigg)glass material can be used to
An additional benefit to wusing a high index of
refraction glass material to form the plano-convex
homogeneous refractive index collimating/focusing lens 16
20 is that the use of a high index of refraction glass
material allows the collimating/focusing lens 16 to be a
plano-convex singlet instead of a bi-convex singlet,
doublet, or even higher number lens configuration. That
is, the focusing power of only one curved surface on the
25 plano-convex homogeneous refractive index
collimating/focusing lens 16 is sufficient to provide
essentially diffraction-limited collimation/focusing. It
should be noted, however, that the above does not preclude
the collimating/focusing lens 16 from being a bi-convex
30 homogeneous refractive index collimating/focusing singlet,
doublet, or even higher number lens configuration. To the
contrary, if the collimating/focusing lens 16 is a bi-
convex homogeneous refractive index collimating/focusing
singlet, doublet, or even higher number lens configuration,

35 the imaging of both the input optical beams 24 and output
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| essen, and possibly even elimnate, aberrations caused by the spherical

nat ur e ns 16. These aberrations are 10 | essened ﬂﬁﬁg% e nuch
greatero"&g;n?,g%*‘?ve i ndex of the high index of refraction g assﬁ‘r‘mil'?eri al

allows the radius of the piano-convex honbgeneous refractive index

col I'i mati ngptiocaisi bgameng6l6rithire gheathyliipkeavel devdce 1he d=ns has °
much | ess St NAII Clyeh NEEERY LESUIINGd NydSemuichy | g5 papRerdddly and ot her
aberrations.” For exanpie, | the pirano-convex honbgeneous refractive index
col | i mati ng¢¥weusing lens 16 were to be fabricated of SF59 (nanufactured

by Schott 4 ass, Taghnal,0¢ i N.,=:14896,.. @1 g@q? veryt hing
el se renaini ngsgf he sarrer?gjteﬁgef\g&t ?gqlljllsrlé Fga f?s‘ g‘? ?ﬁgafe%s 1 cﬁoog{d be
fuch greatelags . enateriwl | etz wiedm hidhe |RbINECIEARNeHN e omdgenamss st eep)
than. if } 6; Ql,f)ﬁ“ r | t;%%?f i1Gal; jgal | ass
such as Fmgfﬂéemu a%tlullr{%%gb%/ C Qgtﬁqg@s glgh?\lcﬁtr%gilgf lvaoﬁﬂaﬁlta:tkig%o @
1550 nm dukgh oindex| axfgerebraiifien eatashematerivie ¢t rhet insed muex val ues
of SF59 an 1L (L. . - 0_.73:0. i i son esser
differ enceij%se%l"v\ll{e'enar%cﬁéj Orsjes\‘lgg tie\‘/’:egnl 5 églgg%’es%ggg%g{%ﬁg C%lgsré(?ﬁ?s}e. , 1.450
- 1.0 = 0.Ys®)sphkEEicals nathiered pfff thenbens Hét.we&hesheabefratione arrlex

| ; Ak | : ; )

ot veen t nEeSs eSS {ai e Kb HRAL Sl e AR e el e Mg pe

radi us of bheh| bpdex 6of f réfba¢thordybis SR dsial |DWeaWs cthderadimst two

times greater t t 1i th i f L of .

F:thhga?, a grra%}?é;'nsrb?'aalrfgogﬁﬁ e %5&1%%n%§}1i1192%ggé§%%§%14]7‘§§&

spheri cal callieating feodusignd @ emse 18| 5o heypirealtily feduesdedbyi this same

factor (i 'ﬁ?e ?%nQPI?Ja%X'rE[?ér?'Y 2%) CP¥9§FBPQY,6_ ﬁ%%b@egc%*?h'ei% tg, decrease
0) a tip 1

t he | evel errations 1n the nu exing device~ y using a high 5
5Sndex of rmfichctdssh spheys asdt endabther fabpewtadtel risanoFoonesrmhbepgeheous

L awery hOS: PO TG00 AR 0 | FetPRNER AN S0l T
will resul eolkhimating/focusing lens 16 were to be fabricated of SF59
(manufactured by Schott Glass Technologies with n = 1.896
@ 1550 nm), then, everything else remaining the same, the
20 required radius of the lens 16 would be much greater (i.e.,
the lens would have less curvature or be less steep) than
if the lens 16 were to be fabricated of a typical optical
"glass such as FK3 (manufactured by Schott Glass
Technologies with n = 1.450 @ 1550 nm) due to the large
25 difference between the refractive index wvalues of SFS59 and
air (i.e., 1.896 - 1.0 = 0.896) in comparison to the lesser
difference between the refractive index values of FK3 and
air (i.e., 1.450 - 1.0 = 0.450). That is, the difference
between the refractive index values of SF59 and air is .
30 almost two times greater than the difference between the
refractive index wvalues of FK3 and air. Accordingly, the -
radius of the lens 16 if fabricated of SF59 is allowed to
be almost two times greater than the radius of the lens 16
if fabricated of FK3. Further, abérrations caused by the
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a very large anount (or degree) of lens design freedom 10 The high i ndex
of refraction can be used either to nake the curvature of a lens |ess
steep, or WOWIMBPify the nunber and/or conplexity of thePCERS8YI4THEt are
used i.n a WOM device. At this point should be noted that the plane-convex
15 honbgeneosishd @i dAC ia¢@rkNdex £ 59! iéﬁatié%gé%%m#ﬁ%aﬁg re@ic¥g! | as
any ot her honogeneous refractive i ndex I mat 1 ng/ "focusi Fens
descri bed he%ifhis ss@endagsed ilh. eWﬁe@PR&Ximﬁf@hbr@ﬁnce with the
present inventionghdTyboRE ARG HER! 4 %&1.%%9“%' Gak b?séhéﬂg 184L oygh
spherical 20 Ienses are nore conmnon an adpherical | enses mal Ny due to
the fact thadPeHAtans dasitde Wlﬁéﬁ&ﬁééﬂgr éevm@ 1Beby onabing e2 ofigh WDM
dewi ce may benddif WiekokPREPYEN Phasfia @Qr@gla§8h%fa§%]heh8@ﬁ83&9ﬁ?
refractive index collimating/focusing I'ens inste a spherica
honogeneous REIGLRRGAPS inedERCESVRI ABdengLPod dnrhgny dhecus Mgt 1ems l&e
curvature atjd he.,8f fqﬁﬁff@%n%sph@%h%ahlsggqgggnﬁﬁgﬁrégf ARG Vg ! ﬁ§§

t edges

colllnatlng/ focu3|ng ens is |less steep than"the curva ure at
of a sphericaf hidndgerEond refracticme dhaksx medldriisdsi Wgliotesihy irens, 30

t her eby resq;tbgg%Dgﬁgggnahghhgeqo ng%&%%nséﬁp igﬁ%l&%éi? % 5H|caJ

aberrations in a dévi ce I ncorporati‘ng su an as onbgeneous
réfractive |%>hlgéloﬁnﬂﬁﬁt¢flgl76ml@@ IC@nsbeAm5¢<ﬂ1|esltﬂmmtt0| rak@otha al so

be noted thatythe Pl 533 6N %észgqg%§ 280f§4% ﬁﬁt?¥9 thdeXimber

collimating/ focusing 22 WO 01/14 ens as Wwel |l as
any ot her hdﬁﬁb@ﬁéd&@@%ﬁ&%&ﬂlWe thﬂe%en§éﬁhﬁhﬁhr@ﬂéonasdng | ensmESCr i bed
herein as beidig dsed in WDM devices in accordance with the present
invention, is typically coated with an anti-reflection material due to 5
the high i ndex ofstr R ACPP-URE OfT tsheughabe meteditdlat Ahet planpotentvax shoul d

bgsnot ed th@ioﬂ&é%n%bwsakcbﬂ‘agf‘:f V«Qp}.*ﬁc‘f@ d AAYfy ol %r/ ot 959' dope-, ¢ epl aced
in the mul ti pl éxi ng devi ce g a correspong' rarar of
as well as any other homogeneous refractlve index

collimating/focusing lens described herein as being used in
WDM devices in accordance with the present invention, may
be spherical or aspherical in shape. Although spherical
20 lenses are more common than aspherical lenses, mainly due
to the fact that they are easier to manufacture, the

performance of a WDM device may be further improved by

using an aspherical homogeneous refractive index
collimating/focusing lens instead of & spherical
25 homogeneous refractive index collimating/focusing lens.

That 1is, the curvature at the edges of an aspherical

homogeneous refractive index collimating/focusing lens is

less steep than the curvature at the edges of a spherical

homogenecus refractive index collimating/focusing lens,

30 thereby resulting in even further reductions in the level

of spherical aberrations in a WDM device incorporating such

an aspherical homogeneous refractive index
collimating/focusing lens.

At this point it should also be noted that the plano-

35 convex homogeneous refractive index collimating/focusing
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| aser di odes 28 secured within a coupling device 30, such 10 as shown in

Fi gure T oupling device 30 perforns a simlar furﬁ# he i nput
fiber c%f’%’%’@evi ce 14, that being to precisely group 't é‘%%f’;b&é ity of

| aser diodes 28 into a _one-dinensional input array. The plurality of
| aser di odb3n28l &r @) i @SpRaYeosherhBopPdrRePRy BEINECHHYSE ckdexput

fibers 12 to i{wsiid/td@fildy akihkyd8bcr IBBQU A i eRlihgahséap beams
24 to the multiplexing, device 10. The array of |aser diodés 28 nay operate

al one, or"PMydeeiceedini PRCApERBERI WLED SbEs BFFIed s NN BV deS t he

best coupl + A8 Gdh § h€od ©¥@SHi BADHAL a@ft iSir@Fakbckess adderd@iChamnels
crosstalk. At this point it should be noted that the nultiplexing device

$0, as wel Fheshigh Hdehempaigaddion odeFheeglagss®atssdanerei n, may be

operated in a cONVESE pol@Rf FHUERELDA BS o dRMihbitPka%i pgudgYi€¢ 4, such
as shown 25 in Figures 3a gnd 3b. The denultiplexing device 40 1s
physi cal | yoPEEFRY calPRBt t nE1RETS| pléxi FGUdEyi &8 1FeRIAFSE therBtvre

nunerical | yuigepiékied @%v&@@h-urbwveg,gbbeesgsﬁam%plﬂﬂﬁsﬂ_i@w&ﬁ 40 is
functionally opposite to the. nmultiplexing device 10. That is, a single

nul ti pl exet?S8D $HP9Rhir HPef Ut i Chthimput cHRM 2P devicanidfd t$&h from t he

19l ngl e optigalndinbein 22 gund B pl uFrd i douPf 1 (P NOEH] O8BE b Cpe PRL k] 5 OUL put
beans 44 are transmitted to the plurality of "“optical fibers 12, wherein
each one ofinhkap| GPAFFL9nofC miochiRitat £Pept codPléagp e Hessl 4 is

transnm tteghd® i3y ¢or Feéeeaéhoggr@u?ﬁ e tRRIUY biry195e0Piisdds fibers
12. 23 WD 01/14920 PGTI US00114714 e single nmultiplexed, polychromatic

optical inplit ‘BEANP42DCTSIBPRELPARGOUEPYLcATTRYNG &1 P HITRIA 6! 2hannel s
of data, gasdrabiiaduBi que yeweherat hinhpehcks i etREaMurddUte NAds
required to be, within the infrared IR)fregl on of the 5 electromagnetic
ISpect rum SRl prhr aPPYF of LRBRScHromali ctrapththl R pBLtUBédAsY4Lhre each
carrying amshéehLokdiedpt Déadat Apat aeaﬁsr@apcw'ﬂgeomlei?léﬁwl que
wavel engths of the single nulti El exed, é)pl chromatic optical input beam

device 10. Theé array of laser diodes 28 may operate alone,

or may be used with appropriate focusing lenses tc provide

the best coupling and the lowest amount of signal loss and

20 channel crosstalk.

At this point it should be noted that the multiplexing’
device 10, as well as all of the multiplexing .devices
described  herein, may be operated in & converse
configuration as a demultiplexing device 40, such as shown

25 in Figures 3a and 3b. The demultiplexing device 40 is
physically identical to the multiplexing device 10, and is
therefore numerically identified as such. However, the
demultiplexing device 40 is functionally opposite to the
multiplexing device 10. That is, a single multiplexed,

30 polychromatic optical input beam 42 is transmitted from the
single optical fiber 22, and a plurality of monochromatic
optical output beams 44 are transmitted to the plurality of
optical fibers 12, wherein each one of the plurality of
monochromatic optical output beams 44 is transmitted to a

35 corresponding one of the plurality of optical fibers 12.
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42. The si ngl e mul tipl exed, polychromatic optical input 10 beam 42 is

separate ﬁ%ﬁe pIurallty of nonochromatic optical ouppglusbRpdFs 44
t hrough t e conbi ned operation of the piano -convex honpgeneous refractive

index collimting/focusing lens 16 and the reflective diffraction grating
18. Thus, tHBheepidmple @odidplrsatgaredithrataibEst PPEirsl | Rkt beam 42

col I nat i ng&E"%ﬂ?ﬁhI‘@aﬁ 135,5c§?9FEH& %eﬂh&%tl'l‘é%r og' éﬁ:?éié)%fgﬁatchng 18

operate to performa denul t'i pl ex unction 0|nt it should be
noted that eRehpklr &l iunt we “@Hﬁﬂéﬁgthl b*émhlzscmeéegé +¥pl BeEdnPA the

demul ti pl exi-agy: 20999 G5 A0, cprgespendiag Alwialidgsch phogdetectors

48 secured wthin a coupllng devi ce 50, such shown 1n” Figure 2 The
coupl i ng de?#@@t5@m®@$¢%#¢E§R#Qﬁﬁﬁmzﬂ'Tﬁﬂuﬁ%ﬂﬁﬂihﬂy e MorgehreBasicng

device 14, Lpat Dei fgede: }:FHa?cFé %4l XrQVQHBhtﬁ&zE&{iH@'a{ (94 PRALAde; ectors

48 into a 25 one-dinensional 1nput arra urality of photodetectors
48 are usedofndptact ¢f cohseppording yortﬁ Oroﬁhﬁc@mlw%é‘f@ellzemhﬁeeél ve the

plural ity ofpgoaeg &@ﬂmﬁl pRBLLAD! LBULBHLREAI® d8ciLoln LhguECmUah! P €X] N0

devi ce 40. e array of etectors lzpé may op eéate al on or nay be
used with aﬁBFoprTh@t élﬁwd@sum@ﬂl@rl%@dtop@rlwhdemahmbemcxceéupnpng and the

oSt amupkaRl 451 48%1sdasa AT 1GRANAEL LLASSLALK o REGIIAgRLESEl OUT s

4a and 4b, there are sh a side view and a top view, respectively, of an
alternate GBtéabddpwepat obeainw\aé/‘bliérrglwfdmh%lthmlem pbexefgodeofce 60

24 WO 01/ 14ggg PCTlépégglgé%;él in M@é%@&gseml Ca%ﬂeady esent i H&FQU on.

The mul tiplexing 'device 60 I's physica to the mul tip exi ng
devi ce 10, éseéépmatmatf@cwmq Lensois aﬁlrfq itée h@frbgeitvémuﬁlfrf@aﬁaepnve i ndex

boot |ens 6ar§ efstherﬁdsbetheogggh énxsis)\/' gge &%O%%r

pi ano- conveX horpgeneous refracti dex coI cusing T16ns 16,
ahd a seconéndﬁénugéhb@uﬁﬂﬁéﬂﬁ9§vﬁvemlﬂﬁﬁﬁtxk& Beﬂs'@ﬂabéﬁﬁe@ﬁtﬂﬁe

pi ano- convey; RPPRYLNEO U /18I AGE ¥BelkBHEX o perform a demultiplexing
function.

At this point it should be noted that the plurality of

optical fibers 12 could be replaced in the demultiplexing

20 device 40 by a corresponding plurality of photodetectors 48

secured within a coupling device 50, such as shown in

Figure 2b. The coupling device 50 performs a similar

function to the fiber coupling device 14, that being to

precisely group the plurality c¢f photodetectors 42 into a

25 one-dimensional input array. The plurality of

photodetectors 48 are used in place of the plurality of

optical fibers 12 to receive the plurality of monochromatic

optical output beams 44 from the demultiplexing device 40.

The array of photodetectors 48 may operate alone, or may be

30 used with appropriate focusing lenses to provide the best

coupling and the lowest amount of signal loss and channel
crosstalk.

Referring to Figures 4a and 4b, there are shown a side

view and a top view, respectively, of an alternate

35 embodiment of a wavelength division multiplexing device 60
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collimating/ focusing lens 16 and the reflective diffraction. 10 grating
18. The_ first honogeneous refractive index boot |ens 62 JoblgaAAgCONd
hom)geng‘ﬁlu%l ractive index boot |ens 64 are preferably tabricated of,
for exanple, fused silica (manufactured by Schott G ass Technol ogies with
n = 1.444n@3b60dante vaittmmplmmmwnaeheriohow Tmfelemhfiplﬁmr@f raction

optical glass materials be u fII’S ractive
i ndex bootdeYaR& 6%6 gﬁéﬁéﬁa Vrojh ergthzrq acet€2a MTEL 1 ﬁﬁl& n??Tthe

;! ger ccz)la&rlll&@ deyi @e;sa:eiﬁ &m‘t Meamﬂdﬂte.omssijlaatﬁctstedmlmhemuscal )
| bers 1 respegcti The fLber nd 20

and t he se‘ce& %&Eﬁel A c}/t %%dkg Dege’ggbngﬁet ﬁ%b%q%u{?qgodﬁ%gggl nst the

pl anar fredvigest ade azaandr théfpkeﬂo{-oonhexphmgerﬁemm mumma usi ng

optical cengnt or ne_ot her tlcally t ranspagent d| | que,
dependi ng syg?gﬂ'}%ﬁ?%fp ?errer?tn% ang& 25 aglp i cal béeegm al i gnnent

and | oss Qﬁﬁﬁigiae:reaiusons:afi'hetivestnhinmgened:uslemraﬁét i betivadex oot | ens’
62 also h pl anar back surface 62bJ

pl an fyont
surface 16’?%?‘% ° BV &db- conk?8§?°n%%geneous reefrac ft\g‘e‘?? ndex Thaed
col l'i mat i rtgjﬁlqmaajm/lfmﬂ&g Ibasplanma mebaelflsutiaeedﬁﬂbrmtxdm first

honogeneous refrac .hdex. _bhoot | ens IS .t C ffixed
90 the pl aHeAT ll'1‘gro]£1 #‘P‘ﬁcélfég %&onkolgg 51°ano rcélof%\/aecicl ‘%)/enD%lec{nkgg o’
refracti veldrngles C@ﬂldil thei sgbohdcunsamm@eln@rwslaraﬁ:a@;mm | gadex d@cmétnt or

01/ 14620 PERUSE 149187 TR BTk AdC RS Ras TS rar aer iR i b0t 1 ens
64bhafs ?hgﬁm& (frrramifa&iﬁﬁramem&chorf tnaflang ®ethnalogheexwiblack surface
ons 16, ThetbbnEate s ot 5 Sufrabe e migr i, <Ot a Runodtabnet °*1' Y
isef ract i veré fekent otoptlietsl GAldss Wﬂajall)s Jnmvnedscmr baf fuseed to the convex
back  surface lﬁ? O%l%?% Rbﬁggeﬁggﬁgxr@%ggg%g%guid' E%ééé“iens 62
has a planar front surface 62a for mating with the fiber
coupling devices 14 and 20 and the associated secured
optical fibers 12 and 22, respectively. The fiber coupling. .
20 devices 14 and 20 and the secured optical fibers 12 and 22
may be either abutted against the planar front surface 62a
or affixed to the planar front surface 62a using optical
cement or some other optizally transparent bonding
technique, depending upon system mecbility requirements and
25 optical beam alignment and loss considerations.
The first homogeneous refractive index boot lens 62
also has a planar back surface 62b for mating with a planar
front surface 16a of the plano-convex homogeneous
refractive index collimating/focusing lens 16. The planar
30 back surface 62b of the first homogeneous refractive index
boot lens 62 is typically joined or affixed to the planar
front surface 16a of the plano-convex homogeneous
refractive index collimating/focusing lens 16 using optical
cement or some other optically transparent bonding

35 technique.
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i ndex coIIinating/focusing | ens 16 using optical cement or sone ot her

optical ly & R&%ent bondi ng techni que. 10 The second honpg@Rg%@ﬁWh

refractlve |n oot lens 64 also has a planar back surface
angled simlar to the ref|lective diffraction grating 18 at the thtrOML
diffraction angl &hea seqaaichdiopegeneche spfraarigi sngexX beot t hens 64

mul ti pl exi no#evi CeoGavd\StMbiih élﬂefa[ﬂél t4qy %f‘%aﬂ&ﬂf%% 10, c&lifex

reflective diffraction gratuﬁé 18 can be fornmed using a separate naterial,
and this matRaasucEace; heh e thei ReANGT CAlYeX SPTOgeRIROUs| BRBFaGRLYE sur f ace

64b of  the ﬁﬁfé%@%!ﬂ@@ﬂ%ﬁﬂ?‘ﬁ‘é@&éﬁﬁ'Y@né”%x bogfl eab%%c%euw%t opti cal

cenent or sone other optically transgarent bondi ng 20 tec
Al Pernati vel Surkane 64p aft e s@idondabenegengpus iTRE TES tdyS BB ezsrbmt

directly on the pianay tb_,%ﬁl%al%‘*}'r %Ciﬁeé4er05r_kb§eée€enéhéoe&g@ék?%%I xing of

refractive index boot I|'ens 64, thereby avoiding the joining or
the reflecti¥&Lanisfibetidh Erat iHgnescesveke pmaguandeask pefsagtiice 64b of

the second hﬁﬁ?ﬁ@Q%QQQma%EEG?EbMESiﬂ&gﬂ?ﬁgQ% us%%%hgéglkglebéﬁgﬁ case, the

reflective diffraction rafting 18 an secon geneous re ractive
i ndex boot 3QNQ;Q§be§r@P|ﬁ?ééﬂateda@ﬁkﬁxﬁmﬁthﬂﬂdﬂ?ﬁmﬁﬂ@@naﬁneex honbgeneous

rapractive index (@) I 4l AESLBs! 282:16¢ 200 Afald %%5{ Steflonpgeneous

refractive |ndex boot Iens 62 to forma conpact, rigd
envi ronnent @41Sp 19F tthérimalary baskalshe faget ﬁébei‘(hﬁ'g deviseled. simnelar

i ntegrated naj Ufge oiefwb@layl awk%@g@]ﬁe#%‘r@ggg dm RR tﬂ@'aﬁ%c}wef ul

for maintaining conponent ali gnment l'ong~term 3
per f or mance $ifigaatiast apglsont. nowlattiagr apee‘;lhal epEpagkdax 26 XMX O 14920

PCT/ US00/ 14734 HEYi £58et e@aaeste & st' al | y; grarade z'méD@JI and

therefore performnce over | tiplexing device ionally
i dénti cal tQ?Wqﬁgrﬂﬂdlﬁm%xrﬁélEQVl%% d@f‘é&@§p¢nf@ra3*sg|gﬁta@@cﬂuase 5

| n optical heamdr ansifissd 0.gLELEL ChgYLNE, [ 0ahRe dd et o0t N 17t
and second honngeneous refractive Iin oot enses and 64, ,
respect i vel yEhemohevaeined epr ififlixedi §o the planar back surface 64b of

the second homogeneous refractive index boot lens 64 using
optical cement or some other optically transparent bonding
20 technique. Alternatively, the reflective diffraction
grating 18 can be formed directly on the planar back
surface 64b of the second homogeneous refractive index boot
lens 64, thereby avoiding the joining or affixing of the
reflective diffraction grating 18 to the planar back
25 surface 64b of the second homogeneous refractive index boot
lens 64. In either case, the reflective diffraction
grating 18 and the second homogeneous refractive index boot
lens 64 are integrated along with the plano-convex
homogeneous refractive index collimating/focusing lens 16
30 and the first homogeneous refractive index boot lens 62 to
form a compact, rigid, and environmentally and thermally
stable multiplexing device 60. The integrated nature of
this multiplexing device 60 is particularly useful for
maintaining component alignment, which provides long-term

35 performance in contrast to some non-integrated air-spaced
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slight decrease in optical beamtransm ssion efficiency, the optical

perfor m@ggi){]”& he multipl exi ng device 60 is 10 still excﬂ%ﬁ@ﬁéugue to

the use © I'gh index of refraction glass naterial to fo
pi ano- convex honbgeneous refractive index collimting/focusing |ens 16.
That is, aeypiaes otkaly desracbedistheahiyhdégade ofin méfigamendn agldass

mat eri al C@%Lk&d‘i%e?ze lolrgéﬁ%lg_, o gg %?mPOSSi bly even elimnate, aberrati on:s

caused by the “spherical nature of the [éns 16. And these aberrations are
still | essened Taesguldipdexdadi deoriasf Ghd S i fuctdmhasldaoridientidrmadeneous

f ti | ' : , Lvel yy i le, if th‘
refrractived %@m@%@%ph@ﬁ§ﬁ§ @gvfé;% &, _efc"e?ﬂe%k"& élljr@%){ses se ! €

first and second onobgeneéous refractive i'ndex boot and 64,
Pespect i velly opidcali bepe transmbesipmie &f iidiesicwt dpe b the avttirtd capt i cal

gass (o e duused S iR TR AR SeouShold: Grass Teghnohagiees wth o

= 1.444 @ 1550 n ano- convex honogeneous refractive index 25
col | i mat i nFfsRs Ut h@Endngd 1 eregpectbvely f abHowaved, ok VSRS %ithnerhifsact ur ed

by Schott : Technol Qgi itk = 9 - , f_b%r} ryt hi ng
el se rerraisﬁ'iil%&t he sarreé,lgt e %ggﬁ?%eg%ﬁgd%fg%#it%%eﬁ enesfl V\eé%\g’g be much
greater (ithe optinal eerimmmandmves | tbe pulvaplering Heviiess 66t dsp) t han

Oif the 1 : e rigat of, SEE0 o] a rd
1gpti cal gléatgsqsl( e?é%%k%ﬂﬁgnué%gt E%edﬁ% élcs%ot tSE %dang)si%%ec%%% %gi%g:g with n
= 1. 501 @reFBRawPndudtass hanateripl di téer énce béheeerp tane rasiveet | ve

i ndex val ygs, R0 rard tused shhbgac£ii Enat indPhscyds 44 :]p 2) in 35
comparison tg%{er?g 'esser di F_'Tierge_ncgle et%en the (fltgaﬁ%%%}r\l/%ﬁ 01/ 14920
PCT/ USOQ T4®I4 isndeRsvapiesi@is BK7 dasffibsdd sthecahighe. inde0DbE 1. 444
= 0.057) . JH¥tadSont hg195Ef eronce; bet wegn the aglj ve, . Lodex yal ues of
SF59 and frusec_T1 Si ioircasi S 7.93 tines greater t sgefndtﬁg df%f’?ée?%’ncé-:1 %et ween
I$he refraddssdbiliydere%att uesl brimaBKy apbefuaeions | i causadcokdi ndgihe, t he

radi us of &hiediens nd6ukb babrhcaisek ofe SFaf4I §h@éé8¥%€rf§t%g'a% tines

greater than the radius of the lens 16 if fabricate
still lessened despite the addition of the first and second

homogeneous refractive index boot lenses 62 and 64,
respectively. For example, if the first and second
20 .homogeneous refractive index boot lenses 62 and 64,
respectively, were to be fabricated of a first type of
standard optical glass (e.g., fused silica manufactured by
Schott Glass Technologies with n = 1.444 @ 1550 nm; and if
the plano-convex homogenesous refractive index
25 : collimating/focusing lens 16 were to be fabricated of SF59
(manufactured by Schott Glass Technologies with n = 1.896
@ 1550 nm), then, everything else remaining the same, the
required radius of the lens 16 would be much greater {(i.e.,
the lens would have less curvature or be less steep) than
30 if the lens 16 were to be fabricated of a second type of
standard optical glass (e.g., BK7 manufactured by Schott
Glass Technologies with n = 1.501 @ 1550 nm) due to the
large difference between the refractive index values of
SF59 and fused silica (i.e., 1.896 - 1.444 = 0.452) 1in

35 comparison to the lesser difference between the refractive
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BK7. Further, aberrations caused by the spherical nature of the lens 16
are al so tyRi reduced by this sane 10 factor (i.e., [ res).
Ref erri ng ‘%‘go@é’%‘?es 5a and 5b, there are shown a side vi %éﬁgéﬁbﬁgg
view, respectively, of an alternate enbodi ment of a wavel ength division
mul ti pl exi nglRdss cealges jaf fcoratahdaismd fsitlieapridsent lnbOAt oA 4THe

mul ti pl exi ng=15. giey) ce Mai Sy PhvsiLad ped Aentd Gl el R MUt plL-eXL 00
device 60, except that the first honpgeneous refractive i idex boot -1 ens 62
has been renb¥eK dfid Uafe of| 8FaP Fndriusesysiiddealbsal o3 tthignasi gmeatenvex
homogeneous ¢{X agld 6 £deteCoLL{HBL ] L OEHS! ' been
extended so as 20 to allomﬁthg fibega%og%%ith%%%?%Q%QQ§#$§8ag%§Stﬁg
sedured optBRAland Harspdi3idAgaz2, Areepdtnglel ythe oraskivel tifettheabansed
against the pbanar fhonf-swd age L3 ofsaffiixed o the pjapar front
surface 16'a using optical cenent or sone her optically transpa nt
bondi ng t ech#feREET d dthg zsdipsnofysthemlmots 114 yif efabreoemed afid
optical beamggfl i gRMENH e ANLHHSS QRS 110RS, +oi.m lar to th

mul ti pl exi ng device 60,etrma% nteéﬁggédgﬁggbgegift?ﬁesbgﬁfégﬁﬁegﬁEﬁr%evice
70 is particefathy deapullt fare ahfat sypiingléynpedecedalbyntieid , sahech

prigvi des | ongs={&r mi3Q peqf0rmaRCe;j N contrast to some non-integrated
ai r-spaced devices that characteristically degrade in alignnent and

therefore perfor rPeﬁfc?éfrév)Qr tpi ﬁiagum JallapicplSbxi bgedevae shthni 8 side
norease | 1 opty oal bedm FPansurSH ot S OINID T Eaodt Pl BbEPTIAReT O
ef ficiency cﬁthdimﬁni @énﬁvabveien@ehfdi@isimnnmyﬂuymkeximgfdaunhae7®ndex
emngenasus o PR LS, LR LU IR OGSO,
tHé mul ti pl SaigFdeVPcels0rbyskrgbips dderaicdi, tanycle neptapkexinyg a
Form an ol tr e oobodlreht of o WD Sheth APTPLEBtbu ERraRr e T 1
index boot lens 62 has been removed and the planar front
surface 16'a of the plano-convex homogeneous refractive
index collimating/focusing lens 16' has been extended so as
20 to allow the fiber coupling devices 14, 20 and the secured
optical fibers 12 and 22, respectively, to be either
abutted against the planar front surface 16'a or affixed to
the pianar front surface 16'a using optical cement or some
other optically transparent bonding technique, depending
25 upon system mobility requirements and optical beam
alignment and loss considerations. Similar to the
multiplexing device 60, the integrated nature of the
multiplexing device 70 is particularly useful. for
maintaining component alignment, which provides long-~term
30 performance in contrast to some non-integrated air-spaced
devices that characteristically degrade in alignment and
therefore performance over time. The multiplexing device
70 is functionally identical to the multiplexing device 60,

except for a slight increase in optical beam transmission
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device 80 in accordance with the present invention as shown 10 in Figures
6a and 6b. The multi pl exing device 80 of Figures 6a and 6b realizes the

above- d¥@OVMIP® benefits of wusing a high index of refrack¢HHSYI4Z

material to formthe piano-convex honbgeneous refractive index

col I'i mati ngffDelendyg Haes thb thet hemdwhii plExtRg devise ABmd§eRéoktgures l'a
and I b. That_is,, the ab(%ve-descri bed _benefits of using a high index of
refract i ont GFERSEHES 798X RWPY JrShS H# pi ano- convex honogeneous refracti ve

index collimtabg/Hiocypeiing lienshdbldrbenddtidd exargtdevpeendOcohiveki gures -

|l a and 1b are also realized when .usjng a_hi.gh ind 20 of refraction gl ass
mtorial tBORRTTRTHES AL d TR S0 M 4085 LPET tactsees) naks L,
6ol | i mati ngéf eroshngnl €éhe haltiplewihgpldexice devige r8fieds Figuses 6a and
6b. The | tiplexing device 80 js.functionally identical] to the
nultiplex?ﬁﬁ’de@?ge %6. FEPARCES s Joi i i?OQW%%JEﬂiﬁPno?@ﬂ?ggPﬁ?Pér 0 the
mul ti pl exi pgf oyt Dee 60naéx Feglil eRadangntdodhisihgnbeasequs +d efsaet axe i ndex
boot | enses,can be added.to the _nulti Iexing gevlce 80 oﬁ Figgées 6a and

I Vit bip

6b to for ARSI TR IRt/ A e SRTE SAYER1GR 189l exi ng

30 device 88vice a8C dilareerdahbet hewrﬂs@rﬁrésatﬁntimrén@ao@ha%srllwn Fi gﬁr es
a and 7b. . The, nul tiplexin ice 90 of Figures 7a and 7b realizes the
19 3 6 ek

de 4
bove- desctrbéd WeERSt i 82 529 u¥ng hofBg EERICt FHBLERISY BBt | enses
in the nuFigptexiey aviee RRldfzds gieeabdealdsébibdhabehsritheoB5

above-descri bed benefits of using_the first. honbgeneou 29 WO 01/ 14920
PCT/ US00/ 139129 & g’flrga{’cll'rn@@xi ﬁ%e?gBB%?q%’hsg]f)af% t’(er?éaée@&naoﬁ’anﬁé‘éneous

refracti vepiladex- beaivé fns 64 dmo guintd gph exi ng rdesit getG0, f Fiawes 4a and

4b are al so alized en using a first.  honogeneous refractive i ndex boot
| ens 63 anﬁogfﬁr&?:ibw)é\?%‘b%gﬁ? rle(f rléi‘cttg\?eg‘?lﬂgé?i%b?gl RE1GS 16
Bul tipl exi of FKienires 9Qaof akdlgutes 7aThat 7is, Sichiel aebboethescAlbédpl exi ng
devi ce 60, at ed nat pre of éQ}? Olnurletgrglc%xi ng gevi ce 90 s

the.inte (
partiCular?ﬁnﬁg%ﬁinég(ﬂslng a high in ion“glass material
to form the plano-convex homogeneous refractive index

collimating/focusing lens 16 in multiplexing device 10 of
Figures la and 1b are also realized when using a high index’

20 of refraction glass material to form the convex-plano
homogeneous refractive index collimating/focusing lens 17
in multiplexing device 80 of Figures 6a and 6b. The
multiplexing device 80 is functionally identical to the
multiplexing device 10.

25 At this point it should be noted, similar =o the
multiplexing device 60 of Figures 4a and 4b, homogeneous
refractive index boot lenses can be added to the
multiplexing device 80 of Figures 6a and 6b to form an
alternate embodiment of a wavelength division multiplexing

30 device 90 in accordance with the present invention as shown
in Figures 7a and 7b. The multiplexing device 90 of
Figures 7a and 7b realizes the above-described benefits of
using homogeneous refractive index boot lenses in the
multiplexing device 60 of Figures 4a and 4b. That is, the

35 above-described benefits of using the first homogeneous
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mai nt ai ni ng conponent alignnment, which provides |ong-term 10 performance in
contrast BonON-integrated air-spaced devices that astoRkHigtical I v
degrade in alignnent and therefore performance over time. The multi pl exi ng
device 90 1s functionally ident-cal t. the mu *-71 device 60. At this
point it showfdabéimet ddderatborhie ieacorfd argl HomERRVUE RARPIRNGANE ndex

boot | ens 65;9%%%&%56@9&?53 bééer@bérgsf ﬂ'ﬁd RL&Xi Bl edensCee P OfsFigures 7a

and 7b, and _the back surface 17 e convex- pl ano honbgeneous
refractive ifigaxegol4d nad ngpf gegsinifd erpahized grihee ugkbendedidHt to the

reflective gjdfiaclkios gg@f%g&i%tg@&fgemaqealst esnagggerbadidmppt of a

wavel ength division nultiplexing device 100 in accordance with the present
i nfenti on adogivewRePrHsSFEghrast 8ue abd®p. bane bekek 8ariaceuluipliegig he

convex- pi anqyRQRgeRgous ¢ eipfgatbye hadex,qccyhimatiagifpousing leps -Tis
angled simlar to the 25 reflective diffraction grating 18 at the Littrow
di ffracti on mndglielexingr efla¥ice t69.t h&hept iveomded xngtyre e the

mul ti pl exi n%@ﬁa\i’@@%ﬁgg“%‘%&h ad ofsth afe%g\éh%w desghhbed,,

enbodi nent s, ere ffraction gratin 18 can be formed using a

separ at e natwinglinind chinpoBenfmeet gametan vheeh beroldrd bmmdEifeved to
thg planar % o ‘A?]f:@cgnlE%Pt?gsfih;@oCQQMSXhBh.a‘@ﬂ}:QQPQQ@@eQHS—sr dfctive
index col l'imating/ focusing l'ens 17" using optical CTement or some other
optical |y trdmvsgaserithafordiaigatestinicdgel 1 vAdesragie vigl yal ignmendgf |agst i ve
diffract]on graldiag.18.ca8,hen3e foeredidirecthy apitlhe phanaradack surface
17'b of the 30 @% 61714925 %i_ U§Q%?§ﬂ7l%. convex- pi ano honbgeneous
refractive itfdéx fenrtiomalhig/idegcisiag=tenze IVLTpRexebY dovled P t he
joining or affixkng.ofs t g6, hel |:6Ct bye, i f Heactd Qi 9eakt ngyls d0-die
.planar back surface 171b of the convex-pi ano honbgeneous 5 refract]ve
i ddex col | i emogghreEgsited rReRdve7-ndrK Soplierlengase, qate hefleravare
diffraction gid g 1812061608n600KEXee POANOE NPIBALASONS L] rAFL Ity | ndex
collimating/tocusing lens 17 are integrated along with the first
honogeneous the back surface 17'b of the convex-plano homogeneous
refractive index collimating/focusing lens 17' can be
extended out to the reflective diffraction grating 18 to
20 form an alternate embodiment of a wavelength division
multiplexing device 100 in accordance with the present
invention as shown in Figures 8a and 8b. The back surface
17'bs of the convex-plano homogeneous refractive index
cecllimating/focusing lens 177 is angled similar tc zhe
25 reflective diffraction grating 18 at the Littrow
diffraction angle, o,, relative to the optical axis X-X of
the multiplexing device 100. As with all of the previously
described embodiments, the reflective diffraction grating
18 can be formed using a separate material, and this
30 material can then be joined or affixed to the planar back
surface 17'b of the convex-plano homogeneous refractive
index collimating/focusing lens 17' using optical cement or
some other optically transparent bonding technique.
Alternatively, the reflective diffraction grating 18 can be

35 formed directly on the planar back surface 17'b of the
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i ndex boot lens 63 to forma conpact, rigid, and 10 environnentally and

t her mal I%?ﬁilﬁghe mul tiplexing device 100. Simlar to thepm%ﬁj'ﬁéi ng

devi ce Integrated nature of the multiplexing device
particularly wuseful for maintaining conponent alignment, which provides
| ong- ger m§RRV 6K TehE@RPn  cotPBSL A ¥ Pe nork ¢ AfSfi BL¥E 15 at Rd§Faced

devi ces t had 1GhafaGg9 toTlisGakl YeA8UI e tha redlyi 408BAL ngNehd NRJi8figIE
per f or mance over, timne. e nultiplexing device 100 is functionally
i denti cal %% affdxingl ofpFRki FRL tRvt tee B Ltarctiicn gerALnpt L8 heruItdee noted

that eithesidha fodst sEPrAGIDIRNBOUS Itdlel adnivek-ig1de% haglodaod? or the

second honogeneous refractive . index boot |ens 64 rra%/ be renmoved fromthe
frul ti pl exi TRETASHIVE 409exnE04edBAGIREBGERESE L18RFr ALl velt midbh&3oot | ens

64 may be dpimvedef FeRL LRI vAULL F PELXE ¥h AR\ItGRg/A8 ghliheke tdhddr-S=
honogeneous. 25 refractive i ndex boot | ens 63 or the second honogeneous
refracti vePiditfox PBBEICPRAYS 65 el e Yo mdRE8*f retd t He2 LiRF4§91usdnsy devi ce

90, and theerdd rst heppgeneeysatE8f bashhVaitRdeRhAGlrdteNforkly b e renoved
fromthe nultiplexing device 100, in order to create additional 30
al t er nat e B MRt RS sHown)Eahi TSt i3 | GamRAGHng #ieid, and

1obove- descdipiabrefilly dndstRgraali ghsikadex aful tighledahicohd) s
material to formthe piano-convex = honbgeneous refractive index

col i mati ngfGocdsMhdarehe B W %R cdmde eyt &fo’ RonbaR ngbireTadahct i ve:
i ndex 35 wpddddrabiENGEHOC a1 RA pl1@RS ng 7. dSdi MO Qbo14920 RGH A0 47 14

Referring to Figures 9a and 9b, there are shown a side view and a top view,

respecti velSETWf T FRLBLRAPATIeABBAPHENAT f 1 FMRRel eVt H: IR Eidns
nul tipl exi ngh@ledrge Jgdifformhraecordanearvhtt the RS edn iveddiaieg The
ltiplexing 5 device 110 is physically identical to the nultiplexing
tdevi ce 10,3XEHACYhaleVHESSi anbatonFBRTABRBEERELER LY ef f@3E3dR i1idex
col I'i mati ngli dragdtsi NGENThbe fFasebeprrrbeRhaced Hyed DiimONVEX fiNDgeneous
refraCtIVemtlllntdiepxlexing device 100 is functicnally identical to the
multiplexing device 70.
At this point it should be noted that either the first
20 homogeneous refractive index boot lens 62 or the second
homogeneous refractive index boot lens 64 may be removed
from the multiplexing device 60, the second homogeneous
refractive index boot lens ©4 may be removed from the
muitipiexing device 70, either <+<he ZIirst homogeneous
25 refractive index boot liens €3 or the second homogeneous
refractive index boot lens 65 may be removed from the
multiplexing device 90, and the first homogeneous
refractive index boot lens 63 may be removed from the
multiplexing device 100, in order to create additional
30 alternate embodiments (not shown) while still retaining the
above~described benefits of wusing a high index of
refraction glass material to form the plano-convex
homogeneous refractive index collimating/focusing lens 16
or the convex-plano homogeneous - refractive index

35 collimating/focusing lens 17.
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col I'i mating/focusing lens 82 so as to further enhance the 10 imagi ng of

both the hﬁﬁﬂ tlcal beans 24 and output optical beam he
mul ti pl exi éew ce 110. That s, the additional curved ?&Fﬁ ace o#

bi - convex honngeneous refractive index collimating/focusing |ens 82
provi des additi oﬁalfekwagi;ngo c%dpaim'elsi ©p, ahetlebyhiawsy easi aAgows 4 lsdd ber

I ff F I 1 t t
moasur 6 of HELE T PHS. | BsetoP HARLE SEUE SR SAY oo bxpt ascha PR e o 10
ef fitiency @rmb@millylentthefoq)mayallesyshem*oisim mVigdeixdagf deveer i ldat a
channel b Qukotakhog ¢ 1o ACBNBL b SIII G ENCy raL b 0 ity act on

grating. Conparative convex ‘honbgeneou tive
i nflex col | i réeviimg/ fbl:@s&ﬁg PHysisad2yi ristegad wfl t he pﬁb@ndnwbm&'eb@mamogeneous

refractive cqlyi fo ng. ypl y
increase in %?¥3§ QOL g%%rggﬁnaggﬁk h? p%%n& coﬁ%ldﬁﬁg on o MDM
devi ces showrefinacEiiger e:saclexandogllma'hmg/ ﬁod:mmie; oﬁbnﬁusltG bbasadedret ween a

smal! i n.Cre%seg)lla%edt h%VFCE 8199—({%} e%gdl o'm%%%kle éf?ﬂ:@&cou ntcﬂx

fabricating ens havi ng an additi on rve sur ace
furt her i ncrcwelﬁsmajtnmgﬁéoléﬁﬁlnanleypl gal by be aahfen%ﬂoenmm dﬁwbl et,

LRPLet. Of Suen Iy AT pINIDRd Sfigoy COBLLOUER! 0N REE LLing, g our es

a and 10b are shown 4a view, respectively, of
an al ter nat e:-ptaldaddlbmmt 26f watmﬂetbagmhldwlsxnm rmmucpd exlithg dmatce 120

22 LD OOt M A BB rB YR S A CB LB Byt
i denti cal tdldntmeremmlousplrefn:agtidevméeﬁo ékﬁ:m@timdmaﬁoddmrm alregrsCc GV ex

honbgeneous 34 r&f; srAct é@u% %%al CJ?IM Ilrlr'laé | ng{:at Ilqcilé%ll nghe %I %%asgéw

repl aced by *a bi- cony geneou refy Ve T hdex
fdéusi ng | ensheB2{ilzerd thepiingt efbbopemeous FCEERf pdctihee mmljm@lmutnq ens 62

has been replaged By d.ne 1] | EHeUPIIPUR LT85 E Vel S PoRd oS 63.

the FCE of a WDM device expresses the efficiency of only

the optical system of the WDM device for each data channel,

without taking into account the efficiency of the

20 diffraction grating. Comparatively, the use of the bi-

convex homogeneous refractive index collimating/focusing

lens 82 instead of the plano-convex homogeneous refractive

index collimating/focusing lens 16 typically results in an

increase in the FCE of approximately 1% fcor the

25 configuration of WDM devices shown in Figures 1 and 9.

Thus, a trade-off must be made between a small increase in

the FCE and the additional cost associated with fabricating

a lens having an additional curved surface. 0f course,

further increases in the FCE can typically be achieved

30 using doublet, triplet, or even higher number lens
configurations.

Referring to Figures 10a and 10b, there are shown a

side view and a top view, respectively, of an alternate

embodiment of a wavelength division multiplexing device 120

35 in accordance with the present invention. The multiplexing
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the nmultiplexing device 110, the replacenent of the piano- convex
honogenegus ractive index collimting/ focusing. 10 le ] t he

bi -conve&&f’d@&gneous refractive index collimati ng/focusW?@#é;QZ in the
mul ti pl exi ng device 90 has been done to further enhance the inmagi ng of
both the depite opli0cals bphysi@dland igigryitcadpt fcaltheeamuPrimidting t he

mul ti pl exi devi ce, 120 fi _ho en 15 . act i i boot
| ens 62 ha‘gg%le%% rg%’l ac%’ég%‘fh ‘%kfiget fﬂggt ﬁg%%%e%%%‘gésir?ﬁéﬁe{lc%?%l?/éejoq‘li(sndex boot"
| ens 63 berafisactitee findek homblgerassvirsy fBiquinia/elendexl bobas| érser63 has a.

concave bag urfac 3h for _natl A X f a of the
bi - convex ﬁ(g}?r;f)%%%cgoﬁbjr%f rg)(%t E@ék’:a%d\é\%(lgﬁggeggp?ﬂlgna{:léﬁgé?%%ﬂé| ﬁlgr?c?eg}gns 82. At
tShi s poi ntcollsmmulngbEoqudiow t haths $i2ni |amdt thehinall thphexemepwkevi ce 60,
either the firs us, . ief i ye inde t r.t second
hormgeneou‘gék?"é#%g??ggaggd%fogoo égéen§§6£1%cr%ayx°%%9r ’énggéﬁgar g)r\ﬁ the 25

mul ti pl exi fir sfevhorod@edus orelraciol e eatdeadetiqt okerls @3 t erdmtwith - -
enbodi ment - whid e st bl 4 etaini oy e- i hed benefits
of using aél:rlﬁ"g gﬁ}ﬁiﬂég‘%’fﬁ@#&f{?’%& il(%r?’gl'glsesE%gtlélrglggﬁﬁ?ogfo?ﬁngtc#egﬁ- convex
honbgeneousonvek r hompyeneadex redikictraviengifdsuscoyl inatilBg/ I@uRai@rring to

Bigure 11, re-i s .sho id i f |.t.er i f a
1v(\)/avel engt hl%'?\%i g?oﬁ“lsc%u%e& Igé(i ﬁ%e{%g%vi glgmf%n%ﬁhgccr}(a)eﬁ%aaﬁ'{:%%% [‘ﬁ(‘ﬁ% pr esent
i nvent i on. cdhkimait ingl mduwjrdeiens B30 idi ther mulkdplekengpdevionsdy -

rorr ot vetRass e o dyed siPeRee TN st RS MR e s &

separ at e birpwnvept hombgeeanss?febndctdurputndet faedudiergn 2 ensidh and a

ot ecti ngtingiAfHf Rt Pl {1301 ¥, SRE ) BLEEE BRI,

18r evi ous| yrelesastiseal BnéekodoobnisnsTihe Biascdmeex temicymteoisth efract i ve

o e AR BLLLERUES, LB Ui, €5 wBERREL OB
first homogeneous refractive index boot lens 63 has a
concave back surface 63b for mating with a convex front
surface 82a of the bi-convex homogeneous refractive index

20 collimating/focusing lens 82.

At this point it should be noted that, similar to the .
multiplexing device 60, either the first homocgeneous
refractive 1index boot iens &3 or the second homcgeneous
refractive index boot Lens ¢4 may be removea Irom the

25 multiplexing device 120 in order to create additional.

- alternate embodiments (not shown) while still retaining the
above-described benefits of wusing a high index of
refraction glass material to form the bi-convex homogeneous
refractive index collimating/focusing lens 82.

30 Referring to Figure 11, there is shown a side view of
an alternate embodiment of a wavelength division
multiplexing device 130 in accordance with the present
invention. The multiplexing device 130 differs from the
previously described embodiments by using a separate bi-

35 convex homogeneous refractive index collimating lens 102,
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the plurality of collimted, nonochromatic optical input beans 24' to the
reflecti vg&{'{ﬁhgﬁcti on grating 104. The 10 reflective di fff’é’FﬁJbﬁW‘lﬁf@“ ng
S 0

104 renov e angul ar separation fromthe plurality of collinated,
monochromatic optical input beans 24" and reflects the single collimated,
nultipIexed,apﬁﬂnﬁﬂﬂﬁﬁnﬁﬁ1§0®ﬁﬁﬂcéP?@E?B@?U%eE%¥9ﬁﬁt%YﬁwﬂﬁP3%I@?Cﬁﬁiéanvex
honpbgeneous I§£ %eﬁveaﬂ&%g&efﬂ%%w@ hepsriet 108 gAdeily -1aonvest is

honpgeneous refractive index fccusing Iens 106 focuses the single
col limated, eepfigiesddo opsrpenrvhue asptincapngleptitabebinPFIer8RE t hen

transmts tgﬁaﬁescwetiggf%@m@g%wgh@ exed.c O! ¥eby0aBL1 ¢ QRidcEabegout put
beam 26 to the output fiber coupling device 20 ere 20 it becones incident

upén the si nghleodprerts - oufpat Pirsenver2 horpgesragPe IRdrarSEERegndex

pol ychr omat | &, ppLiLeln Ut s DeAiD 26ch31tRGReCOURRA Thlgrabe sl nake
optical out put I'ber 22 for transm ssion therethrough. in accordance with
t he practi cesodechromrliabeneicahelnpst pheanvai, hértlgdhedu s RBEFacti ve

| ndex col | | MBhing1lieas 102 0:andhabhieabl rbomeex RARRgCagRURal elingall ve
index focusing Tfens 1067in the nultiplexing device 130 can be repl aced

wi th pi ano- coasex Réfrogentbasredieaiiveedis i |9npdiingg/1 focudiPhg

| eftpes. o WLLE; BOMPGENeNuS LEhian! |4t diid NIBY GRlddvE | BRE TBHLAT

doubl et, triplet, or even hléher nunber ['ens configurations. Aso,
honbgeneous sepanatior figmlcshdhadiiredasesofapobbinyded tRendrduaatilsl exi ng

device 130 Egtf‘gg.?rﬂ?:ﬂﬁ? plaild bhe PracidOesdesak Qfg?f@%lim%edpene“ ts

and detrinents associated wth using these 35 substitute/additional
conponent s arelappléxeadl ecebyeheomag4ic cprtical outpuonbegyy L£d2g-oward

PCT/ US00/ 14714, BULELRVEXT 80xfl5¥hE6ul3Qeasaniubd Bedbhe %8 vl hee
enbodi nents descri bed above. course, the nost significant benefits cone
frm t he usel®f. hi §hei hdlegonyeX rbpregenemiyl ke st 68 Ao ri IS Ignses.
That is, S regacdl gss ofosuhad HEN . SiBg1uS el habed NG A o Tt on
glass materials for [enses in WDM devi cés yi el ds
polychromatic optical output beam 26', and then transmits
the resulting single multiplexed, polychromatic optical
output beam 26 to the output fiber coupling device 20 where
20 it becomes incident upon the single optical output fiber
22. The single multiplexed, polychromatic optical output
beam 26 is then coupled into the single optical output
fiber 22 for transmission therethrough.
In accordance with the practices described abcve, the
25 bi-convex homogeneous refractive index collimating Zens 102
and/or the bi-convex homogeneous refractive index fccusing
lens 106 in the multiplexing device 130 can be replaced
with plano-convex homogeneous refractive index
collimating/focusing lenses, or with homogeneous refractive
30 index collimating/focusing doublet, triplet, or even higher
number lens configurations. Also, homogeneous refractive
index boot lenses can be added to the multiplexing device
130 in accordance with the practices described above. The
behefits and detriments associated with using these
35 substitute/additional components are applicable to the
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i ncreased device performance, as well as reduced devLce cost, conple?ity,
d n jong risk. Sinply said, the wuse of high in action
glnasrsml g{lds]ée:lzugilol gvvs for threrpl% construction of a famly gﬁ’s‘%&%i@“l ow
cost, yet very powerful WDM devices, particularly for use in DADM (i.e.,
' hi gh chafwdltipdeBény asptiiasat 18As.asTheopidsbet thwechisen ms;mcttlh_teg _bg
limted i t ifi c di ment s- descrjbed herein,_ | ndeed,
v;F:oﬁs %%é%ggﬁfpﬁgtigﬁg%gﬁgkﬁe ﬁggggﬁt inJ%%ti%%?fgﬁ’adglfioﬁ°F5 t hose
descri bed S@Pdifacant| bepe fdfsarerne t Gromosbeotusekidf hight hadexkt _o;f_r omthe .
foregoi ng (desalitPbhOoNg BALL aGLRMRaNMisNIro dr AW NI§ enfRUS, S frodif i cations
are intenéga to fallngmﬁthin t he scgpe_gg ?ﬁ%-apsgnggd clqlns. gé WO
D1/ 14920 PEPRULdEFs4724 G)Eh\PWBﬂen\HAT_ s CLys/ER S_:I‘}ljgh Arl_nd:]qxr ?Wfidng o
I t @i Yi$k i ' | ng a4 ction.
\(I:Vg\r/rgi ﬁingg&a'qr\é:cﬁggﬁi %A%ﬁ %ﬁager%oi(}hgarlosgra%rgﬁgg? ?é(%:a?n %%%hnséelr‘ﬁt‘%esa *Jl%ﬂlﬁtgi pl exed,
poIychronéPFéeéﬁﬁﬁcébﬂiﬁﬂnPQrﬁprmﬁnQWeneﬁtWEQlCanrrsdugedadhﬁﬁngfneorsf
ti ispde i i i s 3 c j i urality
o Tonochtooat | S ot TADRY) D meE iz 900 ra e TR b BRB: o The
diffracti 8¢ §faeidhy, iredrk fodr redeasitagnt Hdamal 1éms exed, 1ol yohr almt i ¢ 10
O rating, e Rl Acts o Bathg CsubLlant: alPh” asing « Lt ngoFY: ot
di rect | onPORETFHE WR¥r é@@écﬂﬁzepéﬁgﬂﬁuahvﬂsi mqfrrmsf.g phem;vgg_ ﬂﬁéi’“e as
fined i mighai e Lo 1 s refractive [
ggli?ﬁat:%ﬁ%?ogﬂgﬁﬁémrgﬁgbﬁgé §P€?fﬁ9€e r%bt;g:_ jndgx:df..Th; iggrovgd .
wavel engt h di v?b?o@‘{%@@‘f pllféiﬁnfglcd_é\ﬁiscgctasc !h}e@_tem raismobe herein e
T e L B Pomaghar e Ehaet e e babEuLn the
- regio
15 nrare nmdificgtians of the present invention, in addition to

those described herein, will be apparent tc those of skill
in the art from the foregoing description and accompanying
drawings. Thus, such modifications are intended to fall

within the scope of the appended claims.
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4. The inproved wavel ength division nultiplexing device as defined in
claim1, wherein the honbgeneous refractive index collimtin ocusi ng
lens is a WoMB4¥Bnvex honpgeneous refractive index colllﬁﬁFﬁﬁﬂWP88h5|ng

l ens. 25 5. The inproved wavel ength division multiplexing device as
defined in claim1, wherein the honogefngems refractive index
collimating/focusing lens is a bi-convex honbgeneous refractive index

col i mati ng/ WBRUSIRQCLBRER 365! | ~| ~~| 1~~~11 1lil~ Il~I~ 1~ 111 C WD
01/14920 PCT/ USQOQO 14714 6. The inproved wavel ength division nmultiplexing
device as defined in claim1, wherein the honbgeneous refractive, index
col I i mating/focusing |&ms imp$p¥$ﬁnﬁwaﬁﬁ13$§ﬁ§ge e¥u§IopePpAtiPyEXiREex

col | fmat | N0/ LEGUSENGnLeNsy 5 7os e CRBAYeg-uRYEL engtih diofisshong

mul ti pl exi ng device d%flne in claiml, "wherein the honbgeneous
refractive pﬁdealcbyllnﬁﬁlngpﬁ@§b§ngt#ens qetigrlasphepPéal 1™Héhogéneous
refractive i I i v wemengt h

G vi o on' mul FpEefERsede, PREVEREUaLet: PRESCRL BRam TRbe e
honbgeneous m@hp&&&une i ndex collimating/focusing lens is fornmed of a high
i ndex of refraction erd l;ect OURy/ RS sk Ng of
SF59, PBH71, LAH?@ an o?hg?g %? é?goﬁgx%%?p%%¥$iﬁgg aég naté??als
that efficiedehy fmanEJhRIMEil@Gtﬁb@]Pkﬁ%ﬁﬁ#ﬁY1Qﬁh@onﬁﬁhéﬁ%ﬂt{qI?Ptﬂééﬁon of
the electro gggtkga§9fg}§ J%; TQQI%%p59¥%€tW@He£8“QE@ @ A, @ on
nultlpIeX|ng evice efined 1n claim1, wherein the diffraction grating
is a reflectgire¢idif f madt ifor gﬁ%nuay}goﬁﬂéhtmﬂkﬁﬁbkqﬁ?QAtQQkﬂGRH?mﬁﬁﬂFractlon
angle with respect.t e fistia d nd ti +k AR ved
magélength d|%F§ron %U%?Ip e&?ﬁ@ ev?ggg hajgﬁg%g é8?%$écgpon 5?2??%9 for
conbi ni ng a plidfakitjonf goabithgonat tke opt$eedndeardiTerB o nultEiBidexed,

25 pol ychromgtic. apti 5ol ybgams1he I OoMaTent GeRbLSI NY:

2. The improved wavelength division multiplexing device

as defined in claim 1, wherein the homogeneous refractive

15 index collimating/focusing lens has a high refractive
index.
3. The improved wavelength division multiplexing device

as defined in claim 1, wherein the homogeneous refractive
index collimating/focusing lens operates in the infrared

20 region of the electromagnetic spectrum.

4. The improved wavelength division multiplexing device
as defined in claim 1, wherein the homogeneous refractive
index collimating/focusing lens is a plano-convex

homogeneous refractive index collimating/focusing lens.

25 5. The improved wavelength division multiplexing device
as defined in claim 1, wherein the homogeneous refractive
index collimating/focusing lens is a bi-convex homogeneous

refractive index collimating/focusing lens.

O
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a honogeneous refractive index collimating lens for collimting the
plurality of nonochromatic optical beans traveling along a first direction
to the WO®A4AR0 on grating; and 30 a honogeneous refracPCYVSPUHEIS f ocusi ng
| ens for focusing the nultiplexed, polychromatic optical beam 37 | ["I"I

LT "o 1 phe lilnglrokreld lwaMeﬁ.e\qgit?%/d%.%%QOﬁcyuQ?QWl%&?&% dervfi\é%' ing

al ong a second direction fromthe raction grating, the secon
di rect i on aseidef igeds dremlaimht yhergin ghejihamageneous) refdragiiveyed

uavel engt hidy $odn 148Ehby PbeKLEGURYAGE: o 5 HAI b KinchicRiEhieRfbed at | g

for separating a nultiplexed, polychromatic optical beaminto a plurality

of nonocHedFRGtd vepinggar peaksmathrgy fipFBsiRente®dnpri si ng: a honpbgeneous
refractive index collimating/ focusing lens for collimting the

mul ti pl exed, polychromatic optical 10 beamtraveling along a first
Yirection %o tAbediimprastecovayiedendfh Sy isdons saddilng ex@dpldavalder y of

ronochr onjld Qe fARIL aln RARITE tF avald M R A HorRREUb U NGt sfeom t he
diffraction grating, the second direction being “substantially opposite the
first di relc,rtd(eacn. o liimathagy fpFBséagwaveeehgt hi¥i viadt on asmhsriigalexi ng

device ahARfjenRdbulsh relrdhtrlite WRGER Eo&h?m&@ﬂﬁ@?ﬁ@&h@iﬁ%fiéﬁiye | ndex
collimating/focusing lens has a high refractive “index. 13. The inproved

wavel engt h division denultiplexing device 20 as defined in claim11,

wherei n the homBpenepls vl Makid 1\ gt 8% iGAlon ARIITIG) QTS iy il@ns
operates in the infrared _region of the el ectromagnetic spectrum 14. The
19 nproved v sladfidgied dinvicdiadi denuifhgysidki thye dwRadenepiisiaiq ffastiyyecl ai m 11,

wher ei n t he,amgaAnaeiss ihef/rachisi g 2enisNdex reRhbbmelri ROAfiQFUSIHIGA ens is a
pl ano- convex honobgeneous refractivé index collimating/focusing lens. 15.

The i nprovdd F&FERERGPR dE¥RSS oMmafafiilal piseliesgedeviEen the group
consisting of SF59, PBH71, LAH78, and other high index of

refraction glass materials that efficiently transmit
15 optical beams in the infrared (IR) region of the

electromagnetic spectrum.

9. The improved wavelength division multiplexing device
as defined in claim 1, wherein the diffraction grating is
a reflective diffraction grating oriented at the Littrow
20 diffraction angle with respect to the first and second

directions.

10. BAn improved wavelength division multiplexing device
having a diffraction grating for combining a plurality of

nonochromatic optical beams into a multiplexed,

25 " polychromatic optical beam, the improvement comprising:

a homogeneous refractive index collimating lens for
collimating the plurality of monochromatic optical beams
traveling along a first direction to the diffraction
grating; and

30 a homogeneous refractive index focusing lens for

focusing the multiplexed, polychromatic optical beam %

A A
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as defined in claim11l, wherein the honpbgeneous refractive index
collimating/focusing lens is a bi-convex honbgeneous 30 refractive index
col |i mati iOO&#4R0ng lens. | 111 loll# 111 111~ 11 1111 3FCIUSKI4TI4
WO 01/ 14920 PCT/ US00/ 14714 16. The inproved wavel ength divi sion

demul t1p] exi pg. 901,62 aB8ndell Al ChALRldon WRELR! RLED G HATRGEABAUS
refractive rndex c¢oflnat ng/ focusing Tens 1s a spherical honbgeneous
refractive igdekingl | itiet | $egdrotudingctbor. being. diHefsuaitovERCHatERengt h

di vi si on denyk%gplfggégkfgﬂdce as defined in claim1l, wherein the
honmogeneous refractive Tndex collimating/focusing lens is an aspherical

honogeneous refractive index collimting/focusing lens. 10 18. The inproved

wavel ength diyisign demulddplR0didsdexs Bey: asofedinert i &l algndkl ceher ei n

t he honogenedis$ active ~index collTimting/focusing Tens I's forned of a
hi gh i ndex bavie§raciidirattiss: gaesingl forl separhtiema mulgrigdgxed,

consisting o 71, 78, and er hj i ndex A &f r agki on
gl ass materi énggﬁ%?rﬁ%ﬂf%ci ent J'?/:atlr ang%%%& o%{l?gal %ean;!gs)ili1 n tlh?i nfrared
(IR region mbnoberomd et rapfrigrest ibeamsectheminpgovEnent nppBREHS ¥Wdiel engt h

di vi si on denul ti pl exi i S i;ned . al m 4L ﬂ%%? i e
diffraction grati%gﬁfgggggggﬁgeﬁﬁﬁggg&éQgif ?éﬁéifé?%#%ﬁln '€$#%%?e8 at the
Li ttrow di f f Aaosi Bor andllémaittihgr elspentl ttip leked) | pol yahtoratbadrtdicedct i ons.

20,4 An i nproyed v i VIiSIi O | £ Al VA . i .
di%?raction é§§?¥g§g¥§?gé€p%%%é$n@nggﬁ%?t#%ﬁéﬁéﬁgg1%%'ﬁ%f;?ﬁ?%ﬁggﬁgnoptica
beaminto a pketahgtyanfi domodiecosdanic thet ipdalr adddys 0 ft HeONARrPREa Rt
conpri si ng: e L tive d X. C. Syt i for, i

col limating t%ﬁg%rr%?t?%%géeag%%??% r%irr%??ec“ o%lc%dca dblg%n%lt?@ve"l'iorﬁdg%gleong a
first directidéfifrecthendi fgraciton 3theratsegpndind direction  being

substantially opposite the first direction.

15 12. The improved wavelength division demultiplexing device
as defined in claim 11, wherein the homogeneous refractive
index collimating/focusing lens has a high refractive

index.

13. The improved wavelength division demultiplexing device
20 as defined in claim 11, wherein the homogeneous refractive
index c¢ollimating/focusing lens operates in the infrared

region of the electromagnetic spectrum.

14. The improved wavelength division demultiplexing device
as defined in claim 11, wherein the homcgeneous refractive
25 index collimating/focusing lens is a plano-convex

homogeneous refractive index collimating/focusing lens.

15. The improved wavelength division demultiplexing device
as defined in claim 11, wherein the homogeneous refractive

index collimating/focusing lens is a bi-convex homogeneous

30 refractive index collimating/focusing lens.
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a honogeneous refractive index focusing lens for focusing the plurality of
beamrs 39 111~ "" 11 | I~" 1~ |~ doriarig L MS

nnnochr pti cal
ﬁ@ﬁéﬁé&g PCT/ US00/ 14714 traveling along a secondrc??% (74 fromthe

dlffractlon grating, the ..second direction being different fromthe

first diré@tiomheZﬂmp#bvédmmameaEedthadEVEaQandﬁmuhﬁﬂpiexﬂng pgeexcag devi ce
5 conpri si,ng n r II b gl A | ens
for coII|n%tdﬁglggg?g$d$?¥§mdﬁinﬁ%%%egg%a %%h%8E9%§% h%egﬁgggggég?ing al ong
a first dunde8|onllamdtimg/f@@m&1m@ lensnﬂsiqﬂsphailcpdlyonpgaaebusoptical.

beam trav 9. e ond direction being
substant|§F §g8§gg§| &8?%eé§f ag%éifﬁégﬁglAQH%%%%eneous refractive index
Yoot lens affixed to the honogeneous refractive index colllnatlng/focu5|ng

ens for b anggLtipag the olnalihy 8, TDNOS NG 6 QR CAL B9 Reans from

t he honmbgénéousS refractive I ndéx ¢ I ng/~ Tocusing & along t he
first d|restdeﬁ;naddlnfolaimaMExnwhergﬁntuhanhquganeams pelfyaktamat i c

opt i cal to Lhe hamogeapaus ialsactige, i ndex col | TaLhagh cLgousi ng

| ens along e secon | on 20 "horogeneous refractive rndex boot

| ens havi hgmagphanas refAtractive twdénceslhimbbingffoactimon lgrat.i ng for ned

at the planar interface surface of the honogeneous refractive i ndex boot

|l ens for conbining the plurality of nonochromatic optical beans into 25
1@ he mul ti QISexe&IhepnhmeﬁrmaiV@l@[mqtbadib?eamnaimmfhriblreeﬁlre;;tiiengcehe

mul ti pl ex C h

r ef ra(F:)t i Vggl ﬁ%ﬂxg I[Tla{:aingu{?pjtzi %h&edeal\rﬁ (lgtgjcegshog{&f;% % %cg&gg%%gkf,a wherein

t he honogedesusoﬁéﬁmattnvéfoqdexnbobensems fsrmadorporahedhi nhdex30 t he

hombgeneous r eLEAGL Ve | ::%fﬁ(ss.co'rdat@tl'aqg”sgggé{:gg | B8 SUSL tRgbubhe

hormgeneous refractrve
consisting of SF59, PBH71, LAH78, and other high index of

15 refraction glass materials that efficiently transmit
optical beams in the infrared (IR) region of the

electromagnetic spectrum.

19. The improved wavelength division demultiplexing device
as defined in claim 11, wherein the diffraction grating is
20 a reflective diffraction grating oriented at the Littrow
diffraction angle with respect to the first and second

directions.

20. An improved wavelength division demultiplexing device
having a diffraction grating for separating a multiplexed,
25 polychromatic optical beam into a plurality of
monochromatic optical beams, the improvement comprising:

a homogeneous refractive index collimating lens for
collimating the multiplexed, polychromatic optical beam
traveling along a first direction to the diffraction
30 grating; and
a homogeneous refractive index focusing 1lens for

focusing the plurality of monochromatic optical beams
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collimating/focusing | ens has the planar interface surface at which the

diffraction grating is fornmed. 40-11'iill ~ 221 f 1IIf |1
01/ 14920 IWS?%UB% 14714 23. The device as defined in clai fﬁqHAJSMI ’g\rale)i n the

honpbgeneous refractive index boot lens is a first honopgeneous refractive
i ndex boot | epsveliwgdetbng faurddremd cdimedsiang: £5om Sheodd figRe§entous

refractive index, boot lens_ affixegd L e fr agtdyethpdex
col |'i mating/ 95@%%?%9 I8%s ;-f;‘%?orf# aﬁ%ﬁe?ﬁ% ?%gﬂgl urali tr;e%(% f:It:rr(ts)ﬁ{noct?tﬁ?omat ic
optical beangitsttaeréotdgeneous refractive index collimating/focusing

|l ens along the first direction, 10 and for transmtting the nmultipl exed,
pol ychromatic optical beamfromthe honbgeneous refractive index

col i mati ng/ ocusingiheasratahgaved esgtbndivi s bon i wal t il exiig deviee as
defjined in claim23, wherein the second honpbgeneous refractive index boot
lens has a pFaMBFS489i nterface surface for accepting the plurality of
nmonochr omat i ¢ opt kcalombeanmeofisomedtraceast dmeleaptdahl inapma/docasdngor

opt | cal  receiiger. to5 cohortabind BTt T SO SrtirRIo"S
hoaneneous bébmactkueelmd§X§mohtiaafir@ﬂf@ixﬂntﬁpnﬁﬁﬁnduﬁprgiqﬁuéﬁag
beams {rom a PEISEPSRESan: PRLTCRETELLE Snt ! JREETEATARE AP (cq,
pokychromati @ opeteall beamrdatiain, eagheonesepondal deretvimn 2962'619_ The
e e ShHPRLehE Lo e F L A8 yrplbbbiaction oroth0 [ 2
with respect to fa tbsockiensbuandeseaoniivdi indekohsot22enan afiftiggdatted
Yﬁ{ihig%%21g%¥%i§%§i%§€%§§%¥%§§££] iég)fggékc8059ﬂﬁgk§ﬁggfocusing lens
for transmitting the plurality of monochromatic optical
15 beams from the homogeneous refractive index
collimating/focusing lens along the first direction, and
for transmitting the multiplexed, polychromatic optical
beam to the homogeneous refractive index
collimating/focusing lens along the second direction, the
20 homogeneous refractive index boot lens having a planar
interface surface; and
a diffraction grating formed at the planar interface
surface of the homogeneous refractive index boot lens for
combining the plurality of monochromatic optical beams into
25 the multiplexed, polychromatic optical beam, and for
reflecting the multiplexed, polychromatic optical beam back

into the homogeneous refractive index boot lens.

22. The device as defined in claim 21, wherein the
homogeneous refractive index boot lens is incorporated into
30 the homogeneous refractive index collimating/focusing lens
such that the homogeneous refractive index
collimating/focusing lens has the planar interface surface

at which the diffraction grating is formed. —7 77— —
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*CLMS* 41 WD 01/14920 PCT/USOO 14714 a honogeneous refractive index

col limating/focusing lens for collimating a nultiplexed, tic
opti calwoﬂgﬁfﬁzf'ravel ing along a first direction; and forP%é'gnp{fgﬂz

plurality of nmonochromatic optical beans traveling along a 5 second
di rection23t heThbecodeivitie ects omlefdingy subst arltaial | 21,0ppbeireeént hkefir st

di rect i onyofoBORRGE0COUSFLELEROL! Venkdex gl lans affixed te Lpe
onogeneous réfractive rndéx collifmating/ focusing I'ens ~for tranSmtting

t he mul ti pbergdnepos yréfonetive dptdesalbddt beara,f ridve dewikenfgehbens
refracti V‘Eo%npg%i ﬁol |'i mating/ focusing lens along the first direction, and
for transmtting the plurality of nonochromatic optical beans to the
Shonopgeneous refr asecordi numogeraddismtigafydduios ngndexs doong fikessecond

direction : 5 ho geneejf,? r ef | [,ndex I havi ¢ pl anar

interfaceasftﬁgggée; aﬁ%l) a di ract%o?)‘?lédge\r{-g%c%dr}% folr}%agﬁﬂsrﬁe pl g%grgxi nterface

surface ofoflhémhbingéfecusingflerst ifve tndesmbbbingetize frdruraddgar afi ng the

mul ti pl ex o [ e l.nt.o ral.l A

monochr onit TS CRE PAGPepobEiORL fRpmbeRl LRLCHEHobRRLBLY Tepkkctiye

nmonochr ominidexopel titha bmgtfodasing ntens eEldrgddenddustr diractivs, i ndex

oot |ens 8 1.GQ . i | Lm 27, i . geneous

1(fef racti vgnﬁng%gr%gg\es\ffi%ﬁ:sl %?35 gﬁ%e@?ﬁ%ﬁ%%&?m"g"ly%%%@énggéﬁggﬁ

refracti veeemdex dcobhi nmat ithg/ f oc homogenewsissuch reffatctheehonogedesus

f ti [ —eol k] | g/ | h I . jnterf
curface  SPBATER-ERLECTT AR 1R 0 Mona O ] ARG L Ce e

defined in claim?27, wherein the 30 honpbgeneous refractive index boot |ens

ot &1 o oTREHERY R EL AL R 0 P12 SR, 4R SECLA T
homogeneous refractive index ©boot 1lens has a planar -

15 interface surface for accepting the ©plurality of
monochromatic optical beams from at least one optical
source, and for outputting the multiplexed, polychromatic

optical beam to at least one optical receiver.

25, The device as defined in <c¢laim 21, wherein the
20 homogeneous refractive index collimating/focusing lens has
a planar interface surface for accepting the plurality of
monochromatic optical beams from at least one optical
source, and for outputting the multiplexed, polychromatic

optical beam to at least cne cptical receiver.

25 26. The device as defined in claim 21, wherein the
diffraction grating is a reflective diffraction grating
oriented at the Littrow diffraction angle with respect to

the first and second directions.

27. An integrated wavelength division demultiplexing

(T

30 device comprising:
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V¥1Ql/é4920 ECT/USOO/14714 a second honogeneous refractive i ndex boot |ens
affi xed to the honobgeneous refractive index collimting/ | ens for
transmttiWG M2yl tipl exed, polychromatic optical beam ?8‘9),{[5%%6)&714
honobgeneous refractive 5 index collimating/focusing lens along the first
glfect;on, and f@r homagenkbhbngettitecpliue alindgxofcaidigerisvaifiosusphbcal
eans fromthe ho eneous_refracti | ol.l 1 ' fLQcuS) ns
al ong the se38ﬂﬁ g??eg?ggﬁfégb?gT%eMgg%gggéggﬁdgH%¥§¥€%%%$§ﬁEF%gfgaherein
t he sfecond beahotpgearins akfrqaet ifiestndéxebbboh] ered hiar £9siugiag a
interface surface.fpor accepti Ul L r t I ca
bean1fron1app Bfﬁéégys%ﬁf%égoéﬁgﬁgﬁ?ﬁygékgggF?%%m?%ge%¥uréﬁgf;ﬂgfgpg
monpchr onat | geephiicai réeatsn t ccheatsdoeast donecbpon dedinecuibatrantinlldy. The

device as defined.in aim 27 erei.n_the honogeneous refractive index
col I'i mating/ PB@B@%&S Iggéﬁsﬂlﬁ%t %Prpﬁcgcnl%rn'i nterface surface for accepting the
mul tipl exed, pol ychomoaeheonpt refikabesve f Lodeanbopti éanssedifégedane for

outpULL 1 i PLULSILLICOL TRASCI IR 8oGPLL S0l DAY Hau 0 fudgest. one
ﬁ: If ;g\(/:vt ij?]?f gfgft :tgkgaﬂﬁ;]nila:e’d‘iﬁgi ethé vmudittﬁ%maxedionfgrlafchnrgma@rlterﬂp,id_catl the
7585°"A ve BagLn SFUTS] on TS £1 pRERPHERERi ce. CoRBLI TR a T gencous
refractive indetisathihghtoagsiensléns atohbi trhei g ratpldimsidtipnef and
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30 pol ychr omateiagnsopt i ¢al beaime andhbopgeakbest i ngrefisactmile pl exedex ’
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15 homogeneous refractive index boot lens having a planar
interface surface; and

a diffraction grating formed at the planar interface

surface of the homogeneous refractive index boot lens for

separating the multiplexed, polychromatic optical beam into

20 the plurality of monochromatic optical beams, and for

reflecting the plurality of monochromatic optical beams

back into the homogeneous refractive index boot lens.

28. The device as defined in claim 27, wherein the
homogeneous refractive index boot lens is incorporated into
25 the homogeneous refractive index collimating/focusing lens
such that the homogeneous refractive index
collimating/focusing lens has the planar interface surface

at which the diffraction grating is formed.

29. The device as defined in c¢laim 27, wherein the
30 homogeneous refractive index boot 1lens is a first
homogeneous refractive index boot lens, the device further

comprising: m
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a honogeneous refractive index focusing Il ens for focusing the reflected,
mul tipl exedmggol ychromatic optical beam 34. The device_as defined in
clai m MO or conprising: 5 at |east one reflecti ngPeVENAEHo,

reflecting the plurality of collimted, nonochronatic optical beans toward
the diffracti an greaidny. hdhogénheotavi cefaactetienedndexcl bbot33lehsir t her

conprising....at.least one._eflectli elenent fo flecting the, 10
refl ected, ?ﬁﬁ?#ple &4, pgﬁfbhrohﬁgggegsgﬁgal bégﬁgF &g? thén%%ﬁngeneous
refracti veolhideat fropAiugiend en36foA eared gt inglithiesmobt ilpbeked pl exi ng -
device compri,sing:, .a h o} ef.ractive, | ol | lng, lens for 15
col I'i mat i%%?%c%?’%tp]lcex(g%?&g%fygﬁ?%naq c%%ep?? ét):lg(?&%éga?hl‘l' aggﬁ?‘?‘ékf on '
Sgrating fimdese peoHtineg: iy foaddsimat déns mllonigpitbeedirptl goheothdbne opti cal
beaminto_a,pl urali Qf. . .mnpchr tigc.optical beans nd for.reflecting
Che " ol ur i et aBRBERE At LB ol et bR e RopdiRTBma®is, bBEAESLs
refracti viceamslex ffmrsi ng thens f dromoigetieonisg t heefiltacalivkey of inéékect ed,
nonochr onat | £. optica beans. 37. The devi.ce as defined i.n claim 36,
further c%%ﬁ%%j%bqg %?c‘fselansq loerpes e 9ne%te|hneg Se“alceorﬁs‘;nt &Y S ect i ng the 25
collimated, nultiplexed, polychromatic optical beamtoward the diffraction
grating. . The device as. defd.ned. i.n cl.ai. . furth nprising: at
| east one§§'ef | 8¢t icgenge eerfaesntCF J‘!olrnerdefﬁne(:Ct]‘%nlég %%é ng %regh t%;B/eoFngFgect ed
10monochr onadmegapedowsl befresct Dvar dindgdx t lodiondgaseohasr ehr aplaneri ndex

focusing Lens, ¢4, 1 T1L1f¢50TT &~ %%%%%%f%gL Sthe multiplexed, .
polvchromatic optical beam from an optical source, and for
outputting the plurality of monochromatic optical beams to

at least one optical receiver.

15 31. The device as defined in claim 27, wherein the
homogeneous refractive index collimating/focusing lens has:
a planar interface surface for accepting the multiplexed,
polychromatic optical beam from an optical source, and for
outputting the plurality of monochromatic optical beams to

20 at least one optical receiver.

32. The device as defined in <c¢laim 27, wherein the
diffraction grating is a reflective diffraction grating
oriented at the Littrow diffraction angle with respect to

the first and second directions.

25 33. A wavelength division multiplexing device comprising:
a homogeneous refractive index collimating lens for
collimating a plurality of monochromatic optical beans;
a diffraction grating for combining the plurality of -
collimated, monochromatic optical beams into a multiplexed,
30 polychromatic optical beam, and for reflecting the

multiplexed, polychromatic optical beam; and

* € L M 0§




10

15

20

25

30

WO 01/14920 PCT/US00/14714

a homogeneous refractive index focusing lens for
focusing the reflected, multiplexed, polychromatic optical
beam.

34. The device as defined in claim 33, further comprising:
at least one reflecting element for reflecting the
plurality of collimated, monochromatic optical beams toward

the diffraction grating.

35. The device as defined in claim 33, further comprising:
at least one reflecting element for reflecting the
reflected, multiplexed, polychromatic optical beam toward

the homogeneous refractive index focusing lens.

36. A wavelength division demultiplexing device
comprising:

a homogeneous refractive index collimating lens for
collimating a multiplexed, polychromatic optical beam;

a diffraction grating for separating the collimated,
nultiplexed, polychromatic optical beam into a plurality of
monochromatic optical beams, and for reflecting the
plurality of monochromatic optical beams; and

a homogeneous refractive index focusing lens for
focusing the plurality of reflected, monochromatic optical

beams.

37. The device as defined in claim 36, further comprising:

at least one reflecting element for reflecting the
collimated, multiplexed, polychromatic optical beam toward
the diffraction grating.

38. The device as defined in claim 36, further comprising:
at least one reflecting element for reflecting the

plurality of reflected, monochromatic optical beams toward

the homogeneous refractive index focusing lens. — ———o
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