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H GH THR@ba36Er, LOW LATENCY NEXT GENERATI ON | NTERNET NERGBUSSMIBRG
OPTI CAL TAG SW TCH NG BACKGROUND OF THE DI SCLOSURE 1. Field of the
Invention This invention relates to optical communication systens and,

noré to 15 2HIGH{THRQUGHPYD, bOWHiATENGY NEXT GENERAJIOMBNEEBNEE wor k
traffic with high thro on of the
Background Art Recent &ngmgﬁﬁﬂ%%ﬁé S\)&Eﬁé@h@hh Di vi si on
Mul tiplexing (WDM technol ogy have fostered the devel opment of networks
that are orders of magnitude higher in transm ssion bandw dth t han exi sting

comrer ci al KS. case in thr |rrpreSS|ve on
its own, a 2f AN, : DL LSk rklat “ so be achi eved
in order to realize the Next Generatlon Internet n of providing

t he next gener atl.diieldfofuhd Irevehiigth speed net wor ks thaﬁoo@oah neet the
requi rements for supporting new applications, including national

initiatives. Towards Tﬁls%nﬁ‘é]ﬂ»on%lﬁ{e@%o;?tﬁ:%?é’&ﬁﬁuﬁfcﬁﬁéﬁ syshaaniapgred on
devel oping an ultra-1ow | at ency I nternet Protocol (IP) ‘over WDM opti cal

Dot i g (FPUTGRSURS AR CROF e REPOREY 3%%3?{1‘5’%%?% woa%ﬂfaff‘é “BibBiedi No- nave

yet to fullé“reallze this two-fold goal There are a nu ngi ng
r equi r ement ®ireughpetanddowdatenen 25 | P/ WDM net wor ks. First, m Iﬂ .I m vvork
must inter-operate with the existing Internet and avoid prot ggq 9,con icts.

Second, the NG pebywetilstion of teBuckgouidaronly ultra [ ow | atency but nust
take advant age of Dboth packet-swiched (that is, bursty) IP traffic and

circuit-sw tched WM I t et wor k
r equi rgs 4 June 2003%[:&1R r%{e?rcF&d(r&hqek i@lcafé‘éﬁ%lgg&ﬁgﬁ \511'518&11\?@%}}@({ :éon

bet ween signalin nd datap Ioa Fi na esired objective I s that
the NG net(SPMHee bl T4 ttheaéwc pmenya v%weplisrtkﬁt@&ﬂréeraﬁ& formats
so that it is possible to transmt and receive IP as well as non-1P signals
wi t hout t hemagsmithdedrigloeyip kransrhissios pandwidth than existing cdrmental aetmodss iWhile s
Conparison with other work The Multi-Wavel engt h- Opti cal Network (MONET)

system as E@iﬂ(%htxﬁ&ehé% ihMroRphpuft ll@lmME’-E onMu dvim \WotRleSitalihg@REeeR! in
Net wor ki ng" by R E. \Wagner, et al. and published

network latency must also be achieved in order to realize the Next Generation Internet
15 (NGI) vision of providing the next generation of ultra high speed networks that can meet
the requirements for supporting new applications, including national initiatives. Towards
this end, current research efforts have focused on developing an ultra-low latency Internet
Protocol (IP) over WDM optical packet switching technology that promises to deliver the
two-fold goal of both high throughput with low latency. Such efforts, while promising,
20 have yet to fully realize this two-fold goal.
There are a number of challenging requirements in realizing such
IP/WDM networks. First, the NGI network must inter-operate with the existing Internet
and avoid protocol conflicts. Second, the NGI network must provide not only ultra low-
latency, but must take advantage of both packet-switched (that is, bursty) IP traffic and

25 circuit-switched WDM networks. Third, it is advantageous if the NGI network requires

-1-



’ 4 June 2003
in the Journal of Lightwave Technol ogy, Vol. 14, No. 6, June 1996,
denonstrated a nunber of key mlestones in optical networks including
transparent transm ssion of nufti-wavel ength o through nore than 12
reconfigurable network el enents spread over the national scale ;l be‘{‘" i
di stance. The network, however, is circuit-sw tched a!lé
inefficiency in accommdati ng bursty traffic. The typ JeZtEErB z&ﬂﬂp
time fromrequest to switching is a few seconds) limted by capabilities of

both Net f
0 Wd%géégbﬁx%o& bMRRRH SiFRAling(ahFEMY ﬁéﬂda&@:ﬂ&l@f & desite€ objectiVeliOtHabthe

W|th| n the programto |rrprove on t efficiency concentrated on the

"Just-in Ti.me naI i nm
NC&M si gnalﬁékne%'i'k aﬁ Eageessdsa%hq?%c ?g%gﬁﬁ%%gg‘y g'gdnwe-é?é %@ggﬁgég%ﬁﬂe
This estimati on nust be accuratel made for. each network configuration for
every waveraBsgitand rrogive b as we gvrfeﬁrIBmgfélst“ﬂ@Ogﬁ ﬁafrefiﬁgr RERledednd swit chi ng
of the payload. In accordance with the present invention, the optical
packet heaxyechronizationor fmeteonvarsionhe sane wavel ength as t he packet payl oad
data. This approach elimnates the issue of header and payl oad

synchroni zation. Furthernore, with a suitable use of optical delay at each
i nt er sedi AEemmpansorcwith sthietwhrk it elimnates the need to estinate the initial
burst delay by incorporating the optical delay directly at the swtches.

This makes 2 r.....: The Multi-Wavelength4OptitAEN&Gek WMORETPGRRM, RSEpURIhIKO79 a

striking difference with Just-In-Time signaling in which the delay at each

h~I f d
sui t ch-T ongicit RACRAN VAGRAR =R $RRANNARGAGE o 1LIT2 ARRTSH, BE pEOiES

in the calc atlonfortetota herelsllttetlnevvase

in request.i Gt on t I conne t|o

conpari sod® lrﬂ% G?ﬁé%mﬁv tﬁ%@ogyegf?ﬁ Hﬁ %\@%‘mt 38 CRRTAR nbergp
subj ect matter reduces the delay to mnimal, only Ilmtg‘ﬁd r\; t he act ual
hay dwar e KA filsRBesdR PRyca! aetweaehﬂ%%"%&qr@nsn%@t&%%ﬁ%wrs plEreayeleagtinol ogy
fealizes delays of only several mcroseconds, and shorter del ays will be
passilbl e ithronglembret thare] 2 @mxﬁigara‘blvoqutblehmewrspmd over thepationad acaly/fibesi ng an
optical fiber delay line at each network el enent utilizing swtches. The

present i niigtaticeVThendivek howdvies lis cirdnitawitshddad $0fféro e fficianog i dtbemimatisingy
down to the fundanental limt of the hardware, and no | ower |atency can be

achi eved hy(raiafBchehe %fdﬁf‘édixﬂ@cnom@&uﬂﬁ\'e%lm Mﬁﬁé&%@&%@ ROd RAVselASOr tium

(ONTC) result's vvere reported in the article "Miltiwavel ength Reconfi gurabl e

of Lot vl e G SRRt i iy SUC O B P ™
o1 0G1 am Wi Qﬁﬁr{,@r MOSHT 3o fop vk B SR o8 S ok AT

based architecture added a | arge overhead and excluded t he p035|b|I|ty of a
si nglé- hoplimesignakng tsrkemractis mevad atilizes gmacdded 1 WHsnmat ek Moignaling whigh
utilizing the isochronous ATMcell itself. This comuni cation of NC&M

i nf or mat i oprecesle2the detd @aylbadlygin dstimawd melap pitiec Jhisvatiabtémghist bp a¢cardtelpiagde
offering simlar benefits as with the techni que of the present invention.

However, tfog eAdh\HRiWdrN SortfRGiNoH §6t eRbfyalaeRnitH iPE1deObh sShdifdrizeGROSigRimgnt ages
over the ATM based signaling. First, the inventive technique

header and switching of the payload.

In accordance with the present invention, the optical packet header is carried over
20 the same wavelength as the packet payload data. This approach eliminates the issue of header
and payload synchronization. Furthermore, with a suitable use of optical delay at each
intermediate optical switch, it eliminates the need to estimate the initial burst delay by

incorporating the optical delay directly at the switches. This makes
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offers a single hop connection wthout the need to convert to electrical

signals and buffer the packets. Second, it offers far mre&@’@g"%ﬂéwﬁEB

utilizati orw@p0/p466’ bandwi dth by -3 ' 4 June 2003 .,,,

2000 elim nating excessive overheads. Third, it allows strictly transpar ent
and ultra-low | atency, connect|, ARPA sponso ti c rk
(AN Consort1 BRI AEGrRREs SRRt dame S ERates 1 UREh Stk s4vEar oa B

Al -Optical WDM Network", by |I. P. Kamnow et 5 al. and publlshed in the

| EEE Jour nal othe$mtfem¢edsltoﬁlnelamvafalﬁ&dmfmmand onist béoéntered jn the.calBulagiondor the
1996. There were actually two parts of the AON program WDM as reported in
the aforenent i gngdieRfy! i1Gk@y, tAdE isTiltk HRROVASRA ihRedh e&q@mrﬁfeamﬁﬁaelaﬁdhmam
sane issue. First thé WM part of the AON programis first di scussed

foll owed by the ,IDM architecture is hr ee- | ev chy
of | Subnet vier ke CHIRINE B RFHER ol SRPABFoT RidlegRRead A SRR e F the
conmput er networks. The AON provi des three basic serV| ces between Opti cal
Ter mi nal s 5 OTs presgyt igyensine subjecs matterredugesithe delay trmpramah onbyi limited by Wietagkuad
service, Bis a transparent tine-scheduled TDM WDM service, and Cis a non
transparent dahagame SeitoHigeddlsedt bah sWighaThe gurrdiiewRcBRip\tedhRolops Sedizes
structure where a 250 nsec franme is used with 128 slots per frame. Wthin a

sl ot or group

and f or mat Thé%?éﬁié.ﬂ Soltofl et nRd ot ARROEp B BREHIP AR B |
the I P over the subj ect matter of the pre ent venti on.
However, t heV\DgamQ feifay KRR @Fgﬁaqarqﬁigby Ysingan @tgcglr bfafélehﬂ Ifperah gaghay | oad
in the B-service reqU|res , . careful synchronization between the signaling

header and t he npewdrkaibmehhuslizieg switehernThdpresent $neativersubgecs matteg actievas thee
250 m crosecond frame is used with 128 slots per franme with 20 arbitrary

bit ratesy, Not |08k pbiifole YRS AoWAaG R Ful@SindRalQfi#i bf e Habfwdib tan'd%‘é%wePUt

this synchronization has to bé achi eved across the entire network. The

scal ability anqtlnterogfrag l¥rare xtr%(51 L‘\édlffICUH smcethese do not
go in steps witH rReEAS 'ﬁvg‘{/ PP F O e qui renent . 4

~tt~, Il r~r~"i: 4 June 2003 ( ~PEAJUS 1 ?' FEB 2000 The present

i nventive subject nmatter Tt@qun@hanos&mEmnhogaﬁqaﬁqmnm@NBﬁakfeatﬂé%wwet h
existing IP and non-IP traffic, and offers scalability. TDMefforts are

aimed at 100 G}éportédtinltmz&ﬁclel“mmﬁ@vmmigﬂx RéconifigutableaWanN/ A TM/SONBIr K etwualk e
the potential to provide truly flexible bandw dth on demand at burst rates

of 100 5 Gb/s. gt&gﬁﬂeﬁgdhgﬁ @tﬁrﬁd?‘g@ﬁ ‘rIeH(ffi‘Pf ﬁﬁi‘B% L) ﬁ%ve%hﬁcﬁﬂg}es\/ol 14,

behi nd such hi te systens rnly re to no |near|t|es

Fechnol ogites. calbd Pt Zﬁ%‘éf’&p‘ii?é#“s‘é'?ﬁﬁﬁw'fs?e&?%e 250 and Phi 1 a7 "

extrenmely accurate
wavelength) of the ONTC program were configured on a Multihop ATM-based network.
While such an ATM based architecture added a large overhead and excluded the
possibility of a single-hop network, the packet/header signaling was made possible by
utilizing the isochronous ATM cell itself. This communication of NC&M information is

20 made through the same optical wavelength, potentially offering similar benefits as with

the technique of the present invention. However, the inventive technique offers a number
of significant advantages over the ATM-based signaling. First, the inventive technique

offers a single hop connection without the need to convert to electrical signals and buffer

the packets. Second, it offers far more efficient utilization of the bandwidth by
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synchroni zati on of the network -- down to a few picoseconds. |In addition,
t he header and the payl oad nust have the identical bit rates, and as a
consequence, bhit-rate transparent services are o difficult to provide. The
subject matter in accordance with the present invention requires no
synchroni zation, relies on no 100 Gb/s technol ogies, and offers tra-nspa{r%nt

services. The Cisco Corporation recently announced a
. Tag-Swi tching and the general description of G sco's @@%ﬁf?fﬁ&@iﬂﬁﬂ
avai |l abl e - W da- j: 1he.
(http:// wﬁ?‘v‘“&'ﬁ%@é\é&eﬁgﬁé‘% ﬁﬁﬁiﬁé?sﬁﬂl%ﬁsnsm%dys%%‘s%mf“é ad ulraclow latency
SV\AtChI ng assigns a label ~ 5 or "tag" to packets traversing a network of
routers arfd 1?®%hes. In a conventional router network, each packet nust be
processed by each router to determ ne the next hop of the packet toward its
final destination. [The ARPAsipensoresiild-Pptiaa)-NaverkHARIN)feangstiim resudis weree
assigned to destination networks or hosts. Packets then are sw tched
t hr ough t heporet Wpirkartle Bnialt AnWitizbaidvll Opsical PPDMNewagsk'; by het. Kahdnow et
processing each packet. An (electronic) Tag Switching 20 network will
consi st 0fy 3ng BhklisREd InQRhESHFEORUMbI SSelsitd AfRESof(CdrihficARAYPHI 10N, ST out ers

or switches), which connect to (electronic) tag edge routers on the

net wor k' s [ r use
standard rjgﬁ{ ilgéghep%(g %‘?z’)?%‘t‘%m‘ﬁ)"rﬁm??‘e‘?\g dI@H{ rough t\/h%grﬁéetmv\egrq{gﬁéﬁese
systens 5 —~I ~~! . 17 FEB
200D t hen alf&rémf'ﬁg"?%ﬁ?‘gg’ ﬂ’é@gt’%@"ﬁg i hgor?‘t?ﬂtanﬁﬁpifﬁ%%éﬁ“g ‘stsBe 5“8?! and
distribute tlavg information via a _Tag Distribution Protocol. Tag sw tches
and tag edYBM part efrthe AGR:programis fiss disewssed; faliomied By ek BMAart nf or mat i on and
build a forwardi ng database. The dat abase maps particul ar destinations to
the tags associ at ed Tht AIDN frokieectiesisiantaee-tavs! lierdrchi of pubneétsvotitsy andghsentbiash
gﬁy are reachabl e. When a tag edge router receives a packet for forwarding

03§t NGhdtOLARGWIANS, Ardd wmdsxéaﬁntcbﬁﬁﬁtet NedWvbrkk 2YRe ADBBSISVides Ereg dhdior M
app )l i cabl e net wor k Iayer services It then selects a route for the packet

f rom its rQHﬁécPQ({t{vﬁm 8&'%?‘?{]“ 9\ Fdnd ' &? ihga Ql%ggemt&rcﬁllf'e

next - hop tag SW reéel ves e tagge ket and

swi tches the packet sed sol el aI yzing the
net wor k- | ﬂé‘?ﬁﬂéﬁﬂé‘f" The rHERYE ttt”eeaicﬂﬁ “‘t%t‘gw&&‘éﬂ"s 5ta ¥Re egress
poi nt of the network, where the tag IS stri pBed of f and the packet

del i ver ed.iransragint datagram seryicejuped fansigRatingnEht BABRYIfe USES WP Whergadso
Switching, the IETF (Internet Engineering Task Force) has reconmmended a
MPLS (Ml trisep framedoused atidhl 1 28wlotscier frginet Withirpa elnteortgreupsofstoss d asetiiy ek, to
vendor-neutral (electronic) tag-switching function in routers and sw tches,
i ncl usli Ng oAdddeahé inohestionSate und &rmaf. Thed-sereise iniplérhentéd arcithe AN hehit¢onure i)
Tag Switching is simlar to the Optical Tag Switching which is the subject
mat ter of élg's%st% 8RAP hveWOM Walth i¥hk BulliE® niaaat Wtﬁépr@ééﬂ?ﬂw@ﬂnoﬁthﬁ@e%rl l?a@
goals of sinplifying the processing required for packet routlng The key 20

di fferences Eﬁ’onaéfﬁ %k?%"@%ah{tg trhe ctil?vnégé’{ml?&e )P%@Q%dstt‘{'zﬂ s xguée rechlt”e y

optii cal int sense and are’ |l cal form

Whi'l e each I ug- and- nodul e a conponent of
ca‘r)eﬁllgsynch:orgzat on between the signaling header and the payload. This requirement

becomes far more stringent as the 250 microsecond frame is used with 128 slots per frame with
20 arbitrary bit rates. Not only the synchronization has to occur at the bit level, but this

synchronization has to be achieved across the entire network. The scalability and

interoperability are extremely difficult since these do not go in steps with the network

synchronization requirement.

LOVE-AY S ) Ww]
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the present inventive system senses the optical tag, the actual packet

does not undergo optical to-electrical conversion until it cones out of the
network. The Cisco's (electronic) Tag Switching will be all electrical, and
applies ~~1ENDE~ 4 June 2003 WD 00l 04667 PCT/ US991t 4979 el ectronic |
detection, processing, and retransm ssion to each packet_at each riputer.:!
Secondly, the Optical Tag Switching of the present in j hieves '

| owest possible |atency and does not rely on utilizi ri\égﬁjﬂjgrﬁ? Egé: c
tag switchy bobd ¢ : ; ; 3 j i

and el ect m%éwg{l}fl? g@lﬁﬁ%gmﬁ?@?{/ﬁ&%%g ﬁd‘]ot%l)h gg‘:éﬂl%gorgb\nﬁ %%@?é&ogffﬁgﬁg ggent
i nvention utili %gsﬁﬁ.at hdd | ect. @i? and/ or wavel ength conversion to resol ve
bl ocki ng c#d nPR-IE Bafienimdfftepy scpigRlifacket s, whereas the Electronic Tag
Switching will only utilize electronic buffering as a neans to achieve
contention resol uti dPMefforeare aimedat 10hGbis higsetes. dnpragipleasushilfealast IPM nance
is strongly dependent on packet size. The present invention covers packets
of any | engtworks ke ithe, paténtialQpipravdde thdy flaxibliewandwidthgonadentand apbuesteates of 100

i nvention achieves a strictly transparent network in which data of any

formag andgps oleweer,GRéle BR sl%ﬂmdﬂﬂt tS&mbE@&aP&ailéngBﬁEelﬁaﬁu@ﬁ)ﬁfgh%ﬂtrht@ aysiérdg.
Hence the data can be digital of any bit rate, anal og, or FSK

(frequency:shif i L Or - Th ] i - S i r L 1es
that dat o a0 SHERR S Yo esiel rcioh nd e gk oot 1) hgr PR U
el ectronic fag since the rauters nust,buffer.them.electronically. 15

Anot her r éﬁ#“é’gé"r‘ﬁ#‘ﬁ@f’%’és tRARYREFO™E ﬁgi'[he gg&‘%ﬁ"s&g 5}5@5“;8@}’8%?{‘&"{“8{)’%’%8“‘5&993 ent
invention is the so-called Session Deflection Virtual Circuit Protocol
(SDVC), wisyrehronizayas efithe nevork edomano a &y pisesepgndnoln addiionpthe deadspnd thed
"The Manhattan Street Network", by N. F. Maxencthuk" as published in the

Pr oceedi ngayload inkiEtthaG thio ddentitd]l 88 ratpy adbis P@hseqDerventieratd @86parchtservgsearet hat
ywhen two packets attenpt to go to the 20 sanme destination, one packet can

be: r apdom diffiei eeprotide. Thesubjeef Batte? th Adbidatice viithha pebsért envehtiiar reafds @b i S
"deflected" to the non-preferred link. This nmeans that packets w |

0CCaS! Nl ke HifarBA festohy 190 GOl BlE Sng BB Srand Al Sl g6 T on et hod

utilized by the present invention does n ran sel ect the packet to

go to the nost prefefred th: rather. .it attenpts | Qok 1At o.the.
oriorithes of the pankered CamerdBhAens drBiiisp R bosh, 8 8tor Blelsitiine
PCTIU- 99 ~1-9 ~9 ."x %' ~" 7 CCy~ ~~~fl ~ 4 . . ' g1 . ,

packet t o 39 thecasperal descrintion of Eisee’s dag Satinhing seaviabletieheyprid-padeqweh 88 ed i f
they have |ower priorities; however, both "path deflection' and "~wavel ength
def | ect i orthttpi/ewwt.¢ibdozedywarpépuplie/T3 2Meg/).eCisc@n (dlertronie) Tag Swischingassigns o fabkl
SDVC in that the optical packet will be sinply routed to the path of the
next 1pr ef esréragl toapackdretraaemging aneiverkgif houtdrh endwwiaedhesidhha cdaddntiondl esuter | ows
the 5 optical packet to be routed to the nost preferred path but at a

di fferent y@avekeagh Backéihest bapa)cened gy &iRh kQRdri10 RetbAnial tHeRRchoplor MRVALRAIE h
conversion at the network elenents. Partially Iimted wavel ength conversion

s ¥Ut 1T zedwa B HAYdRharh! IMVé\e%{}QﬁiE‘)Sr Q@i évbltcjﬂﬁlgq'n\émdrﬁtﬁfs £1¢ assigned to

destination networks or hosts. Packets then are switched through the network with each node
simply swapping tags rather than processing each packet. An (electronic) Tag Switching

20 network will consist of a core of (electronic) tag switches (either conventional routers or
switches), which connect to (electronic) tag edge routers on the network's periphery. (Electronic)
Tag edge routers and tag switches use standard routing protocols to identify routes through the

network. These systems

AMENDER SHEST
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destination wavel engths for a given originating wavel ength. The wavel ength

defl ection allows resolution of blocking due to wavel ength contenti ons

wi t hout increasing the path delay. The conbi nati on of path and wavel ength
defl ections offers sufficiently |large additional connectivities for

resol ving packet contentions; however, the degree oﬁ;pg{yLahygaygig

conversion can be increased when the blocking rate Y] | o= -

scalability and flexibility of the network are not ZE@SSI gyﬁB

conventio I : ' i ;
A FPYe maeé%egl%élﬁg%g ﬁ%&ﬂ@@%ﬁ tEPsiEAGnR HREMe SN vie

utilizes a unique optl er technique applicable to optical
net wor ks. Packet routi information i s enbedded in the sa hannel or
wavel engt I ﬁ@lﬁﬁﬁ@%a%?fhpfgéﬁ?&o g{fgég’t?’?fétan%ﬁig ﬁgﬁ%'é’“ﬁésafa‘éﬁma‘ﬁa [fea%f’g%?qﬂﬁ&’ mat i on
propagate through the network with the same path and the associ ated del ays.
However , thretopelanfermatisntang uikba forwandingtdatshasead he detabase maps partsularer ent
characteristics fromthe data payl oad so.that the signaling header can be
det ect ed wiektimatibnsheitieags dsqeiated voigh thbse déatiratipaydrdahe pord thioagh twhieh sheyrazd | ng
header can also be stripped off wi thout affecting the data payl oad. The

inventive sihhget matter allows such a unique signal routing nethod to be 8
i i~~~ ;al~r Cue' '~~ 4 June 2003 WO 00l 04667 PCT/ US99/ 14979 overl ai d

onto the conventiongl [ I Gt
Cypes of P ug- and. S ok EARETR R ek 8 pEuIERY I halB hccs e ERGAEN 1O
the shortcomi ngs, and limtation of other nefhods di scussed i.n the

Backgr oun@ng]ééegi%f‘e\m?r:kg]ayﬁ %ﬁ%ﬁﬂ@(ﬁﬁﬁ?ﬂiﬁﬁpf‘ erfbet\ngl'?y&r fe%‘éﬁagi PFlies of
optical networking. In accordance with the broad met hod aspect of the
present i ri¢lesis p&iite for thetnagket from isroptingtablesy applics & sagand foryardsithgpacketita st
network el ement to an output network elenent in a wavel ength division

mul ti pl exinegt-lopssgswichnposed of a plurality of network el enments, given that
hje data payl oad has a given format and protocol, includes the follow ng

1epge (a) generati THe ABEwitiPfebél¥esthé AEFId paokkt aidswitdhkethe Padk@tbased sdlélg on

network 10 elenents, each local routing table determning a |local route

tfir ough . g SaRioRl EhpSing nd MRGIRIMAL sl TRODRelcRlhBCkl 14 e ARG

header to e data pa rior to inputtingt ata pa the i nput

network el enent. th ader havin format and.pr ot.ocol .bein

" cat i veieiis e EattReptet Vhed e s B LB B A5 e
data payl cad and the header, the format, and protaqcol of the data payl oad
bei ng i ndépeiedeade Itsrnnougcqment pbaut thlectrogic) Tag gtYBFhIB& thelE T lterpet Bngyrieering
optically determ ning the header at each of the network el enents as the

dat a payl ckesk Berde)aatrspmprengeaipaVBLE KMuligbrotdeel Wbl Hieitehingd to {raplemernitect i ng
the local route for the data payl oad and the header through each of the

net was k elseamdardizedvenddrarentidl ¢€ledmonlc) agisugtchipg tfiretibe itkettetsant R@vitches,
corresponding | ocal routing table; and (e) routing the data payl oad and the
header t hrigugiingadiv eitdtee network 2o el ements in correspondence to the

sel ected route. I n accordance with the broad system aspect of the present

i nvention, the syst i r Ny b i Wi .el.ectri cal
l-ayer; and (b) an o&%%eﬁlpg%g%?%é}r’rg}ggde} o%](gtaek%h\}g%ﬁgsﬁﬂg Caﬁgilsg%lgﬁytloqge
mul'ti pl exi Rqg. network .including a plurality of .network el nts, for
pr opagat i n@fg{&g\éﬂ\%&ﬁ ‘%‘Hh‘&éﬁébjﬁf"@g‘acb?‘g er gﬁ}ec%esie?f IpyfatioR wit t%g&‘?emfo% VO
001 04667 PCTNS99/ 14979 el ectrical |ayer and destined for a destination in

t he el ect r3imad at thy aimilay gealsrftsimplying dbe niacassing erayiredelor pasketeroutingd Thedewcol .
The systemincludes: (i) a first type of optical h nodule, coupling the
sour c® i n differeogrsiareads foldgves. Farsd thehmptiviDivhgnetithing, is purelyagdeaidn the sense that both

tag and data payload are in an optical form. While each plug-and-play module (a component of
the present inventive system) senses the optical tag, the actual packet does not undergo optical-
to-electrical conversion until it comes out of the network. The Cisco’s (electronic) Tag

Switching will be all electrical, and applies
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optical header ahead of the data payload prior to inputting the data
payload to the W network, the header being indicative of a bo/ {5 €

t hrough t WOk el ements fo data payl oad and the header,Pk?ﬁg format and
protocol of the data payl oad bei ng i ndependent of those of the header; and

(ii1) a second e of 1 cal header | e. .appended to.each qgf the

net wor k el errer?ﬁ%?rof“(‘}rdeget%hP?’rﬁﬁo?fsf’BE’aqng?rgﬁ?’}sHBss?%bﬁoeeaF p%cksgﬁreg% %’nglr'ng one
of the network el enents, each local routing table determning a 1 o routing
path through tSecondlyrthe Pptidalnkpgohwitahing olethe prasentdnednsion aelievesdowesh ppssitile y
determ ning the header at the correspondi ng one of the network el ements as

the data payl qagngnshd@nredabt RIPSRGliAnSveffers NBlodBVhiatMowkchitOwilBiedve ¢ ng
the local route fo the data payl oad and the header through the

correspondi ng e : ) - 00kt U :
header in the %gﬁer’@étﬁg%fl%gtto\l%c?)%%oglrc%?&ﬁgiggg{l g{ema{%gfb ggfeél?@oﬁp?j%}g H?%Qﬁﬂéﬁ‘a
payl oad and t he header. through the corresp,?,ndi naghgn of the network

el ements §n colaecapérunnekibe prosat BN ALZes patt LGP @B AT WPm“é’rﬁh on

of fers numerous features and benefits, including extrenely |ow | atency
limted only hyonhastnao eesdbledblsckifPdudiogiontention ghithetpaekeds, whereas the Electronic
bandw dt h- on- demand of fered by conbining nmul ti-wavel ength networ ki ng and
optics 20 tag P it M‘@l:ﬁl)nl?'rd&mzb klechasie butfeihd Rda WihidtoRhieVScdMatiRh

t hroughput for higher p%l ority datagrans or packets; (4) scal able and

nodul ar upgrades of the network fro nventi.qpal to the inventive

opti cal t ag- SviFRRHRER HshF CosPr iersased BIenE AT b Pestiymiaace 5 kel depndEnhany e
packets, and even non-consecutive packets; (6) cost effective utilization
of optical conpesketrsizs. sihetpressntinventiinesoaees paakets phamyslength) Lastly 4thg Gpeica e
WO 001 04667 PCT/ US991 14979 interoperability in a nufti-vendor environment;

(8) gracegpul apwiteHigPobilePréRntipgemitecachievaci weicHy ehAsParing netéOik innvaiish ament
support of data of any format and any protocol; and ( 10) high quality-of
a

servi ce Commné’fa%s,ifgﬂﬁat aﬁdggﬁltggol%g?@ﬁ% lgﬁg-gt'g S %%5(?8@&1 {52 HUnOthe

of the present invention C erea under stoo ring-the
follow ng detailed description in conjunction wth the acconpanyi ngf

drawi ngs, in widteRan bg eigital ofany bif rateo pnalee. o8 5SbsErcauencyrihifedzkeyingoy igmmat.
network illustrating the 1 o coupling between the optical and el ectri cal

| ayers of the bt Bleckonis TagfSyatchingneqoimes thaipdatd paylloddte havethe givennligital bmate
FIG 2 illustrates the optical |ayer of the network of FIG 1 show ng the

relationship bg{-uged i« 1R MRUORR taf sBBAh1BALA mAA BubR} AeRPdlb@RMicalpd the
use of the header/payload in network setup; 15 FIG 3 is a high-lIevel block

di agram of. one Plug & Pl dule in accordance with the present jnvention
for headédr encodi ng and %é‘&ggef r?*’é'ﬁ%\‘}?%;ve C&‘&ﬂg? iﬂa S‘?ﬁ’@%ﬁsﬁ’ v m\br}ci)t&}ﬁe

di agram of another Plug & Play nodul e in accordance with the present

i nvention for pesentagventiondkiee sorsabedybessionielestion Virtual Circuit Protocol (SDVC),

which is based on deflection routing method. The paper entitled “The Manhattan Street
Network”, by N. F. Maxemchuk” as published in the Proceedings on IEEE Globecom
’85, pp 255-261, December 1985, discusses that when two packets attempt to go to the
20 same destination, one packet can be randomly chosen for the preferred output link and
the other packet is “deflected” to the non-preferred link. This means that packets will
occasionally take paths that are not shortest paths. The deflection method utilized by the
present invention does not ‘randomly’ select the packet to go to the most preferred path;

rather, it attempts to look into the priorities of the packets, and send the higher priority

-7-
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elenent; 20 FIG 5 is illustrative of a WoDMcircuit-sw tched backbone

network;: FIG 6 illustrates a network element of FIG 1 with its enbedded
switch and the use of local routing tables; FIG 7 depicts a block diagram
of an illustrative enbodi nent of a header encoder circuit for the

Plug-& Play module of FIG 3; -11 4 June 2003 V\D(P 90?1,0?91]979
FIG 8 depicts a block diagramof an illustrative (o)e/ly tﬁ a ‘he
renover circuit for the Plug-& Play module of FIG 3;"hE G119 e’r_)E(ﬁ ¢MA0

bl ock di ag&&e&* B8'be %ht%d fo\Rd prafelu @ pARDPRE @ném ohll Be Af1cEel ?ﬁh@_f hdvk IGwert for
the Plug-& Play nodule of FIG 4] FIG 10 depicts a block diagramfor a

nore detail.ed. enbodi nent . Qf | erei,n the tag-swihch controller4ncludes

i nter poseanﬂﬂﬁﬁ;%%vgxg?@, P"é‘hf}&ﬂé{i‘e{bﬂ“@e g&%ﬁg@\M5ﬁ%FtpgS¥c H%lrﬁ)egy ;]Jh%lﬁ FI G
11 is a flow diagram for the processing effected by each tag-swi controller
of FIG 1deflection fFsimilasitq sanyensionplchly ¢ imdiptihe optirahpacketwil be simpiy: outgdiathy s
have been u; where possible, to designate identical elenents that are
common t opithef thi gextesefelOhcellt tHeBamESERE ENGUONT herwavebagthtdeflgmion allows thei ght
into the fundanental principles in accordan ~ 5 with the present invention
as wWel | agpical padké: 96l HE RutertHtHRAhAAOYrefteRE Phthiblt dthQlifF@antalaveRhgtBY Fhii ew i s
first presented, followed by an elucidation of an illustration enbodi nent.

Over vi ew o i Becd e R bE WAL AmdiDechvBSIoHAL lhe hBEvokeaLhEh SOPLANN,

| at ency, put, and cost-eftective bandw -on-demand for 'l arge

bl ocks of,.data for NG appl.ications, Cost-effectiv d i.nteroper.abl e

por ades. bBTEh e HsrRgy st ifraon Bty meaihs pes ke oS il e 2:
"Plug-and-Pl.ay’ nodul es. on the existing WM net wor k el eiment; ffect

so- cal | eddestipstion yravelangthel9r 3 giver Rrigigating wavsleagthy Fhe wiayelength deflegtion aljpws

awi tching The invention inpacts both the hardware and software for the NG
net wor k f resstutadnlof-bl®king4lud tmwa@igthbatef o3 Aa81puFigireassaothe patddelay. The

gej spectives, including architecture, protocol, network nmanagenent, network
Lengnt desmighatioadd pahakd Waeklémpahddleiting sfferdSufficleH@he thrgendditid@almet hodol ogy
carried out by the network and concomtant circuitry for inplenenting the

net wor k ANERIS ARABhBhors Mool IMRPLE fhal\AVeiBiidh i NO -~
def i ned :‘Es&tnﬁeg'gynar{i gsog)e‘rrlle at?i&og tg?%erll ’routi%@ pat ?or}ﬁg’Jla eleit
conversion can be increased when the blocking rate starts to rise. Such scalability and flexibility

of the network are not addressed by conventional SDVC.

15 SUMMARY OF THE INVENTION

The present inventio: utilizes a unique optical signaling header technique
applicable to optical networks. Packet routing information is embedded in the same channel or
wavelength as the data payload so that both the header and data information propagate through
the network with the same path and the associated delays. However, the header routing

20 information has sufficiently different characteristics from the data payload so that the signaling
header can be detected without being affected by the data payload and that the signaling header
can also be stripped off without affecting the data payload. The inventive subject matter allows

such a unique signal routing method to be

iy e



burst duration by an in-band optical signaling header. Data ?)éjgﬁ%?go%re
rout ed throqg 05/9& .y\DI\/I networ k using an i n-band WDM si gnal i ng header for
each packet. Al a 8 t chi ng node, the signaling header is proREBY8Y/ 14Ty t he
header and the data payload ( 1 ) may be immedi ately forwarded through an
al ready existin e connectjion, or (2) at o path can be'setup for
a burst durati oﬁv{r%fﬁé?%’ FRECTHOR] et‘é(ﬂ'g‘ eleracrisinee mogilenthani®iby adding o
tag-sw tching enables highly efficient routing and throughput, and reduces
the nunber of |PPFeRiePl -PlayunoduledryThedapémiye slisjeRatirl SvEQUkDgat the
optical level to one hop as managed by the NC&M which creates angl mai nt ai ns

routing i nfor mashiostomikige aflé Bifitation o the inter-rel ation _
bet ween optical |ayer 120 15 and e?e@?ﬁ@%ﬁha?s;@g%i%néfﬁe B%ﬂ‘éﬁr‘?l&l rEEWRI While

100 as provi dedydnty j a 130..coupling the optical |ayer and
the electrical | ayergéo‘é%lgg‘gfr“?%n ItLer é@;ﬁﬁp%‘b“%g nefwerkéngnpl i city, as

bei ng conppsed of two conventional |IP routers 111 and 1 |2. Optical |ayer
120 i's shown as being conPd§errdeice véthibe lrasdanethodaspectuiake prbadm Irdntion. a
Intermediate layer 130 depicts conventional ATM SONET system 131 coup I'ng
|P router 112 tmethed farprepagatideaga pdyddad oSS heAToR A BY ST 130 18

header network 132, which in accordance with the presen ¢ ?“tBBhpI es
| P router 111 tretwidrk\Wiinfentif .G 1l pictorially illustrates the

| ocation of network 132 on a%%?%@? d Q&%?%@"ﬁfé%%?%m vemPoedad atpdariabityns’
network with f i.pteroperability and reconfigurability. It is inportant

to enphasi ze a'tH ehl#rg eg"&'? ﬁ)fs, &L ﬂi‘%éheéa&@ﬁl%ﬁddfas BlgBrenifornat anklpr6toeat! indfidef
one -13 4 Juﬁl?e ﬁ%ﬁOS,V\O%OOI ?$667 PCT/ L1S99/ 14979 enbodi nent in accordance
with the prese QViRE Beps: () generdting andmnrig a RLATSMnIBYje il ! :
enbodi nent, be ?n ATM router or even a swtch. Now Wthgr?efeébgﬁ%ggétgglgfﬂaork
2, optical0 | ayelented@, edchfAbéal rduting K10 Wbteirhi tail Jincluding the basic

t echni que, in accordance wth tk?g preseﬁ?ﬁllnn eﬂﬁlp?%r{?utg Pgl theAssogiated one of
connection in eRdiesbrk 1,..conposed of network el enments 125; the
setup uses opti cal s%’%%%%gﬁégﬁd@n RGR! haaderde dhmgatmpayigadiptiar paypiaes
Thi s techni queco inei the advantages of circuit-sw tched based WOM and
packet swit et hBLEs, qadite theapwigiedsorkndbemerithe héatigr havig B8indl ah pRAOES
in the formof optical signal header 210 which is carried in-band th hin

each wavel engt Ahd being indinative ofidie ébcan givke ik nt.. Optical
; S O

signaling header 210 is a tag containing routing and contro

such as the sopiayiéad #ashé RéldeP Lordty. and the | eng the packet,
propagat es through opti cal net’m%?@%%‘&dngrpé%tgﬁgrﬁ%@aéaB%)S)P%Sh ipg indeperclewdi
net wor k gkemenfy.lsdls sense ti.cal signaling header 210, |ooks-up a
connection tabl gf |%c%3gu% %°&°‘i°if>g5*f,hegﬁfa; @gkwaﬂﬁdemh#ngﬂmﬂ&awfahe@% of the
cross-connectior 1 dd, drop, or drop-and-continue. The connection table

i s constant |y UfYatketiengnts antherdatamyadumd header propaeitvas :
network el enments 121-1: Data payl oad 211, whi chpf glaFows glpl) |caI@%§§ﬁ°\é€M

header 210, i s(d)eeleaingtthe teghrodteor SR Yy NG o R L S e S ot e )
; e1ls

as established by the connection. Wth the arrange

no need to ManNagRotkGerhbdls agﬁ’ét%igeecf I\JA)’feﬁ)r(])k%%tdet%L header in the corresponding local

routing table; and (e) routing the data payload and the header through each of the network

20 elements in correspondence to the selected route.

In accordance with the broad System aspect of the present invention, the
System 1s arranged in combination with (a) an electrical layer; and (b) an optical layer
composed of a wavelength division multiplexing (WDM) network including a plurality

of network elements, for Ppropagating a data payload generated by a source in the

-9.
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20 signaling header 210 and data payl oad 211, shown by T in FIG 2, because

each netw el enent provides the optical delay needed for the short tine
required fqyog@eeecti on s up within each network el ement vi aPEEVESY/ WA %an

i nterposed fiber. Mreover, the formand protocol of the data payload is

i ndependent of that of the header, that is, for a give network whéreas the
format and pr cdentrdal tefyet arel destivied fomiaaleptinatidntie the electrical heyer.aherdata payloa 4
June 2003 WO 001 04667 PCT/ US99/ 14979 and t he protocol of the data payl oad
can be the Sa%_v?% Lgivell forRheaid frofitbl. MoBesyRfent fiRIMIREADY a filsRGipe @EBhlicAK ON

is associated w a preferred path which wuld mnimze the cost® - in
FIG 2, the overall path fromsource 123 tq desti,nat] 12?2 S.iRpcl ydes
paths 201 and DoSeFobneHE SoRSE it e GRisH g Tavtiin S v B iR
conput ed based on the total propagation distance, the nunber of hops, and
the traffic | oeicalireadgrrabtast ofthie dataatagingdiprios tadimpatiingdbe dea pagload 1gtha Yl
wavel engt h. For exanple, the preferred wavel ength on path 202 is WP. If

this preferredndpabik, tHe Hehiger drinplinticuavebLapeh rbﬁte&hf(ﬁxgﬁﬂd)mwafkedel’ﬂyms fo
anot her packet, then network elenent 121 quickly decides if there 0 is an

available alte vel :ﬁ,Hg ‘%f ferr th:.. This
alternate mve‘#%%é%ﬁg%duﬁdqﬁgh%@eéé&%pf e Eﬁ%%ﬁrgs of g{rhgéﬁ E?y& ? hogalbilgﬁ}lgt ed
wavel engt h conversiaon in netwqrk el ement 1. If there_is.ng choice o

wavel engt hs whindepeariensed thoss A Hisrheager; ﬁn%apzﬁcase?ni wpsaéﬁpwihmf modefeer r ed
path, the next preferred path is selected (path deflection). For exanple,
in FIG 2, patépedds tardci?Ofthe metvask attenems; forepporseatochhmuting tabld mranat i ve
path. At this point, the preferred wavel ength will default back to the

original wavel @d}ﬁgsﬁoﬁ%ang' gﬂkte%ﬂl tggﬁtetivﬁfi‘ ¢ eRIRES Sadl 1oL ARBR AT tfagrel cﬁﬂ:ngﬁﬁiﬁé pate

wavel engt h can procee efault wavelength is again already
occupied. In FIG. 2, path 203 is an alfernati ath with the_.sa

wavel engi!ft vip, ogtial pathihisan fhe Chrreapedin B° ofifr BEbor ey S PRISHY engt n
WA. In an unlikely case where there is no conbination of path and 20

wavel engt h def tetetminmgsbahesderat the gomesponding onkof fecietworkrlementi aetherdatat
121 will decide to drop the packet of lower priority. In other words, the

new packet trapsRedd aridHeadépropigzatty Gfee tieeWDM Rt wWorkt it selet@hd e IRl route fo
wavel engt h takes place by dropping the other packet of the lower priority

001 oase7 pri vlbePERHARn I RERLAIR Gk Sqmesbinding ohAR P AR eleer

types of so-caller Pl ;g and-Play' mpdules to efficientl %handl. e bursty
traffic by proes detergnipedielooking whibs dieadssdp the aorespensinglosal fondrgiable, and §
circuit-switched WDM network el enents 121 whereby signaling headers are
encoded orst o | Foypimgkld datapaylaa@anctienedderhiioupk descarespending site dfithe netfvork
"Plug-and-Play' nodul e, represented by el ectro-optic

elements in correspondence to the selected route.

The present invention offers numerous features and benefits, including
extremely low latency limited only by hardware delays; (2) high throughput and
bandwidth-on-demand offered by combining multi-wavelength networking and optica

20 tag switching; (3) priority based routing which allows higher throughput for higher
priority datagrams or packets; (4) scalable and modular upgrades of the network from
conventional WDM to the inventive optical tag-switched WDM; (5) effective routing

long datagrams, consecutive packets, and even non-consecutive packets; (6) cost-

effective utilization of optical components such as multiplexers and fibers; (7)

-10 -
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el ement 132 of FIG 1, is now shown in block diagramformin FIG 3.
Whereas conceptual ly nodule 132 is a stand-al one el enent, inpe*@ﬁgnc_‘gw
modul e 132 WO 0p/A466grat with network el ement 121 as is shown in ;
nmodul e 132 is interposed between conpliant client interface (CCl) 310 of
network element 121 and. IP router 111 to. enc opflical signaling header 210
onto the pac kel‘%‘eré’aﬂli?gﬂlmflba YR F?V’J?Ign?fga@éﬂraéﬁ@%g‘ngﬁi]?'%éﬁgept‘{?gpéﬁ%%
optical signaling header 210 fromthe packets dropping out of the network
vi a header renmetyorR2kmedts) é9)ardngparentcugiport o6 daiaof any al and BRY prajognl agreld
where the IP traff interfaced into and out of the WDM network, which is
between the clicemthigNgedirpef-s@vice coniinidttong! ement and the | P routers. The
client interfaces can be either a CCl-type or ; non-conpliant client
interfaces (NCl)-type. At these interfaces, header encoder 321 X opti cal
header 210 carrying the destination and other information in front of data
payl < 211 as the | P signal is translplorted into network 201. Optical header
210 i s encoded BRIEFIPESGRIRHMAY QFTHEDRAWINGS npdul at or (di scussed | ater).
Signal i ng header renmover 3 20 del etes header 210 fromthe optical signal
dropped via a client inteTHeaeschimgzhiphopiesas imleatidn capbe lekipaaidetstdod HyP
router 111. More specifically, nodule 132 accepts the electrical signal

fromIP rout 1 fefal: l ek ks des: QR

wevel engt b opt S T Toll e BGIIEA SEerRh R L odyfuy DR b e EHppAfihg
entire packet. dul e 132 .communi cates witl - 16 4 June 2003 v ~~ W ~ .
.y S i o~ ~~' ~qfwings, 18 ‘200C NC&M 220 and buffers the data before
optically converting the data if requested by NCc~M 220. Mdul e 132 enpl oys
an optical transmtter (dfi€cdssegidtatiameprasanitationetageatrshegtiworkallostedingdhe he
client interface wavelength. (As indicated |later but instructive to nention
here, nodyge 13L%u¥3§n§‘b&@e&9fﬂé§iﬁti‘é£1€hn‘di Albthlall 1484 dFithdhdawork & dFfetteli® one
wavel engt h adaptation occurs in the 5 NCl; however, the
bit-rate-conpat]bil.i %E/heeof NCI . wavtel ength adaptation and the IP signal with
optical header SRt B BEFRHINVERRY i n advance.) FIG 4 depicts a second
type of " Plug-and-Play' npdule, optical elenment 410, which is associated
with each WDM net wor k el eFht2 ilpgtratossthe opticad|lasres af themetwesk of FEQ ukshayying the
pur poses. Mddul e 410 is interposed between conventional network el enent
circuit switch elaionitip bbwveed 2k aptitabsipnaicadenahd dutatpaiiond atled heowse4F the
Modul e 410 detects information fromeach signaling header 210 propagating

over any fiber gOks ASn RV H86uho nodul e 410 by tapped fiber paths
404- 406. Mbodul e 418r noctigns tor agﬁr’eve very rapid table | ook-up and fast

signaling to switching deyj 43Q.. it controller 420 i nctipnally
equi val ent’>t o the convent ﬁ)(gg 1S aPg -\lf\égeﬁp@pggtagra%géanefglpgi‘ibﬁtjaydp?qoqllegmt he
network el enents; however, in this case, ~ s the purpose of this switch
control | er 420 #csordanexwishtthe presanit invention fprthshdat epcoging anbhdadomnenosgal 220
and determ ne which control comrands are to be sent to tag switch

controller 410 based on t peG N isod hibN-levEl Biock ldfdpraitiof aHoth& RIS 8 Blay flodtde in
receives circuit-switched control signals fromnetwork elenment circuit

S, o L Bt L VRS i SE ebAR §8 nwons

circuit-switched and the tag 20 switched control schenes. The sw tches
(di scussed | at eF‘F“&?Bﬁpri sing sw tching device 430 al so

20 FIG. 5 is illustrative of a WDM circuit-switched backbone network;
FIG. 6 illustrates a network element of FIG. 1 with its embedded switch
and the use of local routing tables;
FIG. 7 depicts a block diagram of an illustrative embodiment of a header

encoder circuit for the Plug-&-Play module of FIG. 3;
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achieve rapid switching. The delay inposed by fibers 415, 416, or 417,
whi ch are placed in input paths 401-403 to switching device 4 re such
t hat the delvagoo®6t arger than the 17 1:, t,' .,~ ~~~" fir’ .Pg’P/HS%ﬂlﬁ'g%ZOOS
WO 00/ 04667 PCTNS99/ 14979 total time it t~lces to read signaling header
210, to conplete a table_| gok-up, and to~ffect .swi.tching. .oximtely, a
2 kmfiber provides 14 nt&fobeedsa Py Of?‘ﬂéﬁ“sﬁfﬁgg‘??gg@‘g’l‘m\/a\ﬁ{g
network el enents represented by el enents 121-12~ and whi ch enconpass

swi t chi ng devi esme\@d circuit fod ehie Phay-&-Pteythod\delofFldp 3Wul ti pl exers (WADM) ;
Wavel ength Sel ective Crossconnects (WSBXCs); and Wavel ength I nterchangi ng

G ossconnects (W XCs) V"'tFTGM&%Ft?a%&'cﬁﬁ‘%&gfo??ﬁYﬂsﬁaﬁ% &ﬂsaaamel&ﬁb@ashel n

operation, nodule 410 taps a s fractio e optical signals

appearing on paths 401-403 i.n . grder to detect,.i rmation in each signaling
header 210, an{C@ePEFHETH OF%PQB%'%SBiqydP%&"g%m%g’for swi t chi ng devi ce 430
after |ooking up the o connection table stored in nodule 410. The fi ber
delay is pl aced in pat hs FiG11depiets atbherk dizgsam dekemormadatailedasabngimentfdnd
payl oad 211 reaches switching device 430 only after the actual swtching

occurs. This fiiRfeifl leag-kwitsiPesitidlier iRhideSinthased addnatiplerérs\ridhdagader
detection, table | ook-up, and switching, and can typically be acconplished

in about 10 m groseco ith 0 2 kmfiber delay in fibers 415-417. t 5
Since there i s%ﬁ °‘§’§%$‘?§f?¥ﬂ“@9‘%‘?&c c;cal , hor electrical-to-optical
conversion of data payload 211 at network el epents 121-125, the connectjons
are conpl etely transpar eddG. thifta Bevy diagrarp forghe pragessinectitectedhy eachrageswy of
bit-rates and | ower-|evel protocols increases the nunber of different

i nterfaces requongeslland FIGNEequently the cost of the router, routing by WM

tag switching is transparent to bit-rates. By way of 20 illustration,
optical rguting by networ adife ilishtRR hi Rhsec
t hroughput ( 16x16 cross-@oﬁk@@ggﬁ%ﬁﬁgééeﬁtcg %g%&v‘\;ng%h‘%ﬁs haveock

wavel engt hs/fiber at 2,S&/ gec per. wavel ength) which is nuch | er than
any of the cur MBI BRSSIRR. o Aetae ideREa) EREEIS RA ar o RImOR 30 the Jigliss.
conbi nation with NC&M 220 effects a routing protocol which is adaptive; the

routing protocol perfornms the follow ng functions: - ~8 4 June 2003 ., r
'1~V' ''y~~1. ~fPEAUS 1 ? FEB 2000 (a) neasures network paraneters,
such as state QhETAIMEDDESCRIPTIONES, estinmated traffic. del ays, and
capacity utiliZation, pertinent to the routing strategy; (b) forwards the

measured information to NC&M, 220 for_r.outjng C utations: .(¢), conputes the
fout i g tabl e at  NCaM 208 00 getiankbgoRE M BERAT prpcibict PERALE
network el ement 121-125 to have packet routing 5 decisions at each network
el enent. NC&M 2¥ith theguesgatinventionaaswinlkasiaiaraduee tarminnlogit wsgfulfin Sip seque], ar
network el enent, and updates the routing tables periodically) then (e)
forwards a overview is first presented, followed by an elucidation of an illustration embodiment.

Overview
The present invention relates to a network for realizing low latency, hi
20 throughput, and cost-effective bandwidth-on-demand for large blocks of data for NGI
applications. Cost-effective and interoperable upgrades to the network are realized by
interposing portable ‘Plug-and-Play’ modules on the existing WDM network element:
effect so-called “WDM optical tag switching” or, synonymously, “optical tag switchir

The invention impacts both the hardware and software for the NGI network from all
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connection request froman IP router such as elenent 111 to NC&M 220, and
(f) forwards routing information fromthe NC&M 220 to each '}%H"‘@’S@E/l?dﬁ”em
121-125 toWR0/9d86t t ed i n optical signaling header 210. -, to Packets are
routed through network 20l using the information in signaling header 210 of
each packet. Wen a.packet arrives at a network elenment, signaling header
0 i 5 v ead” anbEreReEiEe b st uttBialheiv St Eaaah Aot LR
out bound port chosen according to the tag routing | ook-up table, or (b) is
i medi at el y f odesigndand enabling kechnolagesady exi sting tag switching origi nated
connection within the network elenment. The latter case is referred to as ~

5 "flow switching” and i asaup@ed betle asetiiologyfcagitdicuaby tiRhedWbikedidng; fl ow
switching is used for large volune bursty node traffic. Tag-sw tched

routing | ook-up. tabhl o Q.. | -1 L0 I
to rapidly r ou?c(’amfa”’1 ét?iﬁtpﬁcggf}n%g?ﬂgen}eﬁt#%%%ﬂ% %ﬁﬁe{?mé&trggndée@éjn%n%?e\f}}gl géggll%d
flow switching state is not set-up._ The _.connection set-up request conveyed
by opticalf si ghEPMmpticaigaswitehing s- defined as thedypamisacaeratign phafoytmg path for a
tag-switch routing | ook-up table within each network elenment. In sone
cases, the opt bumi dwatinrely ainsbdndroptibal signalingehdader. edta pagied are oaited tirowgh
al ready be occupi ed. The possible connection | ook up table is also

configured to gl'@aY n v{% qugﬁnﬂjﬁ{m‘ﬁ’?ﬁgﬁﬁ‘ﬂéﬁe?ﬁie%’?b{é?&ket‘?rma{‘

alternate path to route nal . Providi mted nu r of (at |east
one) alternative.19 AM-NDE~ . 4 June 2003 WO 00l 04667, PCTl US99/ 14979

wavel ength sig ﬁY"F?l*B% {‘?‘5}[’)5&0%%‘@%‘“% ﬁsa%r GAPEGS raé‘gé‘b‘? ‘P‘?agﬁr’. af‘%ﬁge ét"“?é‘@ﬁ&’@f‘&@
wavel ength routing al so achieves the sanme propagation delay and nunber of
hops as the opmaydle immedjately dormvardadrihrongh an alrefidyfexisting iflow state senpashioner (2) a
mul ti pl e packets. The alternate path routing can potentially increase the

del ay andot he pathitah beketlpBsr a RiFst dubftioni te Raddlé thelRaddahd thedd24 pAyleadd aniRNS
are optically nonitored to elimnate any possibility of packets being

vaverengtn 1o K- BATCHAERE ey CORRiont SybF ol EANAGHE oy PRI R NRE of

on a first-cong, first-serve basis or on a_priority basis., The information
is presented t &P-devebbensarayired by keepingthe packets rauting\at igeaptisy! gYeg e ene horps
protocol s, using retransm ssion when necessary. 10 Routing Exanple An
illustrative \\BMnagedhy the NC&Mhetlicharddtesrand medineink réiihgfinformanoaini cat i ng
packets anong end-users in certain large cities in the United States is

shown in pictorial form ifhelefiction of FIG! MEHobvs T intes-rElatisd b&%%éﬁﬁ?&l ilegrer 120
terns of its t s conventional "operation, that 1s, before the overlay o6f VWM

optical tag swtching.in accqrdance with th resent. .invention,i
oresent edtw t A EkarisAasFo TR akEeaend petperkd S BEt el Rismedik leyen 130
served by network el enment 501, Chicago is served by network elenent 502,
., Los Angel ¢9uplingstbe ppticahjayse anbthg etactivahlaygo Llectrical layet 1 M isrsbapol fag by
networ k el ement 507. ( Network
simplicity, as being composed of two conventional IP routers 111 and 112. Optical layer
120 is shown as being composed of network elements or nodes 121-125. Intermediate
layer 130 depicts conventional ATM/SONET system 131 coupling IP router 112 to
20 network element 122. Also shown as part of layer 130 is header network 132, which in
accordance with the present invention, couples IP router 111 to network element 121.
FIG. 1 pictorially illustrates the location of network 132 on a national-scale, transparent

WDM-based backbone network with full interoperability and reconfigurability. It is

important to emphasize at this point that the elements of FIG. 1 are illustrative of one

213 -



’ 4 June 2003
20 elenments may also be referred to a nodes in the sequel.) Mreover, NC&M
220 has | ogi cal connections (shown by dashed |ines, such as channel éﬁéoto
net wor k -el enen0/04671. and channel 222 to network el ement S07) PETAHFPVN rk
el enents 501-507 via physical |ayer optical supervisory channels; there is
conti nuous conmuni cation among NC&MJ 220 and network el ements 501-507. NC&M
220 peri odi cal embedimgatinacesrdanascwitly e presgnt inyentigns tinso Hrispamplepalement T

PCT/ US99/ 14979 information about: (a) the general state of each network

el enent (e.d.. mMpshhbthef ethbodiRRhf bk @AA TMIroiferbr vt vaitchan ener gency) ;
(b) the optical wavel engths provided b5~ each network el enent (e.g.,

network el enent 501 is shown i . i i i 1
havi ng wavel ength W/ an@%gpyft@g%@#e’ﬁg%?oeﬁnl\g%g an@géy%g@?élgp%%m%gﬁg%az
whi ch connect to network el enments 502 (Chicago) a.nd SO5 (Boston), .
respecti vel y) ; moseidgtal inchidingthe bagigiteqhnigus. weactedapse WHR BeRretcehvaRlQs. g. |
port S 10 of elenent 501 is associated wth an incomng client interface
conveyi ng spacketttib@Op afast toroikttion irnsstival adtedrin®h cdimposardofperworkklements .
associated wth W2, whereas port 513 of elenent 502 is associated with W1

). 1 o Thus, NG&M tﬁ@@a{?ﬁﬁge%% tied sinafiRY hlﬁi&}?ﬁ‘@ féhge Qé&EﬂJan%ﬁngﬁf?ﬁé\'%d

necessary to fornmulate routes to carry the 1ncom ng packet traffic by the

networ k el ement.s. Agcordi ngl.y, periodically,.NC&V 220 .det.er m the rquting
i nformation i nﬁﬁée@wwe&r’ﬂ’%% ‘E%agkﬁ“&gegﬁéﬂé?m'%‘ﬁg?fﬁgtbﬁéﬁ @iﬁwa?ﬁg paa(e’i
downl oads the global routing tables to each of the el enents using

supervi sory chawitehel ®Rdd IP2@ghnologies. TNewgignating informatipniis addgsl inghe formi afur e
the ports of the network elenents to create certain conmunication |inks.

For exanpl e, Nepifta3ndEheadat BI0WRRh idasfed Hobihd Withibi eackl waRelenghdn the mu
statistics, that a fiber optic link fromNew York City to Los Angel es

(net wor k enent s 4, r.especti . i j ad the
ki 11 e comysafn s prl el DBk sichaBhE BEer 116 Bk Shhiafiily)
to port S 13 in network elenment 502; W1 coupling port 20 514 of e %rrg%t
502 to port 513oWingandpeptrobinformasian VRCl-atBE SoNFCHatestinationoPriuitynast the deneg; o
port 517 of elenment 504. Then, input packet 520 incomng to network el enent
501 (New Yor k Gh¢ packat)@rdpagategthrouidsdptical neeworkl 20lepreceding Hatapayload2] | LBac
Angeles) is imedi ately routed over this established Iink. At network

Cl i ont i nter f acADALABRARE ERuBRF K115 <ARGH ENAP RRARMY RUIEPDI PoisEh o' %)
1 ? FEBZ200QIn a simlar manner, a dedicated Spath betvvtﬁen el ement s ,506
and 507 (St. LOWRECcHAR e Hisayisrecdaierle apd akPY BICESAY SEpt ST 23 CERSEABRACCHER

usi ng WB between network el enents 506 and 502, and W2 between el enments 502

and 507. UFnks agidnédnoas erdtirpprandricontimuen ékhe-connectismstable ipeonstantly gipdatad by out i ng
tables -- are

continuous communication between NC&M 220 and WDM network elements 121-1:

Data payload 211, which follows optical signaling header 210, is routed through a pa
each network element (discussed later) as established by the connection. With the
arrangement of FIG. 2, there is no need to manage the time delay between optical

20 signaling header 210 and data payload 211, shown by T in FIG. 2, because each netw
element provides the optical delay needed for the short time required for connection s
up within each network element via delay on an interposed fiber. Moreover, the form
and protocol of the data payload is independent of that of the header, that is, for a give

network whereas the format and protocol of the header are pre-determined, the format
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characterized by their rigidity, that is, it takes several seconds for NC&M
220 to determ ne the connections to establlsh the links, to do g q_}
connecti vi twooe4s6Tat i on for the |inks, and establish the i nlf)cﬁlT 3t put
ports for each network el ement. Each Iink has characteristics of a
circuit-sw tched connection, that s basi cal ly ne

connection or %Pdcfgﬁpﬁjé‘?‘@@io Q‘Fﬁla@rpaﬁoaﬂ eflber quﬁﬂafé‘lr)’ r%" gfﬂie%p?
NC&M 220 can tear down and re-establi sh a link in normal O operation. The
benefit of sucheadexdedl cated path is that traffic having an origin and a
destination 'which maps into an al ready-established dedi cated path can be

| mmedi ately rout ed wi t hogho REARRA il BlsoialedSpih HRrefbied fifh Ghltbwdaad, the

dedi cated path can be, and nost often is, |ne ficient in the sense that the

dedi cated path _rmay.be .on use of t . 2~~20%
50% over the sE{M g"bze‘p 95%5 Wg:rlgovgtge °¥ ﬁ‘n% ém"&sqﬁ% ?Q:?Eéat 22)
enbedded in each ~ 5 network el ement which interconnects input_and out put
ports has Sonl yingludespaths 2Qinsnal 203finjcagnade.cretibutiliziog tvavelpngth H@Paﬁbkﬁéosfclénarl 0
is changed so that link fromSt. Louis to Mnneapolis is required and a

port al ready as&hgnewlbésedbhehd\i@ml)Secsﬂaghﬁbd_mtaﬁmemeeﬁudﬂbdabfmps‘, andtheUrdfic
(e.g., port 514 of network elenment S02), then there is a tinme delay until

NC&M 220 can r o] d
Now t he oxanpl Sos 105 BARg R Zhvdlfedlabfulced LRl B o EEORT KO YD e
th I f t | ai_d t h

descri pti on. - FPISTedyaicaath et PREBRDSE Who 1 HoPafsrreriath 8as Goapk wavelength
introduced and its use in routing is discussed; 22 ,. 4 June 2003 WO

001 04667 PCT/ UBSreadpa&upiedrby a'nnthchpaakextthqmmaignﬂ@ﬁ¢mtrhel 2ireyaivkdy ddcides if there
generating the tag-switch state is elucidated. The tag-switch state

engender s;0pt i ¢aln éﬁﬂaﬁ%&&ﬂb@%av%hm ﬂﬁodgﬁ%@?ﬁmégf e DaRD T}ﬂ%ltérhate

may assign the tag-switch state to each packet  incomng to a network

el enent froma_client |nt fae e tai state,is nded Pl ug
& Play modul e 14¥cigngh "i“@ “Eﬂ‘ée %‘i}PBSB%‘geSo‘?ff‘E’ﬁ%E’?SF’E lé‘m‘e‘?d‘r"é‘é%g‘gﬁ?%ﬁ?“ﬁ%"n n
tag-switch state is coomensurate with header 210 Esee FIG 2 The
tag-switch stamervosk elsmsot B - b thaozia meoahoigecp fovams epaths which allgyrs transpest Rf the
el ement 501-Q07 in the formof a local routing table. Wth reference to
FIG 6, there ipackehtitbughechgiost sletstridtpatli) ithanekt iptefereadpall ekefistedqpathOl in
pictorial form Also shown is incomng optical fiber 10 602, with del ay

| oop 603, carr k 0 230 <
payl oad 211 1 n iRl B QaefQ IPPRS . Bht 2 he 300 uPREcRB bR e
del ayed ver5| on, of packet 620 .to network el ement 50 Q, rtion of.
the 1ight®ner @e%g‘é"aﬁﬂiﬁg%ﬁ“? pejat thpprefesred WaneiEngt ]}hwﬁi ‘E"&“‘B < tg the oniginal
inputted to optical nodule 410 which processes the incom ng packet 620 to
det ect header XayelengtheWeThe identical pracdseof BRkingsfor ak akéroam wayelssgthgan
conposed of the tag-switch state = 111 O1 O1 | 000', identified by
reference numerbceed ¥ thil! &%&Wldﬁtfﬂs@%aﬁ dh%a&@ﬁ@duple@o Hn FPGtLatﬁaﬁx fO]BQS an
bei ng conposed of two columms, nane ag-Switch State" (colum 1),
and "Local Addr 2). The a tch tat

packet 620 is ¢ tSE?tlg %"ﬁéﬂg‘e% %W?&&IX #‘C\&:Peméitﬂff’%ﬂ 26\% ?WPZh using
routing of the incomng packet. In this case t he tag- svmtch state for
packet 20 620 iafternate wavelengtihWivelr anunlikely,oasetvhespthereds nalspmbpmgon phpath and
| ocal switch address

20 wavelength deflection can offer transport of the packet, network element 121 will decide

to drop the packet of lower priority. In other words, the new packet transport through the
preferred path at the originating wavelength takes place by dropping the other packet of

the lower priority which is already occupying the preferred path.
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corresponding to this tag-switch state is "011 1 ", which is interpreted as
follows: the first two binary digits indicate the incomng port, and the
second twowg ewuagsdi gits i ndicate the output port. in this d4EUS¥AI9Phe
exenpl ary four-input, four-output switch, the incom ng packet is to be
routed frominput port "OL" to output port "11 ", so switch 60l 'is sw tched
-23 4 June 2003 WO 00IN¥&e6Tk Blemcnsdd/l 1109 20 augmentkdwitly tyatypshofwo-call®kt er
t he del ay provided by fiber delay 603, the incom ng packet on fiber 6022 is

propagat ed ontfd hey. HileSW dffibicRily handlebhRfyRediH By BRA4dihp bhée: Of
tag-switch sta?(laljgl %ﬁ%@?@%\%\% }Mt fiﬁsleggs?%dén Theuma{nnerl 0 E;genelrg ing the

tag-switch state i s now caonsidered. N .2?20Q, agali a periodi c basis,
conpi l es a setSWgf° f‘@c‘%‘i’?a{?‘gﬂfé ‘l?rfof‘&?ﬂt‘é’gg‘y %&cuﬁgm@ﬁg&&@g}vg}qﬁﬁgﬁ%ﬂﬂﬂ% E%f
t hrough each correspondi ng network el ement (such as table 610 for network
el ement 501 ) ,wherdbesighalingdicadgss areisingodes ame FP paskals@ad et remorpd when neces
correspondi ng network el enent. The gener.ati on of each | ook-up table takes

into accoynt NC&M 220' s ghehat rype@fl PlganaiPlienskilaeédtedetfdd Hydieduassitce,
if incom ng packet 620 to network 501 1's destined for 1 o network 504

(agai n, New Yo 8S e i I, ¢ j at Wity dpgom ng
port "Ol" and %ggflé@sﬁr i%@?QBL’gg}]g\ﬁld%P?ﬂéﬁp %%?r% r%ﬁ?%l@ Pﬁg& é'ss\g}(‘:élrgjfsed with
out goi ng port "11" and serves fiber 604, then NC&M 22Q is e 10 generate
the appropri at®nerRtEdily modylgid34 s 2 5‘5118'35’[’6 e@l%”? practige, hlFoRntser
downl oad table 610 to network el ement 510. Now, when packet 520 is
processed by ewghmetwarbielenmint ddHaed B shd@nswFES. X; snaahiée 13295 hreemposedAedwean
packet 520 to create augnented packet 620, NC&M 220's know edge of the
downl oaded | OC@SJn I ERéht SRR (mz;?idoﬁ%eﬂvta& H89K419998n@ TP toiReda tib RAL on

addr ess enbedde n packet S20 as o I i

al ned via nodul e |32 enabl es NC&M 2

to instruct nodule 132 to add t appropriate -switch state as header
220 =1 M0t hi SORMEL IR RSB0 TR e e e B ke el B BEadit Ehc
processi ng a packet using the tag-switch state paraneter is bursty in
nature, that i321,ahdéo ranvivecipticdisignalisgheadsr b0 framdthe padketsi droppinggut of the
tag-switch state, swtch 601 nay be returned to its state prior to

processi ng t hepdth@vk $iaddegderithotradm €, switch 601 may have interconnected
i nput port "Ol' to output port ° 10" prior to the arrival of packet 620,

and it may be returned t .0 e .
00/ 04667 PCT/ US99114979 S“’re%‘g%é‘& én"é?g{l%‘? rgxg;?g@%&ﬁ%d&g@ﬁgrxs i&f‘éﬁ%i‘:’@%‘o@ﬁ’@e gpb%f:fket
trailer). O course, .t ma%/ be fat the circuit-switched path is identical

R

to the tag-sw eriaceddrtogag put oithgNyYPM netwerk, pdyieh isdepypep dhaichient myerfacgodi 1y
the local route through switch 601 for processing the tag-switch state.
Howeve [ , 15 i t netsvanke eleaseat ynd the 1R mpuerr Ty chéntentesfacds chn 6O githdrhaeC ChRgpeloyi ng
o non-compliant client interfaces (NCI)-type. At these interfaces, header encoder 321 1
optical header 210 carrying the destination and other information in front of data payl
211 as the IP signal is transported into network 201. Optical header 210 is encoded in
optical domain by an optical modulator (discussed later). Signaling header remover 3
20 deletes header 210 from the optical signal dropped via a client interface, and provides
electrical IP packet to IP router 111.
More specifically, module 132 accepts the electrical signal from IP rout

111, converts the electrical signal to a desired compliant wavelength optical signal, anc

places optical header 210 in front of the entire packet. Module 132 communicates witl

- 16 -
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switched traffic, if any, can be re-routed or re-sent. As discussed so far,

tag switching allows destination oriented routing of packets w thout a need
for the network elenents to exam ne the entire data packets. New signaling
information -- the tag -- is added in the formof optical signal, header 210

which is carried in-band within each wavel ength in the gabt wavel edyt h
transport environnent. 1 o This tag sw tching normnall y“’g’E Us\in’?zfegg 200(
packet - by- packet basis. Typically) however, a | arge nunber of packets wl|

be sequenti@khy 230 ARAHetsahe SANBEER dphiCalSAORVEESE thPakth requelied by NCEM
especially true for bursty data where a arge block of data is segnmented in

many pack for. transport. In C et L LSy ik nef f:: Gl e

parti cal ar e isple BRERRIGYsan SpIAL arRie (cisbuseet B i GhE R Bleufilined | o
routing path. Rather, it is nore effective | S {to set up a "virtual

Ciroul e dif Al IBtsHaGeaGleng. GAS imdieated dter BRb HSIEVCUYS 65 Bentiancdsre, odple wi | |
only informcontinuation or ending of the virtual circuit, referred to as a
fl ow st at el 32dnalextdimpatibBuith MEI 40dftFdGehsined thewavelengtivadaptation eeusiniththed,
and the plug-and-play nodules in the network elenents will not disrupt such
fl ow st at eNCR however,ahsbivdte-Lorfipaibility o NCDwavelenpetestiaptatidhandiths Hosigreat taiithn

wll take place if such a sequence of packets 20 have conme to an end or

anot her pagke h@ide_i@iﬁﬁkt'% g8sYIisRed iRfalivance pauest s disruption of this flow

state connection. The priority aspect of the present invention is also

shoun W h 1 spect, il Bl Tasnd Shebe PRSP NG Sy Rl BhEIIAY
SRR W N T A L T =P

(reference nuneral 616). Both the fourth and fifth rowin the 'tag swtch
state" colpwmesesl NModyfe 4 ik ént@posed hotavean Fenvantiondbimeswerk efemeny gigcuit spitchn
Qéi;lier data packet used the entry in the fifth row to establish, for
exambe, aoxirsllend0 and @uivéntiohalfshirchingdévidd 439. Maduls 4 ldnidtectsdnfonnationdtdeer
packet is processed as per the fourth row of colum 611, the higher
prioriri~ daciiagmling Readdfs ﬂ}b?pﬁa’ﬁhﬁ_ing"é%h?ngiﬁbepﬂbmw, ke privaae & mf)a\gs 410 by

precedent, and the virtual circuit wou be term nated. Detaile

[Ilustrati i l40< O t ks L t P f
tag awi & clip e A R L Ve bR B ook Sp
must be kept to a m.nji.mum durihg the. actu nsm ssi on of. the optical
packet . TovenliGamt Rl BRGSE 4200 St SRt Tes PR BERTD Shiviepud Bl
transm ssion protocol for performng optical WDMtag switching is

i nt r oduceconyeniions! geraftiiperfassd ussddricqonirping thestwark slepentsohaveyet Huthiscashe
sl ow and conplex P routing functions fromthe ultra-fast WDM sw tchi ng

f unctid ons.thdhurposted thipswitah dostrolidni4@0 ésdo ac@pithe cirtat-sydtchedsjguabing froamNC&M
end-to-end routing path which needs to be perforned very infrequently. To

send | P pagdteins détemningd whithlcoftrdl @omnthiad ardad bodent foligy dvatdh@vhtnglles 4 EPbasad én
executed: (a) End-to-end routing path setup, where the IP | ayer software

i nvokes t hge 39! MiEs, RIAMAER CoRRNINESTY febEyRRINAL- L AURAEM I $i3fall RBHNCEM to
set; up an eng- to-end routing pat ﬁ}lf or the IP pacL_et S. This st gp w | 1“ al so
configure rgert]\%orwbell\{len'l’]e%tt \cAchull(t s%vlit%gggét?oll%l X’ﬂ)? asF \lel :rasoilr{ olnrrllgticpnagshderived from each
signaling each header 210, and intelligently choose between the circuit-switched and the tag-
20 switched control schemes. The switches (discussed later) comprising switching device 430 also

achieve rapid switching. The delay imposed by fibers 415, 416, or 417, which are placed in

input paths 401-403 to switching device 430, are such that the delay is larger than the

17
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20 to support subsequent packet forwarding. The tags for optical tag
swtching to be inserted in the optical headers during act uag 8%?’@4979
transm ssi OMOQPB468] so determi ned. 26 w, HFr~i V~~: & 4 June ) /T~~~
9 ~~~ 9 TIPE ~/U-17? FFB 2000 (b) Optical packet transm ssion) where
the arrival of the.optical packet triggers e local, head rocessin

wht ch arong ot HURT dakes hRad SignatRe R0, 105 9 SorRmeltr e B TG A e
on to the next hop based on the optical tag inside the optical header.

Al t hough rout i syitghing Appropimately) & @km fiberiiravideh £0 mieropergnd presessng Wmec A he s
5 generally a slow and conplicated procedure, it is perforned prior to

packet transm swiedbf WDl deRdork2MéindiR feprdsknted b @lenhdhtd 21-¢23 hhd Fhidhanbomhbads
determ nes transm ssion |latenc~~. Routing Path Setup During routing path

setup, the internal. canneck4on ) e i t w |l be
augnented with sglr]({?}gag g\%{ ¢ e(:#(ﬂ%{?-%g'p@taggle@%dﬁ@ gér(ﬂ lglluitigl%)gegs B‘é’ﬁ’?lﬂé%t
packet forwarding information. In particular, in the interest of achieving
ultra-1 owd at elkgvelangtinSelensive Erassapnnestst(VSXGe); and Saveleagdchnsrehasetiduces
tag-switch states that remain constant along the flow path. For exanple,

t ag- swi t ch assi@ogesifecisTWINGS) Witd linpitddowbvederigic bovivatsisn cdpabiljties.
Destination-based flow tag assignnent -- In this schene the destination,

e.g. at s suitable desti Wele Pﬁﬂﬁl{ f ; %Q?
tag-switch state in next Iﬂ?%é‘?@%%%p. ﬁﬁgﬁglg ? isgféllttga%ﬂgg?ggéﬁog)tﬁgle (1)5

dof | eoti on 1 oULPREFAEZR PR ADT H03an oFdebif HeiE ABETBHNGhTn Sach FHEneNTS eRE A
the tag-switch state assigned refers to the end-to-end route that is 2
conput ed dynaniandideterrainettiveappaapriaté tarhmsandst fer seitcipng deviee 430 eft@doaking mpabe
of this schene is that it can be specialized to neet the Quality-of Service

requi renepd s f Qionfafibn kil MbRdah nfcdRieSyI0t CitRditk: QbR is Rlactl in phths 40184303 hat
WO Q/ 04667 Switching Conflict Resolution The present-day |ack of a viable

optical buffer techno].o i.mpl,i t hat conyentional bufferi te i que
chnnot be. used hESTRRHng e g g b e T 8B htine AatcH oty S
invention enbodi ment utilizes fixed delay inplenmented by an optical fiber
to al |l ow swit chheactual svdiehing @geurng Thisifiber delay desngpificsathedelay assaeigied weith
contention resolution as electrical buffers do in conventional |IP routers.
To resol ve swi tigdaidrdietetibgrible [vok-up) and switcldng candidah typicalpr Bsgitbmplivigsdtinon,
the following three nethods are used: (a) Limted wavel ength interchange --
where a packet | digferent

wavel ength. Si nécbzm{ ﬁr{%‘?ﬁﬁ%"gﬁg&%{ﬁﬁﬁ %E(;Or?\?/g@ gxﬁer{)@eti%}% %l?’lufitlbzeg%“?f’ugﬁ't o avoid the

contention, it is not necessary that the network ?I ement s, nust possess the
15 Since there is no optical-to-electrical, nor electrical-to-optical conversion

of data payload 211 at network elements 121-125, the connections are completely
transparent. Contrary to IP routing, where a multiplicity of bit-rates and lower-level
protocols increases the number of different interfaces required and consequently the cost
of the router, routing by WDM tag switching is transparent to bit-rates. By way of

20 illustration, optical routing by network elements 121-125 is able to achieve 1.28 Tb/sec
throughput (16x16 cross-connect switching device 430 with 32 wavelengths/fiber at
2.5Gb/sec per wavelength) which is much larger than any of the current gigabit routers.

Each network element 121-125 in combination with NC&M 220 effects a

routing protocol which is adaptive; the routing protocol performs the following functions:
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capability of converting to any of the entire wavel ength cha4n‘rjlljeqesz.oolgat her,
it is sufficient if they can convert sone of the entire wavel ength
channel s. This wavel engt h conversi on converts both the signaling header and
the data payl oad. Care nust be taken to prevent a |5 packet from undergoing
too many wavel ength conversions which will result im po¥r=signhal +*i'delfity.

A possible policy is to allow only one conversi on, whi g I
enforced by encoding the original wavelength in the opI i cal £ erpfﬂ'h%ﬂs[m3

way an int i at ' ' S ' i=f it is
carried on@ ﬁgggﬁs EFW ﬁéé{a/ﬁén?tgrﬁ‘&%h @%&t??{gﬁ%ﬁégg%gé%%?%ﬁ% %ﬁf?-lfhg - -
where a packet nmay be def]lected to a nei ghboring sw tching node from which
it can be deldysyandieapaciti iiigatiqn; Berpant fRe Fing eﬁ*%&yagaifwmtg%w% to
prevent a packet from being repeatedly defl ected, thereby causing signal
degr adat i anfprozasiontd NC&sM 226 far moutingtoamphtatiensd(e) derhputgs the rawting tableslaeNE&NM t o
PCT/ US99/ 14979 -28 4 June 2003 | PERIUS. 1~ ? DEB ' ~2~00c record a

"ti mest anp20;f(dpdisbeminatdiehoRuiigiableskach n@wdrkadlérassit d21-11 28 {0 ARE pickefroatmed
if and only if the recorded tinmestanp is no older than a maximumlimt.. (c)

Priord ti zqdiRatR badh AR eRthent NELM2R) &N Y bWl pRARILRT ifTBindtioREMPt 2

currently transmtting packet 1f the arriving packet has a higher priority.

The obj ective is tqo gquarantee .fairness to a acket s SO eventuyally a
et anom FeBepRekBek SRt BeaPURBirEnf bhiS PGP b AL AT VAR

packet again has a tinepstanp field recorded jn its optical header, and

ol der pacR%‘t@C‘FfH\/’éq‘Fﬁ‘gﬁ]F@? abn?}l) uter U s emegt 4 tﬁmﬁﬁé@kWs(%afﬁmaﬂ'%r nmore a
retransmtted packet assumes the tinestanp of the original packet. This
way, as areuiogénformagien from the NeakM226 40 ¢ach petwork elymentrid1i2p fto bs/iapettediiny be
able to preenpt its way towards its destination if necessary. t o lt is

not ed t habptical sighaling&esles2ienes the optical header al ways remains constant
ﬁ's)it noves around in the network. This is consistent with the desire to
eep,g he optical swpicghi B rhResMesRhmestorR Dol i @infbﬁndti%nﬂ‘l;ﬁ:g’nalﬁﬁg Bbddee toO
'g%mm der conbinations of these schemes. Routing Protocol ~ 5 _o][ a networ k
the size c S e, SO
the appr oaththehibickst SUGE bR Lk bR UyRalil hade 2 TR

Hi erarchi cal .addressin nd royting are used ag in,the case of | P routing.
Uhen & neAnbMTEIE PORer @ RIgUES oA ek ERAFIBIS G AL BN RBFar s IogHS h 1 s
provisioned for this (source, destination) pair within the WM based

net wor k. 148 rputingdook-pp tablee Ricby isdmamefigipbrfosvarded higgngh ap already enisting Bee 20 hop
| P-level) path. If no such path is provisioned, NC&MJ 220 deci des on an
initial ouwwhchinglofiginked connediienfwithirt the\Biwoek eleménte Thertatter Gasclisaefamediosaasgt h t o
carry the newtraffic. This decision is based on the rest of the

connect i ortgowlwitching” amd;iflsupportetds part of optitaPtag @G ching; flow switching is used for

large volume bursty mode traffic.

Tag-switched routing look-up tables are included in network elements 121-125 in
order to rapidly route the optical packet through the network element whenever a flow switching
state is not set-up. The connection set-up request conveyed by optical signaling header 210 is

20 rapidly compared against the tag-switch routing look-up table within each network element. In
some cases, the optimal connections for the most efficient signal routing may already be
occupied. The possible connection look up table is also configured to already provide an
alternate wavelength assignment or an alternate path to route the signal. Providing a limited

number of (at least one) alternative
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~~~1-9~ 9 ;: ;,.~~ . .'".f ~F~ :~nl'1l~ in the network at the tine the
new connecti on was requested. NC&M 220 t hen uses signaling, througogh an
appropri at sv@ewadsebl , to transfer the relevant information tC VR W al
WDM net work el enent to be placed in the signaling header. After the initial

outbound link is deternined, the rest_of the routing decisjons are taken at
t he i ndi vi dual Waealengtlksign 5>’sreéRE*S§§le E@E&“ﬂiﬂﬁ‘é’ﬁbﬂgt’h healigrpative wayelmgth ng
header information. This nmethod ensures that the routing tables at each

swi t chi ng noderoatifg hise ashigveal the ganepdpagpionaieiayi and nuarbet ofinopstas thar eptinegitcase.
relatively small. It also enables the network to scale easily in terns of
swi t chi ng node : : : i : t i \(EM :
subnet works ¢ a%@e%‘ﬁ%%ﬁﬁggctﬁet %S t“(l‘)g%ee u%gr Bgﬁgﬂ%}gg ﬁ;a%ﬁueg&ﬁ e'I'EHv%:)grl ﬁ%h%kﬁa avuetlng
its own NC&M When a path is decided upon, within a WOM NE, .t he optjcal .
swi t ches can b@weniﬁﬁYilwrf%afhesfieye 4 the pymberef haps And esenaﬁaewsa&%? of
t hrough the node and then revert back to the default state (called optical
t ag- swi t chi ng) the pacKets arefopticallyf monitared sovelimiratecanytpossibilityref gackéts deingiroued
swi tching). The former case perforns routing on a regular packet-by-packet
basis. The Sysih%’ﬂgheasﬁl"g’ecrﬁ&n&?%f H@ﬁﬂ. qa iR B Wheth£ 8 cbh@pfh lof waléiehgtlid Ast O

be sent and at the conclusion of the ~ 5 packet, these resources are
avai l abl e for assi

ment to_anot he acket. The |atter case is used for .
Marge Vol ume. bOvBEnent b ok uibaBRd figk col B sadfed G fiRESeme HRERert§ bpsis.
a flow state tag fromthe optical signaling header of subsequent packets
arriving at ther oEaprone bagiseThe btiomnationjs presentedtopiorggular BY routes and then is ‘
destination, wthout the need to switch the switching device, and forward; )
the payl oad t hiegitghed tichighérdaght peotbsdls,NGirgoRGessmisdIon Whengéeetdagy. NE as
previously 20 established by the optical tag-sw tching. The packets are
sel f rout.ed through the network using the information in the signaling
header of "each packet. When a packet arrives at a swi tching node, the
signaling header is read and either the_packet is forwarded i nmediately
through an 30 ~~41~ 4 June 2003 v~| WRauting Example j jpg~| -5 1 ?' FEB 200Q
already existing flow state connection or a new appropriate outbound port
i s chosen according to thanlimstratng WM eirciiostvitoled iadekeenei metearki500doe exi st
for each wavel ength. If the packet cannot follow the sel ected outbound port

because of contgRdiRfatthg Eaﬁ&?st I élinq)élﬁiﬁ@ers( sl lﬁl‘gk glﬂie 4 RUNdtell RRREs isS

not free), the routing sc ] ry to allocate fterent wavel ength

ene w

for th t bound .por 1 d t . signal will und
wavel ongth 1+ ARt FORERFEh AR RIICS (e Aol Dty st SRR of ) o

wavel ength can be used for the chosen outbound port) a different outbound
port may Be chéewryentipbahopaustiony thatis kefoxgithe hveriaytad Aplégay tagi switchingsn of
pref erence) outbound links. This routing protocol of the inventive

techni que is Sia_&idrdinc]e@vitﬂﬂe@fésbﬁﬁhiv@ﬂiqrri’s'pﬂes@nté@,u'[i ng schenme (recall the
Background Section), where the session is deflected to sone other outbound

packet s not all owed t o BERsistsrRngy I St F SullBie FRMNRL AT b S ¥Eted Y

protocols, a hop cogn is used to block a session after a specified nunber
of hops. In t h&CHERD Mpl;@,hleg%lsrsmégagetwork element 502, ..., Los Angeles is

served by network element 504, ..., and Minneapolis by network element 507. (Network
20 elements may also be referred to a nodes in the sequel.) Moreover, NC&M 220 has
logical connections (shown by dashed lines, such as channel 221 to network element 501
and channel 222 to network element 507) to all network elements 501-507 via physical
layer optical supervisory channels; there is continuous communication among NC&M

220 and network elements 501-507. NC&M 220 periodically requests and receives
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regeneration is allowed at the swi tching nodes, then the hop count
techni que cannot be used. 15 Alternatively, the optical signal] r
char act eri sMOc®/08667e. , t he signaling header's signal to noi Sgc;r@%@?ﬁggn be
| ooked upon to decide whether a packet should be dropped. |P Routing
Algorithmin WDM | ayer The techni que used C&M 220 to determine the
routing tabl es MOTHAUANGEE ka)tAe gensralsiate Bg%/al‘?wae&t@ IR (a8 - %G&‘Sr HRpe
packets from source to destination over the path of |east cost. Specific
cost criteria wpermsiohalropsiie dosmdbr asemerpghdy); (g phropticalivavdlemthoprovided by
count, or average packet delay can be used for different networks. The

obj ective of t I th QN o § apl e
'n forms of 31 AR RHWoRSLHBRER) dl R G A R e g e

aver age del ay through. t he, net work il i nt ai_ni hi gh..t hroughput .

i 31 um coat  SHbe At s S vugnet ST At Porl Rt e
root at each tine, and the information obtained by these trees can then be
used to sef-up wanelangth Wagvhielbrennegt togigemorkgleraents §0hdehecagod agdsPedasem),
routing as outlined above is inplenented, the k-shortest 5 path approach

can be used to resebavely); Bed (€Y ke purisoihivh afe epiedryi the waoelengths (fﬁg%(.hport 3to of
techni que finds nore than one shortest path, with the paths ranked in order

f t. This i I {: i1t @ | Walol [
Cabi o, so 1 hatt TREaD! SRR ph LEuld deh il EONRRIASA A o
mput Led 11 SocUNdBAPOPBIRAIHE NPT AL AESHASE Yah 3% WHSFEREHSI3 Of

defl ection routing. Description of Piug-and-Play Mdul es The present
i nvention is badedent500 it awsodiypeé svidf WR).ug- and- Pl ay nodul es to be attached
to the WDM network el enents. Introduction of these Plug-and-Play 15 nodul es

add opticgl tag sw tchi ngrﬁﬁgﬁ@&mtzaot&ststb?e@éﬂ a‘h&iiﬁﬁaﬁitl’i&%ﬂoEaﬁﬁfo&ﬁnﬁﬁ&x
| G d 321 an

network elenments. EIn F , both header encodér header renover
322 were shown in high-level block diagr form. FIGS. 7 an show,
respectively, a"%bis &Qtfm‘gﬁte%‘ﬁﬁﬁgﬁagryﬁg]ﬁ 1%8%“%9%8%@@2%@“%“?@%&
322. 20 In FIG 7, IP packets or datagrans are processed in mncroprocessor
710 whi ch 'gener elemsntea dlscarginglialpegodinally N§ &M 220rderermines the roytinginfermatipn in
Optical signaling header 210 and the original IP packet 211 are em tted

from m croprocege@smy &) fertexampr) glitbal PIuging kibles, BRddewmlddds the globsbbutifig Ribles
m xer 720 utilizing local oscillator 730. Both the m xed header from m xer

720 and the origj é}@i\ opﬁ%ﬁ%&%ﬁﬁfs&%mkw%mds%x, 2Zf', Ju nﬁxe%;Qc%sal routing

15 tables configure the ports of the network elements to create certain communication links.
For example, NC&M 220 may determine, based upon traffic demand and statistics, that a
fiber optic link from New York City to Los Angeles (network elements 501 and 504,
respectively) is presently required, and the link will be composed, in series, of: W1
coupling port 511 of element 501 to port 513 in network element 502; W1 coupling port

20 514 of element 502 to port 515 of element 503; and W2 coupling port 516 of element 503
to port 517 of element 504. Then, input packet 520 incoming to network element 501
(New York City) and having a destination of network element 504 (Los Angeles) is
immediately routed over this established link. At network element 504, the propagated

packet is delivered as output packet 521 via client interface port 518.
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WO 00/ 04667 PCT/ US99/ 14979 conbi ner 740 and, in turn, the output of

conbi ner 740 is encoded to an optical wavel ength channel via optical
nodul at or 760 having | aser 750 as a source of nodulation. In FIG 8, the
optical channel dropping out of a network elenent is detected by

phot odet ector 810 and is electrically anplified by amTﬁ/US 29 /NRRA G,

bot h photodetector 810 and the anplifier 820 have a fg r

.covering only the data payl oad but not the optical si é)gg#ﬁﬂglle2§2€ré§mﬂ
carrier frequency providedq by |ocal, ascill ator 730. Low s-fJ Lter 830
further filters out ]glrﬂﬁl g W”ﬁﬁcﬁﬁqtf‘*%%%.gmf’ﬁ%“‘E;Efi’ﬁﬁ‘f?@smldiiobégt' 5aysi s
essentially the original |IP packet sent out by the originating IP 1 o

rout er froand Ménnsapalisraspentivaltiseholnes meiishm Wa dbetweeen netwarisglements 506

t hrough the network and is received by another I P router at another network
el ement. Bher502]bRDWRIBeBen fenfehfe. 509 aslePOt s the el enents for the detection
process effected by Plug-and-Play nodule.410 of FIG 4 to convert optical

signal 901, which Camksegmb%wa i@)ﬁggmqwhia_eggﬁihgp@d ihegldsgﬁ@ﬁgngégxggn%é he

data payload 211, into ~ 5 baseband electric ghal i'lng header

Initially, optical signal.9 LS, detected b hot,ode - Lh t put
of | phet odet AR B B et ) Bl POB RE N 4 A 20 Qe e

hi gh-pass filter 930 to retain only the hjgh frequency conpqgnents whic
carry opti E‘Hlne%‘wg‘ﬁéﬂ?Sﬁﬁhﬂb‘&aéﬁkﬁl%%wa%"? fQnaFCtyiy HPRRANGR Orégeskuaﬁa?n 0

| ocal oscillator 950, which includes feedback |ocking. The signal from

| ocal osci kstahtlish the3apus and eutputpors fir each Herwark slsiment. drachlipk hasechagagiedstias ofe xer
960, that is, the high frequency carrier is subtracted fromthe out put of
filter 920citauittsdeReddvnyedtion, thatfiqingbasivallpa pemgrnsnt cofitection 61 Hdealidated pathedder
210. In this process, local oscillator 950 wth feedback |ocking is

utilized t@piﬁé’%flfbﬁ%iﬂi&vhﬁl%ﬂb ORI N & BE 39 aldab AW areR Chtabli AAUBIRGH noRRASE,
ﬁ?ﬁ anplitude, so that the high’frequency conmponent is nulled during the

1.Xi ng of I.S:d 0 i [ Sk

P NRo, 1S The bERG: pf k0% (RS pAH el Ratrichaftdd Sn B KOS BAHGY
carrier. Lowpass filter 9~ which, i oupl.ed. to the out.put of m xer 960,
ol i ver s Gabish A S pRRreAd fuaklisheba ales Spihican be BuIRe gHed Wahou thene
circuit diagramof FIG 10 shows an exanple of a nore detailed 5 enmbodi ment
of FI G 4. nged fenagy seteup. Qrethe lptherbandgthe dedieated pptipcanigpand most oftemigpinetficient o
1040 processes information from each wavel ength conposi ng the opti cal

i nput s ar r irthesensathasthd 0&dicatdd)iagh maY BSonlgnstdl0dnhllgrrqentagesitbel titng (e.g., 20%-
demul ti pl exers 1005, 1006, |0i and 1008, respectively; each denultiplexer
is exenpl i 5pBGbvEythé Bt-upipehisd)t MREoVRE, skitbhind B&/id 30GSRFUG! Mf PEYFAYAAR ehéh
grouped for each wavel ength. Thus, for exanple, fast o nenory 1021 receives
as inputs, ' Vi : j ' ' 1 from
neader det Sobarel By MARLERGN 0 ot PBCoRRRERSLTE SRR hERRAST Eoc

I - h - add bl
(o a Corr olmbRatny RS ElpdunvEhaRbfTErtaatte Sedhiishn S0 LalRls Fafiebiit’

controller 1031-103 al so recei ves_ ci Lcui t-swi tched control . si %nal s. from
networ k el &auHEd and & past #lrsady asigapd to the New York to Los Angeles link is to be used (e.g., port

514 of network element 502), then there is a time delay until NC&M 220 can respond and alter
the global routing tables accordingly.

20 Now the example is expanded so that the subject matter in accordance with the
principles of the present invention is overlaid on the above description. First, a parameter called

the “tag-switched state” is introduced and its use in routing is discussed;

22
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1 s of FIG 4. Each tag switch controller intelligently chooses between the
circuit switch control as provided by controller 420 and thepéﬁgs§9w45%hed

i nf or mat i orVePBeRG62d by it: corresponding fast nenory to provide
appropriate control signals the switching devic 430 of FIG 4. Flow diagram

ag-swi tch cont5i ORE 1A PergiAp 1S L8l SRFRRRE BTed SFnaF s 4f 8 kimegy
inputs fromcircuit-switched controller 420 and_ inputs from fast nenory
1021 are noni t dhedeg-switchastalp epgeadersioptipa debsWitehings| ock 1110. If no inputs
are received fromfa: nmenmory 1021, then incom ng pqcke_ts_ are . _
circuit-swtched via cirNC&MIR0 islTedha anangdd sé2Rat iDaey sisigh the epksviilchstats to
\l;\?%dogfogggsrg] ne if there are anytlvlj nplgjts from fast mem)g- 34 4 June 2003
. | H - &SR
bl ock 1130 is ig%-élhtﬁ%gét;lggﬁgé%%a%vﬁr{(cﬁﬁgegﬁfrg%llalrbgfr%@fﬁ ggnqﬁgt&l €rsrﬁn*1%glsart%m
the fast nmenory inputs the requjred a of , swi tchi ng deyice 430.  Then,
processi ng bl odkappepdesl bysPlug o Rlay ”E‘Qﬁs"h? iﬁ%?ﬁdt‘ ?Qfd't’ﬁ pxgpowgﬁg}eéarpsreamhscusmon.
tag-switch controller 1031 to control switching device 430. If there are no
fast nenory i nphe mg-siliteh stakeis demireneuratel withk hdatldi2 i0s(seenblidk @)l The thgtsavirvhrseate f
there are any inputs fromcircuit-switched controller 1140. |If there are

i nputs from ci ri%rh%&&ﬁ b Rtk 000" ! Rwrdeied {\@ih PEQRRR éieﬁﬁn?yops@ﬁiﬁ thd 50

is carried out so that tag-swtch controller 1031 determ nes fromthe

inputs of circyit-switched con | ler,, 420 the r i.red state of switchin
devi ce 430, Pr 4o 3 il GURn wBYF | T GERrreR I RO Coforeie ShEg pedioe) ity
processing bl ock 1150. If there are no present inputs fromcircuit-swtched
control l er 1 | £01@nditsembeddgsi sitch90bfin pictarea &9ran blse shown Boncaming opficaldiber
returned to processing block |110. By way of reiteration, optical

tag-swi tciy ng feoexwithehgnedrs03aarrying packet 620 edmpased bf ligadwcd 1onandipayiiad 210w
vol une burst, and circuit switched traffic. This occurs by 15 interworking

of two-layer profagalsS qfin e c4RYs sakECSRARORIIET K TR 6852 ddiiss a bGved
pEAr 3008

di stributed switthing control rapidly senses signaling headers an

packets to appropriate destjnations. en a_long stream of _packets reach
Phe netviork of OfFEHen of M&@%ﬁﬁ%&@%éﬁ- Rise apatip phiedichiprecey ng
control establishes a flow switching connection and the entire stream of

t he packets ar eappeanvey arefibdri602 ugtappétbviadibey60 andtingnitied te dpticah meditledHd), wiiich
tag switching nethod scales graciously with the nunber of wavel engths and

the nunber of nadesseskhé ﬁxcbﬁr‘m% hazkéd 620 thiRtckbAltdadéd ™0 -t Reudet 210 fop phadt BogIRS

process nufti-wavel ength signaling information in parallel and that these

nodes | QL por ath%\in?’a% bein% c%lrjnrfn%sg&) gﬁhg\%a%ggspv{/igcﬁss?a?te ‘11101011000°, identified by reference

numeral 615. Also shown in FIG. 6 is local look-up table 610, being composed of two
columns, namely, “Tag-Switch State” (column 611), and “Local Address” (column 612).
The particular tag-switch state for packet 620 is cross-referenced in look-up table 610 to
determine the routing of the incoming packet. In this case, the tag-switch state for packet
20 620 is the entry in the fourth row of look-up table 610. The local switch address

corresponding to this tag-switch state is “0111”, which is interpreted as follows: the first
two binary digits indicate the incoming port, and the second two binary digits indicate the
output port. In this case, for the exemplary four-input, four-output switch, the incoming

packet is to be routed from input port “01” to output port “11”, so switch 601 is switched
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PCTNS99/ 149~9 predicted switching delay in the formof fiber delay |ine.
Moreover, the tag switch utilizes path deflection and wavel %E-'gf"tb&/?&%mi on
for cont erwD®0/0#6@%o0l uti on. Optical Technology 5 Optical tec 0gi es span a
nunber of inportant aspects realizing the present invention. These include
optical header teghnol ogy, optical .nmultiplexing. technol.o Qptical .

swi t ching tec ﬁﬁ?ﬂf@‘ﬁ%‘,y (ég%i’ eﬁgtﬁbfbﬁ Af&ﬁ’ﬁ&g%‘fis&bi’ 2’3’%8?‘6%93-(‘% ISP al
Header Technology 1 o Optical header technol ogy includes optical header

encodi ng and qpthet oh&hereG022 asiprophgated ointe dibss6QH watsiwitcb$ddct to FI GS 3 and
4. In effect, optical header . serves as a signaling nessenger to the

network el ements informpg féﬂagoiagfdwd?ﬁsh;%mag_tswm fias thdigdit Ofbw S uSRAUITR.
and the length of the packet, "Header 210 is displaced i tine conpared to

the actual data payload. Thi | | ows .t he data payl.qgad .t ) c 15

rat es/ pr ot ocoltgarg’Fy?tic)ﬁzﬁﬁ?Er.‘g iﬁa}ﬁ%@%g}h}éﬂ? lﬂgggrcf%%lgewjt ﬁlé]@\s/ﬁ?ég? X?EB“ Phé&s.

| and 8, the header encc is subcarrier based. This nethod al| ows header 210
to be separ at agripdic besisicampiles 4 pei @l dorel look-upablen Exrdeptingiswisehing the ackes
relatively sinple. Header 210, which prece the data payload in the tine

donai n, al so hasuph eivhrecobresgpndingneorsrki smér dsuchhae tiblgbbs fazmedasri elahent
This all ows readi ng of header 210, and eventually renoval of header 210

wi t hout affectd : j, &2 ' i N~ |

L hout af ! ectioly sheadllboy B HHIEH tPho CRbRdRl oM LAl AAETRELRL SR,
tructure has ERCEsperatin oifseh lesanp tble takes it acppt TUAM 535 s pllses Wt
of uni que advantages including: |ow cost, scalability, |owloss, L)

uni formty, arad thongpwotkn®Xs Fof instafoe, if aicomimg piukay6Akmhretiorky/SH iFdedtined for
optical switches are essential to achieving packet routing w thout

requi ringy excegphyil 304! (@i, NREY ofleloWos3in ,1&90‘&?5“ slb 64 24386 BB S tHERBSh IR

Mechani cal Switches offer the best conbinati on of the desirable

characteristics: sgalabilit I | 0ss olarizatian insensifivit f ast
S 1 ohi ng. - ancPab At sy s s pBiep DL s e3RERH v teritar
Optical Add-Drop Switch o achieved 9 m crosecond switching tinme (d) _
Wavel engt h Con\idr ahdservesclibren 604 thesaNEISaMA20 ie ablede gensrate sheiapptoprinate entay ire
packet contention without requiring path deflection or packet buffering.

Both path deflpekiupiatledlPaakrty, e forfthrews asd déwslod@ R 6 10 tonebwsikemient
the sequences of a series of packets. In addition, the packet buffering is

limted in dw?fd@%@&%\;gﬁ 520 iﬁ&%%&és%é( by gfr%:gng{qotp?%aelrng%uelé 32 s0,as to add

non-transparen S. T\ ength*conver s and, resol ves
path, od8l {1 ket 1RGO PRBH $ 31O TenapoEmFNEd Priet DaTNCRMBIE PR Ies of
imted the downloaded local routing tables as well as the knowledge of the destination address
embedded in packet 520 as obtained via module 132 enables NC&M 220 to instruct
module 132 to add the appropriate tag-switch state as header 210 -- in this case
‘11101011000°.
20 It can be readily appreciated that processing a packet using the tag-switch
state parameter is bursty in nature, that is, after switch 601 is set-up to handle the
incoming tag-switch state, switch 601 may be returned to its state prior to processing the

flow state. For example, switch 601 may have interconnected input port ‘01° to output

port ‘10’ prior to the arrival of packet 620, and it may be returned to the ‘0110’ state after
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wavel engt h conversion capability is deployed. 20 Although various

enbodi ments whi ch incorporate the teachings of the present igveptdopRofiave
been shown WAAVMSETri bed in detail herein, those skilled in the art can
readily devise many other varied enbodi nents that still incorporate these

teachings. 37 a,..Yy~~uydx, ~ l.~~ . 4 ~ =~ -V

| pEl 41 U~S 1 ?' pﬁﬁg%zaﬂ%%"?' Waet"%%?ec ﬁgi(‘)’ﬁ’égglégﬁ@lbfﬁdr‘r‘g?’%ﬁ‘a S tat the
propagating a data payload from an input network el ement to, an out put,
networ k el emengirguit-sviighod path gt entical & e tagrswiteh eziemgth. ypnhicheagothgress no
conposed of a plurality of network el enents, the data payl oad having a

gi ven format 6negidopret modify tHellocaledie throagipswiseing) it foe paicegsingothe tag-switch
generating and storing a |ocal |ook-up table in each of the network

el emrents, 8 ea I | 2 el | G e
associ at ed onegéé*e' ?ﬁogv e&ﬁi‘b\?\%ﬁ%@%éﬁéﬁ? éﬁﬁ%ﬂm}eﬁawggﬁé%{'?%gaﬁﬁgz%%mtcgn
t he data payl oad, an lH(;E;)e(;l ed in the sa 1 ~ wavel ength as the data

payl oad pri or tSW‘tF}I?g "’ngtd eCHeTegaYIed Ll "¢ 8 Hhe i nput network 12

el enent, the header having a format and protocol and being indicative of
the | ocal route 13 throudis dszossedSo faretageswitshingellloms destirfation phentddreuting of
payl oad and the header, the format and protocol of the data payl oad being

i ndependent of phél@tsfvoiEHBRuE a ABEH fok eHeQtedvoRd elémientt tPeRRAHE the chircdita padkkeds. New

determ ning the header at the network elenents as the data payl oad and

header propagate through t t wo I i | I

the dat o payi odteae MGt REH Bl eted B R B oL BrdoPE i Beald 16 il
determ ned by | ooking up the header in_the corresponding |ocal |ook-up 20
table, and 21 rls)%mlwgmtbv@dcrﬁtmn eropl wavglength infbe pudiiavavelepgihgranspst envispement.
el ements in 22 correspondence to the selected route. 23 2. The nethod as
reci ted i cl aiThistapbeiteling htvenadigtocears dneasieket-cpatkesbaist Agpleativi hiorevet,at e
for routing the optical header and the data payl oad t hrough the network 38
~I'l ~e~s~| J~' ~11 1D ! . Sardc ¥ = T
CL T g packets Wil oftebubntd ehstonedioRatas ¢ tamg destinafion

i ncl udes the steps. of determni and, 2 ipnserting.in.t opti cal header an
appropri ate taéﬁ%%'sleﬁﬂ?c@ﬁlé(t“é‘ef o BtéftdiaF?gW{‘]‘I"IE ad%ﬁgg@ECk?Qﬁé@déﬁegé‘Pﬁ“? RV a
payl oad fromthe input network elenment to the output network el enent

t hr ough t he netpackdts for teespod, 16 sach chses, itds medficientrforéachgarticutar actwork wiesnent n
the step of adding the optical header to the data payl oad includes the step

of placing the 1gRkrefidly r@miiRreathB@thnaldetide of tHatchtBapada Ratker! it Bmofe diectiihe
method as recited in claim1 wherein the step of routing includes the 9

step of resolvin ntepti ons f.or t . == DB e
net hod as ?feci ttg etﬁx % ﬁ'é‘%t?ﬁqﬁ“%grféclgrﬂ%%ggug&e@qgg 8?%@8?&?'%&8%%"98 n(ffi%ér}"spa}gkf’[t
i ncludes the step of rquting over an alternate route determned with
reference to thlkonlywiers eqntinggtion orendgg ofithe wistuabeiraut, referredle asw fiavasiaes
wherein the step of resolving contentions 14 includes the step of routing
over an alter nadoansmionl Soch im elel-erendibelv statdpatk spestdblisieda and thewhyphediplak
used for the selected route. 16 7. The nethod as recited in claim1l wherein

the step of oDt iusaliindel fidlbil dmbliS R3PS sHetEo P RAELERLRAL ol

ep. il ¥

determ ning the header at the networ enent ata payl oad
remai ns undi stug.bed in the optic omain. .19 A et hod for propagating a
sequence of dat 9SPFLIRLS ??eﬁﬁé-aﬁi*? a‘ﬁ&?m‘fﬁu?féi”@ﬁ%eg’faéﬁégﬁucgﬁ SSI‘RPCEE?B{JWC ets
network el ement in a wavel ength division nultiplexing

20 have come to an end or another packet of much higher priority requests disruption of this

flow state connection.
The priority aspect of the present invention is also shown with respect to

FIG. 6. The local look-up table has a “priority level” (column 613) which sets forth the

priority assigned to the tag-switching state. Also, header 210 has appended priority data
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2 ~ (WM network conposed of a plurality of network el enments, each of the

data 22 payl oads having a given format and protocol, the nethod conprising
the steps of 39 .~~pED ark’ 4 June 2003 ... ~F~~~/t~S | ? FEB 2000 1
generating and storing a |local |ook-up table in each of the network

el ements, 2 each local |ook-up table deternining a achl{nputeYthr baGh{iPe
associ ated one of the 3 network elenents, 4 addi ng an 1 (

each of the data payl oads and enbedded in the sane 5 \;\gmghh?ggmzﬂggta
payl oads prior to inputti he | .0a. Ln net wor k

el enent, tﬂ@“ﬁ‘eaﬁgléern%f %%g?qwgﬁ%%%@llﬁ oﬁg%lt&ﬁe é?gg'h %?ﬁgh ?or?‘dﬁlca i W& of
the local route through each of the nethor el ements for each, of the data
payl oads afwitehistatel’ cobimnaGld i dabig,6 Hihayes lo dress plhhdlffﬂﬂ(ﬂag%#a%i?a“é\'abh of
t he data payl oads bei ng i ndependent of the format and protocol of its

cor r espondised theemtrg i the fifthopwite edtdbfiskldormxampleng virtuel disader flaw switchingstater k
el enents as each of the data t t payloads and its correspondi ng header

propagat e idurtRsigbw Eﬁtﬂhéﬁ@%l&?{sg&!&sse& ape? Mefoluti v ol @b It eHethigHeDpribrite
first of the data payloads and its correspondi ng 13 header through the

net wor.k el dpt ined. J h A it 14,
correépond&%e?i‘ggﬁulgbﬁ{tﬁy 'E% gn?éhé @%ﬁg%ﬁﬁé&'{aﬁg’ I rs%‘fo a]téﬁguégtogld be
payl oads and its, correspondi ng header through the 16 network elenents in
correspond‘ﬁﬁﬁ‘@atf’% the selected route, and routing subsequent ones of the
data payl oads in the sequence through the local t s route selected for the
first of the data payloads. t 9 9. The nethod as recited in claim8 wherein
each step of routing includes the st e f. resolving contentions for the
selected route. 2t 10. The nufﬁﬁﬁﬁﬁ %‘@‘fﬁ‘%@dﬂiﬂl aim9 wherein the step
of resolving contentions 22 includes the step of routing over an alternate
route determ ned wi tIhordsr erashigee ulgaews laency I aver SADMotag &Witahing, procgssing of003
(t)r ~ /U ~y [/ 147 1 IPEAIUS 1 ?* FEB 2000t 1 1 . The nethod as recited
r.a’ cliai m Sthevbptical heatiéraat edchpptiéal seich mistdpe keptite amininsinPduring thelagual he st ep of
routing over an alternate wavel ength determned with respect to a 3
wavel engt hrass@iksioflof tHe@ptiedl padked ToddthiRve thislehd, AndWekigadling@FchteAdRAAE bikel
data payload arriving at an input network 5 el enent onto a wavel ength
di vi si on i i appl ey all f network

rwa|t. ﬁehgki%as p%on{oy\ggbpoa eAGH) gkptﬁgﬁwm@a%egﬂgwa&bwe&

el enent s, ata pay g a given fo protoccl) the nethod
conprising the steps-af. s _generating. an optical header associated wth the
ot payl oad, the. ol eieREE G PheE AR oy Erar e douE OB SR 5 irbeled ve
of a local_ route through each of the network 1 o ele ts. for fhe data
payl oad ant rph@méaﬁan,s fromehe Bliraspst S\%Nw‘etcb@&fuwwwﬂgf %\@eéovpltngpsw%&aad

bei ng i ndependent of the format and protocol of the header, and t 2 adding
t he Ot i caViamesdaingtup of preendiatozend agutivg dathinvhietniredsitocbei performeedsvempinfreguently.
wavel ength as the data payload prior to inputting the data payload to the
i nput net wbos keni4P phekrasrfrom b séirdedto aAlestixiation] theofollbwimgsteps aterrgecutddeader and a
data payload fromthe input to the 16 output of each particular network

el ement in a waueERMe-Ehddoitiny th $Bald, WRERXh TP 168PM (0GE WRoKeHREPERAROf @
pl aral ity of network el enents, the data payl oad having 18 a given formt
an

P! 01 00 Bl BAERGLASHL nl o193l s NERARLq o N HTEADACL ORI SRR

t he steps Z0 genéra oring oca
particul ar ,networ.k el enment, .2 t the | ocal ok- U aple deternining a | ocal
Pout et hr olBP PREkepa T st i alse foiguzhe MKkt bork Sements long e vontig path

20 to support subsequent packet forwarding. The tags for optical tag switching to be inserted in the

optical headers during actual packet transmission are also determined.
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23 optically determ ning the header as the data payl oad and“#é'%%%?"%rr. ve

at the 24 input to the particular network elenent, 41 ~~nt:..~tp~7 4 June
2003 :~; ~~r1r ~%~ ,~ 1~ 97 f~EAU- ~ ?° FEB 7000 1 selecting t he | ocal
route for the data payl oad and the header through the 2 partr cul ar network

el enent as deternined by |ooking up the header in t I08k/uph9 T 9.
table, and 4 routing the data payl oad and the header ih? Fgg,rtl cular
network el enent 5 in correspondence to the sel ected 4 By@ﬂ@ﬁt

i n conbination W th. n el ectr.ical er
composed of a v RPuEbRE BrSfioRere e e %meet Bhés eaersinr REEL,
plurality of network el enents, for opagating a data payl oad generated by
a source Queaéqnpe@essmgt\h!@cbmeem&@tbentﬁmag/l@p glewpnt gt fpbforyardimgithépackein
device in the electrical layer, 1 o the data payload having a given formnat
and pr ot ocai to tidrexshet e erhe optidadtag irside the dpticakhebgygpe of optical header
nodul e, coupling the source device and the WDM ~ 2 network, for adding an

optical header ahead@busthBulidy fatlP S PRVoINES iRVOKiS: the Pdtiihk mctlbﬁwtfzhdata

payl oad to t he WDM net wor kK, the header being indicative of a |local route

t hrough t t [ t he
for ma? an B%%ﬁ}(l)ggl?&gafng C&és ]P%%d a{)éa%duggy?'s}gf’fgr&?eﬁdy n%?ﬂ)eﬂé %ft&?srnls ggrﬁose of

t he header nd 16, .a second type of header nDduJe ended to each
of the. netiEBAIR e FBHEAEST % e i BF AgtisrbBite SR AIEROMS A Sta PSSk up. ¢ abi e
in a corresponding one of 1 ~ 8 the network el enments, each | ocal | ook-up
table determning a routing path through the 19 corresponding one of the
network el enents, neans for optically determ ning the header 20 at the

corr espondiautjing Rath®etuphe net wor k el enents as the data payl oad and header 21
propagate over the WDM network, neans for selecting the local route for the

data 2z payl oad andpufgg magFaatméeyghe trttena%xtresmbre@fwﬂ)mpatm sWRENOT K
{3 enents as 23 determ néed by [ ook ing up t he header in the correspondl ng

 PEl? 151 e P 8 Bt ook B, e il L e finko pafi Yoo,

tHrough the,corres ond| one, of th net wor nts in co res ence
Lo the selBERBaRo0 BerigHygin thhiroargd oEpRIR R I SHRhAT SRR
another of the first type of a optical header npdul e couples the WM
networ k t dhe iREeniivs seheae; %Wl@ea/@eémt@thaa%@aeemamscpnt%eloas thsfiqve path-nEerder
nodul e further includes neans for renoving the header 6 fromthe data

payl oad befkempledtegiswiselyassignmiets drwbide et folowibgéchaiqués: 16. The system as
recited claim 14 wherein the second type of optical header s nodule further
i ncl udes t he ne@nPestinatioi-bake Abwaiyd ssighmestet R thisRchdnitahbéatiastionhe paa t he 9
data payl oad remai ns undi sturbed in the optical domain. 17. An opti cal

headgs nody|igyle aa;uﬁarml Ipeaaaxegt ;mfttt chrtde @Rd 8¢ e ) Ls‘iﬁtch Isaye% nemrt (150k-@! In
optical |ayer corrpose a wavel engt h divi sion rru tiplexing ( net wor k

~2 incl udi I ar..Rpr
payl oad gerrr?g‘rﬁg‘tn H{)ﬂ%{%&/%e%ééﬁg‘tge é‘\??’ gg‘ﬁﬁgﬁ%ﬁéb& S&@‘t ?\?%%fa%aye‘gegnc}ge
destined for afg tination device in the 14 electrical |layer, the data

payl oad haV PR e@?“\‘/‘@ﬂ“f‘ﬁ‘r“ﬁat and protocol, the optical header 15 nodul e,
coupling the source device and the WDM network, including neans for i 6
generating an Btl cal header associated with the data payl oad, the header
having a f or mat(ZhRevtpbased dlow tag assigament 1- haithissscherae the tag-svatshistateassignediefanig h
each of the network elenents for the data payl oad and the header, the

f or mat andtophe¢rdetotend fouththatiatampeatyd dprckriieal lg gt thn@pswitbhrstat@sfet\tprmtaiwr’mm and
prot ocol of the header, and neans for 20 adding the optical header to the

dat a xpay! ogibamageosf thig sehegietis ihagit tdifbedkpbdalpRY kdMeet it QBRity-bf-5ENILE Net wor k
el ement wherein said nmeans for adding includes neans for enbeddi ng 22 the

optical hepd@fendhtd e WRYAL data payl oad. 23 18. The
nodul e as rgcﬁted In ?: | ai m117 V\h%n%%l%ht&ﬁgatg%tl cal header includes a 24
tag-switch state for routing the optical header and the data payl oad

t hrough the network 43 . . ...~a:.,s ~
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el enents, and the neans for adding an optical header includ s for
2 determ nWAQVEHE for inserting in the optical header an apg’?g&l&?%@%
tag-switch state to 3 route the optical header and the data payl oad through
the network elenents..4.19. The.nodule as recited in claim 17 wherein_the
nmeans for addéﬁ@zﬁn : £s der to the data payl oad includes neans
for placing the optical header ahead of the 6 data payload in time. 20. An
optical header processoiThepresensrdayrack afra viable optiyaldwmfiet technology ithplyesrthatand
S (b) an optical |ayer conposed of a wavel ength division nultiplexing (WM

network 9 i nclohgieRtioRal Buffedhd fe¥hRfudieanisttoetlseRhsndld Sritdhigpaslitlgag data
payl oad generated by 1 o a source device in the electrical layer and being

destined for a _destination devi.ce i.n the t.t electrical er. .the data
payl oad havi ng"& Y5 es?rgt?er% eéwéfnblpgteg@(gfh,me[nﬁg%ﬁa?sﬁggﬁeg%'dnyerpar}tg?@; at
having an associ ated optical header, the optical header processor,

associ at d 13 optiea fibgrie ablow svétchingioroecw durmgtibis tmetlpywibwgynoorashisse f or
storing a local |ook-up table in each corresponding one of the I 5 network

el enents, eackohefiidn leaslistibiPad slbdtAcal Sufersl dv iRGoRvEMIGhRNIP Patdhs.t 16 essglvet he
16 correspondi ng one of the network el enents, neans for optically

determ ning the. -1 he. j . : g nts
as the data pagiisEReShaRhidutinBtERaRAG heieschl ipfidn Ind it Bh&T=T S
selecting the local route for the data payl oad and the header through 20
the correspondn§tBodsage 8sedi he network el enents as det ermined by | ooki ng up
the header 2 ~ in the corresponding |ocal |ook-up table, and 22 neans for; )
routing the data pdyg)bimtedrwhvelengthaatbechanpe euglere h paciat i eopeidhropgh 3hosameof
the network el enents in correspondence to the selected route. 44 ~;, ~=~ ~ ~
1 ==9 typ;. Upath %t:afh'differ%n“f'w velength) WiceaRfdIvavelenbticonverdion FERIZ&PMsRd. A
system in corbination wt (a% an electrical layer; and (b) an optical 2

| ayer conposed of wavel engt h division | tiplexi net wor k

Dot udi ng' a3 3ok Be Foyeuotl dnAoeEr S e thE BEORR leRts S ASRESS By oac
generated by a source 4 device in the electrical |ayer and bei ng destined
for a desti natdapabiitnefcenyvertingito asiyeafith¢ entire vavalength chiannalst Bathax litoa guiisianh g
a given format and protocol, the network further 6 including a network

manager coupl edtHed chh comeitware oFlie®tirs waotleagthehahibld OTles havkleapthtcohestsion
routes through the network, with each of the network el enents including (i)

a 8 switching i i | £ SW i to
the network netnyeis btk Shialin? bEAdE bl wplelE ARRORE ALl be BRRE BleknC
fromthe network 1 o manager,  to established circuit-sw thphed‘ routing paths
t hrough tthe WWAckelfi@sp undgraeing tqo wamy Bigvelengihiconyrysions which will regulpingpoor

opti cal header nodul e, coupling the source device and the WOM 13 net wor Kk,
for addi ng an sgtal fidelitye adpossivhepalioyfis tdallaabalypmel coadersionpwhich andeai easily
the data payload to the WOM network, the header being indicative of a |ocal

route through g &bfied P?%Mdﬁnﬂ@%ﬁ@hﬁl wlaoelk h@ﬁi&.oﬁ:gigélgﬁggﬂ?dgﬁ??ﬁg%ﬂde“

the format and protoco ata pa~~l oad being i se of
t he header, and ,a sec pe.of opti.cal header .podul e, .rx.esponsiye to the
net wor k mnagewtmglf?gw switeh w -abWtc@H?éﬂ's’é’BHFg’ldJ?rgV lé‘ﬁb"p gt eRyits griginal
swi tching device, including neans for storing a |local |ook-up table in each
net wor k el enenwavdengthhvi ded by the network 20 nmanager, each |ocal | ook-up
tabl e determning a routing path through each network el enment, neans for

opti cal | yodet er mi ni (g nime@am&ﬁoatm@%ww BackeERmy be Aeflkdi8q #7a dat a

payl oad and header propagate over the net wor k, neans for selecting the

23 local route f. . payl.oad anpd. t he header thr h each ,net wor k
el enent as 24 Bge'gfél?érﬁn’%esgﬁgsmlg%ﬁf’ ﬁr& %B’ﬂfﬁ&?é??ﬁé’g%eetr%rww%ﬁg&%ﬁ? 1 SSﬁH‘i\gﬁ@n Care
| ocal | ook- tabl e, and 45

up again must be taken to prevent a packet from being repeatedly deflected, thereby causing

signal degradation, as well as wasting network bandwidth. A solution scheme is to
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4 June 2003 J II~EAIU S 17 F E B 200 1 neans for routing the data payl oad

and the header through each network elenent in 2 correspondence to the

sel ected route by processing inputs fromthe circuit-switched 3 controller
and the local |ook-up table to control the sw tching device. 4 22. Thefb’r
systemas recited in claim21 further including neans, g en ef gt e
the switching device, for delaying the delivery of the‘gmrm ?ﬁ&aﬂlﬂlﬁe
header to the switching device for a pre-determned interval. '1 23. The
system as Kgord £%ih&uphp® fiBIPh &t RIS, RANSwW defle@idht fAprbdeed Bt MH BRI T

t he header at each network el enent further includes a denultiplexer for
denodul ati ng the . hgader propa ing_over.the,. 1 o network to a baseband
header, 1 ~tﬁetrﬁ‘é°rﬂ%°§1 ¢ plggp%i‘i{cf 2 cﬁxﬂauelghgu ast nmenory, responsive to
the denultiplexer) 1 z for determning route inf or_maéi on contained in the
baseband header (©)dmi@ritizedinqekatBEeREMPHON - MhGTS R WIN ATTiYad Backet THRY BRRFTRYA
controller, coupled to the local |ookt4 up table and responsive to the fast
menory and cturentlyi trapstittigpackdi éfithe amiving| packet hisor higher pootityr dlheiohjgcti veels to

swi tching device. 24. A system in conbination with (a) an el ectrical

| ayer ;s and ghithntedfaritds Gahll pakes s€ HaPORAGaIY a fetraRdtied fidRetcial ibs ig@dranteed

mul tiplexing (WDM network including a ~ 8 plurality of network el enents,

for propag %}:lii\;lgy.alnqgig gcﬂ%mé! %gﬂ P%@%{%&% BYinf s fefd [MENUEEIn iRt dphi&al header.

el ectrical layer an estin estination device in the efectrical

| ayer, zo th ta oad. having. a given, formt a ol he system
compr |t g 23 988 o PAY n R niehy b oL o B VLRl P [N
devi ce and the WDM 2z net work, r addi ng an gptical header ahegad .of the
data payl o&eckstassimesghe H?j‘a‘{‘@l}‘h@; @ﬁ@na@alopgflaﬂ-pi&sm, 5 RERKE VBRI SURBEASSS t he
header being indicative of a |local route through 46 -.a;t 4i 4 June 2003
r~. ~l U~~. in prigrity, andyvil} egentually be able yo preempt itspway tpwands jts destingtion if necessaryy . j ( .
he network el enments for the data payl oad and the header, the format and
ér toeol of 2 the daltés guasd thsdn Bk thege schelagethel epticablieatiéradlwayfs rémainheasdant asand
3 a second type of optical header nodul e, appended to each of the network 4

el’'enents) ifdved bfddndBARS ndt@brkS T4 18 Gordistéd® Hith iRAdesirProl@Bh theidptidal switching
correspondi ng one of 5 the network el enents, each |ocal |ook-up table

determnin ' thr t ' et wor k
el ement s, %emg#sa&#{ca#rtqg% %3!}1 I g‘%%o%gﬁlreg%g?xﬁgﬁﬁgﬁﬂg}r‘ﬁgng? f/ltfhggee S%geﬁ?%'spondi ng
one of the network el enents as the data payl oad and header 8 propagate over
the VIDM network, means for selecting the local route for the data 9

payl oad anq{omg p%g%glr t hrough the correspondi ng one of the network

el enents a i ned by | ooking up the header in the correspondi ng

| ocal | ook-up table, .neans ~1 11 for,. routing the data . oad and .t he
headef® t hr ough t he cbPradb¥ithrsiz et H{}hé’g‘ﬁahﬁ WBPRg @%ést‘r‘é'ﬁtaée e
correspondence to the selected route, and neans for maintaining ~ 3 the

sel ect ed r dufeesifleso dhgcappeapls eepde et becgsneralizedite distibaied deeision mgkingeHiezrehicadc al
route. 14 25. A nethod for propagating a data payload from an i nput network
el ement t o atdfessimg awtrputingraed veed las 21 therease of 1P mutigyy eWbergd hevd conirectan is

nulyti pl exing (WDM network conposed of a plurality of network elements, the

data payl oatquesed, NC&MIZ2EdRcides waém@radwmfmw proVisiendtefol s GEWrRE, ideétidtisd)e
steps of t s generating and storing a |local |ook-up table in each of the

t k el .S Lo |
b ough £ hd antin 88 \FBERLa:aFfoRD 17 B W HaRRELE HiBl3R) ek iRion 1 e
opti ca})_ header.

0. 1 e npUEPIRUSPIBAEY dhnbich pRG BRHIonHaN B e SRR o gitBl BePondn

being 23 indicative of the local route through each of the network el enents
for the datlgkdasthefisst Dihnetwork element and a wavelength to carry the new traffic. This decision

is based on the rest of the connections
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. o . 4 June 2003
4 June 2003 - 7i 1'- ~i~,~r w ~~F E a 2000 1 and the header, the

format and protocol of the data payl oad being i ndependent of the 2 format
and protocol of the header, 3 optically determ ning the header at the
network el enents as the data payl oad 4 and header propagate through the VDM
network, 5 selecting the local route for the data ﬁgmlgggdja‘ad/ tﬁ%h?a@]er

t hrough the network el ements as determined by | ooking: up,thesh r, 'ridbdt he

corresponding | ocal | ook-up 7 table, and 8 routing t he‘dat'a* payl-oad-/ t he

header PG Neddof AThYBE u rEWRBhieclibh aCREIRBACKEANE 970 theh Ies SREIHL

route, |0 erein e optical header 1nc S a tag-swtch state

routing the optical t 1 header and the data payl oad through.t twork

cl nents. SEAERAREPBIOBEA Prderd g Bane e gster el ingsaih ¥ e reoPPRERERRH, o
determning and inserting in the optical header an 13 appropriate

t ag- swi t chlementte be placedintthagignaling beadet Aiften g driial pythoundlinkais desapineddhs r om
the 14 input network elenment to the output network el enent through the

net wor k ekengfithsroufibg devikions arethkentan ehedpdividadl neselie elefnants KINE's) avcondthesto the
priority data for use in resolving 17 route contentions as the optical

headey angpddifsighflifg BendePRebrRhOHR TRlsendthdddiired {har the rdueihpiblesqt @grNt s, the
step of generating and storing a |l ocal |ook-up table includes the 19 step

of associ gt L OF b\ | 1 Y t ags: S ; of
addi ng.t nevishyEhddE ol e igh@HE neftes BrdtBhe B Meh S ar Bl Radv S sPRAPLCY o
header appropriate priority 2 ~ data for the data payl oad. and the. step of
el ect i noaenerlrs Stk o sle safB e of SPna ARt et Ph YRl pon
the priority data and the priority level. 23 26. A nethod for propagating a
data pay! Befed.foqm maaWUItw&?%M,tsw%@k%wrhe intgreomnegisd (RCHISE anderagh PUONEIWORk nt
in a wavel ength division nultiplexing (WDM network 48 4 June 2003 _. , ,
. ~PFAillLhavt it3'owRENC&BD0 1 conposed of a plurality of network el enents,
‘Re data payl oad having a given format 2 and protocol, the nethod

20npfl Si ng the stepwhed a fath RERED BEbn2 WethintOWDM NE, tHeGpticdl @@ttchen chbd @t N
each of the network elenments, 4 each local |ook-up table determining a

I"ocal roufnetﬂgettag&géﬁ@igfg}:?ﬁ edﬁ%zi% Bf"éa@ﬂ Bgd(}gt tBfouh theholE hatPthén F‘c'vﬁrgﬁgktgfto e addi ng

an optica ta pay priof to Inputting t a payload 7

to the in t wor |l ement . the.header., havi-ng a _farmat and. prot and
bei ng 8 1 RPULERE Dafled pREE! s ufiBacntin R iR s el e PRt
for the data paylgad 9 and the_header, the fo[ﬂimat and prit ocol ?_B the data
payl oad b&VIHENEGdEPefoqarrcass pariqems rayting PRA Feelial PHKSTOEBICkE bapife THekfiam ¢+ ¢
optically determning the header at the network el enents as the data

payl oad 1feseurdestaeadraicaipd oplyguhen thére inugfermaonipive sent wad &, thd @nshisiooof g t he

| ocal route for the data payl oad and the header through the network t4

el ement s packee tiesdiesticds vrel avaitdbitgfou pssighenehtadastherpatkee. The laasmmasdis nged focal

| ook-up 15 table, and t 6 routing the data payl oad and t he header through

the net Wolgts &) SiRE bidrstyIncke TrafR. '8 HRO LA RS WIMINEE 0§ h8E{oGEad LR stattf E 18
wherein the optical héader and the data payload are’initially generated at

19 basebapd, H00,P.iot 3o Bladdfoh ek QRIEEAL SRR, {18 1 BE 8l aynay! oad

further inc e Steps o reqgtency s I'ng aseband opti cal
header to a frequen and ahove the 2? frequency band of the baseband data
payl oad, z’gckebﬁﬁpm%r P’ﬁéa‘F‘F ERaRP &Hh?ltté‘aﬂtfaeé%aﬂ&hdﬁ PIANGARHER. B8Md 1 he
baseband data 24 payload to forma conposite frequencg/ signal, and 49
forward the payload through the already existing connection through the NE as previously
20 established by the optical tag-switching.
The packets are self-routed through the network using the information in the

signaling header of each packet. When a packet arrives at a switching node, the signaling header

is read and either the packet is forwarded immediately through an
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i 4 June 2003
4 June 2003 NL1%WJSS ~vy ~ 1~9 7 9 IPEA/U~- 1 ? FEB 2D00 1 optically

nodul ating the conposite frequency signal using an optical source of 2 a
gi ven wavel ength to produce an optical signal to propagate the header and
the data 3 payl oad t hrough the WDM network. 4 27. A nethod for Jpropa ating
a data payload froman input network el ement to 5 ah Yt M¥ net'wor B7ef etrént

in a wavel ength division nultiplexing (WDM network c&ggﬁzag rlfﬁBUZ%ﬁty

of network el enents, the data payl oad having a given

pr ot ocol , . L SJ i : J

ool T ook BT (RORAL ehitleddir 3 vER spflopBad SRBERY 3t 8 eossh lcoRnde,

| ook-up table determnping a Jocal route through the asspci.ated one of 1o
the net wor e &R fble. R unnsata@r:h@ each Bade ek o Easteravelsngthelf Berpacsh sa
prior to inputting the data payload ~ 2 to the input network el enment, the
header havioHgwahef sslentat! ontbdund prdeecsusa nficandntign wdthianether-packes (tbe selerted ocal
route through each of the network el enents for the data payl oad 14 and the

header, t hautbcundfiberds dotifre), AeOloutdig dchémélailbrptydloaste bdiffegerit ndeg enie fdr tiod
the i 5 format and protocol of the header, 16 optically determ ning the

header at : :
hrough s 1t SRRl forFtaREsEndRny B sAbRARLOR0 WA IARGRIIALARANA! G

| oad and . h h h. K I d '
auking. o R R AR ok oA Al SeDLuR o e ST Aot ChEU DGR £ )

routing the_data payl pad and the header through the petwork, el enents in 22
correspon ﬁ%’émt%ﬁ%oﬁ@ggﬂ Bey Bg chasen ?mgﬁ°ger4wlglﬁﬂ‘§m%8§s iesg?d?iry-g@‘egnf 019 ~
g_ F—~'"~jI~J~ ~ ~ EE~ t wherein the optical header and the data payload are
initially Ryefaeenes) eutbaundlinksseband, and the step of adding the optical

header to the data payl oad further includes 3 the steps of frequency

shi fting t he basebafdisapatinggirothed @€ thetinveative echnique)is Sinrildr @b deflebiorb

gr guency band of the baseband data payl oad, conbi ning the

E2qyency -rotiirfgl RRerAGEAR Mt PR E®ahd DE&HR), whBd thd\Rsdi@sR dencticiab Jore Bkt 0ad

to forma conposite frequency signal, and s optically nodulating the
~. it . . . . ¢ , h
o pr oduce SRS e tn RrE S pdficie 3P BB /Ao B IR BN RL S0
| oad th t.he \WDM net K, d" .1t wherein th f ticall
ot er mi ni RYSLALHEaBrRugsey Aee<ind Ih e leteb RS PENRHTEnE LoF Foirt dased e ©

steps of t3 photo-detecting the optical header to produce a detected

si gnal , i bogkgcsession afier a spasified 1Rf hopy g thepavhschemp,dn case Be headsr
oscillator to produce a ~ 5 locked signal, and t 6 m xing the detected

si gnal andregéneration isedlowed atthe $witghirgohodes, thep dlselmprdust teghalque epmosbewsetdi ve of
the header at baseband. 1 s 28. A nethod for propagating a data payl oad
arrivisng aAltéativeRyihe optisudigniling hehdieidracidiistic (i vahelsinglinp Kbalérsisipnal to
mul tiplexing (WDM network conmposed of a 20 plurality of network el enents,
the data paylaath)ray b hoRediptao HASABIhAIG 2aPhAlePGRMId Bfoppel. Mt hod
conprising the steps of 22 generating an optical header associated with the
data payl oad, the header having 23 a format and protocol and being
indicative of a local route through each of the network 51

IP Routing Algorithm in WDM layer

The technique used by NC&M 220 to determine the routing tables is based upon
20 shortest path algorithms that route the packets from source to destination over the path of least
cost. Specific cost criteria on each route, such as length, capacity utilization, hop count, or
average packet delay can be used for different networks. The objective of the routing function is

to have good performance (for example in terms of
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; 4 June 2003
4 June 2003 "CTIU~ ~9 ~~~9 ~ 9. | pkAAU- | ?* F E B 2000 t elenents for
the data payl oad and the header, the format and protocol of

payl oad bei w9 dordefiendent of the format and protocol of the h’giﬂgﬁ%ﬁéﬁa 3
addi ng the optical header to the data payload prior to inputting the data

payl oad to the input network el nt, and 5 wherein the. i cal, header._and
Phe data payl odBWAVEER ARG IGUETLE MaR R ATl DR FiElh i Srhnlt QiR
addi ng the optical header to the data payload further includes the steps of
8 frequency shicobt spgniing tleesab genkratpd havdhg hdifflrentinoda a$ a eopi@n cachizamel, anddhe
the 9 frequency band of the baseband data payload, t o combining the

frequency-shif tiﬁﬁr&%ﬁ&b@&éin@?w Aitlse &A@ théthd iiRd hagahpnte %l"rltﬁag'tatal@lg- at each

payl oad to forma conposite frequency signal, and t 2 optically nodul ating

t he conposite freguency si |, usin n optical.source of 13 a.given

wavel ength to pPBRINE T, ffelerian gntne FEou e ABE i RinEeHEddaF ahareNe
data 14 payload. ~ s 29. A nethod for transferring a header and a data
payl oad from t Heath agnyeacheran e usedstocrxplgiitthe multipdisity &f ppicatialrronengwpatks.eThisrent
in a waveler;th division nultiplexing t 7 (WOM network conposed of a

plurality of nefeMBiducehiRI¥RAGIS than thetibresp pathowith ivpales Rnkéd/@roriier sMdosaMiis
prot ocol independent of those of the header, the nethod conprising 19 the

steps of 20 ge i L. 0g: 00k - i ti

ctuor k. ol ementitiatfy SFhE b RSl R 5aeRE IO AR, Sl SRR L HEBbHa
through the particular network 22 el enent, 23 optically_determ ning the
header as the dtkcqsessponsdingiodhe smamum ost pathds cw@mﬁy firshand e bipkes ,
particul ar network el enment, "I 4 June 2003 ~~~ ~ o'~y ~| | lay |~ | PEA U~)
1 ?' FEB 2000 Ilcamspaidimptotlaget ossapathoatednfwredtih secdatiarypaytimprabies dhdt ee used to
header through the 2 particular network el enent as determ ned by | ooking up
t he header,in t I - able, and 4 routing the data payl oad and
t he headermthrou lé@ﬁ@dgﬁ?ﬁ%&’rﬁgﬁné}.etmrk el enent 5 in correspondence to
the selected route, and 6 wherein the step of optically determ ning the
header at each of the network 7 elenents includes the steps of 8

phot o- det ect i ngnt he. ti% he r dgggduce a detected signal, |ocking
onto the det ectQ&—&E@me - OquEEK| ng oscillator to produce a 10

| ocked signal, and 1 t mxing the detected signal and the | ocked signal to
produce a baseband si gnal The PresgptdBeantigniis/ased uppa twe snes ofPlugaanchBlay madyles
30. An optical header nodule, in conbination with (a) an electrical |ayer;
and ~4 (b) an optbeattachety@rthe WDbbgsiwofk dements! Bigidactibinve fhese Pluglah@/Pdag ng
(WM network |5 including a plurality of network el enents, for propagating
a data payl.oad L0, ' oy t L1 Gal ol .
desti ned flclgr a g@gﬁe%%??gﬁ«c 2\‘@%’%&‘“&%&%&@? Pitu(lz:tg?ﬁ%tgl eJrl{'Cﬁf{ hséhll 13%1;3 gnpay rl(Bad
having a given format and protocol, the optical header E ~ 8 nodul e,

coupl i ng the sofB¥DBevi ce and the WDM network, includi ng neans for 19
generating an optical header associated wth the data payl oad, the header
having a 20 format and pr éh&€G! 3,doth heeidergenicndér 321 iané heddea rémaoadr 328 wexre shown
t hrough each of the network 2 ~ elenents for the data payl oad and the

header, the for jpk; ﬁﬂgve@'bm&%gﬁ% b6 rdaisas 344 B%Hb&?x‘%gﬁ%hiﬁ?%&?xﬁﬂ@ BO&MEq Of

the format and protocol of the header, and nmeans for e opti cal

header (o the g otlRAL RLh Nl §2] ARPALNG, 4t data payload to the 24

20 In FIG. 7, IP packets or datagrams are processed in microprocessor 710
which generates each optical signaling header 210 for tag switching. Optical signaling
header 210 and the original IP packet 211 are emitted from microprocessor 710 at
baseband. Signaling header 210 is mixed in RF mixer 720 utilizing local oscillator 730.

Both the mixed header from mixer 720 and the original packet 211 are combined in
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: - : 4 June 2003
aH E~T 4 June 2003 ~TIU~ ~9i 1~9 79 IPEA/U-S 1 ? FEB 2000 1 wherein the
nmeans for adding the optical header to the data payl oad i ncludes 2 neans
for placi naydpgospii cal header ahead of the data payl oad i n RGTES994AY3
wherein the optical header and the data payload are initially generated at
baseband and the neans for adding the optical header to the ddta payl oad
further 5 incl caebing Hdamd, naurnf thequimit pf sdthbinem A0t is entralsd haavl opiedl cal™
header to a frequency band above the frequency band of the baseband data

payl oad, s meapgydiefgtk ERANNBI VIF opti@] foBUIER 760 BRVihE Ssbe PRSERPNELOES bCal
header and the 9 baseband data payload to forma conposite frequency

signal) and ;~ ~ .0 ﬂeans for optically nodulating the conposite frequency
signal to prodﬂ}?gu‘zil R ¢ | optical signal for propagating the header and
the data payload at a given wavelength. ~ 2 31. An optical header

processor, in conbinati ot MG, thg)opiealcharnel droppingzape of a aatyork elegyeny i

optical |ayer conposed of a wavel ength division nmultiplexing (WDM network
14 incl udisng adplectedby plotodetabnvgitkandlieeleatisally amplpfiebganplifiere820atNormally.
payl oad generated by ~ 5 a source device in the electrical |ayer and being

destined for aygg Hoﬂfi‘iteieeﬁrgﬂyiu‘ftﬁhk ﬁe* @ﬁ%%é\; é‘q%%)néﬁ%gﬁdor}sé Q@véilﬁ\tgﬁg\lﬁ g

payl oad having a diven tormat and protoco ta pa urther

an associ ated gptical header, the optical header Cessof, associ at ~ 'S
Bt R ach of t A 4904 BRNEIL RIS PR SEP i ceder B R TR O TDRY AP Ui dRa
routing | ook-up table in each correspondi ng one of the 20 network el enents,
each | ocal | ookeaaposcillster 138t lrav-passefilser830ttumer fters autaoy g¢siduabRE carriers. The
correspondi ng one of the network el enents, 22 neans for optically

det er mi ni ng t hguliRedefiltais30ieesertiafls RNNaigHaldPabitet bR odBby Eiedtidinalngent s
as the data payl oad and header propagate over the WDM network, a3 "4
June 2003, ~"~' | P FE=/ U+ ~ f .~~~0Q~ S I j f or
(he data Byl odd GHEPT i e ReRE R e e Sy ks e RincrBe) pheBibPule
network el enents as_determ ned by | ooking up the header3in the

correspondi ng In6E¥Ark 2pé je rapeivaddveanotica B Eewderras angther nesyorkemeita payl oad
and t he header through the correspondi ngbone of the network elenents in
correspondence to the selBlotlediagrani 300 cff KiGh e depivtsttheclemens foptheaiptectan | y
determ ning the header at each of the network7el enents includessnmeans for

hot o- d i j ' ica? &
phot o-det ect | ”gir%érle‘é‘? %’flr?ééltégﬁﬁ PREARE-PIR xBnggtHgg(t) Sgﬁg?-gﬁg%%‘g Bgi cad QighBICG 1,

| ocki ng oscill ng-onto t'he | to produce

al0l ocked signal,. and~ ns far m xi.ng,.the det ed,sigpal and |l ocked
Sonal ro prodaich et B Shishe epindseda Bk s Bt allitad 4. 185
baseband. ,a~Ad~tvDl ~ 1i~ .AH Au. Al. A A A A A AsAY. A A|l.Aa2. A A(. Ahl . AN. A
E. AY. AN. Als AF| .basebandsigetriapl signaling headet PO\ Initially, pptical signal 901 is detected by

Y. AN. Au. Al . An. A Aa. A, . Au. A Al . A Al . AE. AH. AN% A. ASE. AL A n. AL % " tvwz// >\ _~yto
j e [V] ca] ca] ca]ghlsdrlcetl 02D bt 6adaed totaieterlor 311 0 19dif iﬁ@@&y@ﬁﬁﬁﬁ&amal c

a] c<a] c™a]ca]c™a]calcalcalcalcaljc alfH "$?>R et SUY val g

c”al] ca]ca]c : A
2] cal o] ool oo tasd Bt ARkl BAATPATY SAMRSHDHEM AT ERRGRY ClBBlchiAMith Eky
U] c] c$a] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca caJ ca] calca] ca] calca] ca] ca]ca]ca]c
a] ca] ca] ca] ca] ctkal degatingheaden py[ RE splitter 9401provides a signal ip jasahgscillator 950,
U c]ca]ca]ca]ca]ca]c(a]ca]ca]cal]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]cal
ca] ca] ca] ca] ca] whichahaades d¢acdbackiesii RS S YR AignA&Ydm Tocal oscillator 950 and the signal
((())")&))57)<)>H\))*o***{upkfa\W U] ] ca]ca] ca]ca]cal]c&aU]c alJc aUc a]c
il] ca] cal] 6g] ca] f}ax]n%gli&éﬂ 94l frehiradiGa i‘lxﬂc}d}ockgiﬁfgl gélrﬁg”rl fidduenly ehiel 3ubRacted

+,,-W-& >...K/0s000111. 111022263337444

from the output of filter 920 to leave only the information on tag-switching signaling

header 210. In this process, local oscillator 950 with feedback locking is utilized to
produce the local oscillation with the exact frequency, phase, and amplitude, so that the

high frequency component is nulled during the mixing of this local oscillator signal and
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Ul ]c]ca] ca] ca] ca] ca] ca]ca] ca] ca] ca] ca] ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]lcalcalc
a] ca] ca] ca] ca] ca] ca] ca] ca] ca!l 4N555B666>777D888V9I] 9i 9~999999: &;
; =<<<I==>@bad/padéab] X PCT/US99/14979
U] ]1ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] cal] ca] ca] c*a] ca] ca] caJ ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal D>] >>?d??
ARA) A5AAAPABBYEERRERGREGR siaaling Iheadir| Witlyk §ighxfrequency carrier. Low-pass filter 9%
U ]]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]ca]calca]c
?] gﬁ] 3 a]Yc a] ca] wRikk  Coubfedlis e dutPIEEIRICEKD 60, |AMDARINREB X PG BRANR! A QRRB2ZRV R
xsni d”®
U]]]ca]crha] ca ca ]ca l.cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca‘% ﬁaj EB% 9@%RR) SSSSATLTTT; UUUUEVHVWWV\VY,
WA VWAXAL XXXXX YYY}xsnl d Y
U'111c"a] ca] ca] ca] ca] ca] T eiquitdisgtaonp s dPshpwape axaraple af e ajarapea)led] ca]
ca] ca] ca]calca] ca]ca]ca] ca] ca! YYRZZZZR [ [ Q\\\\\ (] K]]]: "9 __ E " .aaa8bbb]|
w mheY 5 embodiment of FIG. 4. In FIG. 10, each header detector 1010, 1020, ..., 1030, .... 0
U ]]]ca]ca] ca]ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca] ca]caJca]c

Z{EZLS? % ]? ag;g% g%e%?éls(iﬁi ?@éﬁ?& ?r% g%ﬂcwglelength composing the optical inputs arri\

a call o] o8] 25@%%%‘%}"@, OBk 10 MO ARy LB BRlgyeer DO 9006, 107 ©
t(tktt}xsnid Z

U ]111] ca] ca] capmb] 8] rspeaively} eadhoddmudlipkerh eadmplifia] beiheajreal 689 ofFia] ca]
ca] ca] ca]ca] ca]ca]ca] ca]calca!'t uuuuJvvvOmwwxVxxyayy

zhzzz2{ {{{{{{{ ﬂﬂ: gﬁ%sls}éf ?x](%% U]on 1]s §a(iucped for each w: vele th Thus, for eﬁamalile fast

U ]]ca]ca]ca]ca cal ca] ca ] ca] ca] ca cal ca] ca

Lo o olee e HEER i—%ﬁ&éﬁ%ﬁ%ﬁﬁn@aﬁf i%ﬂgl*a]ﬂe%ilgaal& ARREATIBE PR M cal

ca] cal ca] ca] ca] ca]]aca cal ca caI K<5>-) BNk3{ vq

U ]]ca] ca] ca] caft ]r@m]hﬁa]hiraﬂ]ew}%alpdﬁ] ca]aéé]@gal@ﬁéilmwad&] detpetal @3k Hash] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! g&9GNSY vpkf al\ W

Ul ] ca] ca] ca] cahfetioe) abZR] 024, Gadicad & admadicaldessbarad arheay cehesl arlmpatical cal

ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! %3y , 8GF<PNWV| wr mhc™Y

5o kel ol sl s asaanonon

Ul ]]ca] cal] ca] ca] cal] ca] ca] ca] cg cal ca] ca] ca] ca] cal ca] caﬂ cal ca] ca] ca]ca] ca]
ca] ca] ca] ca] c( alseagqcaes sireui-syit /(i @P oM petwvork element switch controller
U ]]]ca]ca] ca]ca]ca]ca]ca]ca]ca]cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ¢
a] ca] ca] ch] ca] ofFb@]4 afach]tagswitdh-egntfolley Ragiligentty chooses between the circuit switch
U ]]]ca] ca] ca] ca] ca] ca]ca] ca] caj] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca]ca] ca]ca]ca]c

?J} ]C g]a]c g]a]c g]a]c ?ﬁ?&‘f@k}g ?} alc a] cd cg‘daa]%\gac]; ? g(]gég?{giae% a vggcléedént[cj\x}jnauon supplied by it

aJ ca) ca] ca] ca] cal ca h Y! . .

1 ehal Gay o e SOTESHPBAmE A4 Hecane dp PRy iat & rear%%re%}f@aﬂ&?%]s&ﬁg%affeﬂ; beie o
ca]ca]c$a] ca] ca ca] cajl ca] ca] ca! 561 QN *nu5C| wr mhc/Y

U ]]ca] ca]cal cé‘lP ch] c*a] ca] cal] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! c~7Lk?d| ?C{ vql gb] X

U ]]ca] ca] ca] ca] ca] ca] ca]mahaaigaicrionadfrate { alsrbrasiismlecshabrakaallateal
ca] ca] ca] ca] c”a]ca] ca]ca] ca]cale, H a~: f (D} xsni d_ZU] ca] ca] ca] ca] ca] calca] ca]
cal cal ca cajy

U\/] ca{/] c!a La] 1:;] Cg%}aggﬁqmgﬁhccgrggilgr 03a1] caﬁ“ca‘]‘ Sé%é] Ea§] é‘é c@aqoﬁre&? W;ﬁﬁ E’f‘i’?ﬂpk
fa\W]ca]ca] ca].ca] ca] cal.ca]cal. c’\a] ca] ca) cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] caU] ca] ca] ca] dBpEafren] cisquaesyyitckedoxagpliss Ocﬂmdynmts\irmfas:qmqmar]ycuﬁdaqeca] ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] cal] ca] ca] ca] ca]cal] ca]ca] ca]ca]c
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"109%6&" () - YSZ" 16icRing) defik@UB3R. ProdesdifNgbnkk (1) 66 isCiai% iayoked by the results of

10 processing block 1150. If there are no present inputs from circuit-switched controller
1140 or upon completion of procession block 1160, control is returned to processing
block 1110.
By way of reiteration, optical tag-switching flexibly handles all types of
traffic: high volume burst, low volume burst, and circuit switched traffic. This occurs by
15 interworking of two-layer protocols of the tag-switched network control. Thus, the
distributed switching control rapidly senses signaling headers and routes packets to
appropriate destinations. When a long stream of packets reach the network element with
the same destination, the distributed switching control establishes a flow switching
connection and the entire stream of the packets are forwarded through the newly
20 established connections.
A tag switching method scales graciously with the number of wavelengths
and the number of nodes. This results from the fact that the distributed nodes process

multi-wavelength signaling information in parallel and that these nodes incorporate
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present invention. These include optical header technology, optical multiplexing

technology, optical switching technology, and wavelength conversion technology.

(a) Optical Header Technology

10 Optical header technology includes optical header encoding and optic
header removal as discussed with respect to FIGS 3 and 4. In effect, optical header .
serves as a signaling messenger to the network elements informing the network elem
of the destination, the source, and the length of the packet, Header 210 is displaced i
time compared to the actual data payload. This allows the data payload to have any ¢

15 rates/protocols or formats.

As previously described with respect to FIGS. 7and 8, the header encc
is subcarrier based. This method allows header 210 to be separated in modulation
frequency so that header detection can be relatively simple. Header 210, which prece
the data payload in the time domain, also has higher frequency carrier than the highes

20 data rate. This allows reading of header 210, and eventually removal of header 210

without affecting the data payload.

(b) Optical Multiplexing Technology

Optical multiplexing may illustratively be implemented using the knov

25 silica arrayed waveguide grating structure. This waveguide grating structure has a
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~. 10 achieved 9 microsecond switching time

~—

(d) Wavelength Conversion Technology

Wavelength conversion is used to resolve packet contention without requiring

path deflection or packet buffering. Both path deflection and packet buffering cast the danger of

15 skewing the sequences of a series of packets. In addition, the packet buffering is limited in
duration as well as in capacity, and often requires non-transparent methods. Wavelength
conversion, on the other hand, resolves the blocking by transmitting at an alternate wavelength
through the same path, resulting in the identical delay. Illustratively, a WSXC with a limited
wavelength conversion capability is deployed.

20 Although various embodiments which incorporate the teachings of the present
invention have been shown and described in detail herein, those skilled in the art can readily

devise many other varied embodiments that still incorporate these teachings.
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10% & ( ) SYS c%glﬁ@ﬁ%d(o)f a%ﬁlﬂlwgf M5 Clements, the data payload having a given format

6 and protocol, the method comprising the steps of
7 generating and storing a local look-up table in each of the network elements,
8  each local look-up table determining a local route through the associated one of the
9  network elements,
{ ) 10 adding an optical header to the data payload and embedded in the same
11 wavelength as the data payload prior to inputting the data payload to the input network
12 element, the header having a format and protocol and being indicative of the local route
13 through each of the network elements for ;he data payload and the header, the format
14  and protocol of the data payload being independent of the format and protocol of the
15 header,
16 optically determining the header at the network elements as the data payload
17 and header propagate through the WDM network,
} 18 selecting the local route for the data payload and the header through the network
19 elements as determined by looking up the header in the corresponding local look-up
20 table, and
2] routing the data payload and the header through the network elements in
22 correspondence to the selected route.
23 2. The method as recited in claim 1 wherein the optical header includes a tag-

24 switch state for routing the optical header and the data payload through the network
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4  element through the network elements.

5 3. The method as recited in claim 1 wherein the step of adding the optical

6 header to the data payload includes the step of placing the optical header ahead of the

7  data payload in time.

8 4. The method as recited in claim 1 wherein the step of routing includes the

9 step of resolving contentions for the selected route.
@,__\) 10 5. The method as recited in claim 4 wherein the step of resolving contentions
11 includes the step of routing over an alternate route determined with reference to the
12 selected route.
13 6. The method as recited in claim 4 wherein the step of resolving contentions
14 includes the step of routing over an alternate wavelength determined with respect to a
15  wavelength used for the selected route.
16 7. The method as recited in claim 1 wherein the step of optically determining
17  the header includes optoelectronically determining the header at the network elements
18 while the data payload remains undisturbed in the optical domain.
19 8. A method for propagating a sequence of data payloads from an input
20  network element to an output network element in a wavelength division multiplexing

21  (WDM) network composed of a plurality of network elements, each of the data

22 payloads having a given format and protocol, the method comprising the steps of
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4 adding an optical header to each of the data payloads and embedded in the same

5 wavelength as the data payloads prior to inputting the data payloads to the input
6 network element, the header having a format and protoco! and being indicative of the
7 local route through each of the network elements for each of the data payloads and its
8  corresponding header, the format and protocol of each of the data payloads being
9 independent of the format and protocol of its corresponding header,
. 10 optically determining the header at the network elements as each of the data

11 payloads and its corresponding header propagate through the WDM network,

12 selecting the local route for the first _of the data payloads and its corresponding

13 header through the network elements as determined by looking up the header in the

14 corresponding local look-up table,

15 routing the first of the data payloads and its corresponding header through the

16  network elements in correspondence to the selected route, and

17 routing subsequent ones of the data payloads in the sequence through the local
} 18 route selected for the first of the data payloads.
19 9. The method as recited in claim 8 wherein each step of routing includes the

20 step of resolving contentions for the selected route.
2] 10. The method as recited in claim 9 wherein the step of resolving contentions

22 includes the step of routing over an alternate route determined with reference to the

23 selected route.
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wavelength used for the selected route.

12. A method for propagating a data payload arriving at an input network
element onto a wavelength division multiplexing (WDM) network composed of a
plurality of network elements, the data payload having a given format and protoccl, the
method comprising the steps of

generating an optical header associated with the data payload, the header having
a format and protocol and being indicative of a local route through each of the network
elements for the data payload and the header, the format and protocol of the data
payload being independent of the format and protocol of the header, and

adding the optical header to the data payload and embedded in the same
wavelength as the data payload prior to inputting the data payload to the input network
element.

13. A method for transferring a header and a data payload from the input to the
output of each particular network element in a wavelength division multiplexing
(WDM) network composed of a plurality of network elements, the data payload having
a given format and protocol independent of those of the header, the method comprising
the steps of

generating and storing a local look-up table in the particular network element,
the local look-up table determining a local route through the particular network
element,

optically determining the header as the data payload and header arrive at the

input to the particular network element,
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selecting the local route for the data payload and the header through the
2 particular network element as determined by looking up the header in the local look-up
3 table,and
4 routing the data payload and the header through the particular network element
5 in correspondence to the selected route.
6 14. A system, in combination with (a) an electrical layer; and (b) an optical
7 layer composed of a wavelength division multiplexing (WDM) network including a
8  plurality of network elements, for propagating a data payload generated by a source
9  device in the electrical layer and destined for a destination device in the electrical layer,
10 the data payload having a given format and protocol, the system comprising
1 a first type of optical header module, coupling the source device and the WDM
12 network, for adding an optical header ahead of the data payload prior to inputting the
13 data payload to the WDM network, the header being indicative of a local route through
14 the network elements for the data payload and the header, the format and protocol of
15 the data payload being independent of those of the header, and
16 a second type of optical header module, appended to each of the network
17 elements, including means for storing a local look-up table in a corresponding one of
’ 18 the network elements, each local look-up table determining a routing path through the
19 corresponding one of the network elements, means for optically determining the header
20  at the corresponding one of the network elements as the data payload and header
21  propagate over the WDM network, means for selecting the local route for the data

22 payload and the header through the corresponding one of the network elements as

23 determined by looking up the header in the corresponding local look-up table, and
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4  optical header module couples the WDM network to the destination device, and the

(V)

first type of optical header module further includes means for removing the header
6 from the data payload before delivery to the destination device.
7 16. The system as recited claim 14 wherein the second type of optical header
8  module further includes the means to optoelectronically determine the header while the
9 data payload remains undisturbed in the optical domain.
) 10 17. An optical header module, in combination with (a) an electrical layer; and
11~ (b) an optical layer composed of a wavelength division multiplexing (WDM) network
12 including a plurality of network elements, for propagating a data payload generated by
13 asource device in the electrical layer and‘destined for a destination device in the
14  electrical layer, the data payload having a given format and protocol, the optical header
15 module, coupling the source device and the WDM network, including means for
16  generating an optical header associated with the data payload, the header having a
17 format and protocol and being indicative of a local route through each of the network
18 elements for the data payload and the header, the format and protocol of the data
19  payload being independent of the format and protocol of the header, and means for
20  adding the optical header to the data payload prior to inputting the data payload to the
21  input network element wherein said means for adding includes means for embedding
22 the optical header in the same wavelength as the data payload.

23 18. The module as recited in claim 17 wherein the optical header includes a

24  tag-switch state for routing the optical header and the data payload through the network
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1 elements, and the means for adding an optical header includes the means for
2 determining and for inserting in the optical header an appropriate tag-switch state to
3 route the optical header and the data payload through the network elements.
4 19. The module as recited in claim 17 »'vherein the means for adding the optical
5  header to the data payload includes means for placing the optical header ahead of the
6 data payload in time.
7 20. An optical header processor, in combination with (a) an electrical layer; and
8  (b) an optical layer composed of a wavelength division multiplexing (WDM) network
9 including a plurality of network elements, for propagating a data payload generated by
t) 10  asource device in the electrical layer and being destined for a destination device in the
11 electrical layer, the data payload having a given format and protocol, the data payload
12 further having an associated optical header, the optical header processor, associated
13 with each of the network elements, comprising
14 means for storing a local look-up table in each corresponding one of the
15 network elements, each local look-up table determining a routing path through the
16  corresponding one of the network elements,
17 means for optically determining the header at the corresponding one of the
18 network elements as the data payload and header propagate over the WDM network,
19 means for selecting the local route for the data payload and the header through
20  the corresponding one of the network elements as determined by looking up the header
21 in the corresponding local look-up table, and
22 means for routing the data payload and the header through the corresponding

23 one of the network elements in correspondence to the selected route.
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] 21. A system, in combination with (a) an electrical layer; and (b) an optical

2 layer composed of a wavelength division multiplexing (WDM) network including a

3 plurality of network elements, for propagating a data payload generated by a source

4  device in the electrical layer and being destined for a destination device in the electrical

5 layer, the data payload having a given format and protocol, the network further

6 including a network manager coupled to the network elements for determining circuit-

7  switched routes through the network, with each of the network elements including (i) a

8  switching device, and (ii) a circuit-switched controller, responsive to the network

9  manager, for controlling the switching device based upon inputs from the network

N
P -

10 manager to established circuit-switched routing paths through the WDM network, the
11 system comprising

12 a first type of optical header module, coupling the source device and the WDM
13 network, for adding an optical header ahea;i of the data payload prior to inputting the

14  data payload to the WDM network, the header being indicative of a local route through
15 the network elements for the data payload and the header, the format and protocol of
16  the data pavload being independent of those of the header, and

17 a second type of optical header module, responsive to the network manager and
18 the circuit-switched controller and coupled to the switching device, including means for
19 storing a local look-up table in each network element as provided by the network

20  manager, each local look-up table determining a routing path through each network

21 element, means for optically determining the header at each network element as the

22 data payload and header propagate over the WDM network, means for selecting the

23 local route for the data payload and the header through each network element as

24  determined by looking up the header in the corresponding local look-up table, and
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10 2 correspondence to the selected route by processing inputs from the circuit-switched

3 controller and the local look-up table to control the switching device.
4 22. The system as recited in claim 21. further including means, interposed
5 before the switching device, for delaying the delivery of the data payload and the
6  header to the switching device for a pre-determined interval.
7 23. The system as recited in claim 21 wherein
8 the means for optically determining the header at each network element further
9 includes a demultiplexer for demodulating the header propagating over the WDM
{ | ,), . 10  network to a baseband header,
11 the means for selecting includes a fast memory, responsive to the demultiplexer,
12 for determining route information contained in the baseband header, and
13 the means for routing includes a tz;g-switch controller, coupled to the local look-
14 up table and responsive to the fast memory and the circuit-switched controller, for
15 controlling the switching device.
16 24. A system, in combination with (a) an electrical layer; and (b) an optical
17 layer composed of a wavelength division multiplexing (WDM) network including a
18 plurality of network elements, for propagating a data payload generated by a source
19 device in the electrical layer and destined for a destination device in the electrical layer,
20  the data payload having a given format and protocol, the system comprising
21 a first type of optical header module, coupling the source device and the WDM

22 network, for adding an optical header ahead of the data payload prior to inputting the

23 data payload to the WDM network, the header being indicative of a local route through
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4 elements, including means for storing a local look-up table in a corresponding one of
5  the network elements, each local look-up table determining a routing path through the
6 corresponding one of the network elements, means for optically determining the header
7 at the corresponding one of the network elements as the data payload and header
8  propagate over the WDM network, means for selecting the local route for the data
9 payload and the header through the corresponding one of the network elements as
L determined by looking up the header in the corresponding local look-up table, means
11 for routing the data payload and the header through the corresponding one of the
12 network elements in correspondence to the selected route, and means for maintaining
13 the selected route for each subsequent consecutive header having the same local route.
14 25. A method for propagating a data payload from an input network element to
15 an output network element in a wavelength division multiplexing (WDM) network
16 composed of a plurality of network elements, the data payload having a given format
17 and protocol, the method comprising the steps of
boog generating and storing a local look-up table in each of the network elements,
19 each local look-up table determining a local route through the associated one of the
20 network elements,
21 adding an optical header to the data payload prior to inputting the data payload

22 to the input network element, the header having a format and protocol and being

23 indicative of the local route through each of the network elements for the data payload
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10% & () "6" elements as determined by looking up the header in the corresponding local look-up
7  table, and
8 routing the data payload and the header through the network elements in
9 correspondence to the selected route,
‘( ,_) 10 wherein the optical header includes a tag-switch state for routing the optical
11 header and the data payload through the network elements, and the step of adding an
12 optical header includes the steps of determining and inserting in the optical header an
13 appropriate tag-switch state for routing t};e optical header and the data payload from the
14 input network element to the output network element through the network elements,
15 and
16 wherein the optical header further includes priority data for use in resolving
17 route contentions as the optical header and the data payload propagate through the
18 network elements, the step of generating and storing a local look-up table includes the
19 step of associating a priority level with each tag-switch state, the step of adding the
20  optical header includes the step of inserting in the optical header appropriate priority
21  data for the data payload, and the step of selecting includes the step of determining the
22 local route based upon the priority data and the priority level.

23 26. A method for propagating a data payload from an input network element to

24 an output network element in a wavelength division multiplexing (WDM) network
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3 generating and storing a local look-up table in each of the network elements,
4  each local look-up table determining a local route through the associated one of the
5 network elements,
6 adding an optical header to the data payload prior to inputting the data payload
7  to the input network element, the header having a format and protocol and being
8 indicative of the local route through each of the network elements for the data payload
9  and the header, the format and protocol of the data payload being independent of the
10  format and protocol of the header,
11 optically determining the header at the network elements as the data payload
12 and header propagate through the WDM network,
13 selecting the local route for the data payload and the header through the network
14  elements as determined by looking up the header in the corresponding local look-up
15  table, and
16 routing the data payload and the header through the network elements in
17 correspondence to the selected route, and
; 18 wherein the optical header and the data payload are initially generated at
19  baseband, and the step of adding the optical header to the data payload further includes
20  the steps of
21 frequency shifting the baseband optical header to a frequency band above the
22 frequency band of the baseband data payload,

23 combining the frequency-shifted baseband optical header and the baseband data

24  payload to form a composite frequency signal, and
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2 agiven wavelength to produce an optical signal to propagate the header and the data

3 payload through the WDM network.

4 27. A method for propagating a data payload from an input network element to

5  an output network element in a wavelength division multiplexing (WDM) network

6 composed of a plurality of network elements, the data payload having a given format

7 and protocol, the method comprising the steps of

8 generating and storing a local look-up table in each of the network elements,

9  each local routing look-up table determining a local route through the associated one of

: __) ‘ 10 the network elements,

- 1 adding an optical header to the data payload prior to inputting the data payload
12 to the input network element, the header having a format and protocol and being
13 indicative of the local route through each of the network elements for the data payload
14 and the header, the format and protocol of the data payload being independent of the
15 format and protocol of the header,
16 optically determining the header at the network elements as the data payload
17 and header propagate through the WDM network,

} 18 selecting the local route for the data payload and the header through the network

19 elements as determined by looking up the header in the corresponding local look-up
20  table, and
21 routing the data payload and the header through the network elements in

22 correspondence to the selected route,
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baseband, and the step of adding the optical header to the data payload further includes
the steps of

frequency shifting the baseband optical header to a frequency band above the
frequency band of the baseband data payload,

combining the frequency-shifted baseband optical header and the baseband data
payload to form a composite frequency signal, and

optically modulating the composite frequency signal using an optical source of
a given wavelength to produce an optical signal to propagate the header and the data
payload through the WDM network, and

wherein the step of optically determining the header at each of the network
elements includes the steps of

photo-detecting the optical header to produce a detected signal,

locking onto the detected signal with a local locking oscillator to produce a
locked signal, and

mixing the detected signal and the locked signal to produce a baseband signal
representative of the header at baseband.

28. A method for propagating a data payload arriving at an input network
element onto a wavelength division multiplexing (WDM) network composed of a
plurality of network elements, the data payload having a given format and protocol, the
method comprising the steps of

generating an optical header associated with the data payload, the header having

a format and protocol and being indicative of a local route through each of the network
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7  the steps of

8 frequency shifting the baseband optical header to a frequency band above the

9 frequency band of the baseband data payload,

{ __)\ 10 combining the frequency-shifted baseband optical header and the baseband data
- 11 payload to form a composite frequency signal, and
12 optically modulating the composite frequency signal using an optical source of

13 agiven wavelength to produce an optical signal for propagating the header and the data

14  payload.

15 29. A method for transferring a header and a data payload from the input to the

16  output of each particular network element in a wavelerzth division muitiplexing

17 (WDM) network composed of a plurality of network elements, the data payload having
! 18 agiven format and protocol independent of those of the header, the method comprising

19 the steps of

20 generating and storing a local look-up table in the particular network element,

21 the local look-up table determining a local route through the particular network

22 element,

23 optically determining the header as the data payload and header arrive at the

24 input to the particular network element,
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16  asource device in the electrical layer and destined for a destination device in the

17 electrical layer, the data payload having a given format and protocol, the optical header
\ 18 module, coupling the source device and the WDM network, including means for

19 generating an optical header associated with the data payload, the header having a

20  format and protocol and being indicative of a local route through each of the network

21 elements for the data payload and the header, the format and protocol of the data

22 payload being independent of the format and protocol of the header, and means for

23 adding the optical header to the data payload prior to inputting the data payload to the

o
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24 input network element,



| 4 June 2003
& ()-M\Q11(M~\=I=1" S - 10%| & ()-! f*F#10%9| & ()- f*f#10%@& ()-!

,L$! 109KNK& () -, L$! 109%4| & () -, 3" M 10%4| & () - AA= dYNC! © 104P 104P
104P0?10%4P& ()- Y

=109 & () - @' 10%| & ()- @s! 10%] & ()- @10%H & ()-____ P }A2YNCS  110%
& ()-Ff 10% U& ()-' !V leO/cUU&'()-S!(le%SS&'()-Ssl ?g#(/( 79
U& () -3 vaaaaGhb =YNC! " !q S&10%~& ()-Slq S&10%~& sé1 s{o¥
U ()- @0% U& ()- ! 10% U& () - Fbcexdej ef zX6YNC! ! > If gB 2000 (

94 0% pFp& ()-'L L ( 9%d0%Y& ()-!19L ( YAO0YFF& ()- S&ML0% US ()-I
S&10%JUE' () - Sf f ivhéreinfthe-m@irs¥or didbrig&hd opticAl(HeBdr ko it HAtHpRYylopd inclided) 10 U 10
U <10% U& ()-'H L ( 9A0%JUULE ()-f8gkg&hh|iir=~ @!> n ZYA0%IU& ()-y!E
Z%40%& §) - )Hemg/ga&ﬁxg vhe optidd) Hballef dlread of tla@%t&p@loadc in time, and

10% & ()-1%jj*k dl> SL*#109%& () -

6sL*#109& ()-) 3&%&{%&%@1&%%&@ the Hata (@?f&é a.r/e‘g‘ru(lﬁl‘l)y geherated at

Z940% & () - ykl 10/ <109 & (

LR H e (b R bt oo

10% | || (2 opphqq r\/\}\/4VK@I S&LO%GEE () - s&109%R202& () -!s&L0%BCHOL () -!
s&10%%] 3] & "65“ S 581098 $| & ()-'A s&10%, u, & ()- rrrs= s@AsBsCs{\QF 11 104]

104| 104| <109%4| & % & ( 10%7, 7 &'
S21090 5] & (- COrtrkdtrbty shiging i Sechurhpits s (A Sqichey thna

#1093 () - £ #1090 ] & () - ! & #10% " 10% Ott. uuuPvrvxV7QF; 1 1,
10%&(3(?3% ufé %tg&%&bsr}d)dama%eé/ﬁ/&-() .m %0%iu& ()-!3q

%40%z& ()-rvvwwgwwBxb@y; ! !! T $10%& % M &s*" $10%&' ()-M S& 10%%' () - S&
10%6G& (§ - 1 0mgzms (fgr- comblr&u@/&a&ﬁﬁw@xycsly ghhasphandpriical hderandoba| & ()- 106G
10G 10G =109%G& ()-6!'109%& ()-4 "10%% ()-! &s* $10%& () - MwyDzzz{b{}"?] _@'
9@ ! 1098!| &bgspbandidatapprulend fo-fbog.a tompesite feqeency signal, and
M 10%i| &' ()-‘ 90$10%A& ()-!VI$10% | & ()-b{o{{BIW |%BxV7j_@!'!10%| & ()-!y%0
‘V@q &1¢) - y %heanE T& dp}iedlly raodulating the composite frequency signal to produce an

yodow | & ()-"'hy%d0%& ()-"!9 10% | & ()-%1}}~~>J}"?] _@!4,10%}| & ()-L0O! 10%
| & () - 31 L16pethBsignal for Pobagading [tie Ke)ad&'a%il&%ta&a@oa&#ﬂﬂgzﬁ}hﬁwé\)elehlgﬂ@' ss$10%

& ()-F!(ss$10%k& ()-F"10% h&' () -
12 31. An optical header processor, in combination with (a) an electrical layer; and
13 (b) an optical layer composed of a wavelength division multiplexing (WDM) network
14 including a plurality of network elements, for propagating a data payload generated by
15 asource device in the electrical layer and being destined for a destination device in the

16  electrical layer, the data payload having a given format and protocol, the data payload

17 further having an associated optical header, the optical header processor, associated

N
==}

with each of the network elements, comprising

19 means for storing a local routing look-up table in each corresponding one of the
20  network elements, each local look-up table determining a routing path through the

21 corresponding one of the network elements,

22 means for optically determining the header at the corresponding one of the

23 network elements as the data payload and header propagate over the WDM network,

4
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12 baseband signal representative of the header at baseband.
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