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H GH TH TENCY NEXT GENERATI ON | NTERNET NETWORKS USI NG
OPTI CAL TA Iﬂ" ACKGROUND OF THE DI SCLOSURE 5 - 1. emm
| nventi on nrelates to optical comunicatio SW ¥ nore

particul arly, t'éSKft opti cal system which accommpdates network traffic with
hi gh t hroughput and | ow | atency. 2. Description of the Background Art 1 o
Recent research advances in optical Wavel ength Division Miltiplexing (DM

t echnol ogy havg, §fasécsr ed the devel opnent of networks that gegrQégss of
magni t ude hi gher 1 n transm ssion bandw dth than existing commerci al
networ ks. Wile such an increase in throughput is inpressive on-its-own, a
correspondi ng decr HAGH-THROMGIPUT| LOBAREATENSTY NEXT GENERATEONANTERNEIEr t 0

realize the Next Generatio Vi S i di ng the next
generation of ultra high s;%%g{ngeﬁmgpglv{;@ﬁgﬁﬁ@t&ﬁ@éﬁﬁifﬁl rements for

supporting new applications, including national initiatives. Towards this
end, current research efforts have focused on devel oping an ultra-Iow

| at ency | nternet BPAOKGROUND &F TeneanISODWSORE cal packet switching technol ogy
that promises to deliver the two-fold goal of both high throughput with | ow
| at ency. Such efforts,) mbldloethel®Rhiednng, 20 have yet to fully realize this
two-fold goal. There are a nunber of challenging requirenents in realizing

such | P/ WWDM net wor ks. Fi r Sthis hb@ntiuﬁelﬂ@stt%f:ﬁ‘caf%ﬁﬁmjn%ﬁ&'s?ﬁgrﬁﬁgﬁ, fbieh the

exi sting Internet and avoid protocol conflicts. Second, net wor k

must provi de not il s bt P8R Siich Btk Ao 2 RLAAGY, POLT

packet-switched (that is, bursty Ic an crrcurt- ed V\DM
networks. Third, 1.l s if the NG network requires -1 no
't . ; :
synchroni zati on bet \?\%@H?%}éggr}g%%ﬁ%pand data payload. Finally, a desired
obj ective is that theZNS%S iqto‘ﬁ\% i-Tefelelingys tes data traffic of various
protocols and formats™ i S to transmt and receive IP as
wel | as non-] P signals w thout the need for comgl i cated synchroni zation or
format convel’sion. s ConpalT&¥ACSthadyprsss ngptigal Yypyelength Division Multiplexing
Mul ti-Wavel engt h- ical twork (MONET) system as reported in the article
"NMONET: Mufti- m&w ?@%Me fagiarsebibg Aevglopmgnt Rf Ee.twv&grbefra,re ederapf  and
published in the Journal of Lightwave Technol ogy, Vol. 14, No. 6, June
1996, denonstr at apeegtyds pigher igftransmission bandwidth than existing commercial networks. While

such an increase in throughput is impressive on its own, a corresponding decrease in
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
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key m | estones in optical networks including transparent transm ssion of
mufti-wavel ength.through nore than 12 reconfigurable network el enents

spread over the national scale fiber distance. The netvvgil ‘ )\zgaail s
US Tl g g
8

circuit-switched and suffers inefficiency in acconmobda F
The typical connection setup tine fromrequest to swit s fre '
seconds, limted by capabilities of both Network Control!¥&s &IZ#[EB 2000
(NC&M and hardware. Recent efforts within the MONET programto inprove on
the ef fi ci enBYSYShwaivatien katwenn signalitig arskt datapayldad TFimelly iagiesitddrubjecti o8t the -
This method utilizes enbedded 1510 nm NC&M si gnal'i ng whi ch precedes the
dat a pay| oadNIG neswoels idcomhfdaeday whffidRf vaitius pRitéd F%u’ (ﬂn{ﬂéssto i &

P 3 eng'? I'n orl@ée?r'ﬁgﬁwﬁtle l°y

made for each network configuration for every wave

synchroni ze andd HRald : e ing of .the payl oad, | '
accor dance w&%}{fﬂ%agédgggr{??g@gﬁ%ﬁﬂ%‘éﬂo“pﬁo& P’eﬂﬁ@kﬁ C‘H’éalﬂ’é'tegi- s carried
over 20 the gane wavel ength as the, packet payl oad data. This approach :
el i ninat es tACHTQRiZtIog.Or FHBEFONYR§I98ay | oad synchroni zation. Furt her nore,
with a suitable use of optical delay at each internedi ate optical -switch,

it.-elimmnates the need tq estimate the initial burst delay by incorporating
t he optPcal m&&ﬁﬁ;ﬁf_ﬂﬂ& he switches. This makes 2 =~ WD 00l 04667
PCT/ US99/ 149?79 a striking difference with Just-In-Time signaling in which
the delay at each swi tldn MultrWaveteagthe@pticabNetsvotlo(MSONETpsystent) @8 ebpofted intRe and
nmust be entered in the cal cul ation for the total delay. Lastly, there is
little time atde SAONET: MulteVavelengthORRACKERriiAgehy A . Wa}\%g‘} teé/alfﬂﬁa'pgwiﬂﬂda
cfgpectrpn. I'n conp:tr); son to a few Second del ays seen in | :ET, tle > .d
present i nvantieveusubéfaightiBid Féchh& ! ! I PRstrate eror ¢
B e AP oL NS B (8 sl mbef of

by the actual hardware sw tching del at each’sw

sw-t.ching t I J: 7 lL.ays,of only several m,croseconds, and
sm})t er del gﬁg Bﬁ\!eﬁgx%selggé%é?ﬁ?tg’gflﬁ%){?%@l%ﬁ %‘?’“&S’@Hﬂa!ssg%?fmﬂérwebaathbe

i ncor.pogate using, an optical fjber delay |ine at each network el ement
ut i Ty zi?‘?\g s%ﬁ%@?"%ﬁ”é‘ ‘&r%&‘gﬁ'&ag“{ﬂm‘iéﬁmfb mspis spreagipves theatipra) seale filker 10

| owest possible |atency down to. the fundamental limt of the hardware, and
no | ower | aldéﬁtﬂ?f/e'c he petwerknhosvever, i cirghig-switbhed and stfiers)inefficikiney dctariinodating
Net wor ks Technol ogy Consortium (ONTC) results were reported in the article
"Ml ti wavel EHEbhtratteofihe typicaldoenadtivh S6Thp GRRIFBmNe it f6 sWﬁSlﬁi{QF@'a fow sedaag et
al. and published in the Journal of Lightwave Technol ogy, Vol. 14, 15 No.
6, June 199¢imiBdibh cEpubilitiel of Bk N¥tdik COnMEIVE MMELdhlent > ,
8 wavel ength) of the ONTC program were confi gur e%l oerrl1 Q%N%F@i%ﬁ%ghg%ebggééﬁ
net wor k. \Miefferes withinahe WOWBRSRGra G @%ﬁ LALAE2Y 8L head, and
excl uded the possibility of aﬁsgﬁgl e- lﬁ%ﬁé’%\%‘)r ,agﬁcglcﬁa%%g??ﬁ@&gber q".St'm'
si gnal {919 WasmeRds 8 S Ut il g zi t he iS50 nou Acell itself.
This comuni cafg?%nalo Elé&kﬂ%l %gﬁﬁn%bé%‘ﬁﬂggs %b?‘?affg?{ r%éﬁ%\%‘@ﬁw which cal
wavel engt h, jally offering simlar benefits as with the technique of
the present p?e(%écge%%eo#ﬁtym\f}@&y ,agfﬁgn?tﬁéﬂ@x Ye.t Ehis gstipuation fmust be accmmatehemadd
signi fi cant advg}?t ages over the ATM based signaling. First, the inventive
t echini que off¥Tefach Retéprkoafipuptiorfon evary vavelergtioint ordérao serhrohize g W Ealing O

el ectrical signals and buffer the packets. Second, it offers far nore

ef fici ent uthrgder and syitohingtdfehelmytbad dt h by

In accordance with the present invention, the optical packet header is cafried 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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-3 f 13 JAN 2003 y1 |1 |PEA/US17 FEB 2000 elim nating excessive
overheads. Third, it allows strictly, transparent and ultra-1low | atency
connections. The ARPA sponsored All Optical - Network (AON) Consortiumresults
were reported in an article entitled "A Wdeband Al |l -Optjcal , ~Networ k",
by I. P. Kaminow et s al. and published in the | EEE Jourhal -.9A '6el ect ed
Areas of Conmunication) Vol. 14, No. 5, June, 1996. There were actually two
parts of the AON program WDM as reported in the aforenentioned article,

and TDM r epor tyashololss® conpani on paper in the sane issue. FipegiusdoRe7y\DM par t
of the AON programis first discussed, followed by the TDM part. The AON
architecture is a three-|evel hierarchy of subnetworks, and resenbl es that
of LANs, MANS, arfctrikpgedifierense withduntebnrTione signaling ik svhichhlee dalai apeaoly iwiesaidag ee
basi c services between Optical Termnals (OIs): A B, and C services. Ais
a transparent ci rtbapathongedsthde kgavnahes of Briesndimistdo sirered it thé éaldutasioh &6l weed
TDM WDM service, and Cis a non transparent datagram service used for

signaling. The B teterdelayeLamtlgsthere itlittlectiris @asedddn eqdesBhPa ona6ctibh BME ahdSacHRRY
with 128 slots per frane. Wthin a slot or group of slots) a user is free

to t s choose thechiednd atdnacuiivmt ia camgarfson iR few EtOnBdeiSS Vich & MONETRL €d on
the AON architecture is closest to the I P over WDM which is the subject

matter of the pressait inveidRishiget mEeMeMREes thdWlaySERAIRLI Sy Bk &F@\{h gl i ng
in the Cservice with the payload in the B—sera\yi ce rleqﬂfa{rbés gar fu?ﬂlcglml

synchroni zati on heidweeswittiinSdddahi dath Rﬁéﬂf?g@%&éﬁ%ﬂ&ﬁ@e@%aloﬁ ié?rsarléz

requi renent becones far nore stringent as m Ccr osecon %s used
Synchr oni zati on' et o oR et BReRle it A e BV S Tep it oh Bt on s
nter oper abi ity aro SorReflbe & Bl v ia 6 Rld st o s 1 st eps

DAN 2003 1 PEA USSP ARBRGE B AR R P erept Sibiebtacrmitiores isqui o
and o1 1 or o 28a1 anneel B SHBREEF St hetiadienaLi ol ekt end b lower | o

Pl exti br e bandw M SHUNARICH CHARLEDRTIRUGaE 100 5 Gbi's.  However . there

are significant technol ogical chall enges behi nd such high bit rate systens

mainly related to nonl i neatiefqraisal Netwaskes Technology §@nssetivan (QNEG)aesulieweradat i ons

inthe fiber. Wile the . i
reported in the article “Multiwavelength Reconfigurable WDM/ATM/SONET Network

Testbed” by Chang et al. and published in the Journal of Lightwave Technology, Vol. 14,
15 No. 6, June 1996. Both Phase I (155 Mb/s, 4-wavelength) and Phase II (2.5 Gb/s, 8-
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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soliton technol ogies can alleviate sone of the difficulties, it still
requires extrenely accurate synchroni zati on of the networ - down to a few
pi coseconds. In addition, the header and the payl oad nust dA;MQUO
identical bit rates, and as a consequence, bit-rate transparent services
are difficult to provide. The subject matter in accordance with the pfesena
i'nvention requires no synchronization, relies on no 10 g

and offers transparent services. The Cisco Corporation BZ@A&@IT@B Zﬁﬁa
product bas ediminatifig gx@ssive dnerigpads: AHitdeit gHoves sthctilegisparéntand qu-aQbﬁqgeﬁc\
Tag-Switching is available at the world-wi de-web S|te)

(http:// Ww.phseeRe0n War p/ publ ic/ 732/tag/). Cisco's (electronic) Tag
Switching assigns a label |5 or "tag" to packets traversing a network of

routers and swtches nVE’ltI each acket must be
processed by each rouiré A?g%ds@%‘ HPECﬂﬁﬁfwﬂfg‘dw ESWISREF i ts
final destination, In an (electronic Ta Swi t chin network tags are :
assi gned t o FePogied in H’a’f’?‘@ﬁeﬁé{%ﬁk‘ylck H'QP“F%{(,\VE&;NFW@NR' by 1. RuiKaotisgv et

t hrough the network with each node sinply swapping tags rather than '
processi ng @hehd pehlished inAle IEEEJotmehorcSelétag! Aend effCongmidicativhyWok 14iNd. 5,
consist of a core of (electronic) tag swtches (either conventional routers

or .swi t ches Junenn9%h Therenest adtaallyaho PartO6f the ACNIpREEeh: WDW&&eQ&he@hﬁthe
net work' s peri phery. (Electronic) Tag edge routers and tag sw tches use

standard 1 odfdrétBentioRédaat] These
systems S 1?r, 'JAN 2003 FlélEg/Tlgég?é oéé%f%o%?pgﬁ%hgn useh"t?e % {lé( Flrsp&‘%

rated b l. SSI rdtetaglnformatlon
vi a}ea Tag D@?F%utl on 'gr otpqé%ﬁ'% 1%{159%@? SWGSJb%B‘ RButers receive
the Tag Distribution ﬁn’c‘%g i,nf ormation and build a forwardi ng database.
Th dat abase maps par rarghiteptireds p three-leyelihicrarchy,ef subaeswprks canduksemblasos e

t| nations and the ports through which they are reachable. Wen a tag
edgé r But er thabeldiAlls, MANacndtWADs séeprimeorputer retwarks TliecA ONprovidesahiee basid
10~a&hal yzes t he networ k-1 ayer header and perforns applicable network |ayer
servi ces. | serviesbetedeamical Terminalsf(OMTs): e Bpank€ servicedn A isa ﬁﬂﬂ?&r@ﬁt ciredt-€s,
applies a tag and forwards the packet to the next-hop tag switch. 15 20 The

tag switch switched eervichB Isa0eREpaRaH: Kitle- s@ﬁ!ﬂlu&\ﬂ‘ﬁmﬁ\b&rﬂ@&lﬁﬁﬂcqgﬁﬂg% sol el'y

on the tag, w.thout re-anal y2| ng the network-Iayer header e pac

oo 15 stri pocgueRaui Rvies el orS it ﬁzé:ﬁlcwﬁ% SR S0 "
EES?ﬁQE??ﬁS“\fasﬁ% 0%5'5‘*“%%@5‘#@8%%8’ . Vit 94l eroup abgison 19 e

Switchjn t
s 9) l?oosgB\e moduiatlon rate and format The B-service implemented on the AON archxtecture is

: | closest to the IP over WDM which is the subject matter of the present invention. However, the
. ~ separation of NC&M signaling in the C-service with the payload in the B-service requires
careful synch;o_nization 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 synchranization 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 g0 in steps with the network

synchronization requirement.
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standardi zed, vendor-neutral (electranic) tag-switching function in routers
and switches, including ATM switches. A nunber of featur %Ip% ¥$CO' S
(electronic) Tag Switching is simlar to the Optical Tag SwTc |mich is
t he 'subject matter of the present invention, with the features ainmed at the
simlar goals of sinplifying the processing required for:pagketr rout Lag: ( N

The key differences are as follows. First, the optical LN is '
purely optical in the sense that both tag and data payI!Mwa.g%B 2000
opti-cal fornThéfredent inaerivp sutfect ithtthi r@Yuife 48 lsenchfonPANBE MRBk-ofiratb{ Witk EASEHY 1P
inventive system senses the optical tag, the actual packet does not

under go optigal BQP%]aﬁfc; | jon until it cones out of the network.
"ohi? Sy bl reg PRRRIRY

The G sco's (electronic will be all electrical, and.applies
6 13 JAN 2003 WO 0O JDF G,gg PCT/ US99/ 14952 el ectroni c, detection, :
processing, and ret ranst.S80BHa%E FiRed4 1% CGl@bityptes sk pringiples sucbadeafastTDMhe

Optical Tag Switchi ng of th'e_aﬂreser]t i nvent.i on-achi eves | owest possible

| at ency and nfbsarknbave the gotesitialitoiprovidagulp fiefibleshandividtt eroduneant agbwred ragh oA P00
will have far greater latency due to electronic processing and el ectronic
buf f eri fig. TBb/s.dHywetenathédd bieGigniflagt ulinoligicabchaflledglebdtimbaich mgﬂ\lﬁnﬁieggstems
utilizes path deflection and/or wavel ength conversion to resolve bl ocking
due to cont apihlgielated td\RorliacdiRies disMeRIAAhd fdBrEhidH deBPldbt SN RN
onl'y utilize ellgct roni ¢ buffering léagg a hear‘fls?’ to tg&chegf/ug&é%ﬁ?%%g:f%’%p M'l\émthe
resol ution abjifoR%ech o) NGy, d the performance is
strongly depeﬁ%en?qﬁgﬂb%;g%:&dg?ﬂ é‘?@%%g’?hg%%rc @@ﬁ‘?gf%véﬂy GHIELTEE D ARWRE of
any, | engt h. t | t he tical, Tag Swit¢ghing of the_ present invention .
2 eves a STRiHkentiatpp SRR ARGk nabuB ke fei Mieserondss i agktiony the bpader and e
protocol can be routed so long as it has a proper optical tag. Hence the
data can be PaYlgrd mustdaveth identical hit sates and asq copseqB@ice, bit-rate transparent services are
(f _e)quenc'y-shi fted-keying ) format. The El ectronic Tag Switching requires

t hat~ da a p&l}ﬂ'leddtotm'oﬁd&emdmb.tgbl\mattedixgic’caklm’tdetwitlﬂhepie%ﬂidv@ﬁ(ﬁodr@qﬁih@ no
eleefronic tag since the routers nmust buffer themelectronically. 15

Anot her  r episgrsbrdnidative, rélfs 3 2bq0Y GbikabchnBlogRS, and ol kRh ARG Lvithe pr esent
invention is the so-call ed Session Deflection Virtual GCrcuit Protocol

(SDVC), which is base i ki j ' erentgitled
"The Manhattan Street %Né;?ﬁog‘?gbﬁsgygﬂﬁ&le—m},hﬁgg%%Egr°g§&gﬁgﬁaq0°§h’gﬁt$‘ﬁﬁﬁw
Pr oceedi ngs ' | m ' 2S5- 261, Dece, r 1985, discusses that
when two pac g%hlse %gﬁrgﬁ%FC%go%g?egc@Egagzgwgtg%g lfé’é'?‘ﬁ%g"t?télﬁw widerweh sitean
be randomy clg,qien for the ‘gqrrgf erred output |ink and the other packet is
"def | ect ed” FHPF AW Hise0 PR aTPRRbYY T3 tagrhi Giserinfelectrpmie) Pagckwitching dskigns a label
occasional |y fake paths that are not shortest paths. The deflection nethod
utiliz&d by °f Hae'edakets rayewing agretwierk of rauters angrriitehes. Is elcantentibreal pagdeet t o
go to the nost preferred path; rather, it attenpts to |ook .into the
priorities &ftWok epelepaskes mushbic proneisedriey datiytoter |o§ ddérinine the next hbg of A paOR3 -
PCT/US 99 / 149 7 9 17 Feb 2000

= toward its final destination. In an (electronic) Tag Switching network, tags are 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



packet to be routed to the preferred path. The packets will| be deflected if
they have ,lower priorities; however, both “path deflecti o:t-fnd o '
"wavel ength deflection' are utilized. The path deflection iJﬂ Q Q
rconventional SDVC in that the optical packet will be sinply routed to the

ga]Elh 01;_ t he -lnFXt p[ ﬁf er5enc;e__ at I t he ia{ret vva\t;el engt h'd ;I"r‘ae ivaligl en& /1 149 )
eflection allows the 5 optical packet to be route A 3 cll -
PEAIST R

path but at a different wavel ength. This wavel ength d .

by wavel engitherruseviertablesgentratddebywié watifg flofTBI3 16 assiaranll @lstributd fagirif&hation via
wavel ength conversion is utilized, nmeaning not all wavel engths wl.l be
avail able a iR adk | I I o]l ) l.engt h.
The. wavel enck FeedarT oy nERoEHE 1883 REncs Bh BedulFbufts SLATEH O Tl RTRERY
contentions g™ t hqut. i ncr easi h at,h del ay. e .conbi nation of path and
wavel engt h Jsg?‘lo‘é‘@t"?%ﬁgatﬁ’ﬂiaﬂq S%g{ﬂ gﬁ"@f"é%l‘?“‘%ﬁ?gﬁ&éﬁf?‘ﬁ%ﬁﬁl’s PBHHAL i viti es
for resolvi gig packet contentions; however, -the degree of partial wavel ength
conver si on &&stingtonsie thedagshssqsinted: with tbsecdestinptions dgheparts thiough which Sheytar
scalability and flexibility of the network are not addressed by - :
convent$ onalregSmAKR. t s SUMMARY OF THE | NVENTI ON The present invention
utilizes a unique optical -signaling header techni que applicable to optical

net wor ks. Packet rout:i i i b S I By N .
When b R{OEIBR kdudd réivelR palde ol 2053?%5%5% g@?ﬁr%elket\%rk.. it

wavel ength as the data payl oad so that both the he or mati on

propagate t A i ' oci at del ays.
Fovever, "t ha Rras e an 6y bbbl dersbMFa BRI AROrR T SRR g

chay act eri st ] he dat.a, payl.oad so. that the signalin eader can-.be
erkct ca wi eHET * BB e pRORL BRI TRt etie oS edad forabrebie Blsias kg
header can al sQ be stripped off without affecting the data payl oad. The

i nventive sOBf t@ﬁa’t“f‘@ﬁ- al | ows such a uni que signal routing nethod to be 8
e 13 JAN 2003 W O 00l 04667 PCT/ US99/ 14979 overlaid onto the _'
cortrentd onal net wor k TEhetag swvischi nacaivesulituthgged ipackee and switchektthe gadkerbasstotel pbn
“Pkug- and- Pl ay' -nodul es. The inventive subject matter overcones the .

shor t com ngsheasy] withouttraahalizing theneeVorkaiybrkkadel The SRR réddhéd e ﬁ@“ch?{ FOURE at
section while advantageously utilizing the full capabilities of "optical

t wor ki ng. - bt Ded BRREE the Rhoileh
net wor ki ng. tHelegRGERTiAUTEIR Mbrivbi! @ﬁer@ﬂﬁgg% g%p ylg%gg &ﬁe%ﬁcﬁepﬁ’el%ﬁﬁ?%{}gfk

invention, a nethod for propagating a roman rnput ne

el ement to gk 0WaRk 1l . wavelengt.h di visi mul ti pl exi ng

syst em conposed SP gs p| u?g‘feﬁ"g{ o¥ ﬁ@[l%/‘\%ro %Cﬁ%ﬁ‘g‘m@%ghﬁ R&ter’f‘%tg‘lng’é?%{mg

payl oad has iven,.format and . pr |.,.includes the follow ng steps: (a)

gener ati ng Zﬁﬁ({r‘ber) hagresomy edP&@%ﬁ%&"P’é‘b‘?’@‘Wﬂl Teabeldwitching) timplesment 10

el ements, each |lgcal routing table determning a local route through. the

associ Bt ed Stardagdized, xender | slestrpnicktagswWitching fungtiemingputersahd bisches, t O t he

data payload prior to inputting the data payload to the input network

el enent , thélcﬁé‘atgeﬁmﬂawhwgesa format and protocol

, l - A number of features in the Cisco’s (electronic) Tag Switching is similar to the

Optical Tag Switching which is the subject matter of the present invention, with the features
aimed at the similar goals of simplifying the processing required for packet routing. The key

20 differences are as follows. First, the optical tag switching is purely optical in 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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and being indicative of the |ocal route through each of the network

el enents for the data payl oad and the header, the format and protocol of

t he data payl oad bei ng i ndependent of 15 the format and protocol of the
header; (c) optically determ ning the header at each of the network

el ements as the data payl oad and header propagate throughite rk;
(d) selecting the local route for the data payload and th g:eimﬂmm
each of the network el enents as determ ned by | ooking up the header in the
correspondi Nng w@mheeh OUL 1 Ng table; and (e) routing the dat achrygdsaaseand the
header through each of the network 20 el enents in correspondence to the

sel ected route. In accordance with the broad system aspect of {he: present

i nvention, the sydcEPRi¢ detegtipn pepsessing, and misfansovission tnictdh packet @eachlrewtr =cal

| ayer; and (b) an optical |ayer conposed of a wavel ength division

mul ti pl exi ng (\V\DVjecondivinie IOptieat TaglBwidchingpif thregirésenyt infentiveitachieves tdvasEpoksble f Or
propagating a data payl oad generated by a source in the -9 13 JAN 2003 WO
001 04667 PCT/ US9Jdatenty 28d édee ootrrély ah utilivhey buffert. Bestromedg EWichthgd@E hivtahi on i n
the electrical |ayer, the data payl oan having a given format and protocol.

The system i ncl udgsier (atgncyddei to slectionfReretesstiptang slectiMRORFfefRd UhGdly CRY B9
the source in the optical |ayer and the WDM network, for adding an optical

header aheadsof tTg SeatiinPatthOmeseptih@ntidbutiiBBUat Reedids A8l AvRaxleRd to the
WDM net wor k, the header being indicative of %kaaocal er oute thr oué{l@?he

network el enents dofiverdidifio &rbide PBMNiRNAShe 3ebntdABo S a\:kétst,1 G’ng?{fgﬁi%lgﬂg’gﬁc and

protocol of the data payl oad bei ng 1 ndependent of those o

(ii) a second ty pﬁg Qliteinhd w8 onl\efss flgagﬂic%ufﬁ?%%?qmaﬁs% g&&e@g %né%{}%‘]%ﬂ g one

network el enents, tor storing a local routing eIna corresp

of the network el gRi | bl e determ nin | O routin
path through the corr gi%&ﬁ%‘% %gdfglﬁgéa%e?q%{%dgp%é@%r%r %‘Fréaﬁ‘éerff&o"g](ﬁe OEFE ap | yg

determ ning the . a correspondin ne of the network el ements as
the data payl oad }bgﬂ%{a{%zeeaé—g% B %?egplarlﬁ%ril n8?/véfsq’?ﬁi$ts\%ﬁ?ynl§?%#ﬁ?“yf@feOsP@Faéch‘% ng
the local rqute fgor. the data payl oad and.the header through the

cor r espondi ﬂg on eSQ%tTCBIP B 8Ptﬁ%{”§ﬁget“{1n§‘f"gﬂ%ﬁ%§vﬁ%a Haatly transpagnigtroso i wichdata he

header in the corore%pf(éndi ng, | ocal routing table, and for t s routing the
dat a payl oad and ¢ AR TREuRY RrAPeR) G680 herfautedior langrsithan g pener aptical kg, Hensedhd
elements in correféondenfewﬁjo thg, sel ected route. The present invention
of fers nunerous BRCH REIg Ry ofAK bit rate anglog, pyBSks ffreguency-shifted-kavirigy format.

| atency limted I % b¥ har dwar e del ays; tﬁ%} hi gh t hroughput and
bandwi gt h. on- denciig Else Wi Begvitching rosiings thaitlate pewdead|te haye fthergivendligiiatist rated
optical 20 tag switching; (3) priority based routing which allows higher
t hroughput for hiigfatsal B%tilb?lmﬂvmaaitgasgmm royterp muktduffer theh) elsamhibilye and
nodul ar upgrades of the network fromthe conventional WDMto the inventive
optical tag-8witched WM AmBfheefepresdniative techrivlagy thaf serves gs Ak @QndS the
consecuti ve packets, and even non-consecutive packets; (6) cost effective
utilization of oprdseinvemivpontbe secailed Sessisn Defldctiph PRASCiNE PibRI &DYR) - 10
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
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13 JAN 2003 WD 00/ 04667 PCT/ US99/ 14979 interoperability in a mufti-vendor
environnent; (8) graceful and step-by-step upgrades of netws é el enent s;

(9) transparent support of data of any format and any prot o.i) T‘t%ﬂ)gﬁ%

hi gh quality-of service conmunications. 5 BRI EF DESCRI PTI ON OF - "NGS
The teachings of the present invention can be readily \ 0

considering the follow ng detail ed description-in conmm \?tgﬁytllég-fg
acconpanying drawi ngs,. in which: FIG 1 is a pictorial -fefresehtalifod M@
general net acket td beursttedtd the preféired path0 UHe ipaskeRALINER UAREAPIG Byetler
el ectrical 1ayers of the network as effected by one aspect o e preésent

I nvention; KEhGaiid. hhs hahe Lcal, Jayer of .the network of FIG 1
showi ng t he pkl g? g%i’ gé]‘gﬁl%% bgiel} %%%r?gg%g%gp |c?51vf’¥°§7"§ﬁh‘?° éﬂ?eF”é"f‘n‘ngj{atﬂle path
payl oad, an% %hc% use,of the headchra(] 'agl oad in network setup; 15 FIG 3.is a
hi gh- I evel BFEERONISSPUaRte FoRysaL gD Cpin Szt ths @ptieal packgewidl besiroplywputed torthe
present inventiqn for header encoding and header renoval; FIG 4 is a

hi gh-1 evel BrBOKktheingyyrisfetshcentshesameRyavglesgth! The wackiéngthi deflackun Miahg eheni t h
the present invention for routing a packet through a WDM network el enent;
20 FI'G5 5 i optidal pesketato be eoundd ta thalhbst preferiddpaih But Betdifackioneiaeails Fl G
6 illustrates a network elenment of FIG 1 with its enbedded swtch and the

use of | ocalvavelergtingetleatdreis acHibvd by &%&Eﬁ%ﬁ c@nJ@lsﬁ)o%[ tﬂlg;%%{vzogl gfeﬁgﬂt&_ Brsiglly

illustrative enbodi nent of a headef encoder circul

nmodul e of FjjGitePwav - 003.. 00/ 04667 .PCT/ US99/ 14979 FI G 8
depicts a bl OCK \afla\é%%ng% %Oglvga@u?ﬁ"gg’tz\#gﬁ%ngﬁﬂbﬂr %Yfkjmga’sé‘“ﬁgéﬂwla?léﬁbver
cireuit for | ug- & Pl modul e of, FIG 3; FIG 9 depicts a block =
d't agr am of %éﬁnﬁqt{gﬂﬁvgif?g}gy Porp Styenenginaungwasleagth. Jhe wevelength deflectior alfowshe -
Pl ug- & Pl ay dul e %ﬁﬂF!G 4, 5 FIG 10 depicts a block diagramfor a nore
detai | ed enfSSRIMHRARS bigckingdue 1o wevelasigth qontentions- vithout incieasing thE peth delag) THES
in(?} posed denul tipl exers, and header detectors and fast menory; and

= 10 combination of path and wavelength dgﬂections offers sufficiently large additional

connectivities for resolving packet contentions; however, the degree of partial wavelength

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 inventiox utilizes a unique optical sigmaling he.ader technique
) - applicable to dptical networks. Packet routing information is embedded in the same channel or
wavelength aslth_e data payload so that both the header and data information propagate through

the network with the same path and the associated delays. Howéwr, thé header routing -
20 information has sufficiently different characteristics from the datapayload 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
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FIG 11 is a flow diagramfor the processing effected by each tag-swtch
controller of FIG 10. 10 To facilitate understanding, identical reference
nuneral s have been used, where possible, to designate identical elenents
that are common to the figures. DETAILED DESCRI PTION In ogc@r gm in an
insight into the fundanmental principles in accordance 15 wt h'l ent
invention as well as to introduce term nology useful in the sequel, an
overview is first presented, followed by an elucidation of an illustration
enbodi ment .. Oxgd Woidsg7 The present invention relates to a netpa®ffodiasso
realizing low | atency, high 20 throughput, and cost-effective

bandw dt h-on-denmand for |arge bl ocks of data for NG applicati-ons.

Cost - ef fective arfYeilaid ento fhecamientionplyretiiek clementhin aveddutar knamie, by@adihg®d by

i nt erposi ng portable " Plug-and-Play' nodul es on the existing WM net wor k
el ements to ef f edypeseof Phigrand-PlagDiviodydes. (Rhk itvantive withjen inager 0OércorsasfigNy nousl| y,
"optical tag switching". The invention inpacts both the hardware and

sof tware fox the sh@tcomatgaendlithitaion afl dther kizthodd discliddd 2003 BYRARD &R while
PCT/ US99/ 14979 perspectives, including architecture, protocol, network
management, net worlkanedgestslytutitiging e fulPaagatsmab bi sdicigchapliqgi es. As al l uded
to, the nethodol ogy carried out by the network and concomtant circuitry

for inplenmentsing the netwinkcar®n@N\GigEe b4 R¥had £sS§J?Bf tﬂyﬁrege?l{ in%?m? ,.\QDM
t of a rout’ing

optical tag-switching -- defined as the dynam c genheratio

path for a burst HuhdattbORofYatfi aidgfa%g;[,]\%%&}l% SindRak eg%?]eg:? der . }pa ; ?i g

packets are routed through the WDM using an I n-

header for each pRekRE clexﬁént&fﬁée\;egg%tﬁgi\}&? emtg%l? i nt%%ziecg mﬁ‘%@gg{ @{uss:;lity of

processed and the header an a payl oa 9

forwarded t hrough,cainabik I St flow state connection, or (2) a path
can be setup for a bur strﬁﬁggr’léﬁé%%yttggﬁaémyleoaé ﬁaés ar%é%faz?m’ahadigtpﬁémgfr&ludes

| oad. WWDM t ag-.8W 1 enables highly efficient routing and throughput,
o T educes t ho eSS Hisp e Y bRl e a0y 8BNS cPoher BRckRet
routing at the optical |evel to one hop as nanaged by the NC&M which
creat eg and 1ﬁni nltoe ?ielnﬁagés’reﬁﬁl ]ioﬁfﬁ r‘?‘WP%F‘Hthi%ﬁH’?i“‘ ﬁélqgfébpét%/#&?}lgbﬁhwmciatpdgmﬁs
the inter-relati bgt en optical layer |20 is and electrical layer 110 of
generic network 100" %C}QEFIBWF S db)Adding prpriieal; hepdsr foghedatamgloadpridritnigpettieg
optical layer and, the electrical l|layer. Electrical layer 110 is shown, for
sinplicity, as bels{jamswisediodhsinpyt Retwersriemant, shedieadephavingtagprsnat arid motdcal 12.
Optical layer 120 i s shown as being conposed of network el enments or nodes
121-125. | nt er medPd,peng iadisstive obithg ksplrpwse thoongh wachofi the ndFHSONRERtstysthedatd. 31
coupling IP router 112 to 20 network el ement 122. Al so shown as part of
| ayer 130 is headeyloseandghelheadss thesbingh andpratocud nfithe data payldad bigg pidesadint of
i nvention, couples IP router 111 to network el enent 121.

15 the format and protocol of the header; (c) optically determining the header at each of the

network elements as the data payload and header propagate through the WDM network;
(d) selecting the local route for the data payload and the header through each of the
network elements as determined by looking up the 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 is 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 propagating a data payload generated by a source in the



FIG 1 pictorially illustrates the |ocation of network 132 on a

nati onal - scal e, transparent WDM based backbone network with full
interoperability and reconfigurability. It is inportant to enphasize at
this point that the elenments of FIG 1 are illustrative of one -13 13 JAN
2003 WO 00/ 04667 PCT/ US99/ 14979 enbodi nent in accordance mmmzﬁb§sent

i nvention; thus, for exanple, elenent 11 may, in another be an
ATM router or even a switch.- Now with reference to FIG 2, optical |ayer
120 of FIG. 1 '@WEJ;;&\;\M in nore detail including the basic te¢hQiofiyde N
accordance with the present invention, for setting up a fast connection in
optical network 201, conposed of network elenents 121 125; the setup uses
optical signalingleveisaldayepdnd dessined foe a destinaripany ihs glecteitaA lpay the asta ?éylomThi S

t echni que conbi nes the advantages of circuit-sw tched based and packet
swi t ched based | Ratieghpiotofyires andetosold Tat éyR@m mﬁuegrzgt)iaqnstitfpe%@léﬁféalih@a&ehe
formof an optical signal header 210 which is carried in-band within each

wavel ength in t hanolef ouplihghsduROgtthe bRASRRS indfl WM TBHork, RLAGHAY an
signaling header 210 is a tag containing routing and control 1 nror i on

such as the sour egticalRsbiérandad @Phe Ahth Bi1824 pridPd ifdAGink SRy ,
pr opagat es througﬁlcgpti cz;I r?etw%)rek 281}l prgélgﬂ?ﬁﬁggga pa%’lpg%\la&gtﬁf}%a\&é@t VDM
network el enent  ledvolid e hERRES:; Bcal g i eader 210, .| ooks-
connection table (di SCUSSEC %lwéleﬁkag{%ﬂggékﬁgec@%ﬁr eg?]th@“g‘WPﬂtsg‘g”ﬁe

Cross-connecti On%g?é’%/‘ y%d e BBade the bR 9“%&$‘§t$‘%ﬁ]i‘"g‘-ﬁ‘feeﬁggfg’ conpnection table

is constantly upd conti nuouds conmuni B0 and WM
network el enents; : load 211. which fol]l ows optical signaling
header 210, is r gtljdt%éedﬁfaﬁﬁ) 1(c)ug eaog&%éf% b ﬁn%é%ﬁS??B?‘Q%Pﬁogéﬂpﬂ%ﬁ?adfrd’ﬂ%d@l?ssed

| ater) as establi e.connection. Wih the arrangenment of FIG 2,
there i s no need aﬁ%gg%ﬁéa%ntoﬁglefl ?tﬁlgrkcfiel’%eg?tsb W%ﬁ?ﬁl Binp bk a) i ng

header 210 and data Ba | oad Zéé, shogn by Tin FIG 2, because each network
el enent provi des ‘THhE ?féﬂgé’gfo f BSIVerk sleatgnis siach Ingal sovging tabledetemeininz ped f or
connection set up withipn each network el enment via delay on an interposed
fiber. Mredber, rqqﬁl@gpe}gﬂquggﬁl& COFrePRding o5k of the nefwork slementafdr beticalijdependent
of that of the header, that is, for a given network whereas the fornmat and
protocol of the Kes@uRingthe header 24 gheccorrespertling dne of the mretvorklolements3s héNa@003 WO
001 04667 PCT/ US99/ 14979
payload and header propagate over the WDM network, for selecting the local route for

the data payload and the header through the corresponding one of the network elements
as determined by looking up the header in the corresponding local routing table, and for

15 routing the data payload and the header through the corresponding one of the network
elements in correspondence to the selected route.

The present invention offers numerous features and benefits, including (1)
extremely low latency limited only by hardware delays; (2) high throughput and
bandwidth-on-demand offered by combining multi-wavelength networking and optical

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 the
conventional WDM to the inventive optical tag-switched WDM,; (5) effective routing of
long datagrams, consecutive packets, and even non-consecutive packets; (6) cost-

effective utilization of optical components such as multiplexers and fibers; (7)
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and the protocol of the data payl oad can be the sane as or different from
those of the header. Each destination is associated with a preferred path
whi ch would minimze "the cost' - in F1IG 2, the overall path fr mce
| 23 't o destination 122 5 includes paths 201 and 202 in cas t
utilizing wavel ength WP. This cost is conputed based on th ot aI

propagati on di stance, the nunber of hops, and the traffic | oad. The
preferred wavel ength is defaulted to the original wavel ength. For exanple,
the preferred wmawedsssrgt h on path 202 is WP. |If this preferrmegnysadtwat the
default wavelength is already occupied by another packet, then network

el emrent 121 qui ckl 8es if there to is an available alternate -

wavel ength WA thrB%"é‘FPeﬁlti itig aamuti-yendor enyirpament; (Sxaraceful ansystepttey- -Shawph@dgytofl
must be one of the choices offered by the Iimted wavel ength conversion in
network el ement 13fWorkelemeats«(9) tsansparenh ippert eff datgenf emeforyndt snduimiyqinotadol;oms
transport of the packet thro h the nost preferred path, the next preferred
path is selected lﬁablﬁhﬂ\iﬂﬂ'we tSeryifE commpnigatianpl e, in FIG 2, paths 203 and
2Q4 in cascade may represent the 15 alternative path. At this point, the
preferred wavel ength will default back to the original wavel ength WP. The
i dentical process of |ooking for an alternate wavel ength can proceed if
thi s default SvaveBBHit DESGRIRFTEIN ORI THRORAWINGSi ed. In FIG 2, path 203 is
an alternative path with the same wavel ength WP, and path 204 is an

al ternate path using alter Maé @askinse bEREpRsAinvenfioRBanth réalify Mndéﬁﬁ)%dp?er €
there is no conbination of path and 20 wavel ength deflection can o

transport of the pacikeing thefonbwikg étanRALscligdonth Ldnjﬂﬁﬁéxp@ltl{ t‘Be &,ﬁﬁ‘gpaCket
of lower priority. In other words, the new packet transport t rou
preferred path atdhWmg9hii Ghickt i Ng wavel ength takes place by dr opp| ng the

ot her packet of the lower priority which is already occupying the preferred

I e S
ff I I
e L 5 A Al

wher eby signalin ne ded onto | P packets and are renoved when
necesszlry gThe fgaggﬁlgﬁﬁép& e%t% em nd- Pl ay' mF;duI e, represented by

el ectro-opti cal elerrent 13 n bl ock di agram form
in FIG 3p Wher eas concept Elacg Z))F‘l‘?ffﬁ'ﬁf%‘e?@?a]iléyeaogff‘%lﬁﬂwa‘lkc?ﬁglcélléh%ﬁpgthen
practice, nodul e 1?% is?] mteg th netvvork el enent 121 as is shown in
FIG 3; nodul e | 324"&" g Ihe3dlssiapdidata payjoadhand the asef ofdke ( CCI )
31 0 of network el%nge} 21 and IP router 111 to encode 1 o opti cal

si gnal i ng header THRY Badtlﬂéetﬁaﬁ‘lééfu&’ added into the network via header

encoder 321, and to renmove_optical signaling header 210 fromthe packets
dr oppi ng out Pof the FIG. 3 is a high-level block diagram of one Plug & Play module in

accordance with the present invention for header encoding and header removal;

FIG. 4 is a high-level block diagram of another Plug & Play module in
accordance with the present invention for routing a packet through a WDM network
element;

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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network via header renover 322. Cenerally, encoding/renoving nodule 132 is
pl aced where the IP traffic is interfaced into and out of the WM network,
which is between the client interface of the 15 network el enent ag he I P
'routers. The client interfaces can be either a CCl-type @‘gajﬁﬂi ggliant
client interfaces (NCl)-type. At these interfaces, header®encoder 321 puts
optical header 210 carrying the destination and other information in front
of data payload 211 as the IP signal is transported into network 201.

Opti cal headerw@ddbsbes encoded in the optical domain by an geirhussdssm@dul at or
(di scussed later). Signaling header renover 322 20 del etes header 210 from
the optical signal dropped_via a client interface, and provi-des-an
electrical |P packet to | PFiogdenictsa plogk dingram of preitiuftiating ¢nghodimmnitiblon Isader
accepts the electrical signal fromIP router 111, converts the electrical
signal to a desi riaovsaystuitdentheBingifeRlgy modwe bLEIG. 8j gnal , and pl aces opti cal
header 210 in front of the entire packet. Mdule 132 communicates with - 16
13 JAN 2003 | PEA/US 17 FEEGOdepittCaMozi2diagram obarf filestaitivd@ntsbaingenbef aHetder
optically converting the data if .requested by NC&M 220. Mdul e 132 enpl oys
an optical transndetectr cifadit Sorulsesog-Kalley hoilé bf RiGes;wavel engt h mat ched to the
client interface wavelength. (As indicated later but instructive to nention
here, nodul e5132 is al so CEN&0 ddpicts #bibék digrarft @4 aHordddailed eSbiERedt BEFIG. 4
wavel engt h adaptation occurs in the 5 NCI; however, the

bi t - r at e- conpat i bivherdiy the tagNGhitcNEHbBR G dludRH ARIRsd Lagpal with
opti cal headers nust be esgt ablished in advance.)écl’é?%ﬁngpl%fggﬁ’%@sﬁg&gecond

type of Pl ug-anche%c@)g'anm%&mrgp‘{nhcal el enent 410, which is associated
wi th each WDM network el enment 121-125, say elenent |21 for discussion

purposes. Mdule 410 is inggy PPS : ventional. nefwork el enent
circuit switch controller 420 anﬁqlggﬁ‘%}ﬁ??{f%g‘ﬁpg%e . ieﬁf&aﬁfg’/‘i ??ghhq-%'ﬁ‘.mﬁ[\]bdul e
410 detects infordgBbdiRPof1F ach signaling header 210 propagati ng over any
fi ber 401-403) as pr ov?tc)iged@tnlo&rmdul e 410 by tapped fiber paths 404-406.

Modul e 410 fgnctions to achigve, very rapid table | gok-up and fast signaling
to switchi ng]lddevi ce 430. g\?ﬁ glﬁt%eo‘ﬁ‘??%tf’&h?g’lfgﬁt“iakre?eﬂ??ﬁ? WREEs bave heanyisedent
to the conventi orwﬁer; I flt ti gterfag&e" .u?ed for controlling the network

el enents; however, G thr g 1 Seienats adepiical dlemenss thatgre qommondQthedigueent r ol | er
420 is to accept the circuit-switched signaling from NC&M 220 and det erm ne
whi ch control commands are to be sent to tag switch controller 410 based on
the priority. Thm%mﬁ:ont roller 410 receives circuit-swtched
control signals f Bt circuit switch controller 420, as well
as information as derived fromeach signaling each header 210, and
intelligently choose betwe8Rrdehto sainaninsighs inite b Smdemental pendiples iR accomiabahed
control schenmes. The switches (discussed |ater) conprising sw tching device
430 al so achPeve Wiphepresentiavention asTwedl aded myrodurp esreioloyy fisehe isthdldequel 446, Or
417, which are placed in input paths 401-403 to sw tching device 430, are
such that the delogrview is firstypesentedifolidveed by an elucidation of an illustration embodiment.

Overview
The present invention relates to a network for realizing low latency, high
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 elements to
effect so-called “WDM optical tag switching” or, synonymously, “optical tag switching”.

The invention impacts both the hardware and software for the NGI network from all
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13 JAN 2003 WO 00/ 04667 PCT/ US99/ 14979 total tine it takes to read
signaling header 210, to conplete a table |ook-up, and to effect sw tching.
Approxi mately, a 2 kmfiber provides 10 m crosecond processing tine. The
types of WDM network el enents represented by el enents 121-125 and {
enconpass swi tching device 430 include: Wavel ength Add-umug?]xw S
(WADMs) ; Wavel ength Sel ective Crossconnects (W5XCs); and | ®ngt h

I nt erchangi ng Crossconnects (WXCs) with [imted wavel ength conversion
capabilities. wodospesati on, nodul e 410 taps a snmall fracti gigrafsodfagroopti cal
signal s appearing on paths 401-403 in order to detect information in each
si gnal i ng header 210, and determ ne the appropriate comrands- f-or-sw-tching
devi ce 430 after PHBRGNES insluding anchisectis peatacob netvatkl managemeat] nétworkoetkiieat 410)
The fiber delay is placed in paths 401-403 so that the packet having header
210 and payl oad 2desigp.cag prablirgfechnbiogigs.devi ce 430 only after the actual
switching occurs. This fiber delay is specific to the delay associated with
header detection, table | obkaliyded mnthe methoddlogyrarrizd duitdithd ypiverRbhy be
acconplished in about 10 microseconds with about 2 kmfiber delay in fibers
415-417. 15 Si ncecontremiani gronioy dptimpleieiting eheaRivwork ak engt@dlered by a technique called

el ectrical-to-optical conversion of data payload 211 at network el enents

121- 125, the sconnWoM qmalaa@s»eimgex@lﬁnedds@mgﬂm@ (42i0h b24 buki
routing, where a multiplicity of bit-rates and | ov\t/gﬁriel evel prgt%cﬂgﬁlsfora

i ncreases the nurbugst d@btich ﬁyfaameeandio?a&q Ei@&%ﬁ%ﬁé%‘aéﬂ Rl rp@aélts%?@r%ﬁt%ég'gﬁ‘édgx the

cost of the router, routing by WDMtag swtching Is transparen

bit-rates. By wayh®Wrd@ nbtwbikSisinglah Hlband R Y network el ements
121-125 is able to achieve 1, 2€§1§Tb/sea(131 mlglﬁsggﬁ%lu Hf?%ﬁ%e%csg\é\%egdﬁﬁect

swi t ching devi ce #3@niné hdle 3R Sh ' a , [ sec .per wavel engt h)
whi ch is rmuch |arger l)t,é%an eangt/wgr}‘(a t%g&g%rqéréﬂﬁ%%gefiga}é%%fﬁ?a fftaélﬁé}g drEﬁ(?ﬁylﬂ?éjt rk
el ement 121-125 iR, 00nhidRahd ' 20, effects routing pr.otocol
which is adapti ve;ayt%r%e rog‘itsl:eﬁ/g%l\&a% g ot %é??%?aﬁ%e’flﬁ@g%?”lsmﬁ WS“@H%P?@%%:
-18 13 JAN,200 | DA 7/ FEB 200 a a es network parangters,
such as st ay e of 3'béifjhnér:unl %:égm]f%a lf‘irﬁégfag%‘gtf’i)hﬁﬁ%%g[“?ag?rfaflé,the&é‘la%ﬁf’adaﬁ@)M

it tilizat,gj . ti . t t.i trat ; (b) f ds th
moaaur ed | nf or mar MO IBRREME bidhBoSpo R GBI R Bsdipos heompier 66
the routing tabl § at . NC&M 220:; (d) dissem nates the routing tables to each
net wor k el enent 1%9‘?%”? EFIMESAebY kaening the pasketheputings ghewptiend leae! te amsrhopes wor k
el enent. NC&M 220 recei ves the network paraneter information

managed by the NC&M which creates and maintains routing information.

The depiction of FIG. 1 shows the inter-relation between optical layer 120

15 and electrical layer 110 of generic network 100 as provided by intermediate layer 130
coupling the optical layer and the electrical layer. Electrical layer 110 is shown, for
simplicity, as being composed of two conventional IP routers 11 1 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
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from each network el ement, and updates the routing tables periodically)
then (e) forwards a connection request froman IP router such as el enent
111 to NC&M 220, and (f) forwards routing information fro gham 0Oto
+each network el ement 121-125 to be inputted in optical si& | ¥ er
210. 1 o Packets are routed through network 201 using the information in
signaling header J w 210 of each packet. Wen a packet arrives at. a
network el enent, signaling header 210 is read and either the packet (a) is
routed to a neyoapREPPri ate out bound port chosen accordi ng dc@dshe4b89
routing |look-up table, or (b) is immediately forwarded t hrough an al ready
existing tag switching originated connection within the network-.elenent.
The latter case i#nhodiant @@cqondanee With thé provensinivéntion;niyls, fonekahmples elppaited as
part of optical tag-switching; flow switching is used for |arge vol une

bur sty node tr af fmay, infagthendmtodmknt, beitn AGM ookr arevéraddwaeshar e i ncl uded in
network el enments 121-125 in order to rapidly route the optical packet

t hrough the network el enmenNowivethavference th FIGY 25upticaihaye 1 Bt AFEG. 1Sis BiRwnggt - UP.
The connection set-up request conveyed by optical signaling header 210 is

20 rapidly conparmoredetail iftludingeheltagc Sohdigl, mQUddrdidcd Witk PreldPinfentib, BoN
each network elenent. In sone cases) the optinmal connections for the nost

efficient signal geisgipa fERbnAKISARYbpRE Q&G«H.ﬁkiz%@';co%'aﬁseﬁ%féén%rﬁ efé&@ﬁ??ﬁ-o“
| ook up table is also configured to already provide an alternate wavelength

assi gnent. or an_ gist &% akeyal ol Qigh Al heddia 9 61VAk ace BB s Na B pd

nunber of (at | east one) alternati

PCT/ 9914979 v ol GORL OMSHEAR! ol N SET IS LRk IBYRRERERLLILY. The

alternati ve wavel engt utirng also achireves ay and

nunber of hops as.j} 1Bl case. and elimnates the difficulties in
sequenci ng mul t i pﬁ%ag%%ge%dg.ﬁ ‘“Fﬁ'éﬁ%%“‘tse&%‘avt%“%l&lgﬂnfgm*w addgd "ﬂ)ﬁ’teé‘i’ff‘i Alapy
i ncrease the del ay..and. t n r .of .hops, and fhe signal-to noise-ratio of
5 the packets ar eypélg%]glc,gg{ll?lﬁadégﬁﬁt‘g?ﬂﬂs f%"%q lf‘%’f’?fg‘f”éh‘%ﬁﬁfhb’@?g?qﬁh ip R mlti-
packets bei ng rou‘gved télf‘%gﬁ%h a Iarglg nug‘oer of hops. In the case where a
second path b waldicEn ot gRvirglimenta Pptical dgnaling hgadss 249 Isadagnenimingd | i nk
can be settled on a.first-cone, first-serve basis or on a priority basis.
The i nformation i QUEAed fentrgl infprmationgushsgs themsoprsedestinatin, prinsity, iand thelengthell by
hi gher |ayer protocols, using retransn ssion when necessary. to Routing
Exam pl e An i || usff Backeterromagpies theough opfigplinetvesak B aieroding das paytded 300 Haok
comuni cati ng packets anbng end-users in certain large cities in the United
States i s shown i WDM eetwetkglenfeot 11135 FénSs dptical sipmaling head&(0; Isoksiup at
di scussed in ternms of its

connection table (discussed later), and takes necessary steps such as cross-connections,

15 add, drop, or drop-and-continue. The connection table is constantly updated by
continuous communication between NC&M 220 and WDM network elements 121-125.
Data payload 211, which follows optical signaling header 210, is routed through a path in
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 network
element provides the optical delay needed for the short time required for connection set-
up within each network element via delay on an interposed fiber. Moreover, the format
and protocol of the data payload is independent of that of the header, that is, for a given

network whereas the format and protocol of the header are pre-determined, the format
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15 conventional operation, that is, before the overlay of WDM optical .tag
switching in accordance with the present invention is presented. Wth
reference to FIG 5, it is supposed that New York City isifgrv by networ k
el emrent 501, Chicago is served by network el enent 502, ..HN VL Nn gs is
served by network el ement 504, ..., and M nneapolis by network el enent 507.
(Network 20 elenents may al so be referred to a nodes in the sequel.)

Mor eover, NC&M 220 has | ogi cal connections (shown by dashed |ines, such as
channel 221 tquagiowgr k el ement SO01 and channel 222 to net wpekusdogmeant 507)
to all network el enents 501-507 via physical |ayer optical supervisory
channel s; there is_continuous conmuni cati on anong NC&M 220 and - nret wor k

el enents 501- SO7.2ndthgRrosorol 9fdhe detsi nexlond can bg thesame sat diffeomi frem tho@of tie WO

00/ 04667 PCT/ US99/ 14979 informati on about; (a) the general state of each
network el ement (eadgr., whether it is! operational or shut down for an
energency); (b) the optical wavel engths provided by each network el enent
(e.g., network el ement 50IEack dsstimation &nsdveiateq withha\peddertid paitwiial wdutder medi um
531 havi ng wavel ength W1 and optical fiber nmedium 532 havi ng wavel ength W
whi ch connect t o migitmiuerthe @b VeintRSG 51) the (0Sh I PR Fro@RBursd B3 (18askifMon 122
respectively}; and (c) the ports which are served by the wavel engths (e.g.,

port 510 of el emémdudedfathis0aasTak &Adcd&%,tﬁatlﬂﬁilikilﬁ%ma&gmW?.ml"hiis Riselsf ace
conveyi ng packet 520, port 511 is associated with W1 and port 512 is

associ ated wi th \88mpwbEbseetoniaé fotad b1 BIRRL B0l : th W1
). 1 o Thus, NC&M 220 has stored a%[%%%yli nstant the é’?%%gﬁﬁ&gh’?%ﬁ%%%%n

necessary to formydatrge ﬁr@féﬁ@@w&@leﬁ@tﬁ?ﬁ’c}gjﬁﬁ?ﬂ %%r%%f)\gﬁ%ﬁh%}lr ?(];rfeig(%g[tﬂg,é he

networ k el enents. Accordingly, perriodi eterm nes ti ng
information in thesf oM. 0fiendiP . ewpakobal  routi tables. . and
downl oads the gl g,bal roSt%?\né tabli es Eéﬁeggblrllﬂglfspfeﬁe eglpgtﬁr@htﬁ%d%ﬂl%”&avelength
supervi sory channgls . kh | obal ,routing 15 tables configure
the ports of the net %cﬁéﬁgrﬁ’ Qherp a%(re gé‘%ﬂ“ t&'PEkﬁ?WGEbﬁ%hﬂ?icifgt4eﬁaes|lfo'ﬁkrg_
For exanpl e,,, NC& . etermn d, upgn traffic demand and
statistics, that I}gaa%\‘za?ggas ye(? pigte ﬁa‘ﬁﬁié"ﬁa‘(a)‘&ﬁl{ﬁﬁﬂﬁgc}ﬁp%sa@etpff?r@d%@- ARigalteaate
(network el enments 501 and 4, r ectively) is presently required, and the
link will be conﬂ”&%%%f‘,g ’H“sg g’f Pf&&?ﬁ*@ﬁﬁmvesfffé@ém thedinptsd ﬂvasei@gg!fcoeveéﬁmn 50l
to port 513 in network 1eI emlant ?02; W1 coupling port 20 514 of elenent 502
to port 515 of eP&REH:elepet 12, df thre isnorshpisgofsuavelenstns wiichdllows transpergofitbe por t
517 of elenent 504. Then, input packet 520 incom ng to network el ement 501
(New York Gity) &®AtkeHixppghythe meatrefersadipath, e nexs prebanied path isselectsDiathL os
Angel es) is imedi ately routed over this established Iink. At network
el enent 504, t he dpiiesperyaFerexample, in FIG. 2, paths 203 and 204 in cascade may represent the
15 alternative path. At this point, the preferred wavelength will default back to the original

wavelength WP. The identical process of looking for an alternate wavelength can

proceed if this default wavelength is again already occupied. In FIG. 2, path 203 is an

alternative path with the same wavelength WP, and path 204 is an alternate path using

alternate wavelength WA. In an unlikely case where there is no combination of path and

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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packet is delivered as output packet 521 via client interface port 518. -21
13 JAN 2003 PCT/ US 99/ 14979 | PEA/US 17 FEB 2000 In a simlar nmanner, a

dedi cated path between el ements 506 and 507 (St. Louis anMn alis;
respectively) is shown as established using WB between ne JKKEBQBQS 506
and 502, and W2 between el enents 502 and SO7. Links generated in this
manner -- as based upon the global routing tables -- are 5 characterized by
their rigidity, that is, it takes several seconds for NC&M 220 to determ ne
t he connecti oRg §oa&st abl i sh the |inks, to downl oad t he coppegtdomisdry
information for the Iinks, and . establish the input and output ports for
each network elenment. Each |ink has characteristics of a circui-t-swtched
connection, that is, it idNaaarkekements 32t rmnagmentohwitl twouparof so-chtidil cat ed
path or "pipe" for long intervals, and only NC&M 220 can tear down and
re-establish a |iPkeganrd-Noy madduled togfviently handidhestp eafit by pkidsiggaciar dedi cat ed
path is that traffic having an origin and a destination . . . which maps
into an al r eady- evitcliitg @pabilitide ti ateatdomphtifcut aRitkiRd WDRGkettoal Meh&id £d-125

wi t hout the need for any set-up. On the other hand, the dedicated path can

be, and nost of t evheieby sipmifif hei@s breleficod EEorBEISRCK I hiRGeiGl %Ex’?ﬁ’ec@é&r?. nay
be only used a snmall percentage of the tinme (e.g., 20% 50% over the set-up

peri od). Mreover, sw tchiTg fﬁ@WpsefM-aﬁaa@@a&/FIS%ulé’;)rep‘r‘&Eﬁ lécﬂo-%gﬁgﬂ 15

net wor k el enent which interconnects input an put ‘ports Has onl
RFIQ o Syfhapoed so

finite nunber of cleRrt 130F PId. 190w showh ih BB
that link fromSt. Louis to M }r?neapgloi S li S F@g%ﬁr?%@qarl d a port al ready

i gned to th " S DK LS . t, 1. S
assigned to the Nexeptas On%a 1Q52 N OEESitdnk Ql‘émknﬁﬁé%gg cae;r%gﬁfl% ﬁ%ﬁ%% can

| 4 of network el enent then there is a ti

respond and al t eiign@liohBht P AR ARLFACSSELAINGLY. pR0 Mo L, exampl e

is expanded so that the subject matter accorda feen pl es of

the present inventi | S: OV i e. above descrjiptiqon. First, a

paraneter call edra%lh@ﬂm{ c}gegtslﬁ\né{f%ﬁg%e@lt3§;1(?%f'neg§°r W?ﬂﬁdéﬁwdﬁﬁw‘itq@lh@eﬂnmﬁm

routing is djscu s 2220 1 003 00 667 PCT/ US99/ 14979 then, in

t he next pa(r?{')agr a%ﬁ&g{ %%na}lr%}h':@&eréWﬁ?\&p&’ggﬁﬁ a%‘i%g 1tg the aigiwogkvia heprer epeoder

el uci dated. The agg-aﬁ%/tiotch st at.e_engenders optical tag swtching. NC&M 220
t

is further arran TEmevejoptical yienpling Beadenrd O frap the packats dropning qupotthe h
packet incomng to a network elenment froma client interface -- the
tag-switch stat e "8Wok U bredearaemeygr B2ug & Play nodul e 132 and, for the
purposes of the present discussion, the tag-switch state is commensurate
with header 210 (see FI G Geperaliy; encodigg/ssmavite madated 32 ss e wherd tHeyP MeFEMis2 20
and downl| oaded to each network el enent 501-507 in the formof a |ocal
routing tabl e. Wk iaoand auttoh theWDMmetwdrkvdichs's bitweun tieadlianritedice GEME

15 network element and the IP routers. The client interfaces can be either a CCl-type or a
non-compliant client interfaces (NCI)-type. At these interfaces, header encoder 321 puts
optical header 210 carrying the destination and other information in front of data payload
211 as the IP signal is transported into network 201. Optical header 210 is encoded in the
optical domain by an optical modulator (discussed later). Signaling header remover 322

20 deletes header 210 from the optical signal dropped via a client interface, and provides an
electrical IP packet to IP router 111,

More specifically, module 132 accepts the electrical signal from IP router
111, converts the electrical signal to a desired compliant wavelength optical signal, and

places optical header 210 in front of the entire packet. Module 132 communicates with
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50l and its enbedded switch 601 in pictorial form Al so shown is incom ng
optical fiber 10 602, with delay | oop 603, carrying packet %20 compaosed of
header 210 and payl oad 211 - payload 211 in this case is ﬁ’a ijANZrTaO{}BOm
FiG'5. Fiber 6022 delivers a del ayed version of packet 620 to network
el enent’ 501.. Also, a portien of the light energy appeari h"’o\‘I’EIL befz'602*i’s‘ '
t.apped via fiber 6021 and inputted to optical nodule 410f%EAz' tpt].o ng@gUU[
the incom ng packet 620 to detect header 210 -- header 210 for packet 62 '
is 15 shown NE&M R2WarichipessaHe @dta bétBrel MeicAW ; 1000, ,

- PRl SEPerhEF s rha sy NGB

identified by reference nuneral 615. Al'so shown in oca

tabl e 610, ign - t ms....n I ' Tag-Switch State"
(col um 611@03% ! B ocafeqfﬁg&sea}gﬂs%pﬁ‘%mngi(gﬁ%fwaﬁgr‘i”m%@ Yavelength matchpd
state for patc:{het 62Q.is cross-referenced in |ook-up table 610 to determ ne
the routing B HEN IREHATeWAYSlengtby (A idicated laterdht instructiva do mmntianthesd, atcelufeor
packet 20 620 is the entry in the fourth row of- | ook-up table 610. The

| ocal swi tCH3adﬁ%l&@mtiblg§¥iﬁrMCh@4tqudGi$siheu;;ﬂ1uuiatrd&xgh adaptation ofbhdslin'the
which is interpreted as follows: the first two binary digits indicate the
i nconi ng  poNCL; howdeveh ghestiieaitsdcdmigatibilRR6FNGT Gavelerighiiidapiation Qﬁitﬁ&'fﬁ’ﬂéna?%tth'
In this case, for the exenplary four-input, four-output swtch, t

i nconi ng paoistiéal headesd nﬁ%tb@é&ﬁﬂsﬁéd%‘a&w‘b%é)spom "01% to output port "11 ",
so switch 601 is switched -23 13 JAN 03 WD 001046G7 PCT/ US99/ 14979 -

accordingly (as shown f t I Qvided by . fiber delay 603, the
i nconmi ng packet. on fi Ie%'%b%gétsjags‘%ﬁ& D ea@;gi{lgmng-lﬁ%/ybg}oda 4°R}l°aly elemers H1¢01.

Thﬁ f or egoi Q%A.c?‘escrigti(gn.tgf tag-switch state indicates howit is used. The
darher of generdt FgtRe M g2 neworicelementdal d3hssay element Ntsiv didfssion -
again on a Beriodic basis, conpiles a set of |local |ook-up tables for

rout i ng/ swi-PERPIFG MadulsAd Qs interpased;betwaerhconventienglaredionk eleaiennsifeurt kefENt
(slugh as table 610 for network el enent 501), and each | ook-up table is then

dowmi, otded eantwoller 426rand spmiediiony! switokirigderioa @80t MolHR 410 R6teats irfhmfihiof ok
|-osk< up table takes into account NC&M 220's gl obal know edge of the network

500. For i nedchnipaalingfhead QD BebpREig ovalhly tibes it W3k v jed iy to
net wor k. S04 (again, New Yor kBt g-%sgAngel Zs),e I f\Mpl%Ft 1H|§dsf$§§3$d£el gltoeba'

wi th incom paths 4644heS 9V 'dgﬁﬁ d it outgoin ort 511 is
associ at ed %91tadrz:!q§)35tr g%sn‘é |o,or6t$ %eﬁlﬁe gin sg?o\%éo ?L{]hgeé? v%%’éfapqg fﬁ?ﬂe 1%@82&'}? fast
abl e to genggaih; . opriate . eqtry in | gok- able 610 (nanely, the
fourth r gvv) ﬁ%‘%&ﬂégﬁm&g’gﬁ{ gtdg'&c% 42‘1‘0 ‘P’B&h"é’t“\%ﬁ?{ 4@32&@&9‘@2@! CN(BWICQM%WC packet
520 is pr oces%elﬂ. b;l‘plagtc.tro-op,ti cal nodule 132 so as to add 15 header 210 -
to packet 5 100p’e STalt 19teface used fos epntiollgmrthe netRmtiodenents howeemigia thif cisee
downl olgded é\ggg&orouftﬁiaigg 'galgl es gs wel | as the know edge of the destination
addr ess enb POFG0 RettcihomtrglerA204s roeageapit thenimuit-ewikdizd s ipabligsirde &G 210
to instruct nmodule 132 to add the appropriate tag-switch state as header
210, -- in t PR0andalsterhing WOUEIDAGS! continarids arad bb Gerlt ePdlh kiitaPTEGIALAY bhiidlon
processi ng a packet .using the tag-switch state paraneter is bursty in

nat ure, thatheipsiorif tThus, 34 $vitth@Qatrolfer 366 T&QJEPcimpg@flg{agohlﬁﬁ%%n?g from

tag-swi tch state, switch 601 may be returned to |

processi ng hdi®ofk : X e.nsW tch 601 may have | nterconnected
i nput port oL ktagé@%%% S{S‘?’“p%‘?{“h‘%mi‘ga ief)?%‘(?jlﬁs VSH?EH’}MQ&FS 1Vpd ERBY caglpO,

and it nma ! dto.the " OL10' state after -24 13 JAN 2003 WO
00l 04667 y anarh% UG eade? 2 6], and mtt]:ﬁ)xgently 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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PCT/ US99/ 14979 processing (as determ ned, for exanple, by a packet
trailer). O course, it my be that the circuit-swtched path is identical
to the tag-switch state path, in which case there is no need to even nodify
the T ocal route through switch 601 for processing the tag-ivg' tigmm
However, if it is necessary to tenporarily alter switch 601Vt yi ng
circuit s switched traffic, if any, can be re-routed or re-sent. As

di scussed so far) tag switching all ows destination oriented routing of
packets w thouyogudiggd for the network el ements to exam ne dchasedtisbioe data
packets. New signaling information -- the tag -- is added in the form of
optical signal header 210 which is carried in-band wthin each wavel ength
in the multi-wavelCBhifhitiakanteseadisizaplinghessni0, toxempletes tablelookvup,cind trgpffect
normal Iy occurs on a_ packet-by-packet basis. Typically, however, a |arge
nunber of packet sSWiichingh&prretjmeisty, aR kin fibenproyidest l@onitroswomiisprodessimating. The
destination. This is especially true for bursty data where a | arge bl ock of
data is segment edtybes of B¥IMpeicvosk eerhants represespdby elethents181h1 26 asd&hich bncofpass
inefficient for each particular network elenment to carefully exam ne each
tag and deci de onswitvhing desiéerig0 prtude: VRteloRgth Add-Drp MRMtRIRER@WADMS)! 5 to set
up a "virtual circuit"” fromthe source to the destination. Header 210 of

each packet ill Wabqtedgﬂﬂsermimbismedt@(rwmwmaW@avelknétﬁlﬁnté&'br{ahglﬁ% circuit,
referred to as a flow state connection. Such an end-to-end flow state path

i's established, aO@skhers YDA with BBt RS gthRokveRiddLLMMies! EMents wil |
not di srupt such flow state connections until di sconnection I's needed. The

di sconnection will take pl gt&etafiors %hul@4§@ﬁ%ll%ac@&c&%es p%gal I;'I?Xaﬁs come to

an end or another packet of much higher priority requests diPsr uption of

this flow state cgrpeebi T8 4ok k- OL | f.the present invention is
P %'oﬁ’ Paths'448 4@5 lxrfl)_(E]rgérXo aé%?ﬁ'{gor&lat&%a i ggc]h es1gH§éngélea T #

al so shown with respect to FIG | 'oca 0 Pity
| evel " (colum 6 | C 1 h rd ori.ty. assi o.the
t ag- Swi 'Echi ng st ;%X)g d %I sg‘? &Eé@éép?{a%%m”gig(%;%rpsévﬁtaléag g?vf‘%;}'sg?‘%ﬁé‘ioglng?gthe

PCT/ US 99/ 14979 | . 4. EEB 2000, sh s.the nupber . 2' (reference
nuner al 616).% Bot’ﬁ)ﬁ@%g% %BIF tﬁregrlf(':lmf’ﬁhﬁ? ﬁmpc’)@e iﬁher?iﬁléy ‘Stpiije‘%\ﬁﬂa@ﬁ 4Q-43evo that
colum 611 of tab 6 have, a.l | addre of OL 1 1." If an earlier
data packet used %‘%Ba%%th?‘f/m heafl‘ﬁg(iﬁf“f‘fﬂ?y{oﬁ‘iflt]deaég?saf‘m‘tf’}é‘ﬂg, devise 43% amy plder g

virtual circuit of flow switchin at and the now anot her packet is
processed as per é’ﬁ%cnfagﬂ‘?"f "\gé’ﬁ?"gﬁ's@’éﬂf?ﬁ?ﬁd@é@’f? srefiic A e delaymspasiatedywiths dat a
(2" versus 4', Wi(ﬁh, ~1' being the highest) has precedent, and the
virtual circuit wisafedefectionrtable,Rokyp, and pysitchingeandichn tygicallyt bevaecomplistidient | n
order to achieve ultra-low |atency | P over WDM tag sw tchi ng, processing of
the opti cal heade"fb"'éft1Oé%lé‘ﬁS“(‘i?}‘ﬁs(‘,“f;\‘%g aboyt 2 ki fihgs delaydn fibgrs 4154 H. i ni mum dur i ng
the actual ,transmission of the optical packet. To achieve this end, a new
signal i ng ar@hitecture andSipetkere istnogntienl-télentriqal, ovnadetrichioto-opeieal conversign
optical WbMtag switching is introduced. The signaling and packet

transm ssi on pr ot @detepaylead Rl p benetvrek slements 2] - 25Mhk eohnections 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 Th/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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| P routing functions fromthe ultra-fast WOM swi tching functions. This-
decoupling is achieved 15 via the setting up of an end-to-@c‘B r\ZW Q?{’]@ath '
whi ch needs to be perforned very infrequently. To send |P.” packels from a
source to a destination, the follow ng steps are executed: (a) ‘End-to-end
routing path setup, where the IP |ayer software invokes {fe"signalifig "
protocol between the network el ements and the NC&M to s u§kﬁd§gﬂgezmg
routing path for the | P packets. This step will also configure the

networ k el en@jhasuredigrwdile parahieierigsutatah sdf dftomHRRRAGonAIHeS ReRREd BagTcEt
forwardi hg. The tags for optical tag swtching to be inserted 1n the-

optical hea i . ial. r LS8l on_are also determ ned., 26
13 JAN 2003%@7’%@& it f”ﬂ%“?&éﬁ*)‘tﬁ&‘@@%&%ﬁ’fdﬁaw%@éﬁwaé ‘gf)%ﬁsé‘fed
transm ssion,,. where t r.r ?I of .the opti,cal. packet triggers the |ocal
header pr oc &OFRRoRAP g‘gﬂ@ﬁé FtrARHNE VMPYLUPRS K9 comPtaLthe trYbing tablastat NG&M
forwardi ng. the packet on to the next hop based on the optical tag inside
the opti cal ZR@;a(égdxsscmmammMutjm tahlgs pratach petwork élementu2k-12 fitodiaive gadkkerouting
routing function which is 5 generally a slow and conplicated procedure, it

i s per for medegisibny at eachorokark eleqc INC&MP2(esH dsligs nedWétk paReRter infbsndtigh | N
the critical path that determ nes transm ssion |atency Routing Path Setup

Duri ng rout iffy i R s ' et

T R e e L R SO R S

contains th : | {)@&h r.di inforpati - arti ar, .in the

inter ;st of Q%'gﬁ?‘lé‘%}‘:}%%& tra-g{‘ (I)l\_;/qurug?égéélgg ang %é%?‘éb%ﬁl‘%pt ?ﬂdlt(g)%’f"'ﬁéds‘l

i_?Vpnt-i ve schene.produces tag- 'tcgzg tates that remain_constant along the

fl ow path. E “E%@%‘? fon 85‘-‘2*6\;%1"4 §i‘<g ReQvorkelemant 12kd 25 & besippyted in -
1

techni ques: (] } .Destination-based flow tag assignnment -- In 'this schene
t he_dest i naPP#r3! signaling heager 210.t abl e destination | P address prefix, can be
us as the tag-switch state i'n next hop | ook-up. In addition to having no

neeth t ¥ nodify the opRackets aleeauted thraugh nemvaek Delaking the inférenatise th dighalihgh@dd@flt
of ~defl ection routing. (2) Route-based flow tag assignnent -- In this

scheme the DiWefeath pieket W&n@ﬁc%@ﬂid’e?ﬁﬁ&t@&k@%ﬁﬂQighﬂirf]’gﬂﬂa&é?‘itlGistrgfcf i s
e

conputed dynamcally at the tag-switch state setup phase. 20 advant age

of U1 s scheRpeiler hbhitl (o7 BTolies BERA A el RS bECINAL il SR o

requi renents for each individua states.

001 04667 S“’iatg(}gﬁtﬂﬂ l&ﬁ@&ﬂ faﬁlte, (ﬁe(%ﬂs li'xglim%Eiat’IéIo’y f]o'xé‘\blar 9(9 %IOZUEHZH aiready existing tag-

: switching origipated connection within the network element. The latter case is referred to as

15 “flow switching” and is supported as part of optical tag-switching; 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

19
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PCT/ US99/ 14979 _a The present-day |ack of a viable optical buffer

technol ogy inplies that conventional buffering techniques cannot be used to
handl e switching conflicts. As previously described, the invention

enbddi nent utilizes fixed delay inplemented by an 5 opti T@Dmmg&“ | ow
switching to occur during this tinme delay, but not to ach C ent1on
resolution as electrical buffers do in conventional IP routers. To resolve
switching contentions, in accordance with the present invention, the

fol |l ow ng thregowgbdeds are used: (a) Limted wavel engt h i ncangoags - -
where a packet is routed through the sane to path but at a different

wavel ength. Since this wavel ength conversion is utilized just te-avoid the
contention, it isWVAtiengbsigadisanly redypesitheblorkinggrobabilityndie altamative pawhmgth t he
capability of converting to any of the entire wavel ength channels. Rather,
it is sufficient Toptiggwisp ashipves Sig\saine propagstiar defayend mimbee ofimpe hsthgofimal case,
channel s. This wavel ength conversi on converts both the signaling header and
the data payl oad. andzliminates theléfficultesrin scqugneing endtipde fhokqacie balémaopam g Ng
too many wavel ength conversions which will result in poor signal fidelity.
A possi bl e pol i cycangotentialy imveagethy dedayeand dRvRmDET hop¥ardlthAdighat@hoRB ity be
enforced by encoding the original wavelength in the optical header. This
way an i nter medi athe paibds snicptdaliyinohitabd ©SlHMHANF pOBibllfy SFHIRR Binkfotdd 1 S
carried on its original wavel ength. 20 (b) Limted deflection routing --

where a packet meghrdagh o Bideamaindel df o, HETHS BREWHBG aSWoh Pt Gr »Oa)gﬁn%tﬁgﬂo‘("“i ch
it can be forwarded towards its destination. Care again nust be taken to

prevent a packet Naﬁﬂé}@é;ﬂ%tib@ﬁ%ﬁ%ﬁt@bﬁhdqﬂ('cﬁPlSe‘c”ﬁéﬁle& %?é g ﬁ(f‘o(fx?euﬁi'sﬂ%r\sé ol

degradation, as well as wasting network bandw Ion 'schene’is to

28 ol e 2008 LSl RIS TR TR by "

optical header, and al'l ow’defl ections. t ocee

e e Bt B S Bl P

preenption -- where a ne pact
transmttingpacket if the arriving packet has a higher priority. The
objective is to 5 guarantee fairness to all packets so that eventually a

retransmtted packet can be guaranteed gelivEEé. In this schene, each
packet again has a tinmestanp field reco i opti cal header) and

ol der packets have hi gher %i.?rity ared to newer packets. Furthernore a
retransmitted packet assuftBlSHUIVE| CUfyt-Yyitcherbbagkhoge petrosk SOREr. | Thi s

way, as a packet "ages," it increases in priority) and will eventually be
able to preenpt i @gWaPW\EFéS qmang gadsusersdn ptgin lprep eitiesis shreyUnited States iss
noted that in all these schenes the optical header always remains constant
as . it noves ar otigUMinpietadal kermin FIG. Shneswprdk 500 isdirsstdisntssed it kertbef idesi re t o
keep the optical switching hardware fast and sinple. It is also possible to
consi der conbi nat fHentignal ppraajion b dsrbefore the overlay of WDM optical tag switching in

accordance with the present invention is presented.

With reference to FIG. 5, it is supposed that New York City is served by
network element 501, Chicago is served by network 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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Routing Protocol t 5 For a network the size of the NG, centralized routing
decisions are quite infeasible, so the approach needs to be generalized to
di stributed decision nmaking. Hi erarchical 1 addressing routi ng are used
as i'n the case of IP routing. Wien a new connection is dﬁNWM 220
deci des whether a WDM path is provisioned for this (source, destination)
pair within the WOM based network. If it is, the packets are imredi ately
sent out on that (one 20 hop IP-level) path. If no such path is

provi si oned, N¢&M/wed decides on an initial outbound |ink fefraisbiabsr st VWM
network el enent and a wavelength to carry the newtraffic. This decision is
based on the rest of the connections 29 1 99/ 149 7 9 iR the
network at the tilHorp#iongbeytdarthesamershstateef cacluaseork dlembiG&ag 2 @Bethdrdrizuses.
signaling, through an appropriate protocol, to transfer the rel evant

i nformation to therefatipnal e shyipiowndoncmrekergensnyi(b) thoodsiealpraaelepthsipravidzd by
signaling header. After the initial outbound link is determ ned) the rest
of the routing dew@rlnawekalementakennavortkiotenientiOl iidithatvn Bebaiy drved ByTBRCE!

(NE' s) according to the 5 optical signaling header information. This nethod
ensures that the filwumidigmtSabhesngtaveradith Wi inabbhi@l e teanth 3hasiignal i ng
header processing requirenents are kept relatively small. It al so enabl es

the network ts0 scedveleRghiWawhibh éheoh totetviohk &mi:rﬁﬂsméﬁﬁag%?%d%\eﬁééfo Sers.
It is noted, too, that multiple WDM subnet works can be interconnecte

t oget her and eachrespeiielyWyahk (GMielpoR@WBich hré sQVEH W%N&ﬁ%}h?ﬂe%‘?}ﬁ)gﬁ sy geci ded
n a

upon, within a WDM NE., the optical switches can be set state (i)

f the durati i i t J K t

Lhe dofaul 1 stat e (emTod o e PRt DRR P hkby 2Bl ©
|1 t of t4 : | [ T : f

outing on a regul o Beakhr- g a2 o c kA8 IR W R p e e

dedi cated only wh LS romtj.on to be sent and at the concl usion
ﬁé}{xeﬁe%ﬁs hefodid! cf)w1nthBWé9

of the t s packet, Se resources are”avail able for assignment to another
packet. The ] atter case is..us rge volume bursty node traffic. In
this case, tir?e WOM NE onl yT]ﬁ‘gggF%%%iQ}agStP‘ie fif a0y pstant the,slpbab infermationyt i cal
signal i ng header of subseguent packets arriving at the NE to be sure such a
packet is bound f¥FetHE JIGmulaietonies i Gapy the ipqoping packebtraffie By the networkch ¢ he
sw tchi ng device, ;and forward the payl oad through the already existing
connecti on t hr ougHePits- Keecordingly Rerigdieally WM&ZQgFtF@Hw thpyronting infompatiah in
tag-swi tching. Th ackets are self routed through the network using the
information in t h‘ge gv’gﬁé|f?rrf§mn@ad&babpu@wdablffa@waownmnh®glpmkmtinauablwes

at a switching node, the signaling header is read and ether the packet is

f orwar ded i medi a°&RSR of Hiesleggnts ysirgsupery oy ahameis 22 RCI2,US T8 gldiaT SutiREA/ US

| 7 FEB 2000 s

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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al ready existing flow state connection or a new appropriate outbound. port
is chosen according to the routing table. Routing tables_in each node exist"
for each wavel ength. If the packet cannot follow the sel(wsgmt d port
'because of -contention with another packet (the sel ected out \ ris

§ W@ /erok9 76

not free), the routing scheme will try to allocate a dPOFMR)E
f.or the 5 sanme outbound port (and consequently the sign A .
wavel ength translation within the switching node). If ngp S:{]?S?%IOB 2000 '
wavel engt h can be usedid P&miBem ] JaTo Pl a different qutbound
port may be chosen from anot her %E’%&caf\#\}%t?c i‘?g‘tQJSE‘%E‘EB‘ﬁ%%F’@g ?‘?‘#@é&ﬁio&s

pr ef erence) d L1 nks. This .rquting protocol of_ the inventive

t echni que i Sgélcll E’ﬁﬁﬁge?pqlg, ’Eﬁ%“ﬂ‘éﬁ@ééﬁ}oaw g setablifged using W3 (hetkegninetwosk elements 506
Background Secf{ion), .where the session is deflected to sone ot her outbound
link (in terARd o2, BadWarbstivasn elements$0@and 0% ed path cannot be fol | owed. The
packet is not allowed to be continuously deflected. In traditional routing

protocols, a hop countLinks genesiteddn Hiogbinritr SQS a8 upbd e g%b%%ﬁii{l'ﬁﬁlé UnRer
of hops. In the new schene, in case no header regeneration 1s alTowed a

e s schi nchaneteiaed byaRirgRiif Bati0 iDiakd SE AR WO BERDNCOR 259 edeFpipe the

Alternatively, the optical sighalin characteri

signaling he : ' . ise. rati n .be | opked upon to decide
whather 3 packeens BRI RLES R iR eoRRecs Sy Fmritonem helyae. me
t'echni que usﬁs&bﬁié’h ) cc&%#gzo to deterpine the routing tables is based upon 20
shortest path algortt and outpyt pogt of eehspyvask slementn Eagly Hink haschdrsteristitsiofn
ngj t-he path of Iea]Pst cost. Specific cost criteria on each route, such.as
I'engt h, capalioHy-sHrtrhed£opnestion.kbas iss Binbasically apemmgent pamieetiored dedivattdpath or
used for different networks. The objective of the routing function is to
have good peiPiRst ferrleoeg infeovals andiile NO&M20%a0featdown aniFe-2AbbI2AA3inYE: normal
0({_@4667 PCT/ US99/ 14979 | ow aver age del ay through the network) while

mai-nt ailgi ng dpegation. nThaelgsnefit of shéHd dadioa ' . d .
haweng a different node as a root at, gg?ﬁﬁlﬁ?ang?ﬁgﬁa%tﬁﬁgéIﬂﬁ{nﬁgﬂﬁ%ﬁcﬁéﬁ@ﬁmamn_
obt ai ned by WhielsRabdi hel -up t.he routing tab) es at
each swit ching nod%.lﬂ?fan@??& c%%gﬁ%cgai? &ﬁégtg%éﬁgﬁ?ﬁeﬂgﬁ’%?%r ed without the

i mpl emrent ed, p_k-shorte th approach can be used to exploit the

mul tiplici ty"'% F°6§‘t”§r!’?ﬁ‘§1 6&‘&'3 ?‘ﬁ"g’r}ﬁﬁ@ﬁ@e %a?%tpé@rﬁwa&énﬁimmsomne ineffinieone
short est pathq cV\,ith 1tlh\(;-&p ths ranked. in order of cost. This information can
be inputted i Hesepssdhat fhe Aicatsd Rethanaydgsiambigused psmell percentagetof theetime(emy 20%6-

| ink correspopding to the mininmumcost path is considered first, and the
links corr ers)s@cfh%‘ieﬁg‘ctsétﬂlllhﬁ@@ﬂ)-CMQICO]D%H $véitching demipeitt 3@ (be¢ RIG: 1) @mbedded iPedchng
tables that are used to 1o inplenent deflection routing. Description of

Pl ug- ahtl- Pl &¢tvaskigleawsnt which interconnects input and output ports has only a finite number of

r

Yy | input/output ports. If the above scenario is changed so that link from St. Louis to Minneapolis is
/ -' .)" ' required and a port already assigned to the New York to Los Angeles link is to be used (e.g., port

514 of netwqu 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

N : fad : : : :
the “tag-switched state” is introduced and its use in routing is discussed;
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The present invention is based upon two types of Plug-and-Play nodules to
be attached to the WDM network el enents. |ntroduction of these

Pl ug- and- Pl ay 15 nodul es add optical tag switching capability to the
existing circuit-switched network elenments. In FIG 3, both header encoder
321 and header renover 322 were shown in high-1level bl ogk dUﬁgﬂ%gmkgrm
FIGS. 7 and 8 show, respectively, a nore detail ed schen@¥c

encoder 321 and renover 322. 20 In FIG 7, |IP packets or datagrans are
processed in nyeopRELcessor 710 whi ch generates each opti calctaisegr@biong
header 210 for tag swtching. Optical signaling header 210 and the original
| P packet 211 are enKﬁLed fromm croprocessor 710 at baseband.- Si-gnal i ng
header 210 is i X8 IHheRexhParagrappothe mepner of grgeringihe beewitehata is PRGIdABbt h

t he m xed header from m xer 720 and the origi nal packet 211 are conbined in
-32 13 JAN 2003 hadsmtitsh et epesriensomicaltagrovitebimbi ner 740 and, in turn, the
out put of conbiner 740 is encoded to an optical wavel ength channel via
optical nodul ator 760 havi Ng&Mhzgdxis figbersrapged s thaeit oky awsidu attagsswitch Btafelt6.

8, the optical channel dropping out of a network elenent is s detected by
phot odet ect or 81Ccagthphcket insbmingito g adtivgrkahapdent franl a bijenanipdriatd - the 82 0switdREtaR! | Y,
bot h photodetector 810 and the anplifier 820 have a frequency response
covering onl ¥ t hes depeadegay Phpdk Blay modtle i S®andpiok ¢e pupb@saf tho relaadifhsih
carrier frequency provided by |ocal oscillator 730. Law pass-filter 830

further filters ot tagswitetestiteliy@bmEnsuaty Wit ifeadeF NP0 @LE 16 20Tt tdolsGhtcB3Me | S
essentially the original |IP packet sent out by the originating | P i 0

router fromthe Of c@hpuaddibyNCRMIR0 knEdcRiBdatied D iesdh RADIPa&Red: E&Qm{‘ hed

t hrough the network and is received by another IP router at ano net wor k

el ement. Bl ock disgh e 880 rddtindtable. ViePERhS th ?ﬁizl%lciﬁlg%@{ Sohf 'Elet{vgrff( et et hon

process effected by Plug-and-Play nodule 410 o 0 conver ofﬂelncal

signal 901, whichseg ' - S ' Lgnal i header .210 and..t he
data payl ond 211, oo aoau R shAEH & ih Bl 5if Rl PRy RS it ot e

Initially, opticadpsigah ' q§% t by.phot odet ect or 910, %ge Qut put
of phot odet ector 910 | s@éaa%g%pfqog’dp Sgﬁ%qftf(l}ég F°’§%?§e‘§?f§'e? ef 240and ppyjoad 211
hi gh-pass filter 9 et ai.n_onl he _hi.gh frequency canponents which
carry optical si gn%(ra}o%fgz Llel}éc?lﬂelsr caiel'ﬁ?éa%ﬁ‘ 5$§|ng lge]p 84%51’6?[6%2&5@’659 adelpyed to
| ocal oscillator i ch includes feedback | ocking, The signal from
| ocal oscillator ‘%%gmé’\rﬁh“%ﬁteég :fog'?f ork 61%#?}?’?1%%'&&?{3&0“9’&0“0&}5@% SREEYin mi xer
960, that is, th%ihu%h frfﬂy%&ﬁ% cgé{Ler is subtracted fromthe output of
filter 920 to | eaWBGNE O tHrE &PRex Yip b 902 Lgpd dnputtedyio pgticsl waduls 49 whiehder
210. In this process, I%cal oscillator 950 with feedback locking is
utilized to prodJE¥CEFving Heaming packet 620t detest header2d0 exhgader 210cfquemakey 62(isase,
and anplitude, so that the high frequency conponent is nulled during the
mi xi ng of thPs | cEayn gsheingcampesed pithetag-gwitch gBe ‘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 61 1), 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

-23.



WO 001 04667 PCT/ US99/ 14979 the tag-swi tching signaling header with a

hi gh-frequency carrier. Lowpass filter 970, which is coupled to the output
of m xer 960, delivers baseband signaling header 210 asnsl ectrical output
signal 902. The circuit diagramof FIG 10 shows an exa ? qf

detailed 5 enbodinent of FIG 4. In FIG 10, each header et@é’gma
1020, . . ., 1030, ..., or 1040 processes information fromeach wavel ength
conposing the optical inputs arriving on paths 1001, 1002, 1003, and 1004

as processed Ry fRkggd tipl exers 1005, 1Q06, 1007, and 1008, p¢-pEe8eisheel y;
each demultiplexer is exenplified by the circuit 900 of FIG 9. The

processed information is grouped for each wavel ength. Thus, for-exanple,
fast 10 menory 1@%ordirgheiagehowny Afgythesiclay provided by Sberdelaeb@ntie incomie=si gnal s
appearing on lead 1011 from header detector 1010, ..., and lead 1034 from
header detector Paket onHiheh6023 é3 propgated/ot@Abier 60Q4ia switkh608s a

cont ent - addressabl e nenory, serves as an input to a correspondi ng tag

switch control |l er 1031- 103khe fdEegoingtdespriptibit afhagsswiich etale edich®8 hovk 834usal. S'Phe
receives circuit-switched control signals fromnetwork el enent switch

controll er 420 1maoferbf ganertingtae glsafictosité ﬁhho@@&ﬁsﬁdé}ddENd&'}kad,iagé?ﬁ‘BM(
chooses between the circuit switched control as provided by controller 420

and the tag sw t pbesdid bakie combilean ' j i nmor
g pbreudlid Baki b sStT M chiagokYp thbiss ﬁﬁoﬁ%ﬁnﬁ%@%%ﬁ&k&f‘s y

to provide appropriate control signals the swi tching _ G 4.

Pl ow di agr am 110@u6ghfchd® cordspb s ERIAIROEAL (BcRls LHE ST APSISIAY ST eC o
4. Using tag C {roptler

20 by each tag-switch controller 1031-1034. -SW con

031 as_exenpl ar Yoil @Rk ISR SUE Ry BWI-6AGT BOOLLBbSlne 130T, PU

fromfast nmenory 1021 are nonitore as carried out r 3 Bk
1110. If no inpu : i g enory 1 n incomng ..
packets are ci rcH?% gé;n\?\faglglﬁgcfgéﬂg&{:wgﬁl??@gﬁ{ggaﬁ%ﬁmconqc%#ﬁérgﬁ(ﬁ’ﬁ&“oﬂgeégesi on
bl ock 1120 is us i Jf there are any inputs fromfast nenory
-34 13 JAN 200%9%9%'8’?%‘}@_@]7%&{]5}%&13%@@ ek ‘P“FW@F‘%@H%S Stipdiler,
can determ A7 r BP0 Se R N R Abedio BT bt sSeseied oith éviprisis ng
devi ce 430. Then processing block 1160 is invoked to transmt control
signal's from t agP&W (flc ﬁn‘iﬁ’g‘fef Sg‘rféplfe@ﬁ%owsm ol is pispaisiechyitiewgaieg HBO. | f

there are no fast, 5 memor y i nputs, then the decision block 1140 is invoked
to deternine if th]eraé %SgHV 604, then NC&M 220 is able to generate the appropriate entry in

look-up table 610 (namely, the fourth row) and download table 610 to network element
510. Now, when packet 520 is processed by electro-optical module 132 so as to add

15 header 210 to packet 520 to create augmented packet 620, NC&M 220°s knowledge of
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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inputs fromcircuit-switched controller 1140. If there are inputs from
circuit-switched controller 420, then processing by block 1150 is carried
out so that tag-switch controller 1031 determ nes fromthe inputs of
circuit-switched controller 420 the required state of sng m:e 430.
Processing block 1160 is again invoked by the results of m ng

bl ock 1150. If there are no present inputs fromcircuit-switched controller
1140 or upon conpletion of procession block 1160, control is returned to
processi ng bl Ggdoolodd?®. By way of reiteration, optical tag- $eirivgéidge
flexibly handles all types of traffic: high volunme burst, |ow volune burst,
and circuit switched traffjic. This occurs by t5 interworking of -two-1|ayer
protocol s of the RIOEGssHg (esdstepmined. fryrexaraplpthy 8| ppckEhivsiler)t D6 calirst it inaybethat the
swi tching control rapidly senses signaling headers and routes packets to
appropri ate dest i ¥rau-emEhed raghnis idehtigabtoghe tegawitdh spaecpatt, én wisieicdaséd fhere iatonor k
el ement with the sane destination, the distributed swtching control

establ i shes a f| ofiedtievenmonifydeminesat tauterthmngh swieh 601 for prosdssifg e &fg-dwieh
packets are forwarded through the newly 20 established connections. A tag
swi t chi ng met hod statealHgvegerai€ itdursicgssany tdreimperarily ah@rswith sy @k eREHSe 8Rchit he
nunber of nodes. This results fromthe fact that the distributed nodes

process mul tis- wa\ssliteled tdaffie] if ), candeiretautddak keddend. N paral l el and that these
nodes incorporate -35 13 JAN 2003 ' _ WD 00/ 04667 PCT/ US99/ 1A979 predi cted

swi tching delay in the foragdcufsedss fal @leaMitkhiREallNR YERY S on o&i&?e&%&m of

swtching utilizes path deflection and wavel engt h conversion for contenti on

resol ution. Opti GatkehaAMBR aGYd Rr MRhEGRKK d&EHRAL oW etﬁpé}ﬂirea?agaugat@lge%sf %‘é{l

i nportant aspects realizing the present 1nvention. ese I nc

header t echnol og¥signRtgiifBimdiidh Livhd GX1- @Qa&dﬁc?ﬂQQJ LY b, ‘%%%31 t%xlag'ggﬁx‘é"'ﬂggﬁ'gs%mh

t echnol ogy, and wavel ength conversion technol ogy.
Technol ogy t o Oniédnddd iNBaRASiuk i des.optical header encoding
and optical header r em;vaf,rglasl |%EE§J§‘Z%"\%H] ﬁth;éér}sugtégjtgvefl%lg | HESPYT SR YropmeRt,
effect, optigal hga 2 1.0 s.a signali ssenger to the network
el enents i nforning S ﬁ%s‘%néﬁlﬁgrgi%gﬁ%ﬁ%cﬁfsson&%a‘?ﬁiig’gggfﬁéﬁlgglF?',P“‘f’]I% hewerend, and
the length of th ket . der 210 is djsplaced in tinme conpared to the
actual data payl gggggu@egoggﬂg%swﬁ ﬂ?@ S%ﬁﬁlaﬁngﬁ%ﬂ’«é&Wfadﬁéhweéawaatm-
rat es/ protocol s s f.or mat " Asgcgr eviously described with respect to FIGS. 7
and 8, the header gﬂ%ﬁ“ﬁ?’ﬁ’é yitrwe foribursty data whereadaree plerk ofidatatiostementedia rrasider
210 to be separat eclﬁgjgra} nmodul ation frequency so that header detection can be
relatively sinpl @2SEdrdranspey; ek pasess & dsieffcient dorachepapivplapeaiwork etelentt | e
domai n, al so has higher frequency carrier than the highest 20 data rate.
This all ows readi'EFrdRibhreamine eschigag anddeeidaon thefouiing patto\Ratheofit ih mackeffedihve
15 to set up a “virtual circuit” from the source to the destination. Header 210 of each packet

will only inform continuation or ending of the virtual circuit, referred to as a flow state

connection. Such an end-to-end flow state path is established, and the plug-and-play

modules in the network elements will not disrupt such flow state connections until

disconnection is needed. The disconnection will take place if such a sequence of packets

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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wi thout affecting the data payload. (b) Optical Miltiplexing Technol ogy
Optical multiplexing may illustratively be inplemented using,the known 25
silica arrayed wavegui de grating structure. This waveguide grating?l 73
structure has a -36 13 JAN 2003 | PEA/ US 17 FEB 2000 , nunber of unique
advant ages i.ncl udi ng: |ow cost, scalability, |ow |oss knlflarnmi Y./ a,bﬁ? 1.9

conpactness. (c) Optical Sw tching Technol ogy 5 Fast op Eﬂ‘msm ] %4 '

essential to achieving packet.routing wthout requiri _ng'gxc SS \;'efysﬁgrigﬁoo

fiber delay @iowa dsule'binbelMe (@iERaidt iflerk] 616" BotkRrd 1Bt Bd fith I O HGEr
scalability, 10

t he best conbi nati on of the desirable characteristics:

| oss, polari [ I»NSensi t.i.vi t swtching, opbyst operation..
Recently rep%‘ratcéﬁglmescﬁﬁmb@ltﬁ?ﬁm%aﬁgﬁémﬁ?lﬁdg%s &ﬂglgof@ﬁ’ﬁgﬁ tgpacket -
achieved 9 microsecond switching tinme (d) Wavel ength Conversi on Technol ogy
Wavel encitsad therenty i b fifth rom sajestablisls fon exampleck wirtuglincuit of How wivitthong state,
requiring path deflection or packet buffering. ‘Both path deflection and .
packet buf f eaniditle mevs andtliee pakkegie progésstd & pek sl fogrth fosv SFRAGUARCE, tHe higheLpri Gty
of packets. In addition, the packet buffering is limted in duration as
wel | assin capaCtwrsudng, Wik an béiﬁgmerrﬁghea?:Basigre&aaﬁ,fﬁﬂtmaﬁhha%uiy\@\éﬁl'd%lgt h
conversion, on the other hand, resolves the blocking by transmtting at an
al ternate wayglighegd h through the samé path, resulting in the identical
defay. Illustratively, a WBXCwth a |imted wavel ength conversi on
capability is deployed. 20 Although various enbodi nents which incorporate
the teachings of the present invention have been shown and described in

detyai |. herein) those skilled i ' devi se many other
vgr)?ed enbodi ments that still ﬁe&h?dﬁﬁxﬂ mg Eneb%g hi ngs. 37 13 JAN
2003 PCT/US 9 9 / 1_4917 a IPEA‘J.US-%? E‘[EB] 20 1 %ANB Z‘Pﬁi\ﬁ{f\!}'&?t is clained
is: 3 1. Anethod for hPEFAGACHAY Uranaalasacy Baoer dfe FHiRNnEn BEoResiag of

elébent to 4 an out pue{l network el ement in a wavel ength division _

muFEi plexi ndhe MBI hsadsrat sack optinghereitch rast be kent ies minimym dveingdhs@ctiabnent s,
t-he.dat a payl oad having a given fornmat 6 and protocol, the nethod .
conpri si ng taasmissigrofthe gptival packetg Tanchisvethisrend,ca fevcsignaling krchitedtirblagd patket
each of the network el enents, 8 each local |ook-up table determining a

| ocal rout e tiahsmisgion piocalsfoppérfirmithgptical WDNEtaB sAREMRE is ifk6iieed. S,

The sigha!ing and packet transmission protocols decouple the slow and complex

IP routing functions from the ultra-fast WDM switching functions. This decoupling is achieved |

15 via the .setting up of an end-to-end routing path which needs to be performed very infrequently.
) To send IP. packets from a source to a destination, the following steps aré executed:

(a) Eﬁd-to-cnd routing path setup, where the IP layer sofiware invokes the signaling
protocol betwegn the network elements and the NC&M to set up an end-to-end routing path for
the IP packets. This step will also configure the WDM network elements along the routing path -

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

optical headers during actual packet transmission are also determined.
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t o. . adding an optical header to the data payl oad and enbedded in the
sane t t , wavelength as the data payload prior to inputting the data

payl oad to the input network t2 el enent, the header havin a Lﬁ&m d
‘protocol and being indicative of the local route t 3 thro ‘t’he

networ.k el ements for the data payl oad and t he header, {i e @ £

protocol of the data payl oad being i ndependent of t hepfmig%igw?ﬁjlz
of the 15 header, t-6 optically determ ning the header &t. ! f\ kB ZUUO
el ements as the ' ad: he r through, t he VWM :

net wor k,. 18 sel eg@? ?89@@9 otc%%lsglcq)%{og’ ?gégyﬁeﬁﬁggg%ﬁﬁﬂnbcﬁg&&hﬁ tgeeryihs degal

t hrough t he nehwork 19 el g',gﬁnts as determ’ined béx | ooki ng up the header in
the cor r espoifdPHProsssing Vaisk amgne ptherthings logksiupthe oytput past fon forwardingthe backet
and the header through the network el enents in 22 correspondence to the

sel ect ed rouereto thegnext hambased:omthe optical eagiinside the optical beaderwher ei n t he opti cal
header includes a tag 24 switch state for routi-ng the optical header and

the data payl oad t hr ougthouftercueihypatk s&fp involkds &Mi@?% routingfurRkiSHRM kv is and
the step of adding an optical header includes the steps of "determ ning. and

2 insersing deferh i dnal r i o - SW L ch S . f.or
routing the gopt i iggla gl%whﬁe‘gégﬁlsg%g%ﬁgcﬁgg éﬁgga%/e?%gaé%%m %a%ﬁftﬁ%gi%rgﬁ%? Yor k

el ement to t k el enent. thr h.the .network. el ements. 5 3.
The net hod aﬂgﬁg@%ﬁ?ﬁe& élﬁgé ié\?%l?orln"lﬁ\ﬁﬁgb‘éqtl Ra"gm%tgfté’ﬁm&s UARSISEIOR IESHt i cal s
header to the data payload includes the step of placing the optical header
ahead of the 'data payload in tinme. 4. The nmethod as recited in claiml
V\ﬂgei‘n.the step of routing includes the step of resolving contentions for
the' sel ect edauiing Rath Sefupo 5. The method as recited. in claim4 wherein the -
step of resolving contentions | | , includes the step of routing over an

alternate route deter Duriagrouting pathfsetp/theirtendl R6nretisittable bEE WOM facket switcl-
Tlf(e)_mat hod as recited in claim4 wherein the step of resolving contentions

i ned udesi o0 | <H
t 4~i ned udeswill be abgrRehted it tdglviRRH F6okakp t@i)ltﬁ,et{nﬁ% aﬁiai\ﬁ?gﬁ ngﬁgltgﬂt ﬁ%‘éﬁ% ?%ﬁng

W th respect to.at 5 wavel ength used for the selecte )
nmet hod as regcd 1N i: . . tep of opticall term ni.ng,the
neader | nol ipoimstion? L bt HRF Bided BPachictlbe Yk R Bty s Hario R s,
el ements t {le the data payload remains undisturbed in the optical
Gomai n. 16 DBk e oo s R Wi St A AEaIn GPRgaRt AlopE e Ao Roran
i nput 20 networli el ement to an output network el enment in a wavel ength

di vi si on mufFEPRIEpgigwich assigppopnts inclile thefoHpwsing decbiquespl ural ity of net wor k

el enents) each of the data 22 payl oads having a given format and protocol ,
the method conpr i($) Restinponsbaspd flow t@oassigh@et ANN2BB 3chemeRhsddsBindtibnFER 22000

15 suitable destination IP address prefix, can be used as the tag-switch state in next hop look-u’p. In

) ) eddition to having no need to modify the optical header, the same header can be used in the

event of deflection routing.

(2) Route-based flow tag assignment -- In this scheme the tag-switch state assigned refers
to the end-to-end route that is computed dynamically at the tag-switch state setup phase. The
20 advantage of this scheme is that it can be specialized to meet the Quality-of;Service

requirements for each individual tag-switched states.

27

T



1 generating and storing a |local |ook-up table in each of the network _
el ements, 2 each local |ook-up table determning a |ocal route through the
associ at ed one of the 3network el enents, 4addi ng an optical header to each
'of t'he data payl oads and enbedded in the saneSwavel ength as,the data

payl oads prior to inputting the data payl oads to the i nputénetwddqelggnt
the header having a format and protocol and being indicative of thelocal
route through each of the network el enents for each of the data payl oads
and its8correspoowbisetg header, the format and protocol of eaehugdoidye dat a
payl oads bei ng9i ndependent of the format and protocol of its corresponding
header, 10optically determ ning the header at the network el enents.as each
of the datall. paglmfﬁg.ﬂﬁgﬂﬂicﬁ esoluigly espondi ng header propagate throwgh the
WDM networ k, 12 selecting the local route for the first of the data

payl oads and its corresponbhierngeseitalay bick vfw detdéiopitical bnffeneshkolegycirpiitsSthas
determ ned by | ooking up the header in thel4corresponding | ocal | ook-up

t abl e, 15rout i ng tdeaventipnat bufferipgtecitiquas Eaydtda dsedan BandleSweKinespARE NG header
through the t6 network el enents in correspondence to the selected route,
and 17 routing subséqulynibscoibe the finvetondaibadipii Wifics fixed 81 iSHRHRACE LY I ough
the local t s route selected for the first of the data payloads. 19 9. The
met hod as regi t echpiicel Gbaitoralbwiveiching teRel (ﬁlﬁﬁ@thﬁftirﬁéﬂétagnglt h&44 iilGse t he 20
step of resolving contentions for the selected route. 21 10. The nethod as

recited in clai mdnwhnetsbiutibeasRRicA bufeRAb Vi Mv&ﬁ@ﬁaﬁfﬁjoﬁﬁﬁ;. %‘% ro.j:sro]lQILUdes
the step of routing over an alternate route determned wth reference to

the 23 sel ected reutig : . , . /.. 149 7.1 PEA/ US
LT FER 2000 11, ’Frgefd%ggtl%%’%? éﬁ%y{%%&ig\‘r’fthc %F’ﬁwﬁgr’\/ﬂ/t‘z%‘g?’ghetfﬂ'i"“élf‘%ﬁ“"ﬁf
resol ving content,{lmsgreiu$l. udes the step of routing over an alternate
wavel ength determned wth respect to a 3 wavel ength used for the selected
route. 4 12. A et hod : i a.,data | oad. arriving at_ an input
network 5 el ement ont SJ) ggn\}\l/ge\r(/ig’fggﬁg gr%m%fe\rlclhg?%ﬁ' %%??B?cg?iisr@“‘f ugh&%mfe.

f nal 1.t y.of n rk.el I havi n
ai ven  or mat' Tand TSt il SRl STRE Bisipelehgh v Bt et ie.
generating an optjcal, header socjated wiith the data payl oad, the header
having 9. a for rraa[lv&grtlhcf CBatS'?etl%‘ta)i? 15 DRLReEEFaTy Hahthe Betprrelegents musingssepsthe e
t hrough each of the . network 10 elenents for the data payl oad and the
header) the for mff’pagﬁﬁy WSPﬁg&g R pny; of dhepatire wavelengtly Rathen ¢t is suidpemdent
of the format and,protocol of the header, and 12 adding the optical header
to the data payl dEHeH5HE comsE aemeiof the entiee wayelsngth cheavels. Fhge wavalength eorvatsion
payload prior to inputting the data payload to the input network 14
el enent. 15 13. ,&OWﬁBQihg@ﬁlgpﬂlmélﬁ%grmﬂqhﬁdmdbad.ﬁmle musi bt aakanngpasentfar om
the input to the 16 output of each particular network elenment in a
wavel engt h dfvi siPeskehiiom pprdeegoinggod Mar\Bivelengsh warvirsioonwhisiedilDésult ipsral i ty
of network elenents, the data payload having 1 s a given format and
protocol i ndependignel figklityhdgessitfle pdtiey istaditow ot endmhbiedors; Wb iasd & eddiyt he
steps of 20 generating and storing a |ocal |ook-up table in the particular
network el ement, b2enfotved boarbdihpihk otiginl afakelerd ia ki dpticd héhdbiO ARls w9 uh e
t hrough the particular network 22 elenment, 23 optically determ ning the
header as the datisepmiiaeakDRIwitol aaPallod donVesiaH if hitPorRAif it MPMAkriciQn i Sriginal
particul ar network el ement, 41

wavelength.

20 (b) Limited deflection routing -- where a packet may be deflected to a
neighboring switching node from which it can be forwarded towards its destination. Care

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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13 JAN 2003 (. r f 1 PCT/US 9 9 149 7 9. IPEAUS 1 7 FEB 2000 1

sel ecting the local route for the data payl oad and the heacgra t hr e .
2 particular network el enment as determ ned by | ooking up tﬁf&@éﬁwhe
'l'ocal | ook-up 3 table, and 4 routing the data payl oad and the header
through the particular network element 5 in correspondeanEWLgl7e}J_:§§
route. 6 14. A system in conbination with (a) an el ectr

an optical 7 layer conposed of a wavel ength division mltiplexing. (WM

net wor k i ncl metiordg ‘Yirgesmp”dleld ip the omiealimader cdndratiow e fléctionPlogRecad if@d anfata
payl oad generated by a source 9 device in the electrical |ayer and destined

for a desti n@{clr@ébrd’éi’l\/tirﬁétdn?biElﬂSoﬁic?ﬁttaﬁh%?akuﬁlﬂﬂﬁfmt 10 the data payl oad
havi ng a given format and prot oco the systemconprising 11 , a first type

of optical header the source de

network, for addi fng gﬁ"%ﬁl”@ Pﬁg Bttm"a'ﬁ i‘&re@fn ar&é{?gpﬁfgﬁfl%%l’rﬁeﬂ%‘ra to
inputting the t 3 data payload to the WDOM network, the header being

i ndi cative oF“"éF“F 3 &ansmigingepackst if thharriying ipacket hascrhigher prienity s The pbjettivedaiten
payl oad and the header, the format and protocol of 15 the data payl oad.

bei ng i rﬁdepeammeecﬂalmﬂ@scealbgﬁackétesm&mnmﬂt}ch tetrinsig&imickettcyp Be glarapéddcal
header nodul e, appended to each of the network 17 el enents, including neans

for storing delivenallnkiiokcheipe cabh Faok& apait Qs Eﬁﬂx@ﬁﬁ&hﬁ%el@%cd?&ed' ift n% QSn&%é’!?l@}(
el enents, each local |ook-up tab determ ning a routing path hr ough

19

de or i ﬁfﬁg”?ﬁ%ﬁzﬁ‘g‘?‘z@’it@%ﬁ%ﬁ R0 pERA Packe pRLRRe dreupaspited
he dat t L he \DM k, . f

i) ectel ng ?h@ﬁ}(oca' r O%J}ﬁﬁg?a&?ﬁtgf@é?ggg%pg‘a{%regas gﬁ&afﬁé’g‘ﬁifgpo%res't Hrgsiases

the correspondi ng one of the n@r li el ements as 23 determ ned by | ooking
up t he headel® A} fyhé“q:?ﬂ”r%"ﬂ%‘ﬁ bryahle to-preqmans jits Wy temsards itsgdegtinppion i1f negessany:
200: PCT/US 9 9 149 7 9 IPEA/US 17 FEB 2000 1 neans far routing the data
payfoad®and t he headerlt istotsdghat irell thosersehgmesdhawptivalcheader rlvery? remedimooonstant as
el en®nts in correspondence to the selected route. 3 . 15. The system as
recited in citmoneslztourtcin éiemeawark hFhisas cdnbsistefii with the \isireab kéepoihé t bﬁ al S\piadheg
modul e coupl es the WDM network to the destination device, and the 5 flrst
type of opt Ilﬁ%ﬂdw&ié&dﬁﬁnd@ﬁ?lbe It idral S0 PosdikIe | td»%%&d%ﬂ?bu{aﬁfmsr STTRAE RehelieS.
header 6 fromthe data payl oad before delivery to the destination device: 7
. 16. . The systemas recited claim 14 wherein the second type of optical
header s nodul e further includes the neans to optoel ectronically determ ne
the. header Rditing Pritecd). ' data payl oad renmains undi sturbed in the optical
domain. 10 17. An optical header nodule, in conbination with (a) an

el ectrigal layer; and Fora network the size of the NGI, centralized routing decisions are quite

infcastble,, so the approach needs to be generalized to distributed decision making. Hierarchical
addressing ahct routing are used as in the case of IP routing. When a new connection is
requested, NC&M 220 decides whether a WDM path is provisioned for this (source, destination)
pair within the WDM-based network. If it is, the packets are immediately sent out on that (one-
20 hop IP-level) path. If no such path is provisioned, NC&M 220 decides on an initial outbound
link for the first WDM network element and a wavelength to carry the new traffic. This decision

is based on the rest of the connections
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11 , (b) an optical |ayer conposed of a wavel ength division multiplexing
(WM network 12 including a plurality of network el ements)..for ,Rr.QP ing
a data payl oad generated by 13 a source device in the el ecttical -:ayg nd
‘destined for a destination device in the 14 electrical layer, the data

payl oad having a given format and protocol, the opticali{ fteadeS 2514 9,
coupling the source device and the WDM network, i ncl udlrpg;np\args;];@{— 160w
generating an optical header associated with the data p'a'y‘i.b"ad: t h -EeaQBE
having a 17 if dlemetwakdt the €@l nswebnagitiod wa@%q@egtédzwcémzbm'uééfﬁ%xﬁnng;

t hrough each of the network 18 elenents for the data payl oad an

he fofmat g ep e Rl idiotdh gt ik in G R AL i B R el
ot net worErER LA Robheigaline PeaRe A1t kIO WORR B s deiainedy he

embeddi ng 22 the optical header in the sane wavel ength as the data payl oad.
23 18. The nestiof the senting deqisions ane takeri ahtherindivisiual netwérk eteptentsaNE'sp acbording to the
includes a 24 tag-switch state for routing the optical header and-the data

payl 6ads t hr opti¢al signaling thesdek infdmatid® Thi¥¥neiOBerbus GiEHe soutmpdabiicn eRANS for
addi ng an optical header i.ncludes the neans for 2 determ ning and for

inserting i gwitktin®rddeaal ﬂﬁ%ﬁﬁﬁn@%a&&%&@:ﬂiﬁéE%ﬁi?e%ie%\@a}&ﬂ kt‘é’efz}ttg/ﬁé'(r)]s{rgﬁllr QUt.e

the optical header and the ta payl oad throug e netwo

.19. Th ' i tedyi ' . i e - di hy

opti cal 5 heseertRs phdnghced sl s MR SR sPisklie BT S B RS 308 ca
hgager. ah h dat I [ ime. 7 . 20. Al tical head -

o abessor . Pot bt aiifiete WA Sanersiorke i miemonpestpd obeshenans gash semetwork

optical |ayer, conposed of a wavel ength division nultiplexing (WDM networKk
9 incl udi _ng'wéy b*l"lﬁr“élq“t“)}“%&}‘%etvmr k el ements, for propagating a data payl oad
geﬁgr ated by 10 a source device in the electrical |ayer and being destined
for~a Westinati on devWhen a path isadecided upore wéthinrd WM INB; etie, optibdl solattitesRay bo s

havihg a given format and protocol) the data payload 12 further having an .

associ at ed oythatcedte (iefotlthe dufatién 6Péack phckBERetdigh BeQfod8 at theRRVER ibﬁélﬁqg with
each of the network el enents, conprising t 4 neans for storing a | oca

| ook- t abfiefau i N0 . . (AITe - h
I ggal UFOOE- ﬁfa%lg%?g%gé%ﬁﬁfﬁ%ggﬂ%o ie?\lgil?)go?ﬁ r{nﬁ‘?’ou.g l%@“ %ﬁ@g{'@ggﬁﬁy ng

f th ' t' 7. neans f tically deterninin, head
2t the cor r e o RERLfeard peltolE g ¢ iebfi ekl Piebethapd. Ths i

and header propagate,qver .the WM hetwork, t 9 neans 'for selecting the

| ocal rout egis% C‘T%I’?ée %Fglcﬁteﬂgi}ﬁ’o‘ﬁt&“éﬂﬂe {éﬁé}("%%?&é‘rmtbﬁﬁwgnﬂ Sihe ?RélClUSiOg of the
corres]pondilr;rag one of the network elements as determ ned by | ooking up the
header'21 i PAKfletheds resnsish arerayailabledor assipmept to ahotber packet2 Therlatterscabeis used for
routing the data payl oad and the header through the correspondi ng 23 one of
t He) net wor klasgesiptumesbursty omnde érffen de tiiecdse, the\WDMINE bsid haotatread a flow state tag

f ) from the op_ticél signaling header of subsequent packets arriving at the NE to be sure such a
| packet is bound for the same destination, without the need to switch the switching device, and
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 ejther the packet is forwarded immcdiafely through an
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13 JAN 2003 | PEAUS 17 FEB 2000 1 21. A system in conbination with (a) an
el ectrical layer; and (b) an optical 2 layer conposed of a vel ength '
di vi sion nul tiplexing (WM network including a 3 plurali tﬂvﬁf,_bﬁ 063

‘el enents, far propagating a data payl oad generated by a source 4 device in
the electrical layer and being destined for a destinatidd/¥Mice‘ih &he” *-*

electrical 5 layer, the data payl oad having a given for,rEa%W§ ]rglgzt)\l:\gglzonn

the network further i ncluding a network manager coupl ed

el ement s f oralrdadyedxisting MBwdstdte bdrinedtionWr Ta@x@@‘h;?rfé?ﬁﬁ@ oﬁttutslmﬁ%ntibaud%a& MB}&éng to
) , an

wi th each of the network el enents incl uding a swtchi'ng device

(1i) a circyjt:sw d tr er, . nesponsive to,the ne 9 ager

for control ﬁb%’]lg W%e&g% Fgﬁ%g}%‘l:e%}fl(%&o%@g&mﬁ 85%%6%?’%‘9’95&%%&583%{] Wg‘I“th 0
manager toq ?st%bl i shed circuit-sw tched routing paths through the WM

network, t hdollow the selected autbewndmorthenaysa of eontentien wgpaotberr.p@gkei ¢ seiestader

nmodul e, coupling the source device and the .- WM 13 network, for adding an.

opti cal headwtbounhfibat inhotifice), detrautjmgschank will tey totallotawpaitifiersyt aeeléngth for thel 4

data payload to the WDM network, the header being indicative of a-local

rout e tfir oughmad butbbendiiniiaikcatkiemysthE Signdl Rl @ﬁaé%&aama@uﬁ%srahen Raffehe

the format and protocol of . 15 the data payl oad bei ng i ndependent o

those of t h@wh&ﬂﬂ@ﬁédeﬁrlﬁﬂé-gth@r égﬁﬁg@a@d&?ﬁpzamdsg@fdr%a%ﬁgeeg%%guﬂd POt A g

responsive to the network manager and s e clrcurt-swt contro

coupled to i1 &hi devi i ncludin far. .19 storin | ocal
ook- up t abrarratofauRthdths b ool i Mo e Byt i et st of
hager , each | ocal | pok- tabl e determining a routing path through each.
%twork 21 8f°£7f§’?ﬁ"5,°‘ﬁg%1‘ﬁ‘§tiﬁ'5?' optically deternining the header at each '
network el enent as the 22 data payl oad and header propagate over the WM
net work, neans for seTkigroutigspratoc@Bof the ilventivettechiigue issimilartta theadeflectibnand
thggheade'r t hrough each network el ement as 24 determ ned by | ooking up the

headfter 10 n t hmitiog schespdredalh thelBackgrohriBection)| whire theabsbiohs deflebRd ISR O8 Rer
PCTLYS | PEA/US 17 FEB 2000 t neans for routing the data payl oad and the

header t hr ougfbo@aidihkat 148h SR Nde) ifthe pre R Q,gm el -

route by procegsi ng ir(nput sg?f?;(;m-t E%e)lcl:i r%ﬂ?t-ggmifggﬁe _3%5%?&2?1 er pg'?l%??khneot

| ocal | ook- SYU i 1 2., The system as
Bffowedb e E&tﬁﬁﬂ{:srlfg%ffegg‘fihéﬂ fegdiididi gﬁtﬂéé grotoial%Ba hop.co % 1? Hsed to

recited in claim?21 furthe neans, 0S€ 0

swi tching deyi I el ayin he deli.yery of the data payl oad and the 6
header to tﬁieécg\%ls séﬁ?’ﬁg(eraae%hef:’geé Bpmber of gg“ﬁt“éﬂ‘rﬁ"ﬁé’tﬁﬁﬁ%?’*/és? noybegder g
systemas recited,in c]laim?21l wherein8the nmeans for optically determ ning -
the header HRBeREIRUPNIEALIRVEd at thefwitching npdesy then theihon eeuns taghminie ¢aphetderusédr
denodul at i n% t he header propagating over the WDM 10. network to a baseband
header 15 . 11 Altemativalinrike epicaksigraling hepdencharadeesistics (s thersipnaling hesdeposighal €o t 0
the denul tipl exer)12for determning route information contained in the
basgband headise ratiahcindtetleokedaipen foodecide witiethgr 4 paketckBsula bt agbppd.t ch _
controller) coupled to the | ocal |ook-14up table and responsive to the fast
nenory and the circuit-switched controller, forl5controlling the swtching
deVite., 1624. A system in conbination with (a) an electrical layer; and
(b) an opti ¢&Rbutiig AlgethneiwDvethyef a wavel ength di vi si on nul tipl exi ng
(WDM network including al8plurality of network el enents, for propagating a

dat a payl oad generate ; j i S [, G- n
Gostihot for S aest] nanotecRngilses by NER M0 T StbmhEEE kiRl Rt R upon
ayl oagh, havi i A n rotqcol, the systemconprising 21 a

1I‘O i %lst ?by pevg o’%& '?A(%@E%;é%er artrg%ﬁ‘f @‘e P8§ﬁ§| fromy S‘f“ﬁ%élt%‘ﬁ?t@é“ ?/‘If‘.’é Iéheg?‘?ﬂ‘ efHeastipiv

22 network, far _addi ng an, optical header ahead of the data payload prior to
i nputting t (82 SPERICCasEeriteriaion each mruteasMethastlongtin capasity nékieasion Hopregunt, or
indicative of a local route through 46 .."

average packet delay can be used for different networks. The objective of the routing function is

—l)

to have good performance (for example in terms of
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13 AN 2 03 PCT/US 9 9 149 7 9. the network el enents for the data payl oad
and the header, the format and protocol of z the data payl oad being

i ndependent of that of the header, and 3 a second type of cﬁ@ %A&W
‘nmodul e, appended to each of the network 4 el enents) including a '
storing a local |ook-up table in a correspondi ng one of 5 the network

el ements, each local |ook-up table determning a routing path through the 6
correspondi ng one of the network el enents, neans for optically determ ning
t he header 7 ayobdiasesor respondi ng one of the network el eneicgamdso b dat a
payl oad and header 8 propagate over the WDM networ k) neans for selecting
the local route for the data 9 payl oad and the header through the:
correspondi ng ondo¥RvVerage delay fispuehdhemetwark) while ipirdaitieg high dnlopyipitodhimumup
the header in the corresponding |ocal. |ook-up table, neans 11 for routing
the data payl oad ®@HdPamaghiwetase genkhrated havinhedifforentemdeomdi 106t a0&deh Gfne! 43@ tHe?
network el ements in correspondence to the selected route, and nmeans for

mai ntai ni ng t3 t Hefosedtieo pbidinedby thedearceama hes bb 304 teat-us BB SQEHE 1¥Rs header
having the sane |ocal route. 14 25. A nethod for propagating a data payl oad

froman input netsmitchingheiee iftdeflectid® roatin®ast ditiined 800 [sKmBleABREY, tHe'k-Rortes
wavel engt h division multiplexing (WDM network 16 conposed of a pl urafi ty

of network elsemerjath appfogchtiah 8e RRY k&?%loh&l\[é M8ty %?ﬁbt@rﬁi%f@&ti@ﬁ:%hg.?}ﬁso col,

t he nethod conprising the steps of generating and storing

| ook-up table in tediquofindshtorOMaNORshEHE IR, %vithﬁ% aﬁgﬁgbfnk%ﬁglo?ep% ouPriabl

determ ning a local route through the associate 0 hetWwor

el enents, 21 addiip@rAdlioRRd Keahp RS thi %ﬁ&ﬁgﬁx&%ﬁgf}@ﬁ 23 ortbﬁréhéoglébd’g?d

inputting the data payload 22 to the I nput n S

havi ng a format ' indicative. af the |qcal route

t hrough each of ? ﬁlg °ﬁ’2§&§5’§4 get?g%enﬁﬁg& g’ ocr%gtt]??gl lﬁg?ngldﬁrﬁf}ﬁﬁéamﬁq‘e FENDED 13
JAN 2003 | PEA/ US .20 .t and. t he, header, the format and protocol of
the data payl oad %%f%g‘%‘ gzaef%%é%%f’%”f’s T iiputied 1p ypeppgary fauing tables dhat arsusedrie
header, 3 ggti ca}ll det‘ghm'.ni ng.the header at the network elenents as the
data payl oad 4 andPHESYSFIEHEREOYERE t hrough the WDM network, 5 sel ecting
the local route for the data payl oad and the header through the network 6
el enents as determ ned by | ooking up the header in the correspondi ng | ocal

| ook-up 7 table, [?é@&i@oﬁ@ﬁilh%&]&.ﬂgzﬁﬁhﬁﬁsoayl oad and the header through the
networ k el enents TnNYCO sel ected route, 10wherein the

opti cal header includes a - SW. t < for routing t optical 11, header
and the data payl oad thr ougﬁq)trﬁém%%{gﬁ%oﬁg gﬁs%ér)rgﬂ?nst,v”%“’gs ?tﬂﬁugég@pﬁ@fm%%sng

anl2optical head i nel t eps of determinjng and inserting in the
optical header aﬁﬁ%ﬁ%ﬁ%{éﬁ?%ﬁ lzéiltdl-e{s)v\'/ﬂﬂf 5lﬁm§’{t§it18t“?d(5‘f’t9°r“cﬂ5f}leﬁfgp lt‘ﬂ‘ré“do%?li' cal
header and the d aylopad fromthe .14input network el ement to the output
net wor k el er%?snt t Og‘gféﬁﬁéch@cﬂéWﬂta‘"ég mﬁ‘é’f‘lﬂ’séﬁﬂ%\ﬂ@%ﬁvﬂw@mmﬂ cal
header further ingl udes priority data for use in resolvingl7route
contentions as tﬁemc?msi cal header and the data payl oad propagate through

t hel8network el ements, the step of generating and storing a | ocal |ook-up
tabl e includes thel9step o‘fl%@s?@é?thgpqﬁ'grqawwerwianyheaémbmwexmmﬁbshown
tag-switch state, the step of adding the20optical header includes the step
of inserting in thbigklrvelieckidiagenar foaplESr 7 aitded showorespegtlgad mofedetaflde dat a
payl oad, and the step of selecting includes the step of determ ning

t he22l ocal r out e sphegatic fopbeth eheederr32bpid remdedra2and the priority | evel . 2326.
A nmethod for propagating a data payload froman input network el enent
to024an out pd network el erfeiiGi%hIRpacketedralagiiamd aéipsdcedediIntitBhe¥dsad 7({ Y\OM
network 48 AMENDED SHEET ,. 13 JAN 2003 | PEA/US 17 FEB 2000 t conposed of
a plurality of ne&hiuhrgenedttmﬂiGptichlhignﬁiﬁig&le&&thHGrtlangiﬂgin? Bpie s LR 2
and protocol, the nmethod conprising the steps of 3 generaflng anof storing a

| ocal | ook-up t athkglef 2102ag the@figihlaP PEIKEOI N 28 SIROE Som Aj ly o} 00k-up
table determning a local route through the associ atnééwoﬁ)g S%S&{’ﬂgag net wor k

el ement s, 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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6 addi ng an optical header to the data payload prior to inputting the data
payload , '7 to the input network elenent, the header having a format and
protocol 'and being 8 indicative of the |ocal route through each of the
‘network el enents for the data payload 9 and the header, tﬁg‘o t and
protocol of the data payl oad bei ng i ndependent of the for ngmcm
of the header) --. t 1, optically determ ning the header at the network
el enents as the data payload 12 and header propagate through the WM
network, 13 sg$eldiddy the local route for the data payl oad paipghssoigesheader
t hrough the network 14 el enents as determ ned by | ooking up the header in
the corresponding | ocal |ook-up t 5 table, and 16 routing the .data payl oad
and the header t ombighr 148@ndén woy, keoutpresficombiner17A0 Gunt @R edhaspeical t 0=t he
sel ected route, and 18 wherein the optical header and the data payl oad are
initially generatwatelaagti ¢hahized ela aptidal mndulsttne7 68 thevin®lasen dsh 433G sbivge &Pt i cal
header to the data payload further includes 20 the steps of 21 t frequency
shifting the basehailtiapti cal header to a frequency band above the 22
frequency band of the baseband data payl oad, 23 conbining the

f requency- shi fted basebandn®ptis; &e oPﬂ@d&{anﬁélldrobﬁﬁ B oe R addoitddhegfis Pay | oad
to forma conposite frequency signal, and 49 PCT/US 99 / 149 7 5 | PEA/ US

| 7 FEB 2000 ept i Gilebid Bpphotcabiestsr élb%&ﬁ@l}@ﬁfcﬁlg’u%ﬂgﬁg %npﬁif?{‘ﬁog ‘g]llg)inﬂzglg?“

optical source of 2 a given wavelength to pro n optical si

propagate the headarphadeitdis sidhih dle AAYIRRSI MO I0LAG MBMBEINALK 27 A

nmet hod for propagating a data payl oa roman 1 npu WO elpﬁoq%San

t put t k el i J | Vit Si tipl i
Egt }R&Er kggoﬁéieg e @?ﬁ?‘?@@ﬁ%‘f&g‘ﬁggﬁ‘ﬁ‘:“hih%%ﬂ?ﬁ fﬁf“}fﬁ?ﬁéﬁﬁ@ Brtgz%g%v
vi i v i sing. )
of 89eger a'? ing angsgﬁ;@%r ggoﬁolgogf)—p ?S(si'oltll}?rudéstﬂg&e%&l?%?%w ‘gﬁf‘é‘{aﬁ@? ﬁ@%plﬁé-r he

el ement s) 9' each | ut 4 | ook- tabl.e determ ning a | ocal route

t hrough the assocalgg)tﬁ{ e%frfgtﬁreéz'@]giffse."fl @P th%?%?ﬁﬂ%’"é[ﬁ%ﬁ?’% oytpy theprigingtinglPopt i cal
header to H]E datra tgafyl Otﬁd rior to i tting the data payl oadl2to the

i nput network el éNEAL. O RE OHRLHEE PEEYOTK fiement Bhishhashsen trnsnogiedthroygh the

bei ngl3i ndi cative of the.local route through each of the network el ements
for the data pay/"§8®iandds ’Fﬁ"é"qqé’é{&%‘?ﬂ,’ertlﬁé’“?“éﬁ‘r?&?‘hgﬁ@twbﬂ@é@lt of the data
payl oad bei ng i ndependent of thel5format and protocol of the

header, 160ptical Iy det er niBlpghdisgsam RRLRfIG Y dapists theelewanits fot herdetesions t he
dat a payl oadl7and header propagate through the WDM net work, 18sel ecting t he
| ocal route for tPEesesi&ifectesty RlugiandrRlay heduledldaf FIth Mdo ginvedneptivelt signakdo1,

9el enents as determ ned by | ooking up the header in the corresponding | ocal
| ook-up 20 tabl e,Whightaries g@hltaigfsg'ittlﬁu datatinplopti@ado anidhd &t ReRAEL1 1L HOUgh
the network elenents in 22 correspondence to the selected route, 50 f 13
JAN 2003 PCTFUS PagbindEleofficaliskBalinghedder BB IR, dptical@aion if duecRPby cal
header and the data payload are initially generated at 2 baseband) and the
step of adding t Ipbotogsttectmb 1) etmabarput of phbBdetedicr IRl BpHfisAB APl YRES 3
the steps of frequency shifting the baseband optical header to a frequency

band above the 5 filtered be high-pha fitte0d30tib R idne6a1H 88 tigh FHequdRd) dAPnentONREN A9 t he
frequency-shifted baseband optical header and thggl bg‘;e%nd dgetna 7 payl bad

to forma conposioptecal SQMUBHRAIGIINRY s ch%\jicfeﬂxE%n@?ﬂ%ﬁ%gcﬂﬂﬂ&g%
conposite frequency signal using an optical source o a gli'ven wavel engt h
to produce an optwhichlinchhdd . r a.10

payl oad through the VDM ngtpe\%\%ﬂra% Bgﬁr}lgﬁ%ﬁ}kslég\?ﬁgﬁ@%oicagagosr%g&g)ar%%coﬁ'}abal ly

det er mi ni ng 5 he : of 1 - r k. | epents includes the
steps of 13 2phot gl-%de gtéf}lbﬁgﬁ% elg%iﬁ{l Plgxaepsﬁdé% glrs ’Jtﬁ%l%ﬁl? geﬁﬂﬁlﬁlécyéaﬁ‘@'fléé‘ﬂ%“ed

; Ir ggﬁl:é ;OC King QRuOnE Bfpf S Bfd: 8% &'1818 lonl‘;’{“tﬁeﬁnf%mlla Ty Ion ltag-%lv(vllt&%gossigcx{a{irlxgat or to

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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15 | ocked signal, and t 6 m xing the detected signal and the | ocked signal
to produce a baseband signal representative of the header at baseband. |8
28. A method for propagating a data payload arriving at ag input, network 19
el ement onto a wavel ength division nultiplexing (WM netMos k éomaikll of a
20 plurality of network el enents, the data payl oad having a given fornmat
and protocol) the 21 nethod conprising the steps of 22 generating an
optical header associated with the data payl oad, the header having 23 a
format and prai@eslsesand bei ng indicative of a |ocal route thrRYaisgach of

t he network 51 13 JAN 2003 PCT/US 99 / 14979 IPEA/US | 7 FEB 2000 |

el enents for the data p_a{[ oad and the header, the format and-protocol of
the data 2 payl odbr BeFWErhinggigpalingdnadenwvith abigh-dreguencyacattisor boweads filtér 4L
header, and 3 adding the optical header to the data payload prior to

i nputting the datvehighdytavalgd o theouths of mixet 9605 teliveds badebandRignaldigthe Rierdmar8i n
the optical header and the data payload are initially generated at 6
baseband) and t helestrieg onfputasiighal@p2t he opti cal header to the data payl oad
further includes the steps of 8 frequency shifting the baseband opti cal

header to a frequency bandrhzkiwet didgeam 8f FIGE GUERGY abaBthpRioth R PatgRand data
payl oad, 10 conbining the frequency-shifted baseband optical header and the

baseband data 11 embpcﬁmhﬁwﬂFIGMf_CMFl'G.ilG,QH&%E&&détE&&q@T&XOﬁ,9.(‘6153 ang, 12 .
optically nodul ating the conposite frequency signal using "an Op(%’l ¢a

source of 13 a gilesnpracedes BRcHatid Pt O Havé hipBlindt I ivi
propagating the head%rr and the data 14 pag;l%hagg%%@gégihggﬁéfﬁlg@%e(‘)rpvmg

transferring a headems i ' t.to ut of
each particul ar ne? wor kel ?gg’ﬁlioa%’ﬁllav\g\(}g%)%%ﬁm&d&ﬁgﬁlgﬁx%ﬁ@p@gﬁép’ 17
(WDM network co ‘ [ net.wor k ts, the d ayl oad
having 18 a gruenaemeRivRlribah b BbieldEle Biokeiied B eciraueitgeP bR
header, the neth ising 19 the steps of 20 generating and storing a

| ocal | ook-up tagﬁgsﬁg&%‘%ﬁi&h{égﬁ%ﬁog i) g&?upﬁcﬁ%?% “@F’ﬂ%ﬁ‘ﬂl’ ,ﬁ‘ﬁi’ fenssample.dpst| ook- up
table deternyning a | OE I1 route through the ariii cul ar network 22 el enment,
23 optical ly deteéfmm % {HEVEL dMs, 0 f glyenypvelengt e sienalrraessine en kend i ve
at the 24 input t ”} e particul ar (getwork el enent , JAN 2003 . 13 ,r
PCT/US 9 9 / 1497‘@ E‘Eﬁﬁ‘t‘ﬁé"fl tepiepl Ufoo-- and lead 1034 fromeeadsi detectas 4 939. fHaeh faste
data payl oad and the h er ‘{hr ugh the z particular network el enent as
det er mi ned by |od‘kﬁ“}?&ﬁ’§ A2 sk s # content-Addressablg memerk. saryegastaa linpyt toand

corresponding tag switch controller 1031-1034. Each tag switch controller 1031-1034
also receives circuit-switched control signals from network element switch controller 420
15 of FIG. 4. Each tag switch controller intelligently chooses between the circuit switched
control as provided by controller 420 and the tag switched information supplied by its
corresponding fast memory to provide appropriate control signals the switching device
430 of FIG. 4.
Flow diagram 1100 of FIG. 11 is representative of the processing effected
20 by each tag-switch controller 1031-1034. Using tag-switch controller 1031 as exemplary,
inputs from circuit-switched controller 420 and inputs from fast memory 1021are
monitored, as carried out by processing block 1110. If no inputs are received from fast
memory 1021, then incoming packets are circuit-switched via circuit-switched controller

420. Decision block 1120 is used to determine if there are any inputs from fast memory
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4 routing the data payload and the header through the particul ar network

el ement 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 s photo-detecting the optical head .3tco OM a
detected signal, |locking onto the detected signal with an a].RNo g
oscillator to produce a 1o |locked signal, and 11 m xing the detected
signal and the | ocked signal to produce a baseband signal 12 representative
of the header @ odiasegband. 13 30. An optical header nodul e pcrfssPPbnati on
with (a) an electrical layer; and 14 (b) an optical |ayer conposed of a
wavel ength division multiplexing (WOM network 15 including a plurality of
net wor k el enent s, 102 brIf rempsgjinpitaghen rdecessingdideh 4830 insvlkedad tHaytad-wichour ce
device in the electrical |ayer and destined for a destination device in the
17 el ectrical | ayentrolient03d samdgtenpingdbnhthe fasgnanayy ipnts ierreqiiredstate Bf Ot ocol |
the optical header 18 nodule, coupling the source device and the WM

net wor k, i ncl udi riyitakingidevice 30 9Tpemearcedsing hlockah] 60 indéied W@hit@&ﬁﬁ%igﬁaﬁd
with the data payl oad, the header having a 20 format and protocol and being

i ndi cative of a ifonalagswitthecontislizy gis 168 6dhnof swilkBing QMR 450 27 1ekEIERS Bisf OF t he
data payl oad and the header, the format and protocol of the data 22 payl oad

bei ng i ndepesdentmerory putk ahémthe @i bRIRE 20 ifnvbing (DEALEE e iﬁﬂ&? %%aaﬁfhf or

23 adding the optical header to the data payload prior to I nputting e

data payl oad to tikgts2Forh BiRMEt-sHRENR CEntELEMBAb. If thele are PCT/US .9 9, /
14979 | PEA/ US 17 FEB 2000 1 - wherein the rre'ar%he*eoarre%‘]i;fﬁﬁmtcﬁgmto(‘b ithel

header to the dat®nmant Wth@@ﬂoﬁ%ﬁﬁ% ﬁy dﬁEV\ﬂ{elIr% 5b grcF%eél&iltrég tt;[aP gﬁ%&{ﬁ%&%l&tﬁ(ﬂﬁader

ahead of the data payload in el n e optrca the

| _payl oa e f i
data payl oad are 18 §di@hnés ﬁgﬂ%ﬁhﬁg%{ (Zitc]gréurlgﬂ 1§:Ra cg) @&Ffaggbetgge ngl%éj s?agﬁo%‘ddl n9

the optical header to the data pay e

frequency shifting: ti.cal h r tqoq a frequency band 7 above
the frequency baﬁg’lt%ﬁ,ﬁ% %gﬁggggcbbarﬁps‘ﬂ%ﬁaba{o%(:@g(gﬁ&,ga‘“ ngg%g thegBsuliv®bi ni ng t he

frequency-shifted baseband ' header and, the baseband data payl oad to
form a corrpggi te%f ?cg%{?éra?ﬂvkg?gnjﬁ!herﬁﬁﬁ MORPIETEr nputs frompgiicpit-awitshedrenpirplari ng

t he conposite fr ncy signal, K to _produce an 1loptical signal for
propagating the ﬁﬂ(ﬁg %gl},&oqmﬁ 108.9f Brogessipwblackak 168, cgntpad fs refuvnedl rpgodessing? ~ 31.
An optical header qpkgfessor, in conbination with (a) an electrical |ayer;
.and 13 (b) an op'i’ﬂ ce 3o ayer conposed of a wavel ength division nultiplexing
(WDM network 14 including a plurality of network el ements) for propagating
a data payl oad gener at ed way of rejiseation, optical tag-sivitchimgeflaxibichaniiessll fypasef and
bei ng destined for _a destination device in the 16 electrical |ayer, the
data payl oad haviti§icahigh velnme byramlowaietinyerhurse @od girduitewileted trpifiy) Dkislodourstdyer
havi ng an associ ated optical header, the optical header processor,

associ at ed 1158 wiltterwetking affiwe-tayenmeotamidkofehestap swischedmeiidrk Sor@1. LEhugRRNS T Or
storing a local routing |ook-up table in each correspondi ng one of the 20
networ k el enent s disriuted switeliing cokolugpidig sdngesdRnInghoAdRE afld FRAL bR @) D

t hrough the 21 correspondi ng one of the network el ements, 22 neans for

optically det er niapprogriatehiestiraolar When blhgGREMESIPRAEI bR BR r@fvok \Gernht Bk Wo! k
el ements as the data payl oad and header propagate over the WDM network, ~3

t~ 3 G A N 2003 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 paralle] and that these nodes incorporate
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"~'~PE~us ~ ~ ~ dog c1 nmeans for selecting the local route for the data
payl oad and t he header through2the correspondi ng one of the network

el enents as determ ne by | ooking up the header3in the correspondl ng | ocal
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o duration as well as in capacity, and often requires non- transparent methods. Wavelength

;e ) ~ 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

inventicn have been shown and described in detail herein, those skilled in the art can readily

devise many cther varied embodiments that still incorporate these teachings.
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9 - network elements,

() iO, _ addihg an opti§a1 Header to the data payload and embgdded 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 1-:he data payload and the heade;, 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,
r ) 18 selecting the local route for the data payload and the header through the network
19 elements as detennined by looking up the header in the corresponding local look-up
26 table, and
21 | 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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9  step of resolving contentions for the selected route.

Q 10 5. The method as recited in claun 4 wherein the step of resolving contentions
- 1 1ncludes 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 resolvi'ng 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 'oetennining

) 17 the header includes optoelectronically determining the header at the network elements
o) 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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Lo

optically determining the header at the network elements as each of the data
n . payloaﬁs and its corresponding headcf propagate through the WDM network,

12 - selecting the local routcl for the first of the data payloads and its corresponding
13 héa'der through the network elements as determined by lookiné up tﬁe header in the

14 corresponding local look-up table,

15 routing the first of the data payloads and its corresponding header through the |
16 netwofk 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.
21 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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O

22 10 elements for the data paylead and the header, the format and protocol of the data
= 11 . payload being independent of the format and protocol of the header, and
12 - adding the optical heatder to the data payload and embedded in the same
13 wavelength as the data payload prior to inputting.the data palyload. to the input network
14 element.
15 13. A method for transferring a header and a data payload from the input to the _
16 outptxt of each particular network element in a wavelength division multiplexing
17 (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
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 ne'twork

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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3 table,an

4 'routing the data: payload and the header ‘through the particular network _clemenf
5 in correspondence to the selected route. o
6 14. A system; in combination with (a) an electrical layer; and (b) an optical
7 layer compdsed ofa ivavelength division multiplexing (WDM) network including a
. ( ) © 8 plura;lity of network clcments, 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,

QO o

ey . the data payload having a gfven format and protocol, the systcm'qomprising
~ 1 ‘afirst type of optical header rriodule,_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 hcad'er being indicative of a local ré)ute 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 correspondixig one of the network elements, means for optically determining the header
20 atthe corresponding one of the nefwork 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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.{ ) 8 | module further includes the means to optoelectronically determine the header while the
9 - data payload remains undisturbed in the optical domain.

Q | 10 . 17. An optical he;der module, in combination Qith (@ an electrical layer; and
11, (b) an optical layer composed of a Wavelength division multiplexing (WDM) network
12 including a plurality of nctwbrk elements, for propagating a data payload generated by
13 dsource device in the electrical layer and'destined for a destination devi;:e in the
14 electrical layer, the data payload having a given format and protocol, the optical header
15 module, coupling the source device énd the WDM network, inciuding means for
16 genératipg 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

4 ) 18 elements for the data payload and the header, the format and protocdl 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 tﬁe
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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@O0%&: () - >109ute )hc optical header and the data payload through the network elements.

4 19. The module as rcc:ted in claim 17 whcrem the means for adding the optical

5  header to the data paylogd 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

o ) © 8 (b)an optical layer composed of a wavelength division multiplexing (WDM) network

9 _ including a plurality of nctwork elements, for propagatmg a data payload generated by
O 16 _l a source device in the electncal layer and being destined for a destmatlon device in the
11 electrical layer, the data payload having a given format and protocol, the data payload
12 further having an associated opﬁcal header, the optical header processor, associated.
13 | with each of the network elements, comprising
14 _ means for storing a local look-up tablc 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,

,
p—

17 means for optically determining the header at the corresponding one of the
o) 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 headef
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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layer, the data payload having a given format and protocol, the network further

h

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

7 switched..r.outes thrdugh the network, with each of the netlwork'elements including (i) a
( ) | | switching device, and (ii) a Eircuit-switched controller, responsive to the network

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

10 . . manager to established circuit-switched routing paths through the WDM network, the

c 50

no. systefn comprising

' 12 - a first type of optical héader module, coupling the source device and the WDM
13 network, for adding an optical header ahea;l of the data payldad pribr to iﬁputting 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 b
16 the data paVIoad 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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3"109%& () - 3! Swenwgler pad thelorablpok-yp table th-contrd) @e 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 payldad 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

() .lol

e . network to a baseband heéder, _
1 ~ the means for selecting includes a fast memory, responsive to the demultiplexer,
12 for determining route informétion contained in the basebaxid header, and -
13 ' the means for routing includes a ta'g-switch controller, coupled td the local look-
14 up table and fesponsive 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
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
2] | 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 ihputting the

23 data payload to the WDM network, the header being indicative of a local route through
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3 a second type of optical header module,' appended to each of the network

4 elemenﬁ, including md_ans for storing a local look-up table in a correqun_dipg one of

5  the network elements, each local look-up table determining a routing path through the

6 correspondmg one of the network elements, means for Opncally detemumng the header

7 at the correspondmg one of thc 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 t_hrodgh thé corresponding one of the network elements as

() 10

e - determined by looking up thé header in the corresponding local look-up table, means
o~ 11 for routmg the data payload and the header through the correspondmg one of the
| 12 network elements in correspondcnce to the selected route, and means for mamtammg
13 the selected route for each subsequent consecutive header havmg the same local route.
14 : 25. A method for propagating a data payload from an input network element to _
15 anoutput network element in a wavelength division multiplexing (WDM) network
16 cor_nposéd of a plurality of network elements, the data payload having a given format
) 17 and protocol, the method comprising the steps of
{ ) 18 generating and storing a local look-up table in each of the network elements,
19 each local lookQup 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 datd 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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Fs10% ()- 4 and header propagate through the WDM network,
5 selecting the local route for the data payload and the headc,_r thfouéh the network
6 elements as detenﬁined by looking up the header in the corr'espohding local look-up
7 . table, and |
( ) 8 | | routing the data péyload and the header thrqugh the network elements in
9 - correspondence to the selected route,
(,1 | 16 _ wherein the optic;l header includes a tag-switch state fqr routing the optical

11 header and the data payload through the network elements, and the step of adding an
12 optical header includes the sfeps of determining and inserting in the optical header an
13 appropriate tag-switch state for routing the 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 anoutput network element in a wavelength division multiplexing (WDM) network
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2 and protocol, the method comprising the steps of |

3 generatmg 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, |

3 adding an optical header to the data payload prior to input'ting thé data payload

7 tothe inpﬁf network element, the header having a format #nd prbt_ocol and being

{ ' ) C 8 indicative of the local route ﬁnough 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

(3 16 |

. format and protocol of the header,

~ I | optically determining the header at the network elements as the data payload
12 and header propagate through fhe WDM network,
13 ~ selecting the local route for the data payload and the héader ihrougil the network
14 elements as determined by looking up the header in the corresponding local look-up
15 table, and
16 | roqting the data payload and the header through the network elements in
‘ } 17 correspondence to the selected route, and
) 18 wherein the optical hegder 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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6  composed of a plurality of network elements, the data payload havmg a given format -

7 and prot@éol, the method comprising the steps of

( ) B! | generating and storing a local look-up table in each of the network elements,
9 . -each local routing look-up table dctermining a local route through the associated one of
()\ llo .. the network elements, | |
<! n o, ' 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 o'f the network elerﬁents for the aata 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
C 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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& ()-Z SF ho% * & Vherein tigsapticah header andthe datapaylohd Mﬁﬁﬂlﬁ@‘ﬁéﬁ%u at
2 baseband, and the step of adding the optical header to the data payload further includes- _

3 the steps of

4 frequency shiﬁing the baseband optical header to a frequency band above the

5  frequency band of the baseband data payload,

6 comblnmg the frequency-shifted baseband optlcal header and the baseband data

7 payload to form a composne frequency signal, and

. (‘) C g | optically modulating the composite frequency signal using an optical source of
9 - ‘'agiven wavelength to produce an optical signal to propagate the header and the data
(—) 10 - - payload through the WDM network, and

12 elements includes the steps of

13 ' photo-detectihg the optical header to produce a detected signal,

n .  wherein the step of optically detcnnining the header at each of the network

14 locking onto the detected signal with a local locking oscillator to produce a

15 locked signal, and

16 mixing the detected signal and the locked signal to produce a baseband signal
o) 17 representative of the header at baseband.
; ) 18 28. A method for propagating a data payload arriving at an input network

19 element onto a wavelength division multiplexing (WDM) network composed of a

20 plurality of network elements, the data payload having a given format and protocol, the

21 method comprising the steps of

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

23 aformat and protocol and being indicative of a local route through each of the network
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| 1. elements for the data payload and the header, the format and protocol of the data-
2 payload being independent of the format and protocol of the header, and
3 | addxng the optical header to the data payload pnor to inputting the data payload
4 tothei input network element, and
5 wherein the optical header and the data payload are initially geperéted at
6  baseband, and the step of adding the optical header to the data payload further includes
7 the steps of _
( ) © 8 | frequency shifting the baseband optical header to a frequency band above the
9 freqoency band of the baseband data payload,

QO .

~ _ combining the .freqpency-shifted baseband optical header and the baseband data

11 payload to form a compositelﬁ'equehcy signal, and
12 . optically modulating the composite frequency signal using an optical source of
13 agiven wavelength to produce an optical s-ignal 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 wavelenath division multiplexing

) 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 stepsof

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,

AMBMEAD BHEET



'()- S Y.L10%* & ()-11111111bA410 * S Sy(Z10% +* & ()- = S YA 3 0-
‘é‘y(l%%+* & () - S310f(V3K( & ()-° SI'310% +* & ()-f10 * 10 * 1) TA410

SL 110% & ()-Z S 9310%R & ()- S 9$10% *%& ()- "9 */&'&(2&3 o
T 9$10%* & ()-  S+ml0% +* & ()- 223T44066| [: A410 S I10/o+ & 9_/ G%Jr(‘ol
+* &() & S110% % & ()-& S L 110% +* & ()-Z -SL !110% P * 1%0/ )
& ()-Z 606678888 [:-410 +* Ss2°10% +* & ()-s s&<10%+ dbﬁi 6 =( ._
& ()- S %"10% +* & ()- S %"10%e' & ()- S% " 10% i 10 +*
St$10%¢)48i() GS lﬁtﬁ ) F SlO%&'é" &3@10%&() zs 10% ()

Elli ocwgutgéo,{)tg; ta

+* p@é@dmdfﬂ& t(e;:derssw%@ Be()- S
ig%& ((&;39 S 10%3 & ()- S$109&& ()-G ;/<8==:>>|[: A410 +* SY*110% & ()- |
SY' 109 & ()>- St ork elggcmas@&b@memglbmﬂ%%ﬂ)e-header in the local llook- %&
S10% & () ->>=2220@@ [ : A410 +* SY6 10% & ()- SYI 41& ()- SYS2' 1109 & () -
SY90' ! 10% & ()table3n8. @ 10% & ()- SY, nL0% & () - @AAARAD AAVUAL0 S @ 10% ()

S, $10% ! & ()-Z @310% (~& ()-y10)10)10) SF<10%& () Sv8 "109% & () -

A/gé?zs(o)cag [4Sv Iuit(ljoo/( 8$Lm|(n§ %&Wg /gloadﬁna ﬂaé%@a/&Eiéﬁl(gh& lgﬁdgﬂu%%é};& Efmgm

%409 Lg 10% & ()-
o ég/%g/g;( E&)s() * Fng&’d@ﬁce '%%%4%%%&%&3‘)&“& % & ()-S Ss, 2510% & () -

St04 ' ()- " S@%%N“%‘%f“ ‘%“ e AR B B Sode SRR LN MO
1 0, 0,

0 #10%*7& ()-ZS SsM 109% & ()-S
E%u %%g 8 egmé}ﬂsllﬁ%’%ﬂ}éﬁgt"? g/(& ()-& s( 109% & ()- JJOKL#LM M [: vU410

9 %& ()- %d0% -
& L)lo,mﬁ)mq o Pr el nagimidionsst o) bipduisop dorecrsSiends 1006 & {)- SLO.

9 9 0% & U410  S10% & () -
]1-80;§ g g ) - 16!\8/7‘ I\/ﬁll-gl\//?: Eéﬁg%’g &Pf&ﬂﬁgm(%snﬂ' with adaca! logkingsescillaser g0 pl)oduce a

OQPAPQ \ 3V UL, S@. 109%(& () - @ 10%(& ()~ SY

1, . mixing the detected signal and the locked signal to produce a baseband signal

12 representative of the header ét baseband.
13 ' 30. An optical header module, in combination with (a) anlelectrical layer; and
14 (b) an optical layer composed of a wavelength division multiplexing (WDM) network
15 including a plurality of network elements, for propagating a data payload generated By ,
16 a soﬁrce‘ 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

4 ) 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

¥
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24 input network element,
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meaas for selecting the local route for the data payload and the header through
the correspondmg one of the network elements as determined by looking up the headcr |
in the correspondmg local look-up table, and

means for rout;ng the data payload and the header through the corresponding
one of the network elements in correspondence to the sclected route, aﬁd |

wherein the means for optically determining the headcr at each of the network
e]ements mcludes -

means for photo-defecting the optical header to produce a detected signal,

a local locking oscillator for locking onto the detected signal to produce a

- locked signal, and

" means for mixing the detectcd signal and the locked signal to produce a -

baseband signal representative of the header at baseband.



