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| NTER- RI NG CROSS- CONNECT FOR SURVI VABLE MULTI - WAVELENGTH
OPTI CAL COMMUNI CATI ON NETWORKS 5 BACKGROUND
THE | NVENTI ON The invention generally rel ate

mul ti-wA@P&#236%H 10 optical communicati on net wor ks, espEET’g%HPMSS

mul ti-wavel engt h opti cal networKks. articular, the invention
rel'ates to crm§3@§t5wéf@mﬂ't gQBeSUBT@B’AﬂbE whi ch the rings
are desi gn 18 P e, MMt he kY
I ntroduction of%ﬂnflcgﬁ“éﬁ¥éﬂs as the transmsmA’I%éN NETWERK%lfor _ Y
conmuni cati on netmnrks has slowly been altering the * f undanent al
architecture of the networks. Originally, optical fibers sinply
represented a replacenent for the electronic |l inks usually carried on
coppgr cable. The electrical signals, 20 which otherw se would have been
transmtted on copper Ilnks wer e used to nodul ate | asers on the
transm ssi on end, and SSENASEH & K LR recei ver end, were
used to reconvert t he S|gnal to |ts orlglnal el ectrical form That is,
t he use of optical fibers did not affect the fundanental architecture
of 25 the network. Al so, the original application of optical fibers

was to th ] [ ]
e IOE%Idlstan e transm s |ons 1a% its ut becom ng

t
nore obvi ous & HE VBt 9 S8R ST ° kl'%aVElength

10 optical communication networks, especially multi-wavelength

optical networks. In particular, the invention relates to
cross-connects between multiple rings for which the rings are

designed to be self-healing to faults.

15 The introduction of optical fibers as the transmission
medium for communication networks has slowly been altering the
fundamental architecture of the networks. Originally, optical
fibers simply represented a replacement for the electronic
links usually carried on copper cable. The electrical signals,

20 which otherwise would have been transmitted on copper links,
were used to modulate lasers on the transmission end, and
optical detectors, on the receiver end, were used to reconvert
the signal to its original electrical form. That is, the use of
optical fibers did not affect the fundamental architecture of

25 the network. Also, the original application of optical fibers
was to the long-distance transmissions, but its utility is

becoming more obvious to the more local networks.

The existing network architecture upon which the f£iber
30 link has been imposed may be characterized as a multi-level

mesh. At the level of a Local Access and Transport Area (LATA),



The existing network architecture upon which the fiber 30 i nk has been

| nposed may be characterized as a nmulti-|evel mesh. At the level of a
Local Access, and Transport Area (LATA), each central office
is typically connected to several nei ghbori ng of fi pegsbisiss ectri cal
l'i nks Wmmgﬁéﬁpaci ty appropriate for that link. This architecture was
I npl enmented in har dwar e designed in the early 1980's and was driven by

a ' 5 pRRTh \cHtIh®itiae 4t tmd crdilyt Foapgcsedute| 88Ye% ™ cs t hen
i | : ; ; Q) £ ' t ' f th
aval ab%%ghbornfrhge %fflce@%vl\ﬁ(?i %ql?tclrtg'gglhg S!S?Hkgaﬂévfﬁ%séﬁ%# 0 e

desi gn resent networ itrzed 1nto anriel s, each. of
10 64pirepridtedds that 3dnkndThidvercthitfemtur@S@ashampiémented in

mul tipl.exed into,a DS1 channel at 1.5 /s nd, it _required, 28 DS1
channe| &% %aﬁlq?i)%%keéfj i tz‘es&?& ot 3%523 ?ﬂ%o‘” SpEtVeR Rhdhnel at
44.936 P byl heb odrivEsit @ndoitheX ael afibbilpl eSowadlectro®ids talds St uffed
Into the transm ssion streamas are necessary. 15 Further, each link has

its owRr@bkablene result is an asynchronous network in which a
hi gh-1evel nultipl exed signal needs to be conpletely demultiplexed in
order to extract any signal or to substitute another |owlevel signal.
20 Ofthe aro f¢dh arradifdimy bmimanéqaat the bimausg the dedigmsifc

bandwi dt.h is nearly unlinmted...In _a fiber _ne rk, the termnal

equi preTh® TS HE- rfb%%twoﬁ"g% Sy &g iRES t"ﬂE"bégﬁv\fk}a?W}e]a%d %3 °f cost of
theo | i ks hasosreaci BB et $@Idnd)QMpaentyt ot Rabsef channdle 440 M nal
equi pnent. As a result, a new standard was go osed 25 and | argel

accept s RIRKed SnLo A PSlschammel 3% ko spoand, Af ¥eu hr onous

tical sy r(NET | | at.e i onous
g)gi talzmﬁré&{/ (S%—igéfréib\g&fl%??&%gga th ?nseEpﬁ?opg.Q %ﬁ%g%%%%é%u ng
bl ock ichanneledt Hd.I3hcHbbmoBhese rAtasspoetnd mExact evdkiplésSTSardd which

has a tli?.t ra‘_={t1_ee stt%(% 51 84pglst Trtle Ira.nosm' sion is divided into franes
transmTtThg™e® SRS FRRE AP SHIRIRHIRIOMREPINES 8FE FETRHRATYH vi ded
| ML®» Further, each link has its own clock. The result is an

asynchronous network in which a high-level multiplexed signal

needs to be completely demultiplexed in order to extract any

signal or to substitute another low-level signal.

20 Optical fiber changed the equation because its intrinsic
bandwidth is nearly unlimited. In a fiber network, the terminal
equipment for the most part determines the bandwidth, and the
cost of the link becomes relatively small compared to that of
the terminal equipment. As a result, a new standard was proposed

25 and largely accepted in the U.S.A. This standard is referred to
as the Synchronous Optical Network (SONET). A closely related
architecture, Synchronous Digité.l Hierarchy (SDH), is followed
in Europe. The basic building block is called the Synchronous
Transport Signal-Level 1 (STS-1) which has a bit rate of

30 51.84Mb/s. The transmission is divided into frames transmitting

at a frame rate of 125us. The frames are further divided into



- 2- 810 eight-bit bytes, many of which are overhead. The
STS-1 frames are carried on an OC-1 optical channel operating at the
sanme bit rate. Higher rates are avail able which are multiples of t hos
above. WHegeses e STS-N signal's, which are formed by si mAGHU231SS .
interleaving N STS-1 signals. Current ly, OC-48 fiber |inks. operating \
at 24883 1PMaight-apitesented hmam,stoﬂdamrmadmysmm‘head trhat sts-gomonl y

depl oye For the nost t he xr num si.gn rate i,s determ ned by
The of chramen AT F TR I AL OBt il fhenpek PREREELPS Fhechebe:
ends anghii@thify AahtR .f ihghelOrardd satd av%%&lbswﬁlébin&f’é HRAUS piiENg: and

extracting i ndi vi dual bytes or | ower-level channels Is mich easier
than thoge t#baue aFpesier ansuSTSTrriignals, which areTiermert inaséupdgpaci ty
pt| € n ut Jthereliabi and
survr vabi e’t‘iga%f 12% é#geld s]iSqt l\C/\SgrEc'g{rls%serrtle%gg’é srcnglae%c SFeib? ﬁqm prment
mal funcdpemat:img at 2483)33sz9/§ areger ey tthef mosaf hidvan€abll systés are

frequent and, |npos ible tqQ avoid, whether from human or weat her
causes, thi ’e?qﬁ’r"ﬁt‘?&‘?gg’f QFPEIPE@ e%‘t’,r’Ftt'rl'rﬁngran?GEHtr%h‘e FFsigumgignailr es or

ot her di-é@étfé SQEEMARndIS HiPlald k]?édﬂgd?ﬁtceg.nd optoA‘éQQE@kBHLX fror e

survivabl e network architectures are sought One architecture that
of f ers ¢dgipmentyiattiched ta thediber endsh@ald mgtr bygth8efdébekr versions of

st vetrro s SaRhae 2 RS oty " R B ERES 71 VLD | g

functi orncmixticgaambytes &) alll Gvidr s lr Icrﬁxﬁmtserls mddh ehsiefptRERNtation

nmust be | e, h speed, and highly reliable. The self-healing
shoul d "BetR o‘?%l‘?%y"é‘iﬁ Y% SR ovi de 100% r est or at i on capability
for a single fiber-cable cut or equipnent failure 30 through its ring

topol ogy and sinple but fast protection swi tching schenme. Many
sel f - heal i ng Thegingrensed apnacitwefl imptical fiber has raised

15 concerns about the reliability and survivability of optical
networks since a single cable or equipment malfunction can
impact a large amount of traffic. Cable cuts are frequent and
almost impossible to avoid, whether from human or weather
causes, and equipment failures resulting from central-office

20 fireé or other disasters cannot be totally eliminated.
Accordingly, more survivable network architectures are sought.
One architecture that offers high survivability is a self-
healing ring. Several versions of this architecture are
described by Wu in Fiber Network Service Survivability, (Artech

25 House, 1992), pp. 123-207. The self-healing function mitigates
against network disasters, but its implementation must be
simple, high-speed, and highly reliable. The self-healing
should be totally automatic and provide 100% restoration
capability for a single fiber-cable cut or equipment failure

30 through its ring topology and simple but fast protection

switching scheme. Many self-healing ring architectures have the



- 3- advant age of being able to recover fromthe failure of a

singl e node, such as a hub, along with the ability to recover froma
cabl e cut. 5 An exenplary unidirectional self-healing fiber ring
10 is illustrated in FIG 1. This is one type of sptfukeabissg ring
net wor WWQIRRS3ES presented here to support the |ntroductory di scussi on.

A nore ete d ri.ption.of _the differ I tec ure& of

el T neA A9 GE etRoLEEH ced acPyen drom she fA1T0ke°SE AR,
number fadlodischlas Bemabi,| hmahgawdnaahéomulcy nesl esedoves f.Q,onDa are

I nterconnected in a ring configuration by two counter-rotating opti-cal
fi bers cablegutrhat is, one fiber 14 forms a ring ‘around which signals
propagate in the counter- 15 cl ockwi se direction while the other fiber 16
forms another ring around whi ch signals propagate in the clockw se

di reection. Edgh exemplmdeunidtaacbiaoraal:mlrﬁa-lha:aflfiirxgaﬁiberem'm@ 0 sitsr i buti on
poi nt

Inportajr‘?tlfvvgre% theé_J ca& " %l’iﬁeé‘?ea 1Fo %%h Q%%%%%%O%ingm 16 at

two poin¥tvoiarddris w@mad heeef @b hﬁppaﬁtseh@nmt?fwductoryfl rst fiber
14 is a_working fiber and, in_this particular architecture, carries
all t héiltsrcd-%s’rﬁl‘t?n THe “?é@oﬁ’&mﬁ’ﬂ-ﬁ(jef FiB§Frlpt1°Iff:6°fl mﬁ— G ePIRRY he dashed

line, i e LR iRgE. hgg%%ng gggﬂi% %ﬂéed S K for

Autorratl rotection tch in Protection (PP) it
cakt@ies sone or all of t he trafflc nom naIIy a55|gned to the working

(L0er 1 The eraPuoL Sohiieb O mte e SR R YRRt i |
wor Ki ntadddiera, 14, @)dpt hgrehbiesrdnvdida firber rigdg dbnBlqupivinagades in
the clockw se direction I's, of course i nmaterial .
two counter-rotating optical Ffibers 14, 16. That is, one fiber
14 forms a ring around which signals propagate in the counter-
15 clockwise direction while the other fiber 16 forms another ring
around which signals propagate in the clockwise direction. Each
node 12 can be a central office, a remote distribution point
within the local network, or other high-traffic node.
Importantly, each node 12 is connected to each of the fibers 14,
20 16 at two points, one for reception, one for transmission. The
first fiber 14 is a working fiber and, in this particular
architecture, carries all the traffic. The second ring fiber
16, indicated by the dashed line, is a protection fiber. In
normal operation, it is dark for Automatic Protection Switching
25 (APS), but for Path Protection (PP).it carries some or all of
the traffic nominally assigned to the'working fiber 14. The
protection fiber 16 propagates whatever signals it carries
around the ring 10 in a direction opposite to that of the
working fiber 14, and the choice of which fiber 14, 16
30 propagates in the clockwise direction is, of course,

immaterial.
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The nunber M of nodes 12 within the ring can var
but is generally in the range of 4 to 10. A smaller nunber of nodes
can be accommopdated within a nesh architecture mnéQﬁ%h?@?ﬁ eed for
prot eciw@vsddsbers or for nulti-hop transmssion. This ence ari ses
because a ring network of M nodes requires W wavel engths for full nesh
connectiVvity #héhhiimbEe MiHE novdles 612 widiim ke tAndeTadf viry but is
Merr]-1 w=_.8 10 and for even

values gengrally in the range of 4 to 10. A small@ﬁyngyPgFr?f_ques can

be Leccommodat 8 G cHIHMChRh aeéﬁitegeggegﬁgéh@u@ il ReedsFoLevel of

w

trafflc ? roug eac

e 'S not neede node.

|s assupndtehaionhélharklﬂg ﬁwmlmulﬂr&h¢mntﬁaﬂamﬁs5@bp 2bis 16 are
oca alon virtually the sane p that a cable
bre k a ?‘gﬁﬁﬁe‘? Bnth Eoh %?%%‘ﬁ‘%n a%’g‘? g'h?a@mé& i %\é‘&%ﬁgr THABALEE W or the
li ke i syhirkebygtRsafbectfulDimesh éhefectivityHanRiign the rSngdl, sqnassuned
that the fibers 14, 16 are routed such that the different inter-nodal
por t i onEOExEAdVALHEEhREE  npst part al ong different paths so that
breaks usual ly affect only one inter-nodal portion of the dual ring.

Al t hough the figures show a neat gtrgular ring, it is to be
appreci at ed that rings can beWéEr"Qﬁ'wﬁthin t he existing nmesh network,

radf

15
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25

30

usi ng existing point-to-point fibers, resulting in a nore

ed shape. It is also to be appreciated that these rings can

and for even values of M

(M+1)%-1

A larger number of nodes introduces a high excess level of

traffic through each node that is not needed by that node.

It is assumed that the working and protection fibers 14,
16 are co-located along virtually the same geographic paths so
that a cable break arising from a construction accident, a
weather disaster, or the like is likely to affect both of them.
However, it is also assumed that the fibers 14, 16 are routed
such that the different inter-nodal portions extend for the
most part along different paths so that cable breaks usually
affect only one inte:-nodal portion of the dual ring. Although
the figures show a neat circular ring, it is to be appreciated
that rings can be set up within the existing mesh network, even
using existing point-to-point fibers, resulting in a more
ragged shape. It is also to be appreciated that these rings can
be enlarged or shrunk to a different set of nodes within the

ring without necessarily laying new fiber between the nodes.

cabl e

30



be enlarged or shrunk to a different set of nodes within the ring
W t hout necessarily laying new fiber between the nodes.

- 5 - The nost comon fiber failure is a cable break
20, illustrated in FIG 2 as occurring between nodegcfiusywksidsand
assumeMa98R3845 ng both a portion 14' of the working fiber 14 and t he

correspondi ng portion 16" of the protection fiber 16. In the 5 case of
Aut omat i ¢ Pr ofRRtPeRt Senman fgkeapdriluge ApsacGaPpRelfeak 2Qssociated with

each n%ﬁ&&f@@eéemepﬁ.ghgbaaé %Héuzgq@xga%gtweﬁ nodeB' €1 £541 9y t ches

22, 24 assoclated wth racketing Ca D nod_e_s 12 to transfer -
si gnal sasstmedly tdwettvimd boghaadportiopridt’ecifi chef whcind £ibkg. 18i andar

protectjon switches are 10__di sposed t he_ot her.sid of .the . C and D
odes 1608 SHA SRty poriGoRP 28R el i BrdbBRki BhrEtadtide TI, P8 2 v
typs. Th&se of GiMdmdtiOpaidregthbat swltenihdbeard)p, funchpgnatthypmedstitutes

for the broken portjon 14' of the working fiber_ 14 and restores, - the
net wor k2ESAEHAERE Wit Reck BrAenbgsian senps such a faultsgnd aghivage

net wor kﬁf@i:é@t Hﬁrgdf%é?tzf,aizltluﬁgset:igg¥?iwithc\ﬂ'?e. GxbeinbOE &%@nPle, a

fire or"Toss of power in a centra ce or switching cénter.
Al t hough hodé$it2dest trmusfer wignals ddtyieent ithg fwookingaandode is

typi cal | ost, the,traff] 0 et.ween the operational.nodes is saved.
ror aprbebpehion; Fipefs "1 Uk, R Rebt el in AL PREPR ST B nodes

br aoket 80gpb86d on théi e asiidL BT atle Iand af ho@ekr 0o a8ewsDI kdsg fi ber
to the counter-rotating protection fiber, thus avoiding the failed

node. 2gn both sidesTpf sthe heempining nqdes grordcWhararey ¥BensTPRabl e
b ek SHpEL Rt oA Rl Shiat 3% BRERA AL 8 e Sen
The sel fohethe rigrckeminautiore 1df PEGBhe lwarkiing fidew|y4 and restores
the network continuity between all nodes 12.
15
Self-healing networks also guard against failure of any
one node 12, for example, a fire or loss of power in a central
office or switching center. Although traffic destined to or
originating from that node is typically lost, the traffic
20 between the operational nodés is saved. For APS self-healing
networks, the APS equipment in the two nodes bracketing the
failed node redirect the traffic from the working fiber to the

counter-rotating protection fiber, thus avoiding the failed

node.
25
Thus, the self-healing protects fully against cable
breaks and protects against nodal failures except for the loss
of traffic originating from and terminating to the failed node.
30 The self-healing architecture of FIGS. 1 and 2, as well

as for other related self-healing rings, introduces bandwidth



as for other related self-healing rings, introduces bandw dth

penalties into both the fibers 14, 16 as well as the nodes 12.

However, optical fiber has cone to incur a relatively |ow cost for
over al | vyssgs¥sslesi gn, especially when parallel fibers arRCT/USIT2¥SHsi der ed.
Al so, the SONET architecture has allowed the 5 production of |ower cost
equi p@ﬂénai’éiéé%'ﬁx@é'ﬁ(o&i e/ £des 14, MY HdPhar id "Eﬂ@}xoﬁ i gh can be
used in the nodes 12 to extract or insert separate |ower-1leve

channel owever a SERNETAl fibey s @me o rinupr A reladdvely lbw emsess
capacity an redundant  processing. .of,-Sigrals faor elf.; healing ring
arg no {%r gY%ﬁag]é]r' T %‘f"ll i%el%'eqri/ e?spj%%slia\}le;y Whén' p araﬁeﬁs&r’rgeﬁﬁ BRE nore
i mpor t agénei et e@ctAlSs, fitie SSUNETetdHiecturd iHags alilldwedowhee descri bed
in general _terps. Several enbodi ments of the _.invention specifically

deseri HREPBEFBIPRI PF 4OWer SR RAMRINGHes ok Fiar @Rl vaodhpdd drpes .

Uni di r egh1 @081 ek &PPS (AkSEs ¥ VGuH1 I8 San A8 WM iR tHP Rlodes 12280 ONE .
protection fiber. They are called unidirectional because all working

traf fi cegoesctrouninsert drpardtr lowamd el dihagutdlen £rbime ae SONETt WO

principal types o ni.di rectional ri,ngs, Autonatic .Protection
Swi t chi %gséna%%gP’Qf#P%i SR t)t%lﬁx.cess capacity aﬂgl oop- back APS
ri ng hagederfBamiesprobessing ot af Bydne foxr 26 self-Goallingnaidg apd hbat

architecture is referred to as a fol ded U-SHR architecture or

( Ut SHR hprger \BYeht RLEL VY SRentbfis t o "line switching", that is, a
physi cal rerouting over different i nes. 30 Sel f-heal i ng can
al so be achieved in a unidirectional ring by | owspeed Path Protection

in an archit eSeme o Al thore important architectures for self-healing
rings will now be described in general terms. Several
embodiments of the invention specifically described below will

15 incorporate these different architectures.

Unidirectional rings use two fibers, one working fiber
and one protection fiber. They are called unidirectional
because all working traffic goes around the dual ring in one

20 direction. There are two principal types of unidirectional
rings, Automatic Protection Switching (APS) and Path Protection
(PP) .

A loop-back APS ring has been described with reference to

25 FIGS. 1 and 2, and that architecture is referred to as a folded
U-SHR architecture or (U-SHR/APS). Note that APS corresponds to
"line switching", that is, a physical rerouting over different

lines.

30 Self~healing can also be achieved in a unidirectional

ring by low-speed Path Protection in an architecture called



-7 path protected SHR (U SHR/ PP) or dedi cated protection
rings. This formof path protection is based usually on the concept of
a dual feed of signal (1+1) in which two transmtters at each node
transmt identical signals on the two fibers propagati ngepusenpsosed
di r ect wom987258%% count er - propagating signals provide net wor k
survivability when a link is cut. In normal - operation, one receiver at
each nmitlkapratected SHRyNE- Sﬁ%lﬁﬁ)h@rméﬁﬂiﬁgtEd proeetiourigas t he

wor ki n % ?efo:?ﬁ"‘ ggr;_]h g];:of:gf,d?gtls ba é&@ﬂaﬁi&ogr{[ Eﬁerg&?éfée(ét% scfhe

select € protecti ractice e-“recel ver
st rong&i dial heddwod neigmalg (1+1) S.ngmhﬁ.eh two transmittdtrgligteadaghal rings

use tavo or fouyr fjbers, he IIed bj ﬂ%rectlonal because the
vvor k| NP RS PTG E&Lﬁ‘?é %‘ aﬁ'ﬁe°Pl ﬁg EW8| TR FERRaAE LNt e
tragsm {} i fspduile IBk&SeRhs. The %%E@Q-@B@pﬁgae,ﬁn& Osﬂ\@:k&i‘s PARAEPN 1t

should transmt a S|gnal to the recelving node. Even though usually.
t he m retwerk sumivahidd tys whest & Adak sénﬁtlfine@nan?@hgbromatl@-chosen

for | esd (o] e t
A four-9% %eré%é%l?rec oqendah fl?)r‘% %eeflgrért%dt é gggﬁggkﬁ%%ﬁe “boer]lq%gar ed
pr ot ect fiiver) riout mﬂemleshe: W rkcimig rfg.bferbha.s badnt aot for theat ecti on f| bers.

Each working fiber is intended to carr { ot trafflic.
recover® ‘F?’bgﬂ‘ﬁwrf at'rs}}%rzéecqg.vgqmcgnu§gée§§ the; EOE?SF%%I%*P% tXhi ng, for

exgip! ekt idd, p&{é YdBeAvieROBelects PREKsdrilddOB @navelE LadbRiggIts or
node failures. Thi architecture requires a 1:1 nonrevertive

Iomer-s%@@@ab$ectron|c protection switch at each office. Wth the
nonrevertive protection switch, the signals need not be sw tched back
when 30 the failed line is repaired.

Bidirectional rings may use two or four fibers. They are

called bidirectional because the working traffic can go around

15 the ring in either direction. The transmitting node makes an
informed choice as to which direction it should transmit a
signal to the receiving node. Even though usually the minimum
distance is preferred, sometimes a longer path is chosen, for
instance, when it is desired to evenly distribute the load.

20

A four-fiber bidirectional ring referred to as B-SHR/4 or

a shared protection ring includes two working fibers and two
protection fibers. Each working fiber is intended to carxy half
the total traffic. To recover from link failure, B-SHR/4 uses

25 line protection switching, for example APS, to perform a loop-
back function to avoid cable cuts or node failures. This
architecture requires a 1l:1 nonrevertive lower-speed electronic
protection switch at each office. With the nonrevertive
protection switch, the signals need not be switched back when

30 the failed line is repaired.



A two-fiber bidirectional ring, referred to as B-SHR/ 2, uses two

fibers, both designated as working fibers. The traffic Is divided
generally equally between the two counter- propagat i ' and eac
fiber mpooppEes ed at only half its 5 total capacity. %@%’E@égﬁalf of
the capacity of each fiber is reserved to prot.ect the Y

count er - pr op&gamiond ifbeie bidiradid cpade ring, orefiekrald tai harB-8HRf2er due to '
fiber break or i pmen failur t a node, t transpitter Lt ches
o oMises i FLReRE "boph, apBlaHiEadad iGd Hipd Aol BLaBBLoN0S
10  autgprsmitvichid yashd186t duafifive Bewkleh! thacarb tbiRtekots :
propagating in the gpposite directigon so as to avoid the failure. Such

r edi r e@YERIASEID (FdPexf o ARG €2pPofdbeT ol oPe%RR e At FrdvehadfodB APS s

usugl | % ASEOC R Y ! ftrld BEner pRIE!SENRD ALl Ge WAl elpls flgscri bed
procedure does not I5 perform For wavel ength-divi'sion nmultiplexing, to be
di scussmzkerved |tat @ratiedt ridepesuntert-peopagettingn fibke .t To tkescasesi gnal s

are wavel enat h nul ti pl exed rather than tinme | tiplexed. The
i U o R s, hetheh, (i 5o, cafs bEeaR okl CaBishent ™ | pe
entire fdiMihardvadhbde) ehé aydmaitiiar ivizchesOEkbdoR@tiTine?@o tAgai nst

single transm ssion |line failure. Al though such reduced bandw dt h may
seem wethgy|in gpnidggtism WHdbheddmersieE Jpdeaphange Egpacity shoul d be
cofpar eg, st f FRISto £111C08b50k RBdeadabpLst ration.
Zgﬂp G‘aq'nl'%%r}:olt erﬁfg:ee%r%/g:lxgaprrent )&lon rin gh-speeg comerumméation

net wor ksrapags tiery viay dihen gidpadi ties iddremitlionplsex iasg toVBMpidAthe  not ed

before,.optical fiher h an .extrenel y .wi de_bandw.dt h significantly
ot or S Sl e RN R e 20 RRRe Y BrorersRPl ™ b Cany os
opt i cal swhedchiig ndren athduyh EEeHs AduaAagoadisbgintedt wiBk EBahnky recogni zed

that nultiple electrjcal, data signals can nodul ate different |aser
t r ansniREWECHAR ryiching, which this described procedure dogs not

15 perform. For wavelength-division multiplexing, to be discussed
later with respect to the invention, the two sets of signals are
wavelength multiplexed rather ﬁhan time multiplexed. The
bandwidth of all working paths should occupy less than 50% of
the entire ring bandwidth ﬁo allow recovery of all working paths

20 against single transmission line failure. Although such reduced
bandwidth may seem wasteful, the cost of increasing the system
capacity should be compared with the cost of more complex

contrel and administration.

25 Another recent development in high-speed communication
networks involves wavelength-division multiplexing (WDM). As
noted before, optical fiber has an extremely wide bandwidth,
significantly larger than the available eiectronic frequencies
available to impress optical data signals on the fiber.

30 Accordingly, it was early recognized that multiple electrical

data signals can modulate different laser transmitters having W



separated em ssion wavel engths [err], and the outputs of the different
| asers are i npressed upon a single optical fiber. At the receiving end,
the different optical signals can be optically separated and then
electrically detected. The 5 nodul ati on and detection rate®sdms3iss separate
channeWw®9R256%t the electrical data rate of that channel rather than
the overall optical data rate. The nunmber Wof VWM channels is limted
i n sepm:md lewigsionzwavabengtks 20 about - S4i,0a84 thelgutputs ofAl t hough

| n| h 0 lg:- 101 €
sophl s é@'fé\ﬁﬁé&&r g%gf%cs:t %]I;%S W%Pgs%%en (H taysmg g“%ﬁé{%&f f]bberBr ackett
It:a)t al . pllmftl—ﬁa Sﬁfﬂelgh&mg endJVUItR:aWa\ielfeagilnb bbticibpsf?iamlﬁa\b]?auﬁrkh A .
roposa or esearch on ca ouf na i ght wave
PP oercapicaidy separased Shg theg eyferrhgalth SatedGd i

ar cii t iy fﬁ%ﬂ&ﬂ”ﬁﬂﬁlﬁﬂﬂédﬂibﬁrk&téQVQBEaSeQéﬁakétérEhannel occur at
wavel ength-differentiated optical signals can be routed through - a node

or ot hetheswiltesinigadofiataacais dithghes chanpeleophay whan theopyensil

wavel engt.hs fre Ci t d verd, t si gnal s
to elec rom%]p é}ta q}'ﬁ?l"t ei%)e %g"k‘lt p}ca? WEke c£gm%g g c%%ﬁhte‘{%'

SWi tchldtgnmm,ntlam‘gei eﬁuznagi ﬁeftwh&kscab Bkout 8 Bw Bzhed into di fferent

out goi ng directions according to their optical wavel engths, all the
while the signals remain in the optical domain. Such optical swtching
hagg the furt hertrough aNANEa08nkikaGIE V\gﬁﬂtﬁ%bﬁhl 88 b1y WeRENEigdcithy, the

si gnal format of the different channel s. For exanple, one or nore
opt i calmw@mlew@,hsncmm|a¢p@es@e@a@eﬁemaaﬁhahac§gr%m@e been e| evi si on
si gnal er ot edi c to digital SONET
si gnal sg\h%esclgu&r]se %@or mat e%g o?’ F% 8 h eV| 5| ¥n channels is

conpl etml];t:dréwiﬁramtﬁ Mubtihdb obtikeal Nethﬂ&ETAchmmﬁesl fdonet hel ess, a

WDM swi t ch operating accaording . , - 10 -
to the REfTTHAR ‘QHé\}@agnEFﬁweﬁﬁl ryJIRurralapf Kightwave (el evision
angs SONEdFrh Wdihout ,regesd 4e, t@ﬂsr Py Mle-753 . @Hége%&@éﬂbé&'e
confines of a ET network, a DM switch

architectures become partlcularly advantageous if the
wavelength-differentiated optical signals can be routed th;ough
a node or other switching point according to their respective
optical wavelengths (or frequencies) without the need to

20 convert the signals to electronic form. That is, two optical '
signals coming into the switching point on a single fiber can be
switched into different outgoing directions according to their
optical wavelengths, all the while the signals remain in the
optical domain. Such optical switching has the further |

25 advantage that the switching is independent of the signal
format of the different WDM channels. For example, one or more
optical wavelengths could be dedicated to an analog cable
television signal while other optical wavelengths are dedicated
to digital SONET signals. Of course, the formatting of the

30 television channels is completely different from that of the

SONET channels. Nonetheless, a WDM switch operating according

- 10 -



swi t ches SONET channel s without regard to their bit rates, that 5 IS,

W thout regards to the OC level. That is, nultiple OC | evels can be
accomobdated within a single network. Further, the OC | evel is not
criticakydognsapdi cal switching. The term nal nodes Cc ROWWBB3ISGhannel s
of different rates need to operate at the . highest optical channel rate.
Hovveveruo tdee rwtescipc‘&\wm favidl endtiaRefiallliyn @edl ¥wa tkhegr that e si gnal
need. to erate only the | ower rates. Thereby, |qwer-cost,

| ow ca %’ylft’e?fl‘n?‘mi§°NET HFraks JtiHhandd rtega&%é?f‘mﬁfnﬁlirngPWﬁg
hi gher -£anaGh{dhin the (&M {S of 2 BONET netv)é.a: | anabir diy QWE\:E on

mul tipl eX| ng offers many advant ages, not the l'east of Is the

mul ti plswitches FONRT whdnnaipamnb}mut regarfote WHeeth tyit (raltmys,a(dﬂatl onal
fiber. Hovvev its n S ands ViV n remai ns
to be JEl‘?/mmrEIrregfalré't# tt egu %?}easoﬂg et ‘Fl y% Bng in

20 " Sedd maéesékshwﬁemgnmimr%%mgn aldtweni caiurlthe&ecuzenoc pat h”,
Optical Fiber Conference '92, paper ThL3, 255, 256 and in

"Ml ti Wbt Mot R iFdisiad Fﬁpﬁg onéﬁﬁe#kswgﬁh%%t UFhss terminalppgdeedi ngs
f th %QW f P 8, 7
\C/)\ﬂ hag és%lgérgta%a%oa sel -heaifl ngé;%g Iea[tlep'&gp | |tgG%B%%tf88E 8]3@1 but ltOIrC:e

archi tdu:iginmt sopaicaly, channebusate. jovereals, die dmebsnmactealmngdnant age of
th bl b t hat
WERA £ ecHREES e FLagepnlx o KPP SP T maed Sa GPEZatR PRAUaRENLal

nt al

struct Ugige Ol oRe XFa bl | l'rhereby\avmwéxgx&bsaw IR -Lapatiith lt%&'h&h&ﬂlsl n FIG
3. It is connected t hr oug ports to the receiving and
transni €37 g ehERAGREANTC 2 RAFYRES JFIF%Té%dlZIH hiigher -capagdlved to be
connectgd -t hropgh ot her simlar switches 26 in a | oop configuration.
The nmul tr- vvavel ength switch 26 has the capability of selecting one or
nore 5 optical wavel ength channels for addi ng and droppi ng. That is,

15 Wavelength-division multiplexing offers many advantages,
not the least of which is the multiplication of network capacity
without needing to lay additional fiber. However, its
integration with SONET and survivable rings remains to be
shown. Elrefraie et al. have suggested one self-healing ring in

20 "Self-healing WDM ring networks with all-optical protection
path", Optical Fiber Conference ‘92, paper ThL3, pp. 255, 256
and in "Multiwavelength Survivable Ring Network Architectures”,
Proceedings of the International Communication Conference,
Geneva, Paper 48, 7 pp. Wu has suggested a WDM self-healing

25 loop, ibid., pp. 189-195, but the architecture is narrow,
overly general, and does not take advantage of the available WDM

switching components.
We observe that WDM technology is well suited for ring

30 architectures. A fundamental structure of a 2x2 multi-

wavelength switch 26 is illustrated in FIG. 3. It is connected

- 11 -



the switch 26 can select one (or possibly nore) of the WWM channel s

in the loop fiber 27 to renove the signal carried by t hat channel from
the fiber 27 and substitute another signal at t he sane opti cal

wavel ength into the |oop fiber 27. Such a 10 sw tch isp&pkfmhanss

wavel eng'ﬂﬁsgé?se“ctive add/ drop switch. The added and dropped signals

are trapshepheduwdi Bodt8PraNehadfleceivind S BnsAl dd N @nlisosaapodal
network 30, "which may be a . mltiplexer/demultiplexer for an electrical
net wor RpsAcaRyfbeer 27, aldidiedsnasawnkd dehenconngcted through pdhesut omat i ¢

Pr ot ect_i.on | o] ) s Sel f | ] . J NOS,ml p fiber 27 is
the woPRI ﬁé’g}g: %g’?w%séﬁlén]éﬁ é IQ% %%%Jf%uzé%%i%gﬁerﬁhﬁhg“é%%gd on both sides
of thewawellehg?h switchdd@tasyehyg capalerl sty hef wellkickdnti bre d10 niche

protection fiber, 20 i ch does ngt go_through an equivalent switch to the
nodal OPticAd WeV %gﬁg\égoizh%?ﬁf?’r g‘?’éc’?‘%‘%’-’(%%%%é%‘?? S-nJratng€: both
the wWorkengywarenPpet eahl 881ELPCoRe NRYR St Tb I )t e b w wpM and
additional circuitry within the nodal network 30 determ nes whi ch

fi ber chaboed§g dvetheoloappliberu?arteixgndve Xthe signal cartied byustrat ed

mul ti- I ] | S z n Lteh that .can
assurre% gg g%’ggi:‘,\%%gga%% o?l%ﬁza)% and\/\fg%glﬁggﬁegva%&%%%% hsglpzmianl1 Fﬁe bar
st at e, thie saim@nabtiahlt fatrelengthaimtenchd besg i fibean 27he suchgaf | ber 27
remain on the . ring,fiher 30 27. weyver,.in t ross state, optical
(el SULEED 480 SRR S WeYRLSISH FRLEr e AOTHER HhEYopaRea

vavel eRgidRy ah@ dropped signals are transferred via drop Bhd add
switched to the drop fiber 28 while other data signals of a sane

opt i calfikersl @8yt B9 &ccapdcéromdafrodal Heetwkrk ibr widicihegay be @ransnitted
ort, g Skl onBier g Tl e, R MRl PRlnol 0l e
another network element.
15 |
For Automatic Protection Switching (APS) self-healing
rings, the loop fiber 27 is the wofking fiber. APS line
switching equipment located on both sides of the switch 26
seleqtively connects the working fiber to the protection fiber,
20 which does not go through an equivalent switch to the nodal
network 30. For Path Protected (PP) self-healing rings, both
the working and protection fibers have their own switches 26,
and additional circuitry within the nodal network 30 determines
which fiber is being used for a particular signal.
25
The illustrated multi-wavelength switch 26 is a 2x2
cross~connect switch that can assume two states for each of the
W optical wavelengths. In the bar state, the signals of that
wavelength carried on the ring fiber 27 remain on the ring fiber
30 27. However, in the cross state, optical signals received from

the ring fiber 27 at one or more optical wavelengths are

- 12 -



A first technol ogy involves a hybrid nechanically actuated optical WM

switch, such as described by Igbal et al. 10 in "H gh Perfornmance Opti cal
Swi t ches For Ml tiwavel ength Rearrangeabl e Optical Networks",
Gover NIMavo 98025365)el ectronic Circuits Application ConfRETERN2IESDVAC)

'94, San D ego Novenmber 1994, 3 g Thi s 4-wavel ength 2x2
swi t ch SWid ct?(%’st" the dreRdetPerI2g WRjde PERRTT dakRi Fieals @fca saheers and -

di scretg,ck2al %}%éaré&%ﬂararer SleRkideliuaieth fegfe cak %%%Eh% &0 “ect ed to

t he outside with optical nultiplexers and denul tiplexers.
hybr i d,transai-tiese dntwivhenitticly ddipert 2Fl.exes the i nput vvavel engths to
different 2x2 optical switches, and the signals that are optically

swi t ched by nechani cal actuation are 20 reconbi ned at the output. The
relsy- act uat atheafs izl aBMilie@l3®s three &eehiodbaiesalfos\Wikghehehtindi ch

fibers connected to the two |nputs are nmechanically noved into
align B igwavskenath switeh,@6 .1 hers. Although this technology is
conceptual ly rel atively unsophisticated, its sub-second swi tching

speed is 25 satisfactory for many envisioned architectures, it offers the
assurance and rigitsthitidchpodiogy dpsiedwiesale pybridamdchenicallyurrently

ol v AR PR M, PRSP0 SR, pecReEASReS) Y ERRET ot a1 1

Liadb[ erin] "saslesi rmﬁonmmda Obtical Shatshkeschod MultERhvELeRyERCi es are
relatedto RFf uenci es - 13 -

i mpr es &&@ % QRtdiced: Hetuogks " odFovserpensy ¥icapedpetsapic
wavegu'cieraulém;tﬁzsﬁ?éau&i %f&éﬂéﬂb[@oﬂa ubwagsn Beug & N9cA he

sel ected signal t0 change i1ts polarization ate an thus 0’ be
SW tchwmbeq)dl%‘i,z@t |p@n cotblier 4- Qauhlﬁ%ﬁh axe slwstchbanichydeé Cheung
et al.

d h |
l'i qui d- crfsat a aL'Lt h@ et Ehln'fﬁ%'gd‘?tb%ﬁf%f/eﬁ?g]tétex:[zfle%n g?éf'%?exfi

514614, 240 ardss-bar, relay-actuated optical switches connected to the
outside with optical multiplexers and demultiplexers. The
hybrid, fiber-based, WDM switch demultiplexes the input
wavelengths to different 2x2 6ptica1 switches, and the signals
that are optically switched by mechanical actuation are

20 recombined at the output. The relay-actuated optical switches
are mechanical switches in which fibers connected to the two
inputs are mechanically moved into alignment with different
output fibers. Although this technology is conceptually
relatively unsophisticated, its sub-second switching speed is

25 satisfactory for many envisioned architectures, it offers the
assurance and reliability of a mechanical part, and ié

currently commercially available from JDS Fitel.
The second technology involves acousto-optical tunable

30 filters (AOTFs), usually formed in a LiNbO; substrate, in which

the selected optical frequencies are related to RF frequencies

- 13 -



5,414,541 and in "Liquid Crystal and Gating-Based Multiple- 10 Wavel ength

Cross- Connect Switch", | EEE Photoni cs Technol ogy Letters, vol. 7, 1995,
pp. 514-516. By neans of wavel engt h- di spersive |l ayers and segnent ed

l'i qui d-¢ryst ol ari zati on- rotation |ayers, the d| {,&-?,hggl,t,zsmw

channel gva/%#%h?fsw tched in different directions.

Al t houghy %r%?ejg té?{ ?n%%r%ééi@gtéﬁeef%’éslk%é‘ée Sf&grgésda r?g r, gn &Hle da jnto the

nodal- ne reseént t dal

net wor I«ua&ﬂegmd@rmotm cmmhm]sﬂcmﬁmomjmb% subs\trateBanué:lngstuiﬁet ed in
FIG 4. An o cal rrultl | exer ,32 20 fecejves the w signals on the
dr op flsb%}e?geé\ F%@ﬁ‘ge its; PRLALLAAT LR %tpﬁtlec&inmﬁ§ EeB®ding to
their V‘@Wﬂ&%&ifﬁy [delbrcz]larlzatlon[ ebipleAD SRdH GUTHCERE! bsaEiBEd Sy
converts the optical ignals to electrical signals for input to the

swi®ch Geung et Q{4 Imlql%-nlif#’@f@uﬁp@tmsﬁé@ a laser array 34 is
controll ed by 25 el ectrical outputs of the switch 31 to emt nodul ated

opti cal signals of wavelengths [err]. An optical multiplexer 35
conbi nes t he AVADM »d gtrsde)]rﬁgy tirercddek sf illiqm.agcﬂjlaeﬂv\sm:hcﬂés as has
addi ti opal ectrical ut and qut pu nes exanple, to

t he | oc%Fs ‘F’G’]c}bC%J?W?t tf"ersea dcﬁnc ohal Gaﬁdz% 848u??)‘31t lines 36, 37

miy be sherfacter ized as q‘.ﬁ 1?)&&%53. and Gratlnﬁ-Based Multiple-
e add/drop ports on the switch 31 are useful

foloa Wavﬁm@hcﬁr%ﬁs(%mmeqm Saﬁetqupe IBEE, FBOtORAFSnESCROVPEE | i nks to
et wor kLo VEERE) YEEL OF: YY) TR iSRG 0G, hiveBlgtn, | T eO

pr ovi dedzasgetseimg Iayermtarctmagmﬁntcmh ldfgqudid-tceysnal polaANsa'a\honh are
desi gned for, r-density t I c_than_that the traffic bejng
avi t oheAPER IR AR T1 e S ferentrib ahannels ran Be PR HEGes) 48

provi degpsférént Qaobderidred works at a single wavel ength in the case
wher.e | ow bandw dt h connection is all 10 that is required. In a second
type of use, the add/drop ports may provide a nonitoring point for

inter-ring trafiiG,s0 {0as posdiifld Whlext U UnkChptaBathethnbiie traffic

before passing It
further into the nodal network 30, at the present time it is

assumed that the nodal network 30 is formed around an electronic
switch 31, illustrated in FIG. 4. An optical demultiplexer 32
20 receives the W WDM signals on the drop fiber 28 and splits them
into separate optical paths according to their wavelengths Ag,
Ay, ... lw An optical detector array 33 converts the optical
signals to electrical signals for input to the switch 31.
Similarly on the output side, a laser array 34 is controlled by
25 electrical outputs of the switch 31 to emit modulated optical
signals of wavelengths Ay, A;, ... Ay. An optical multiplexer 35
combines the W WDM signals onto the add fiber 29. The switch 31
has additional electrical input and output lines 36, 37, for
example, to the local loop network. These additional input and

30 output lines 36, 37 may be characterized as drop/add lines.

-~ 14 -



between rings. In athird type of use, the add/drop ports provi de a
poi nt for wavel ength interchange between the rings. 15 That is, if an
optical data signal on a first ring is desired to be transferred to a
second Kyangsrd3es at a different optical wavel engt h, IRCWUSH7I23158r opped
at the switch, converted to a di fferent wavel ength by all-optical or
opt 0- el ect r ontRe AFHEITOP PP e s 1B EGh 2 FEFGh & $Prhéi ng added

at ‘the same.2Qr <MLL, kR LRE €458 OF JE R fn§9ib§rém&m§ﬁ<§f&%m in

FIG 4, t he wavel ength conversion is perfofne assigning the sanme
dat a siegntérnal diséwes erwhethast eriidise iusare aptised atdtasdedr to localray .33

and the_| aser_ ar 3 |\nal | t,he d/.drop S rowi.des a port
for theaﬁf%%a?e%f%% on sr)olcfc'e"¥ri %‘-’erdégclJ v%eors@géh i3r¥] ‘e(’:I:th%s F&ﬁlg(ﬁirﬁﬁ

i nfor nepbPPs may provide a Ajoswdw!fer Ifdnmdctidin 98 Gilfifegentat es of
t he switch 31, a%sr?g receive network control information over one

of the WANF WakFR| 3T ‘%@%é%‘kﬁéql}ﬁ%m?ﬁﬁ%ﬁ%naﬁ@aﬂoqf ot her
funct | Ofge CaPa PRs & NSOLADT &k SEbhdll DddlFetll i) bl 28, 2920FHEOLkAY 38

The ADM swi tch system shown I n Fl
- 15 - drop ports may @diseeprewite anlinkrw fdther vktwozskbfatenldsimgle ng.

For an APS ring, . only one_.connectiqn to it wor king .fiber ig.required
Since. wavelspashE e RE date ERT et dtiddlh it ion 8 Alier - bu
foLtoa pehditpisteedeired NOIbad hedddid Scipe bt e, A S FIVdrop ports

ADMs of the type_nentioned apbove nmay be satisfactory for__, the sinple
nodes dPRY rPERYEEE o JOPRL EOFIng PHIRL fx inter1Eind ithahfilas o &hdb etel y

i mpl enepit N : t | fyyed p%_tyg i.ngs are
lim teda%% go?%:!' ra‘lé%?%?rg lgéan n%trlT%égr@ %?é nktordag?.{qaigéi s greatl é%geshtr ed to

i ncr easketWeemunimys of In a tltod sty eohotes, yhe mdst/sbmpeeontg nul tiple
rings throuj(_gctiu?use e, i.nter- as _nentioned

. f_at_Jleast _an ri ng.nqQde. Al.sQ,

bef or e, PFOVEAR R ROIPE £77 FRYSRRECY (B TIAF SRy TR EL09MH ce

trupks that pyerif lan epeibke dafRS¥igddlson ld Firke rinhgt £5 CRewEedd aits are

usual Iy established at |arger central ) .
be transferred to a second ring, but at a different optical
wavelength, it can be dropped at the switch, converted to a
different wavelength by all-optical or opto-electronic means,
and reinserted into the network by being added at the same

20 switch. In the case of the electronic switch 31 shown in FIG. 4,

the wavelength conversion is performed by assigning the same
data signal to different wavelengths in the optical detector
array 33 and the laser array 34. Finally, the add/drop ports
provides a port for the local switch controller to receive or

25 inject signaling information.

A controller 38 controls the switching states of the
switch 31, and may receive network control information over one
of the WDM channels. For a SONET network, the SONET framing and

30 other functions can be incorporated into the switch 31 and

controller 38. The ADM switch system shown in FIG. 4 is

- 15 -



of fices having trunk lines to at |east four other offices. As a

result, the inter-ring node nust be connected to two separate rings as

wel | as performthe add/drop functions expected at a central of fice.
As shown in the network diagramof FIG 5, 8%5

heal i ngqu%&g”fm 102 are interconnected by an inter-ri ng no {5 40.

Fach 1Akl ko BAG bhel RehUECaEAar SERECHADIAPTHRN FdiCanl 4b81 1]

14[err] and a respective protection fiber 16[err], 16[err] l\/bre
speci f rdalgl,y onidMeohat conneégii oo de sbej working diden osi reaeired sifmdeers

14] or ¢ FREME B Brey ot fi ke ABRLE L' AU SOl bl ek, o

connectfed o pavh paioteci2fierihg BaPhofikbdrs diepd ftddiess armygdsied.ng
esspectivel y add fibers 42[err]-IN, 42[err]-IN and drop fibers 42[err] QUT,
42[err]QUT-. It is assuned that the add/drop fibers ultimately

connect to diph@ & t'fh)ép%§¥>@f méhﬁﬁléﬂé&séﬁavé'xﬂéﬁ beé shti UV fo

- 16 - a sw to the local |oop network. The two palrs
42 er r thedzigplle giodes dlaauﬁbnbpdf abeusdaalmqhémmtameru ng node 40 to

| ndependalest o1 one WY UA815L099! Snafhleclag 41195 d0lepth o d O o7 1]

wi t hout™"concern eng
wavel emgithrark .nak Ment dongdatbdwe C &ingst Aeeshimi tddigo Sl ﬁsf:l;hesn&dd/ drop
fibers 42 err ed within conventiaonal swtching

L CoauRber b nodest ri s GREBEIY] ALSLORA R SRSTEAaEy FEE CHETRRE (97 ext ng.

the ad%d:f&&ﬂﬂﬂée&x%d‘é%[ %&r hnté%&@ﬁhbcaiﬁgtﬁ(@l@%id Q:ihfa‘udﬂl Siseh
fibers, where Wis the nunb WDM wavel engt hs and uni I'l ustrated

mul ti ploéx@rts lesstdons tmpegxmggrraydse 22800 ras mentl%aﬁerhﬁﬁﬂ?gfeon t he type
Of | OPU .00 SULCNALRURN (Tl o1reahd LN IR
Ay r Es di's

illust ra ons W | occasi onal | on bet ween
ring fithemksanthasrdaierad resei’nbmera méSh. Thus, rmd’he |nter-r| ng node 40

thus be char act.eri zed as wic shown in the schematic
oY ol teartatiane arg nsaally prrapliEhed afoavken @ mist be

separ afofflﬂic%y hatdngS8runk 1148 &R trokirl Sthér SOFBiSENSad &l i cat ed
VthneiesLchD%%e inter-ring node must be connected to two separate
rings as well as perform the add/drop functions expected at a
central office.
20
As shown in the network diagram of FIG. 5, two self-
healing rings 10,,10, are interconnected by an inter-ring node
40. Each ring 103, 10; includes a respective working fiber 14,,
14, and a respective protection fiber 16;, 16,. More
25 specifically, the inter-ring node 40 is connected to input
fibers 14;_ 1y, 14, 1y, 167 14, 16, 1y and to output fibers 14;_gyp.
145 curs 163-0yrs 163_oyp- The inter-ring node 40 is also
connected to two pairs 42,, 42, of add/drop fibers comprising
respectively add fibers 42;_ 1y, 42,.yy and drop fibers 423 gyr.
30 425 _opp- It is assumed that the add/drop fibers ultimately

connect to different types of transmission lines, e.g., through

- 16 -



20 current denonstration projects, Wis no nore than 8. In \DM
networks, it is not atypical at the present tinme because of

preexi sting nodal architectures that the fibers 14[err], 1l4[err], 1l6[err],
162 in tyheobmssssi Nngs 101, 102 are each carryi ng WWDM si grarA&is97/231550\hi | e
the add/drop, fibers 42[err]-IN, 42[err]-IN, .42[err]-QUT 42[err]-OUT are
each ZEa svuatrcrkyitrtg g Vlareel dpioe atetsragrial Te tthey pedcds 42ed 82, bef

arrang bund §S of add/ ropflbers i f f dd/ dr.o capability
L ro R et AYfew AR Sag Adde, 4t YL PRemendsbElY: e
preVI OLlafdd//&.cbp sheatidash achaiis at ingaato|at 80, opi tikalt Svbrdedias oeach

fold WDM si gnal must be denul tiplexed into Waoptical signals whi ch
- 17 - wavelength congention @ dang &% t?hq)év‘rasnec yayieleagsh igapretengt h

afes And 0 e tipl exed
| nto anc{)y't éﬁ]&i tw:.c[ﬁém o%etcgsut 5|1tﬂg§f L%t]?weﬁ I&%hl ngejl ?l g%gm&
el ect ro:.‘sﬂ-gai:dq tmcad]aomnmﬁe&malthmmcwp&nt&bna&uswetchmdg bfflletectors
are additioonally requir but. t he sa ctr nlc switch is
o g R nd €8 gk LR SR A% UG on SRl B R o e,
The  tH@ddadidrdhtdwemarah i, malgnarkatipichtdy beaales SACKH déch
wavel ength plane six 1x6 sw tches on the I nput side i nterconnected to

SI x 6xIfHaprEhathere thel s ipimnumkrs ofhWPM wavedengthg @ndan be i npl enent ed
?Ches %m&e&i%éiﬂ%ss and denmq: @CE}J{%I}I C?{Ja?yb%cglé%gg ?pt i cal

requires many conponent’s
svm tche:be:ﬁendﬂxg)p:nn cthe l&pm@lwm shuirtdieimg |etle|nen|mr effwered to
mul ti pl exers araglle

i i he. denul tipl d.th
Cepl | cATHPwing PSRRI AT At ) SRR LR, S BN, QeBASEERY count
of £+ 648 Nen Bl %ﬂﬁﬁ@%rﬁ'ﬁéﬂvﬁ@ézﬁ&iﬁbﬁ ﬂwsf @navavel/areph

mul tiplexers and denul ti pl exers. 20 Optical (photonic) swtches
are knokiPe¥Rt can

15
The inter-ring node 40 can thus be characterized as a 6x6

switch, as shown in the schematic of FIG. 6. Furthermore, in a
WDM network, the W wavelengths must be separately switched so
that the 6x6 switch is in some sense replicated W times. In most

20 current demonstration projects, W is no more than 8. In WDM
networks, it is not atypical at the present time because of
preexisting nodal architectures that the fibers 14,, 14,, 1l6,,
165 in the two rings 10, 102' are each éarrying W WDM signals
while the add/drop fibers 42;_ 1y, 42;.1y, 423.0ypr 42;-oyr @re each

25 carrying only one optical signal so they each need to be
arranged in bundles of W add/drop fibers if full add/drop
capability is to be achieved.

If the switching is performed with the previously

30 described mechanically actuated optical switches, each W-fold

WDM signal must be demultiplexed into W optical signalé which

- 17 -



selectively swtch signals of different wavel ength onto di fferent

out put ports. However, these are generally based on 1x2 or 2x2
switching units, such as illustrated in FIG 3, and 25 | arger swi tches
are built é? fromthe snall er switching units. Hence, éﬁ?iﬂ Lively
Iarge these switching units are required for phot oni ¢

itch d d g t SONET .1 h
ol t onrE LeF i Hepatle BIBERL| £ aserd O iRTLIERRE pIRS0L OB VB -
| ar ge aﬁab@nl | 1@cﬁh3ﬁ1dh thal b&hpﬂﬁsuﬂftﬁl@@l&rﬁaﬂake ﬁubsipaéﬁe@aﬁuﬂmhngeen
commercl a achi eved

Ther ef BP'élc?% VRM PuEPYEy Shgndkd ¥H Ry B e b A Soney of a photonic

swi tch e § |
SUNNAR%yéO%Q#'gHrébéa% 44018%dn 1dth1 r%l&g'ne()pe?slge%gt so ce|$n\?ent i on can be

submar detdchorshare addntmm#necmmmm ttle @ama)tsazselﬁksheal i ng
optical gtfﬁgigo%§ ﬁéﬂgfs'remh’Ch the interconnection can be sinplified

because 0 e Se e€alTng aFchitecture of the connected rings. In
particul ar, because several of the nultiple inputs to t he interconnect
are intended to be redundant or. otherw se not I ntended to be .

sel ectivel y PRERrRoRWEEERFas Hehe ftFasyantage of be@ﬁ’@ iCoM@Llesnn®Be can be
reduceg,y skfmaﬁ£faw£P@Sﬁ\¢M§tmn reiiUl Fdi0tpgedi ng to be

i nt erconnected even in case lure’in either of t he connect ed
néfwor wavelangthrpiane sie 1x6 swnznhg@nnedﬂuanempnesemked for 2-fiber and

4-fi beg ., uni ction nd bi dlrectl naI eIf |ngs 20
I n anogﬁtercgﬁlégftgé ? s"xa%ﬁ |o“ﬁ1t‘fl'lll i Tt etr conn ﬁl e.

structure can be implemented with multlplexers, demultiplexers,
and mechanically actuated optical switches, but it requires
many components, e.g., 96 1x6 or 6xl1l switches for 8 optical

15 wavelengths. Further, it is preferred to eliminate the
multiplexers and demultiplexers and the parallel replication.
Simultaneous mnl;i—wavelength switching reduces the count of
switching elements and eliminates the need for wavelength
multiplexers and demultiplexers. '

20

Optical (photonic) switches are known that can

selectively switch signals of different wavelength onto
different output ports. However, these are generally based on
1x2 or 2x2 switching units, such as illustrated in FIG. 3, and

25 larger switches are built up from the smaller switching units.
Hence, a relatively large number of these switching units are
required for a 6x6 photonic switch desired for interconnecting
two SONET rings. Such optical switching units present
challenges in fabrication, and integration of a large number of

30 switching units on a single substrate has not been commercially

achieved.
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contention at
enl ar gi

n multiple self-healing rings is shown to be independent of
ealing functions of the nmultiple rings. Therefore, t he

t he

onnection state of a cross-connect can remain 25 constant while

ny inportant_ interconnects, both between two self-
gri ng?h&ﬁ'&fPé”lero#ﬁe%saEiﬂb??’éhYl‘B‘P%lr%‘&rF%é%rﬁltﬁesﬁé’EP%XIWt h at

Qe a3f:§xo't6§1§kc%@g%%ﬁ uS4Bh e X FekAt %soeeﬁethbalmg rifig¥antageously

i nterconnects so as
be w de-sense non- blocklng. Possi bl e wavel engt h

our

MDA : 3
swi tches conposing the w de- sense non- bl ocki ng 3x3 i nterconnect.
al gorithmrecogni zes that two conbinations of states of the four

swi t ches can be

vi ewed

reconfi gur at iIenenef aspegit], y thendayess iont erbobresumgryigedr 8s thepossi bl e,

and ong Lg%gﬁgkgg D%F%e?g%egwk%%ho§l%&%eC%”HEEE E#n5E§E§FE%$VideS an

al | owa

15

20

25

30

hrough the four 2x2

the add/drop lines of the interconnect can be renoved by
ing it into a 4x4 interconnect 5 An algorithmis presented
for assigning sw tching st

The
2X2

associated with each state of the 3x3 i nterconnect as

\

\

10 fromthe interconnect ports. If also recognizes that only three

ON OF THE
DRAW Ngetwork rings in which the interconnection can be simplified

because of the self-healing architecture of the connected
rings. In particular, because several of the multiple inputs to
the interconnect are intended to be redundant or otherwise not
intended to be selectively interconnected, the complexity of
the interconnect can be reduced by eliminating those inputs and
outputs not needing to be interconnected even in case of a
failure in either of the connected networks. The forms of the
inter-connect are presented for 2-fiber and 4-fiber, uni-

directional and bi-directional self-healing rings.

In another aspect of the invention, the interconnection
between multiple self-healing rings is shown to be independent
of the self-healing functions of the multiple rings. Therefore,
the interconnection state of a cross-connect can remain
constant while separate apparatus is healing a fault in one ox

the other of the rings.

Many important interconnects, both between two self-
healing rings and for other applications, can be accomplished
with at least one 3x3 interconnect. Such a 3x3 interconnect is

advantageously implemented with four 2x2 interconnects so as to

- 19 -



The present invention will be described wwth reference to 20 t he

acconpanyi ng draw ng of whi ch: FIG 1 is a network diagram of
a sel f-healing comuni cation ring of the prior art; 25 FI G
2 is a network di agram showi ng how the ring of FIG 1

reconfi YABERE survive a cable cut; FIG SPFEE%&A% Wor k

di agr afy, of;; 40-844Ld" Bn WA S RLSF S il sinle WA Il cBhkefkigangd o a
comrunrcation ring; G 4 is a diagramof an electronic

swi t chthg s§id/énvp linesndf nele winterxsompdt tamdw drespved bipl exer ;

- 20 - . co s FJLG' 5is a ne%work di agram of a node connecting
two sePPlargingpil IREC R 452 B ePER T ngs, in particular rings using
pat h protection; 5 FIG 6 is a schematic diagram of the
swtch required at | the initial |evel of consideration for the

i nPer connect PRo8égBFithm iy pxesenteqd for assigning switchangystatgsnpet wor k
di agra f S| LT Led J,of e | BGad F QPSS 2 iy e k of

FlG 5iog ‘n‘gwsi’%“s‘% {t:%g%{s‘&ﬁ tne Cax e |s%§mr‘1;e°%rvf3%k%§igagr£§%q of a

i nt er - sengecnossbtoagking 3x3 interconnect. The algorithm recognizes

that two combinations of states of the four 2x2 switches can be
associated with each state of the 3x3 interconnect as viewed
10 from the interconnect ports. If also recognizes that only three
reconfigurations of a fully connected interconnect state are
possible, and one of the two pogsible switch state combinations

provides an allowable transition.

15
F_DE 0 D

~The present invention will be described with reference to

20 the accompanying drawing of which:

FIG. 1 is a network diagram of a self-healing

communication ring of the prior art;

25 FIG. 2 is a network diagram showing how the ring of FIG. 1

can be reconfigured to survive a cable cut;

FIG. 3 is a network diagram of an add/drop multiplexer of
the prior art attached to a communication ring;
30
FIG. 4 is a diagram of an electronic switching system

combined with an optical add/drop multiplexer;

- 20 -~



simlar to that of FIG 7 but using 4x4 sw tches; 15 FIG 9is a

network diagram of a two unidirectional self- healing rings with
Automatic Protection Switching (APS) that are interconnected,

FIG 10 weosnsssswork di agramof a sinplified cross- 20  ®cwusst2dss t he
network of FIG 9 using a 3x3 switch, which is ~W de-sense non- bl ocki ng

when i npl emreFEEd BsiAgaznetwerk chiagram of a node copgectkings twoneewbr k
i oar e ot _ o k 10 but
g MR Lo ik HBYeReAEEn ringsl bR B Bl AL FinkRohatha ity O P

usi ng SWtc agra

I nt er copmoeeceédon; bidirectional self-healing rings using four fibers

api ece (B-SHR/ 4) ; 30 FIG 13 is a network diagramof a
sinplified cross- connect for the network of FIG 12 using 3x3

swist ches; FIG. 6 is a schematic diagram of the s¥itch required at

FIG 14 is a network diagramof a sinplified cross- connect simlar to

that ofthe &nitiapyievslngf sensifergesen for the intemagnnery nodenefwor k

di agr ampeis t L.t ehgonnected 5 bidirectional self-healing rings using two
fi bor s TAGRs.8 and AL o) FIG 16 is a sinplified network
diagramillustrating SONET tinme-slot interchanging for the B-SHR/ 2
network of 1%IGF|9'i%6h network diagram of a simplified inter-ring

10 cross~-connect for the network of FIG. 5 using 3x3 switches;

FIG. 8 is a network diagram of a inter-ring cross-connect

similar to that of PFPIG. 7 but using 4x4 switches;

15 FIG. 9 is a network diagram of a two unidirectional self-
healing rings with Automatic Protection Switching (APS) that

are interconnected;

FIG. 10 is a network diagram of a simplified cross-
20 connect for the network of FIG. 9 uging a 3x3 switch, which is

wide~sense non-blocking when implemented using 2x2 switches;

FIG. 11 is a network diagfam of a simplified cross-

connect similar to that of FIG. 10 but using 4x4 switches;

25
FIG. 12 is a network diagram of two interconnected
bidirectional self-healing rings using four fibers apiece
(B~-SHR/4);
30 FIG. 13 is a network diagram of a simplified cross-

connect for the network of FIG. 12 using 3x3 switches;
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FIG 17 is a timng diagramof SONET franmes used in the network of FIG
19; 15 FIG 18 is a sinplified network diagramillustrating VDM
wavel ength interchanging for the B-SHR/ 2 network of FIG 15;

FIG 19 |s twork di agram of a sinplified Cross- : t he
net wor kY& M 15 using 3x3 sw tches; FI G E’%ﬁlﬂs 321 net wor k

di agram of npd hfied C FIG 19 but
usi ng 4x4 sw ?%h %h 18% SA68Toxk %%%fgsf?rrlgelf hkﬂ(ftd;g:trrg%gof t hree

i Nt er coonpettds2bilami toremat ol FE@! f1haakt nip iricnhgcdnismi tohiels ; pr ot ect i on;
FIG 22 is a network diagramof a sinplified cross- - connect for the.
network of FIG 18; 30 FIG 23 is a network diagramof a
sinplified cregs-15 is §0NEERSrE OdiddiFareherBhd Zatk Stfanelctéd Nt er connect ed
unidirectional self-healing rings with path protection;

- 52 -bidirectional self-hgaking rings uwsingmive GHiberapiese: ch;:

FIG 2 |§H§/§ henatlc of a 4x4 switch that is w de-sense

non- bl ckln FIG 26 is a schematic of a 3x3 w de-sense
non-blocklng switch using 2x2 switches, particularly applicable to a
mul ti -

FIG. 16 is a simplified network diagram illustrating
SONET time-slot interchanging for the B-SHR/2 network of
10 FIG. 16;

FIG. 17 is a timing diagram of SONET frames used in the
network of FIG. 19;

15 FIG. 18 is a simplified network diagram illustrating WDM
wavelength interchanging for the B-SHR/2 network of FIG. 15;

FIG. 19 is a network diagram of a simplified cross-
connect for the network of FIG. 15 using 3x3 switches;
20

FIG. 20 is a network diagram of a simplified cross-

connect similar to that of FIG. 19 but using 4x4 switches;

FIG.21 is a network diagram of three interconnected

25 unidirectional self-healing rings with path protection;

FIG. 22 is a network diagram of a simplified cross-
connect for the network of FIG. 18;

30 FIG. 23 is a network diagram of a simplified cross-
connect for the generalized case of K interconnected

unidirectional self-healing rings with path protection;
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wavel ength swi tch; and 10 FIG 27 is graphical illustration of an
al gorithm for uni que transitions of the 3x3 switch of FIG 26.
DESCRI PTI ON OF THE | NVENTI ON 15 The invention recogni zes that
t he crogeros@ssesct bet ween sel f-healing rings requir eCIiEsseR31ss
cross-connecting points than are apparent froma first inspection of
t he nunber ofI®or24 is &0schématiosstcaneltswi@Mer inventive features
follow fromthis new archi tecture. We observe that the
full functionality of the 6x6 sw tch of FIG 6 is not required to

connect the pet{-hsalsng sdigsatitd of2% 4x40gwakchl Ehat hecwide-oénsde
constraints ingpsed on the connecti ons between the working and

pr ot ecRPRNPLLPBELRI: Al t hough t he description until now about FIGS. 5
ang 6 has for the nost part been quite general, the interconnected
network of FIG 5 wi |l be assunmed to be based on two unidirectional
path- 30 prBIéct28 ssl &- behemagici ofsal1dt3 QﬂdefshﬁhﬁVﬁbﬁﬁﬁlocking
- 23 -, . . n FIG _7. is sho a_ two-ri U SHR/

net wor RViERR ueing 222 swifghes . brorafuittly farlTedalt fo f dutisi-
self-h@abémgngth sWetvhAk Kandn inter-ring node 50 connects two conmuni cation
ri ngs

10 FIG. 27 is graphical illustration of an algorithm for

unique transitions of the 3x3 switch of FIG. 26.

DESCRIPTION OF THE INVENTION
15

The invention recognizes that the cross-connect between
self-healing rings requires fewer cross-connecting points than
are apparent from a first inspection of the number of ports to

20 the cross-~connects. Other inventive features follow from this

new architecture,

We observe that the full functionality of the 6x6 switch
of FIG. 6 is not required to connect the self-healing rings 10,,
25 10, of FPIG. 5 because of the constraints imposed on the
connections between the working and protection fibers. Aithough-
the description until now about FIGS. 5 and 6 has for the most
part been quite general, the interconnected network of FIG. 5
will be assumed to be based on two unidirectional path-

30 protected self-healing rings 10,, 10, (U-SHR/2-PP).
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52[err], 52[err]. Each conmmunication ring 52[err], 52[err] includes a
respective 5 working fiber 54[err], 54[err] and a respective protection

fi ber 56[err], 562. In this architecture, within each ring, the
wor ki ng protection fibers 54[err], 56[err], or S54j@fidernskerr] are
nor mal | ﬁ%gﬁlﬁﬂ% duplicate signals in counter-rot atAil[ ng directions.

Note that ther, preli gUig £RGwGECRVER,CALEy NESsHR LLFPalGsbLNe dyter and

outer 10 positions of the working and protection fibers betvveen the two
rings. @shea woidirenbilenal? twe-foherctRathipretedied sdpkithaaling rings

per { or nBACAYE oA, A EGh Tt e of SrRbeptsChub BRI ER Mhgn 1\

of its BRpYt52andEaclD cofimuhicattiptt #ingn g,t 825t Anthadés a mﬂxecﬂg:.xfe bers
S4[err], 4[err%#of both rings 52[err], while the second
swi Bch” Borking; Fibsr| yiromfe Bt o Iier?é’ﬁﬁ‘ﬂt"é‘cﬁr&’feﬁtl}é’f“s fiber §ép.err]

S6[err] 5@% b?ﬁhtﬁiggﬁréa@éé&uréz[v@{t‘fﬂxn Eftdh 3hop WM i) wfifbk i@y @hSO. has

an input feceiving a respective add fiber 64, 66 and an out put
t r ansm pProkgcsALD ﬁleSQeﬁﬁiue'SQhr.opm iSder, 66, 0e pormally carryitg

sel - healad eLvatksaviel 19 AL ELUSEH Q) Rkgesons, | BEES LiafOupecd (o

|ntercon WO KT 1 Since they aré a

carryi ngigutevdbentohnbnientéohas intefpRanfedathy, imteh aed aodteansm tter
| npresses the sane S|gnal s 25 on_bot h the, associ at ed worKi nq__ and

pr&loect PesifipBEsofnt e(Yqz_{l)ung an‘BrB’E%E??Bh%c%EP@rS between “the % 3x3
switch e9ngk. tBQhBB RELYRE knSied 11G a&é%n!?ﬁected a!bﬁ ésré§§ edOf¥d N9

cross-connect while the other 3x3 switch 30 62 1S t rotection
cross- cEARgst S2For52yy Theabkpi syitghingsfunction qﬁ)mii@cmé@nﬁaocmrberz

needs 19 5ledukLanggUsly 585 BAPCAET 60, g2 Tme first 3o switch ¢

svmtc IMg s esoothat
5| gnal shhel kaw eduival énpupat A8d two bhH bos hoﬁhpdwrdxd)mgeétd%@rtso SHeerr],
ot ec |onf|be 56[err], 56[err As a . result, if a

h
L-L%L;]eWBE ¥ Ag" ERDEFEhaf ofS4nd Thgiflﬂgﬁe 154P&eryRika | ehe |Seqonpa

protectggg EwReEs 5@[QérL1m11ar1§630ﬁﬁ€c€é&eéQYtHéQ@?&iébtiﬁﬁ”f&ﬁ@@§ted and
carryi n%lst he desired signals for the receivers at the various

intrali #6es - PPnPphdpth trénsﬁcﬁ%p S%z-t Bach Re3cswdscioffech2 alsodmgrol | er
72 does R0t ,RGed LR GERYT LILEERLOE 1 38328 EEDES 6D, &8 ddk'&PRANSS © @

transmitting onto a respective drop fiber 68, 70.
20
For self-healing networks using Path Protection (PP),
there is no need to interconnect working and protection fibers
since they are already carrying equivalent information.
Specifically, each data transmitter impresses the same signals
25 on both the associated working and protection fibers in a (1+1)

protection scheme.

One 3x3 switch 60 of the PP network of FIG. 7 can be
viewed as the working cross-connect while the other 3x3 switch
30 62 is the protection cross-connect. For survivability, a cross-

connect controller 72 needs to simultaneously set both 3x3
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ring failure. The cross-connect controller 72 reconfigures the 3x3 sw tches

60, 62 only in response to long-termchanges in the traffic pattern,
on periods of the order of hours. O course, once a ring failure has
been detyweotogdsigshe traffic can be 10 rearranged, but thepcoarsoasgssent
occurs after the failure has been successfully circunvented. The

cr 0ss- swhuebes c60t r 62| b I2commenvewirebingi gtatei 99 thawesisnals from an

il d .l er, . l,ved
the adirire PeReLanE Bhie o A S AT SRR S Eh ey ona

the scere proted®tidhi SibéwerBg,0ns6lheascamps ittt d L antagloski 68c@ist he two
3x3 sw tches 60, 62 15 will likely involve the conmobn cross-connect
cont r ol Pepiyber ;08 obRe WO KRG T 9T M1, S42.f BPPUPECERCEFCR FbeFs e

r edundapt i I—#)yfé/ [ | t S\ es 60, 62
el |gm' ngtg%‘s?%eg%eng e- pﬁ%tﬁﬁ% ure lﬁgédéeﬂ;fbrf g{eer':teér%etQi iér%mt r?g rtf%’ilﬁl \gr t;/:(i'%XG
cross-desnrced sighals for thRe refeivehe stnphefvadierscimtsatimrexrt 50 of
FIG 7,_.an ingperable.wrking o protection fiber in n rk does
ot subbhg BAReS: B0 RiSRoPPetpoharhothrbEFosR -t ointt o ol R FRIDL K 20°3
resul t do&Bi BoPhéles ity readnifibaiat ehanyuheswi t¢0es e, feaulih respon®€r ring

to one fault for_the entire network depending on_where the fault or faults
occur . tPna cHhRY abtilyze yiThe KrafissapeFtosontroller 72 reconfigures

290  the 3x3 swi?é £'60 B3 Bﬁ&%iﬁ%&%ﬁﬁ%%@ﬁ%ﬁﬁéﬁ“Ehaﬁﬁ[asriﬂg

regardl ess of the location of the
the traffic pattern, on periods of the order of hours. Of

course, once a ring failure has been detected, the traffic can
be rearranged, but the rearrangement occurs after the failure
has been successfully circumvented. The cross-connect

15 controller 72 receives reconfiguration commands from an
unillustrated network controller, and the commands can be
received over the add/drop lines 42;, 42, according to a control
protocol that is beyond the scope of this invention. The common
state configuration of the two 3x3 switches 60, 62 will likely

20 invol&e the common cross-comnect controller 72, a source of
single-point failure in an otherwise redundant design. However,
the replication of the two switches 60, 62 eliminates the
single-point failure mode inherent in the unitary 6x6 cross-
connect of FIG. 6.

25

For the simplified PP cross-connect 50 of FIG. 7, an

inoperable working or protection fiber in one network does not
supply data to the corresponding fiber on the other network. As
a result, this PP design can tolerate anywhere from one fault

30 per ring to one fault for the entire network depending on where

the fault or faults occur. In contrast, as will be discussed

This Sheet Has Been Replaced - 25 -
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The sinplification allowed by inplenenting the 6x6 cross- 5 connect 40 of
FIG 6 with the two 3x3 switches 60, 62 of FIG 7 I S purchased at a
cost of losing sonme functionality. Although there are two pairs of
add/drop lines 64, 66, 68, 70, there is only one pai for the
wor Ki ngaﬁq 556554[err] 54[err] As a result, at anyP!tt:;rne oéﬁy a single

si gnal %ﬂ.rk E%{?ﬂ si gnal
at gth gé\ﬁge%%%%%g%& ]ttooj'% cgﬁ% nat1 on ofroiyﬁglgfr%ggkr%gsggﬂe
52[ err¢f thdhboematsomoof thelfanXtadi on on the traffic interconnecting the
rings (inter-ring traffic). The limtation applies only to the traffic
to and from the user at the inter-ring access node 50 accessing the

network 15 ThérSUGHI 1 Ftcadih 0 dwdi o364 mfiemeft ing0 thO 660 chilbBg-USer s
12 attached on different rings 521, 522 can drgg) t he sane

wabel eporneed 4heok FET- 6 Wy thcEBSs tWédé"%OSWthh?‘ﬁ Y2 #f FFE.- 7

I nter- node, 5 t C]’ﬁﬂ-f'c‘it D%E’?# ring

users %é%@%ﬁi??%}e% ri%%%@g:%,l%l%%%&t e same tyqvva\ﬁ'lhenahh Thi s

| i m t athenenayer esal paims smfrea@ci:ltﬂ:tdmn]ailnes 64 blegckiady fiar, ttlhex‘er dsfic to
' | I nterference

and fromthe inter-r CESS
isto 'B%nl%v‘aﬁlﬁe‘aabﬁt é\ggn"aqc PEi I"%ogf“i% f"lTel‘Fes e \?/ﬁ\?eléﬁg‘?h bei ng
added pes@iepPEE ahytHfnd Ndely rd Nfingle SIGHRSS PG Fikrerd wii@lehnight contr ol

al gori thm under the control of a multi-ring network controll er needs

td mp%ﬂeb@é%rqmeﬁn from aﬁ@s@liﬂé&%‘imﬁﬂ-m}eﬁén bﬂtc%‘t’%hﬁ% asidsfeen the
two 11 pgSeREl Ehfibination °F AHd - cldie BN &p,CORIO! akgabh! D fgul d attenpt
to rea oca vvave engt assl gnnents or?' one2dr the other the rings

52[ errlimbRfeioh on the ttoradfifdicd 1amehcaddkdtmpgcbhe enimQJSIs(mter ring

- 26 - . - . The obl em wavel en (o] o n add/ drop
i ooal EAEEERL TR Limiration SpBiSesconty ¢S thet tiad £1sots) f Maprbd | &

t he netnerdssdi-aﬂzf athe@fidtede-@ngialcked sl A88e 50 aéd:wéixfxgezmé’&éﬂm connect
74 including two 4x4_switches 76, 78, each havin pair of respective

add | |F|%§°Bﬁ{’eiﬂi*? ad@fdnqn Iomess[edr BS.668er 7P - aNa ‘éw‘baﬁn%fusf%ﬁ)é@t i ve
drop | LpeScRed gﬁ[ﬁffk?¥é§$| CﬁgQrSZB[QEQ]caEOEEBb]théss&hE| be expl ai ned

| ater I n nore detal
wavelength to the inter -ring access node 50, and the user at the

inter-ring access node 50 cannot set up a connection with two
ring users 12 in different rings 52,, 52; using the same

20 wavelength. This limitation may result in some additional
blocking for the traffic to and from the inter-ring access node
50.

If interference is to be avoided between two signals of

25 the same wavelength being added or dropped at the inter-ring
access node 50, a dual-ring control algorithm under the control

of a multi-ring network controller needs to implemented which
resolves such wavelength contentions between the two rings 52,,

52,;. The master control algorithm could attempt to reallocate
30 wavelength assignments on one or the other of the rings 52,, 52,

to avoid such add/drop contentions.
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requi renents of 4x4 switches are nuch greater than for 3x3 sw tches, but

t he har dware conpl exity purchases a significant sinplification in the
net wor k contr ol al gorithns since the two rings 52[err], 52[err] do not
need t owawewzssemt e bet ween them whi ch I s droppi ng orPCHUBYVR3ESSSi gnal

at a particular g add. |i nes
64[err], 66[%$r]g@gggg@mépdr%Vé?en% err g?ﬁferr?d7ér39b%l%%ﬁ}%ated to
the at tﬁerismwrmfiﬁ[mdé sthidam udeeamblidredt,vxasaddlhsneatQAZn.n%ﬁeand
other two drop_lines 68[err 70[ er edlcated to the other

ring S2OEWeRE gﬁ%?ﬁ%@eﬁ HEF Anef e %bﬁ%l%x}?ﬁs %b led PP ¢E@®Se t he

i nter- chAgdebt 02k Nt NILRIL PR it Switsnekai £d PONdRIL HRAlS {Sm
assi gning wavel engths to Teach across nultiple rings, but it doeS resolve

t hE i nofarespectivig afdckimegs podihl einion éeﬁahu 862t ABdi at pairi a§ node 74

fron1a 2 o] I, a h eX|st bet ween t he
|nter-r|nggﬁégvg7§£%§glano f&1nS 585 §gn?0 \ﬁ1:ﬁsnw§§g SF fﬁ@ fﬂﬁ%ﬁ

52[ errlatb?[ nirmoré rmeuarnage:mhaaldgamet hﬁqdd&&xﬂmsneﬁd4ka switché&@nsi der
what is the maveleng ss gnnen s_thai alread exist in the other of the

rings 35EcMRFD g5pRFF ror 3x3 switches: pjRnt sBhe BREAVAES i ng network,
|11 ust pghgdekitf! &rehagéstaesiwiﬂ@&ac sm%wf'iéae,esﬁ' ﬁﬁlahsxée' f-healing

ring with automatic Erotectlon swi tching (
cAB8ss-pehwerk eantvahealgoriphms ngsnge[bhe]twgz{*emsy S21pri% dp medpecti ve

ot el A58 Eb 580 Ghhg e B Rk (8ol GREEH 8 ALOSHERd NS dgas R ST IL U0
ri ngs 52gmal]at @ba:ammldat aasaltahgtht ae tieé antsedar ity node marwwed
cl ockwi se as il lustrated. _For

27 t II,
sel f - h@dfi hines g‘in 66 1o, X y@ﬁ%&&ﬁe@ ﬁﬁoteZPnoﬂaxsmP%cﬂ?%c?w@) APS
equi pneat the ASSHCi ALRH ou,t t}hﬂahtﬁedatﬂgroéwé h@d&'i‘ﬂ?eé?é%r r66,°4h8" 11

including the inter-ring node 50 to interconnect wthin
15 other two drop lines 68,, 70, may be dedicated to the other ring
52,. The increased hardware complexity does not reduce the
inter-ring blocking problem and its associated control problem
of assigning wavelengths to reach across multiple rings, but it
does resolve the intra-ring bldcking problem of reaching the
20 inter-ring node 74 from a nodé 12 located in the same ring. If a
path exists between the inter-ring node 74 and another node 12
within one of the ringé 52, 52,;, the management algorithm does
not need to consider what is the wavelength assignments that
already exist in the other of the rings 52,;, 52,.
25 |
Another self-healing ring network, illustrated in FIG. 9,
is the two-fiber unidirectional self-healing ring with
automatic protection switching (U-SHR/2-APS). A cross-connect
84 connects two rings 52,, 522 comprising respective working
30 fibers 54,, 54, and protection fibers 56,, 56,. In normal
operation, only the working fibers 54,, 54, in the two rings

52;, 52, carry data so that the data is being carried
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5 respective rings 52[err], 52[err] the working fiber 54[err], 54[err] to
t he associ ated protection fiber 56[err], 56[err] when a failure '
occurs. Conventi onal APS equi pnent detects a cable break or nodal
failure fromthe SONET overhead and thereafter enables thTIU o7n3idsks 22,
24 showNO%2f3% 2 between the working and protection 1 P Ters This

LI nki Qghiich A8 drif1134,| MRehARY B A 1hikdtrated. FERVELEROLBaSEhECti Ve APS
switch i's not required. For multi- vvavel_engft_h rings, alternative forns

of APSetaeiks mSing dutomgtic Protseeyieon & ng (ABSHpt RBEI power on the

wor ki ng_ f.i I, f Liangs PR I e a4 he APS _
equi pr%ﬂ'{lg(%ﬁelrnctkllf fgsoggggsfieg:.?ﬁnﬁésé%f; %eéel Jt%g%rfg}: gét ggrtl%% 2 a’t'aséﬁt o the
pr ot ecinadinuding thedmtEr{-arinly a@das S00 tavdntd ertenheeakw26hifntyea singl e
add line 80 . and a single drop line,82 connecied to the respective

ad®l/ drifGFPeCtLVifo DG ézasségiapég WFhlPﬁeg%]P%Es- nmstet ©84tB&t ween t he

tWo  assARATddGrordc¥iidn £aHeRN H6, , S86h NRkeh Ng SAIDhFd i Sl again
incurs the 20 constraint of limting sinmultaneous adding or_ dropping of
the Convsptdanale PEfEgudpresnth dategss a cable breakypswaadabst general |y,

the cr - %ﬁﬁ f tdH - i ber, 19y e a 6x6
SW tché,)asig‘r?g:o&ei g 6%%% éﬂ@&\égrefeeadaﬁg%gﬁggg%%gEéﬁﬁg-ggxag%?engt h VDM
syst emidisvazer 24Wwshown iwlFIS Ve ,t hatwielets phetwstkidy famitprbGeecibn 56[ err]

does not need to be, .. switched gt any _rin ccess node 12 or at the
chbes s Wie Linkingds done Fo s Me) SP6ChE| GgothAB i osi ng
porti QRav1ddifth-seledtive AP IRAMA d MRtaHRMAKeE . PEBeshLeN-Syst em 22,
24 does 30 the only required protection switching. That is, the cross-

connedaw enatdy rdmasohed tegnativeokprampr of kPP orrnt iteutddiged), for
2o paesG S R Bl A hVGH-Yeg Eobed. | b7 (1 ure
acti vairsb| =S, desreddpac anbrieakt R0, cthesAbSneguipfdnt Hputekly as
Ill.é USternaatba.l.desi r?l:ifnﬁces rbezt’\/\%r4k t%i azgerr%rgt(g t@eGda%:%’ otrxrt]:% %Lgs g_rotection

fiber 56; so as to avoid the break 20. Only a single add line 80

and a single drop line 82 connected to the respective add/drop

ports are associated with the cross-connect 84 between the two

APS rings 52;, 523, so that the simplifiéation again incurs the
20 constraint of limiting simultaneous adding or dropping of the

same wavelength on both rings.

Viewed most generally, the cross-connect for this two-

fiber APS network should be a 6x6 switch, and eight 6x6 switches
25 are required for an 8-wavelength WDM system. However, we

observe that the protection fiber 56, 56, does not need to be

switched at any ring access node 12 or at the cross-connect 84

since it is acting simply to bridge the missing portion of the

working fiber and the automatic protection system 22, 24 does
30 the only required protection switching. That is, the cross-

connect 84 never switches to or from a protection fiber 564,
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5 connect 84 can be inplenented as one 3x3 switch 86 having inputs
fromthe two working fibers 54[err] 54[err] and fromthe add Iine 80

and having outputs to the two working fibers 54[err], 54[errl and to the
drop |i NeO882538he two protection fibers 56[err], 56[err] SEVA¥Ient | y

connected. around the 3x3 switch he con oIIe for 3x3, 10
Cross- ééhne@?l%Gc?EsﬁB?l?Flﬁ%t?%f%ﬁeg.even { §%£§?€ﬁg{% %t enti on

probl ega e Ebokhg AEdedi9Pto thel tﬂsgsa&oﬁhectnwbéa_:agsere;sStﬁ@nnect usi ng
3x3 swtches can be elimnated, as illustrated in the network di agram

of FlGac;ivasablw|Aﬁsalsek§mﬁéﬂa§¢nﬁlFﬁuebec¢69§5ceﬁﬁeeet8$4unaeaqﬁng a 4x4

301 10N 88 15900ecbedal 9t ¥R dehbORSqBOLELE] or SPEEI Ml gangnk v dLgD | Ines

82[err are connecte respective a d an rop ports.
Thé pr ecadeng 8d&bosin e tismplfementted alsneneelbcs eévfn;tl:rﬂalamgxa’a’ﬂng inpots

illustrated |[n 5. and re bot di regt] onal t he sense that
dat a n&FRE Ehe pFﬁBaB&F&%HPngég§F§eﬁ4éfr%% ?ﬂé:é FﬁﬁnﬁFQr&}q ¢ Rp

(al t hoygh h&viﬁ? dtidpat§hid aidIvE UYdrian@iEibers 9312 54, tarn’ﬁ‘%@ thed in
bot h directions The reverse-rotating ring is used only f

pr ot ecdrop. Linedd? eThertae pinggecsijony fibersapepi t2ox ara pgrmpneetﬂy but do
not f”"%g%%k%?hgr% b@ggwkgéhsthcPhgsthﬁh eE@RE%ol@Q#CQQkS HE”?%% o

det er mne e eIec ronics a hé fiod
adpacentosedesnhéctnas iusi not illdsteatiednal ring are interchanging |arge
amounts of data, in one direction the data needs to travel only a
smal | portion of 30 ring while in the second direction the data needs to

traverse Tha! hra&reeeebhﬁr cBadeathBnt Beobil BAsbRfiehetheaghanarbpe desired
- 29 - node. As a result, frequency reuse in the case of

uni di r dépesnat the inpprrring ?ﬁ?ﬁﬁt@lm%r yaing a3 iswditedes ican beal
capaci Tehm%atrecdl,ekghﬁm‘é&rg@gﬁ ihNe tead%xéﬁ%kﬁnﬁka&kgﬂsoft gLkl ng

fibers e rirng and provi Wo counter-propagating paths 5
| iuski ngizhy apsomeshatodésplilidtedebrossononhernhi 8 wockunddngi bedx4d
switch 88 connected to two add lines 80,, 80, and two drop lines

82y, 82,, which are connected to respective add and drop ports.

The preceding embodiments of interconnected self-healing
20 rings illustrated in FIGS. 5 and 9 are both unidirectional in
the sense that data normally propagates in a given direction
around the ring (although in the 1+1 architecture eguivalent
data is transmitted in both directions). The reverse-rotating
ring is_used only for protection. Unidirectional rings enjoy
25 architectural simplicity but do not fully utilize the bandwidth
of the network, which is usually determined by the bandwidth of
the electronics at the nodes. If two adjacent nodes 12 in a uni-
directional ring are interchanging large amounts of data, in
one direction the data needs to travel only a small portion of
30 ring while in the second direction the data needs to traverse

all the other nodes in the ring before reaching the desired
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I's chosen for a particular channel may depend on many factors, but ,
under one rule, the working fiber with the shortest path woul d be
sel ected. This control protocol would halve the maxi mum transni ssi on

di st ancﬁ uld allow effective 10 frequency reuse psoskes 1 f
ik Fep

nei ghbo es tend to exchange | arger anmounts of traffic than
separ Mt Nades. result, frequerdy Eeliselni ehdlddind IGH @@ i@8 reBlgbnganect ed
VDM net wor Kk of two four-fiber bidirectional APS self-healing rings

90[ er MPM gGngSr pregidesporlr/ maygd)al ingrenfredite FaRpla capgsd tyonfact 92.
Each rJ rrls Ll ls d re cilyeselo ' pr opagat i ng
morkiggQQOth%ﬁ %%%994%8rg?5332%5?§f5§n§§38?ésE@?t%9¥Eé§én?£$§ggockmase

pr opagdirndlg the rimgkiang pirbedidetkeor foufGeerpropAgabtingt pdthst h each

wor ki ng fiber 94f[err], 94[err] 96[err], 96Jerr] .is a_parall el but
Cunt ARG G Lbr OF RPRGR: FPC STIRAC LM S PHISH FOrIPEOBLERT]

100[ eryd .cHd¥dr 4ozt Al @Ar2daNBE ehBhAbECia9NdependS¥h! RARF 28sestated with
the nodes 12 of the two ri n%se 90[err], 90[err] sel ectively | oop

si gnalksitf.r amdere ogfe emd ewotkienyorkiags fobpesr wlith theggherkpstopathr],

96[ err. [ gt e .0 ' Lher [ r 100[err],
100[errc1'h%eﬂnesa %%gre%tb'regg'so%%%rgggﬁ' ngﬁﬁfzgﬁl ggg]é'fleggé‘g? ]I-'Hgt s, 25

i ne snvixdicdurgramsndedion ddataacker eal avulddallbai kfifectie

cross-connect 92 includes t, add fibers, 102[err],. 102[err] and two dro
QS Sy 2o opRsd ALIY: ad,BeLPOEOTABPIPBHeso EEBdL boas to "

enabl %:Ed?ﬁﬂ%é)& Qoude st O£ RdaRenderbhy adpazdeed BBdes. fromthe two
rings 90[err], 90[err]- 30 As illustrated, the B-SHR/ 4
cross-connect 92 for VWM - 30 -
needs a wav Ratd- tis i.t.C I |l ete
functional i teifcan 'bggng'%ntlalg#%gﬁgetﬁhwghcEggg?\ggﬁggfghn%gz?eggg?ﬁus_t rat ed
in Fl @f 30 ifurmilibernbédivethional3kBsS sel fvhéahisg 108ngd 098], .80k

i1 t chj ng..Qn rking fiber 94[eryr 94[err] 5 96[err 96[err] .in each of
DI TR, hcersPlonertad ki B REobRsCoaREcE 92+ BaghFARG, 11 ber
102[er9"d1§5 b?%[ Qh&lué@é[&rfés%é@ﬂi@ér&:loémisélspi-@éagaeizﬁ’&orkin nmbodi ment

of FIG, e protection fibers 98[err], 98[err], 100[err], 100[err]
fiber 94,;, 94, and a respective counter-clockwise propagating

working fiber 96,, 96,. Associated with each working fiber 94,,
94;., 96;, 96; is a parallel but counter-propagating protection

20 fiber 98;, 98,, 100, 100,. Unillustrated automatic protection
switches associated with the nodes 12 of the two rings 90,, 90,
selectively loop signals from one of the working fibers 941,
963, 961, 96, to its associated protection fiber 98;, 985, 1004,
100, when a fiber break or nodal failure is detected. That is,

25 line switching is used to heal a break or nodal failure. The
cross-connect 92 includes two add fibers 102,, 102, and two drop
fibers 104;, 104, connected to respective add/drop ports so as
to enable the cross-connect 92 to independently add and drop
from the two rings 90,, 90,.

30
As illustrated, the B-SHR/4 cross-connect 92 for WDM

- 30 -



are not directly switched through the cross-connect 92 and therefore

bypass the 3x3 switches 106, 108. Although as 10 illustrated the first
3x3 switch 106 inter-switches the counter-cl ockwi se propagating fibers
96[ err ] websH/2ssés| and t he second 3x3 switch 106 i nt erPGIUISYIRALSSt he

cl ockwi se._propagating fibers 98Lerr 982, cl.ockwi se and

countePFEP%cRng eéF§H§P§SFEeFﬁEVFM%OF%HQ§WltCh‘cgﬁwfﬁgf'a§9@8§FIy be
i nt er- gwinbabed fARctibhklstiatad B8 matABhigbHecl FSERAr at8k¥-66AhEEES the
switching states of the two 3x3 switches 106, 108 The

si npl | BRed asnidrustEgtefods- EdfnedB  ofisFimplemented wikhekwot 383 const rai nts
over the. ak Ak0Xl QasW . . _Fl 1 L gpa ayel i on one
morkin%%Fgggggi%O#Helg?Kg%ggﬂ g&%%galggnggf 8rggg§cF?$é?yyghﬁP%%€d to one
or 5t he 964 he969fin lemch of whektwg fihgs O®f Bbe a¢ hesll iam onEhgajer sEnent

fiber connections terppe | ch .t fibers can be |nter-swtched.
This cGREYFECR: *d §§Sn&ggﬂfn£b zri§41nuﬁq aﬂ@Fﬁ 8f %ﬁg EP§s8FSo5  connect
but i MambRAikleal bEersecond NvElrsruotich WEikes@d,hess,, 16010r e, path

to the desired destination node. This may be a m nor concern for a
smal | aFsbactofirgcslyoseschadr thyoughnghg crossrgegeeatnBarand rings

i nterc i lai.n _d A r e | architecture that
providggggggﬁgﬁtgg?aggth3e38§§ %ﬁ%ﬁ%g%?y}ogéc%bgksﬁé&kpgﬁhléé, 108 can drop
(a0 addllasityated the firgoaBxat swigchehOdainkengbWwitblhesethiehe channel

assi gnnen

pr ot oc EPutH15§F ~§49GHY iR PTPRBIZRERA F LoFFs (Hha s gﬁéﬁé‘%eq%gﬁef?w 3%3  pe

dr oppe@waltchhe06r 2f8e€0BREEENAE Crhle f €Lé v fo HAIRIRM it Fibers W, Ches
106, 108. 5 The correspondi ng non-conflicting architecture is

shown 982. Fhofkwiget aBAkcanrageancirrkwisat satgnals & dhe e ohingat
sinplifjedsClrQss-.C Y u AX4 SWi b ' 108
havingc?%éjgfgv?gu%?%gggé%%i6ggg%o%ﬁ§§%ﬁgﬁé ?8 ph%i?ﬁ%g%gﬁed 90[err],
9Qf%er r kontrbiid emuskeparatedgdtdnapollsnehei swiltohlind statbat ofit the two

3x3 switches 106, 108.

The simplified inter—ring cross-connect of FIG. 13

suffers two constraints over the general 10x10 switch of

20 FIG. 12. Signals traveling on one working fiber in the first
ring cannot be selectively switched to one or the other of the
working fibers of the other ring. The permanent fiber
connections determine which two fibers can be inter-switched.
This constraint does not limit the functionality of the cross-

25 connect but implies that the second node cannot always use the
shortest path to the desired destination node. This may be a
minor concern for a small number of interconnected rings, and a
large number of rings interconnected in a chain does not favor
the 4-fiber architecture that provides a shortest path.

30 Similarly, each 3x3 switch 106, 108 can drop (or add) only one

signal at a given wavelength. Hence, the channel assignment
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10 its add/drop ports the 4x4 switch 106" receives two add |ines
102[err], 102[err] and transmts to two drop lines 104[err], 104[err], and
the other 4x4 switch 108 receives two add |ines 102[err], 102[err]

and transmt o two drop lines 104[err], 104[err]. Ther |
ring 90[)‘?&”%8]'2%3 O[err] can add or drop signals at the int gﬁﬁsﬁgﬁ%gée 92' 15
Wi { NOULrGPOEST i ddlin@ REAL! L0 channels of the’SahblWstipladuindl G 15

a bidifectional path-protecte self-healing ring can alternatively be
i npl enbat ddopbed ah| Yhe crogswednnrget @ SHYTHRY tEatif fenept]l B&Berr ],

110[err] .LD d 20 respectively fibers 112[err], 112[err] propagating
I n thes%f%8§§#sgés' 10%Il'rection and parallel fibers 112[err], 112[err]
propagating in the counter-cl ockwi se direction. The two rings 1101,
11Q2 are i nterconnected b cross-connect 114, which al so connects to

twe add fibeFae199FEFFPONGRY 91?‘ Tir iR pashides e disr phoMma2. Not e
25  that chBenaelvek keifdrdh G 1@k kb, 1 lEToua t opUpi il ¥

simlar, provide different functionality. The forner is
uni di r 8émpdafiiedt arosatreernedt 32 ecinwindes |hva Hecbistiitediesone ',

enmbodi t , | . i ' 12l err. . 112[err] . .112[err],
112[er?§§arg£‘6§lﬁ§; Eége%g %EIW ngagﬁcir %%ésﬁ%r@e{%gfsc;tro[r 3:]’(% 4786 under
nor mal 90pNd¥ 84 .ons  Thendiiniberdaifa add/debpnainek| ¥s double@l s6atrgt oatt he.
cggnt er.pr oggggti ng fiber. However, each . .

“1g5" Tieb’ aBdP8rop portcing dirh HISH o arEFv eIt ade diness

capaci ty20r,,| €83, , and@rhiahibal £owd ey 108, Nel d o4 I eshid/e-
Cbnventioga ly, %H%agathrprotéctio% aﬁfg?ﬁgﬁggﬁekﬁﬁgal qﬁ?@ﬁ%tgﬁ%ﬁre has

been atBenprhenedxbyswiteri P capratived two adSANERs i10@e-py bRyl |y
45100 Sy clibingfa' 05, SR AP St 3 VRHERLSS, pEchle, VT
recei veing 2900V é0,ac&ONEdd rom@@rop sibh@lisnakuthegintett £indg gy &3 ng
ahd 1 oeEFhRkEISenarte kot e |CEReR ARE 12 wnich are al o capabl e of
a re ich are al so capable o
receiving and transmtting in -
As illustrated in FIG. 15, a bidirectional path-protected
self-healing ring can alternatively be implemented with only
two fibers (B-SHR/2-PP}. Each ring 110;, 110, includes
20 respectively fibers 112,,, 112,, propagating in the clockwise
direction and parallel fibers 112,g5, 112,5 propagating in the
counter-clockwise direction. The two rings 110,, 110, are
interconnected by a cross-connect 114, which also connects to
two add fibers 102,, 102, and two drop fibers 104,, 104,. Note
25 that the networks of FIGS. 9 and 15, although topologically
similar, provide different functionality. The former is
unidirectional; the latter, bidirectional. In the bidirectional
embodiment of FIG. 15, all the ring fibers 112;,, 1125, 112,,,
112;5 are considered as working fibers since they carry data
30 under normal conditions, and the data is not normally

replicated on the counter-propagating fiber. However, each
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the reverse direction. In nornmal operation, the transmtter 12T
transmts a first SONET frame DATAl, shown in FIG 17 onto the

cl ockwi se fiber 112A and a second SONET frane DATA2 onto the 15
count er Wi 8Ri836se fiber 112[err]. However, as ill ustrat edPCHUBIEISS

fram ng structures of, FIG 17, [n nornal operation,.the . trapsmtter
or T o RiBERI'5S HiFntiLy AP asaed Bl PN EAREPE 115 CaBacify,bF ahsee

al terngbi BHati AB18! O£ Sifs eoRbci SPNES WoEd hpadrssotve . are not
illustrated in FIG 17. In the event of a fiber break 20 20[err], or
20[err] or of intervening node failure, the receiver 12R detects which

fiber 112A, j -5& i,ve h i : gg&é i, S cerned and
notifies t heéélr%gﬁfsl?r%'t t%%ili?Tt%% éﬂ?cﬂéxééécﬁ%%éﬁﬁZA, ??%% tt:ltrf:ggnsm tting
fré6m t hechiseshiutréechad 2fe¢n abeomplished doyered@®Rintecdpatiey mcurred,

that i ether it is 25.. failure 20[err]_or er .course, a double
failur gOEgFeﬁTg%rﬁy 205 MRAd g s 109 Pé‘g{’:?%ifh%f %éﬂmT%W??Bﬁt he
recei vgg i2Rusthgted in ttahHEtWork W hgriafh oESPRRSE16Q detLanbmifgenhi ch
fiber has failed, conbines the data fromthe two SONET franmes.into a

si ngl elPr EAnSmils [SONET Siopaley the EREE)VeFoLlSrECHAY B0SONET aREPEts t he
conbi n fe 1 Vi ' :

“0ga ti0! SARTuRING AN Ey B ph OB BHE DOl 112, I Plazp Tk te

cdpaci updezetbed that Mthe tharsmti tteac d@gpandheecenvehel 2ypaziecpgirh dbnai n.
For Xa e, Aas illustrated ipn.the_network, diagramof FI.G .18 for an
b vy cPERBE ML S A S L ReCRPaRLR F eobv i1iE Fid JransmiSring: 8on y
hal f t hpeV\EM 8RY8| &1BEESi ol OITIEXAENL. divdtion, theORiankha tietst2fi ber
112A while it transmts the other four wavel engths [err] . onto the

ot her £¥pEFMitspa FoHEVFONER frame DATALe shownfin| BEG- 2b] cPREOt Hae

receiv sdet e¢ t fallure i 1\?291? | | vel ength
and no??'?%%gltgﬁeftg%gﬁs%f%‘fg#lailf %%CID%? %c%e gﬁsédirl%r% %%a%%&;l,nt%i chis

i dént i Epedtertblobkwise fdberehy2h. Howewsporse,ilhestratrediin echd2T begi ns
transnk%ghgggagtrécgg¥ggﬂgglEE@Fhf?!eiﬁ]ngg%éhtggéggéyég!nghe

transmitter 12, uses only half of the SONET data time slots 113,

leaving alternating time slots E empty. SONET overhead slots
are not illustrated in FIG. 17. In the event of a fiber break

20 2043 or 20, or of intervening node failure, the receiver 12;
detects which fiber 112,, 1125 is inactive as far as its
reception is concerned and notifies the transmitter 124 on which
fiber 112,, 112y transmitting from the transmitter 124 to the
receiver 12z the failure occurred, that is, whether it is

25  failure 20y or 20;. Of course, a double failure 20, and 20; would
isolate the transmitter 12, from the receiver 12;. The
transmitter 124, in response to determining which fiber has
failed, combines the data from the two SONET frames into a
single frame DATAl+DATA2 by using the empty slots E and

30 transmits the combined frame DATA1+DATA2 onto the surviving
fiber.
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fiber 112A that can be used for the Iink. This transfer can be
acconplished in the optical domain w thout the necessity of 15

dermultiplexing to the electrical domain, as would be required to
exchang@, lokABse8! Ots Wi thin the SONET frane. pdhvesepiRsss aint i s
| nposed that vvavel engt hs passing from the failed ring to another ring

nmay be pl aca{bma-f|1hemmnn&(&wowﬂt|schhehegda'celuntJ.nnoa:amdd:}ytyasﬁrgmﬁd, and

t he receive (o]0 [ nmust _be n t| ied of this
reponf‘P@’Eﬁ +5$°t1§Mt%°<E‘m S sf?%ﬂﬁ eleng "2 Per FQ¥r eason to
SW t Chegambialad &qmu%crateacmcma &pew&aamug&@nt blEEFION DOEESH G tO A
count er-cl ockw se propagating fiber on another ring since they are

carryi &gﬂwle@@heﬁ@“(ﬂewaf r dite VRAnEHRuer 13y 86EM3d 1Yt he distinction
dogs n@,g?,% rﬁ(}g }Ejéiiecéﬂé)%ﬂ v&aq;e%}én%{: : rescﬂ%’%éé?ﬁ: tehe set 3, Of

wavel efg Mo fa’f i on of
i nter cdsmmet;he hé:.mt)sﬁlbéiﬂ 112;nm§n1‘1e114: mnbmlrtedmhedothem 8oGx6 switch

114 03t B Q3G ». . A3PRALS bl BUREL Crud8y 918, PAu e LSS 116,

in Fl Gad® ofne fxBlemé tzd, kie Ir%d@.qw@&cthg{ HatbBes the FuR1GFOCKNI SE
propagating fibers 112[err], 112[err]carrying the four wavel engt hs

[ err] abragpsmigsion at mgrw@p wayedesgthi apdsnotifiegphe qranspiltéiey] | whil e

fe t oyR ockw se
propag{?"? ng %@Mr sari?i é %'0% cg'rh%'%h t]_% léentth'\éﬂgt&her Eoﬁ%gwavel engt hs
[err] wé'*bm‘sexsgtfrpl i I mespnnshea,s e transmchm blegtinishe 3x3 switches
118 in nor mal rati nee tch,on four wavel engt hs i nst ead
of ei grtenpphEbARe i4fL " Wil siavg g ’iq'tﬁécleacﬁm QuFREHSUREVIAE needs to
be abl eibér 1012, Mdtchea] beegiia \@teltqmtm;w f rﬂﬁ% cra@kfern@anoge (cCross-
connect) 114 |s to dependabl y access all t wavel engt hs. The

si npl i dreepbisheddir cshe HPtitad 4@!&%%3&% theo nECRFAIEYOPE

15 demultiplexing to the electrical domain, as would be required

to exchange time slots within the SONET frame.

The constraint is imposed that wavelengths passing from
the failed ring to another ring may be placed on a fiber to
20 which they are not normally assigned, and the receivers in the
-second ring must be notified of this reconfiguration. With éhis
constraint, there is never a reason to switch a signal from a
clockwise propagating fiber on one ring to a counte:—clockwise
propagating fiber on another ring since they are carrying
25 signals of different wavelengths. Of course, the distinction
does not involwve the direction of rotation but involves the set

of wavelengths being carried.
As a result of the limitation of interchange, the cross-

30 connect 114 can be reduced from a 6x6 switch 114 most broadly.

apparent from FIG. 15 to a pair of 3x3 switches 116, 118
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t he sane wavel ength cannot be added or dropped at the cross- connect
114. 15 An unillustrated controller, simlar to the controller
72 of FIG 7, controls the switching states of the two 3x3 sw tches
116, 118wolosi2s86¥\DM net wor k, the two 3x3 switches 116, 118PCW/Es97/23155
controlled to the sane switching state insofar as a signal at a 20 given
VDM wavidll lengidavdd Hinn FrQgi uen omgssaoami:a:azns $@l tokected tSigRd arly by
either switch 116, 118 re%ardless of which s it transits. In

nor mal O CHATWLSE, BEOPRIBESRE SiPeRs H@lﬂy 1122&1?6?"8%9f$%rf9112[err]

112[errdaxfé1t&r%?cﬂsab{l thﬁﬁVwﬁéﬂI‘%é € LWBuir of %e&%uhal PC'%#&% and the

ot her fi ber 2l err 112[err] routes the 25 ot her
si gnal sLaZ .t A94qt WBi18xBhevpther 1383 $witch 118 rigs dannentled ital fthef t he

matchi contrqller .signals are an t e 3x3 swifch 116,
e e St IAR Yrppgar RO RibRER AT, SO KR e
carri ectipn cifed iforir watrelengthst Rf. OIig ofrmtsesamalsﬁubah%nlﬁ@s did, and

all the required 30 switch state_contral gnal s are already avail abl e at
t hat 3)@fivantage; thal, theg 3x§1gw1tches 11lse, 11 in normal operation - 35

- need switch onlA® ffon'fr wg%eqfeha&hgnhﬂgtaaat Sf &egﬁenéig&%qw .

inter-ring node 114 can renoved, as illustrat Int
di agr amasfe E:iﬁafazﬂ,uztg/ %chr 333- soritebt 1164’ 118 needsuth rfgetabld,xtéb swi tches

118 g.t revi des i ed.connections the two rings

]1381 er r"> r?I'r ‘i\é)éﬁaé’ qﬁé\#ﬁ& égd | oﬁﬁ?’eﬁdﬁ?’ﬂ?oﬁo?? n&%m%i)em fically,

t he dd:ﬁféctﬁbXAmeﬂsc holaépeﬁe@myasc@ewlamofel@m watesehgeher rthd 02[ err]
andtran,smts on a pair of drop lines 104 err 104[err]. Simlarly,

t he sec%ﬁt!’%%’t%%f@uc?écép%’és‘éal restyaintthady twongignadpeef |
102[ er rgnAnthrd W}Hlte%g@?x 2kt 8k deged beearasééaral thd 04 &ssl . If

the ports connected to el ght add/drop I'itnes can acconmpdate all the WM
wavel erprinectnaid .engt h cont ention at the inter-ring node 114" is renoved,
the 10 self-healing algorithmis sinplified. The

corfponent count for cross-connects (XC) and swtches (Sw) is given in
TABLE 1 for taeusiiflfleserateal toheablDgr| i sppiladhito ttalkl eohtrbased 92 a

si ngl e pai_r_ of add/drop lines _in the cross-connects _resulting in the
use of %€<§I§"w tfeheentygls the switching states of the two 3x3 sw:.tcge
116, 118. In a WDM network, the two 3x3 switches 116, 118 are
controlled to the same switching state insofar as a signal at a
20 given WDM wavelength within a given ring 110;, 110, is switched
similarly by either switch 116, 118 regardless of which switch
it transits. In normal operation, in each B-SHR/2 ring 1104,
110, one fiber 112;,, 112, routes half the WDM signals to one
3x3 switch 116, and the other fiber 112,35, 112,53 routes the
25 other half of the WDM signals to the other 3x3 switch 118. As a
result, only half of the matching controller signals are
significant at each 3x3 switch 116, 118. However, in case of a
failure, all WDM wavelength signals are carried on one fiber and
enter one of the 3x3 switches 116, 118, and all the required
30 switch state control signals are already available at that 3x3

switch 116, 118.
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Ri ng U U B B

SHR2 SHRI2 SHR2  SHRI4 Swi t ch APS
PP PP APS 6X6 XC 1 11
: 10x10 XC -1 1x6 &2W
1
10w WO 98253Gs 1x10Sw : >peyussrns :
20W

1x3 Sw . As féw)i:%e Othfé‘V\FmbodlmeTEW conteﬁﬁwn at tl'?e 1nter~2x228W

4W ring 8ﬁ/?!fde 114 cdiVbe removedW as illustratedMux/ Q@éﬂﬁetwork 2
4 4 2x2 mXSw 8
8 d:.agzgam of FIG. 20, by a cross-connect 114’ lncludmLtgnq 4x4

36 16' [y ot to be
et YHRhes s, 118 BB ARG, (LAORRI0NIREL 10K chBadSEHIRY
swi $ch,t&vhe stm:smmm t1d0pot 1@, but alllse hevdngf adéntlameltmm:fdmr ent

I h d I d
ol 1 Bty CRe S Tl Ve TROITAE, Bhnart o Rab e LrBRre bRt o Bett

(nlerr]SMads 145=6M024 0, , baoa?
wavel engths. In the case in ich the rrultl-vvavelen?Mg swtch is of the

nechani %141-31'aépﬁa{zedsﬂ-y‘ﬂéaﬁélfngt’a?f?r%?%ﬁ FEHChA L8l chEFRLYRT A s,
mul ti plgg.(f]g r 1 4x4
swi t ches ar ZOfI rﬁs(%deg' use gr everit rgdwave ggﬁgt hogo%t 1e)énltli“:onfaélit e

i nter - rlimesotidd, hhelPdsts. céﬁnthenppgasesosngntédcmltayl eigghits aidinn i n

EOl | OWELC" op Bl:.néréa‘ Bé‘aEn 2accommodate all the WDM wavegengths'L,J wavelengtlfn
contention at the inter-ring node 114’ is removed, and the self-
healing algorithm is simplified.

15 The component count for cross-connects XC and switches Sw
is given in TABLE 1 for the different self-healing rings. This
table is based on a single pair of add/drop lines in the cross-
connects resulting in the use of 3x3 switches.

20 Ring §) U B B

SHR/2 SHR/2 SHR/2 SHR/4

Switeh\ APS PP PP . APS
6x6 Xcﬁ lt 1 - 1 -
10x10 XC - - - 1

25 1x6 Sw 2w 12w 12w -

1x10 Sw - - - 20w
3x3 XC 1 2 2 2
1x3 sw 6W 12w 12w 12w
2x2 Sw aw 8w 8w 8w
30 ux/Demux 2 4 4 4
2x2 mASw 4 8 8 8
This Sheet Has Been TABLE 1

LT —

L dn@ icndapandenshya pailx bt Beogi {{iwaent VWM
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REPLACED



SHR/ 2 SHR/ 2 SHR/ 2 SHR/ 4 Swi tch APS

PP PP APS 6x6 XC 1 1

10x10 XC - 1 | X6 Sw
12w WO 982¥365 12w 1x10SW PET/US97/23155 -

- 20W 4x4 XC 1 2 2

2 In tl:?ﬁ.‘!s SWble, a croS¥Vconnect 1GW, is assU@H to be AWM

2X2 Sw 16W 16W 16W Mux/ Demux
4 to irgiependent]gr switch allgw WDM wavelengthgpnwhile a simpleg

10 CE?\‘)E]\T'I&g S is afbumet to not be able to differehtiar_%?the TABLE 2

REPLA
For examtﬁﬁgrennlwavdﬂungﬂhsurF%rZssmhIshmsleeqwmtenesoaddltlommlenent a 3x3

en e n bIock ei ght 2x2 hes are re red to
o e eSS el e Sl 2R requipR | BORREET A SHILES |
mJI ti p'w:-ﬁﬁlailéhddlﬁ swﬂzﬂf mAsef isSass\iRbliveyebengbhe tb iheesuvhdemesy are not

mul ti -wavel engt h. course, the additional_ add/drop lines require
their ¢itch the aﬂfﬂsﬁwﬁﬁthafcs VR weyedepgths . In the case ¥pewhiehitheture of

t | 1 d t h
in ercaﬂ%_ng xééhfrééiﬁ’xﬁgrsgvgt‘dﬁgis' £l€ne RAELAANiERP$GUaUPQREE £HSTI NG MES

net wor
using different physical wavelength levels, multiplexers and

10 demultiplexers are required.

If 4x4 switches are instead used to prevent the
wavelength contention at the inter-ring node, the part count

increases significantly, as is shown in following TABLE 2.

15
Ring U U B B
SHR/2 - SHR/2 SHR/2 SHR/4
2 Switch APS 94 _ PP _ APS
6x6 XC 1 1 .1 -
10x10 XC - - - 1
1x6 Ssw 12w 12w 12w -
1x10 Sw - - - 20w
25 4X4 XC 1 2 2 2
1x4 Sw 8w lew " 16w 16W
2x2 Sw sw lew lew 16w
Mux/Demux 4 8 8 8
2x2 mASw 8 16 16 16
30
TABLE 2
ced
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“hubs at exi sti ng maj or central offices having fiber trunk |ines

extending in a nunber of directions. As a result, nore than two rings
may pass through the hub, and it nay be advantageous to use a single
cross-connect to switch between the three or nore 15 "9SS case of
three pWOP8EFPect ed, unidirectional self- heal i ng r| ngs %%HR/ PP)
wll be dev this case, wil |

e e I| ed to such rings.
The U SHR/ PP{"g c?ﬁ‘?‘%?ﬁ 7%? esshe‘-’lsn aq?urs |2§%alsg]?&§§% b%? 2 dad v 5 ° wor ki ng
fiber aiﬂﬁlaménateczxmnwid@@engélmaemaq@&n@pswmdhtOe:.ght 2%k SHR/ PP ring
I nterconnects are easi|l extended to other t ri ngs
As shofNiFgh PFGPrilre%PgF ébﬁx¥2@1§§‘sePﬁFePBBnnects three

11 RS it e g o i £

pr &t ecWDMnW&VbbenQQB{S etf|the 2pptelies gy @ot] mumtsowanméesetbctﬁ)f/e

connect.iQns ext h_ineludin
respecflvgsgrop égl %@TQ{ §&é5§%ﬁglfﬁn degﬁﬁggpgg gge a d fiber 30
130[ertkan§ﬁQEEérk amblﬁécébgetﬁer provi de an access node at the cross-
connect 120. Two pairs of drop/adds are required since, in path-

- 38 - protected architectures, both the working and
protection f‘rﬁerarcmeeeéupéo&éaﬁ@&r&mééeéﬁ rs"x‘xt:%fivabﬁ% ¢hAgs- gennect 120
requires an 8x8 wavel engt h-sel ective switch. For unidirectional path-

paot ecpédenu hyposeficuppnsan c@nneexng_zmesiametteromm@Impeda gewslarge

i  ohieS pk "ok kit pd on Berititg Wes 1088, i nd andl b 1ipop
124[ er ékteﬁaihgr ih, alﬂﬁﬁmﬁ lofasliveldt iaast 0A8 &irésulni madfe atdhdeap

fibers 128[err 130[ e whi |l e the second 4x4 switch 134 is connected
to bot K1BEEs™8 HPFstH‘E ugR R (YR 13 AL TR & pAVERSPEPPES §96[err] as

use a single cross-connect to switch between the three or more
15 rings. The case of three path-protected, unidirectional self-
healing rings (U-SHR/PP) will be developed, and this case will

be generalized to K such rings.

~ The U-SHR/PP architecture impresses all signals upon both
20 a working fiber and a protection fiber. The concepts applied to
U-~SHR/PP ring interconnects are easily extended to other types

of rings.

As shown in FIG. 21, a single cross-connect 120
25 interconnects three rings 122;, 122;, 1223, each including a
respective working fiber 124,, 124,, 1243 and a respective
protection fiber 126,, 1265, 1263. Also, the selective
connections extend to two drop/add clusters, each including a
respective drop fiber 128;, 128, and a respective add fiber
30 130,, 130,, which together provide an access node at the cross-

connect 120. Two pairs of drop/adds are required since, in path-
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for convenience the second ring 1222 is illustrated as being
substantially included inside the third ring 1223, the rings

usual | ywe9885365d to extend over different geogr aphi cal aF g'glysmnnss In any
case, the toEoIo of the rlngs I's nat direct r%ievant 15 tQ the
inventPEﬁ"—e‘a’ 8 tﬁé? HEGCERFES: t PR TR cb‘?‘ﬂ‘%é/fn Protsshiogy fiber

£ed a@aﬁ/aaasseka hfhé@ﬁa&é&er&%‘%ﬂiddrﬁféct 120neliRilkegf FIG
2 d|f ers fromthat of FIG 7 in that the 4x4 20 swi tches 132, 134 for

i nt er cann8x8i wgvehengthiragtecepyacewiten. For19&&4%Mﬁ9ﬁ¥993609a52-for _
| nt erCBQQEL%E{i%EC%ggE' N8Re cross-connect FH cgét.r?ﬁ?]é) edou U- SHR PP

rings, connect 1S require HowsverSoe
si gpli filedstpated LuSFPE. 2Z3witchne 4kwd gedeches 132, |IB¢wcmnaeﬁksmg K V\DM

U- SHR/ PP ri ngs, 2K+2 S nne t |s re ui red, However, as
1 T ust ARReBRERCR) 532,85 FARGEERATHRD oot F1aR a hrée wRrkiRGKH1) |

swi t chesnd4Q, 1342, 1 148 CO.L CTa'sng:elilr th%o shelrst ﬁéif‘géf CQ&HP}& g9
respective pairs 144[ et’ 44l err], ... of wor prot ection

f|bersflEBQSfiaai.shﬁ@ghmm4© ﬁ@ecﬁﬁneuﬂeéxﬂoSWhéCh 134KJ$@¢¢nn@F¢$ters and

EOSéh? o' b3tnPEhhs” Oflggédéﬁ)lﬁ%g ;ﬁxgétz%%’%iﬁ 4t {l S5F 14517 5228t %43 the K
p%g} eCWiamm as tofa lﬁﬁcﬁ:rﬁfh@bah.& blﬁeadélzd::ﬁdp p?hieﬁ 132(&3/ ,dLBO, J;IJ!Uﬂ'n'B:lub?g[ err],
130[ err he sane_geperaljzed, pr ure can be applied to a
cross- £o5 ESHH@BPEBGFMEEﬁ ABFent hEH Y Wbl 42 ﬁﬁglﬁ;H a&@%f?@upﬁﬂggns ot her
than UsgHRLBRtihN17ABREl Saéd G s thize thipg Al rMﬁ?ﬁr tAk rings are

usually expected to extend over different geographical areas.

10 well as to a second pair of add/drop fibers 1282, 1302. Although \\

In any case, the topology of the rings is not directly relevant
15 to the invention, and they may exhibit nearly arbitrary
topology.

It is seen that the self-healing interconnected ring
network of FIG. 22 differs from that of FIG. 7 in that the 4x4
20 switches 132, 134 for interconnecting three rings replace the

3x3 switches 60, 62 for interconnecting two rings.

For interconnecting four U-SHR/PP rings, a 10x10 cross-

connect is required. This can however be simplified to two 5x5
25 switches. In general, for interconnecting X WDM U-SHR/PP. rings,

a (2K+2)x(2K+2) cross-connect is required. However, as

illustrated in FIG. 23, this can be simplified to two

(K+1)x (K+1) switches 140, 142 interconnecting K rings, the

rings comprising respective pairs 144,, 144,,... 144x of working
30 and protection fibers. The first switch 140 is connected to the

K working fibers and to the first pair of add/drop fibers 1283;,
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cross-connects needed for the four network enbodi nents di scussed

above in detail. U U B

B 10 Ri ng SHR/ 2 SHR/ 2 SHR/ 2 SHR/ 4

Type APS pp PP APS Ri ng
one 3x3 WOBI5HH, 343 fwo 3x3 two 3x3 TREHPE155 ) e axa
two 4x4

. 1304, ?%%Dthélexiecond %%téﬁ4142 is con@er&(eéir:?xt(:ﬁﬁ lér(RI)IE'-%I%)t}ER+1) one
(K+1) x( tbers( Knk) ¥6Kthy second pair of add/drop fibers 128,, IABLE 3 20
The hi gher-order cross-connects shown in FIGS. 21-24 and the parts
count given in TABLE 3 are exposed to wavel ength bl ocking for signals
originating o ek, patl : ' i 0 ucity
of add/drop | ?ﬁ%sgg}'}lﬁl ééggﬁ?iéﬁ%?&;nﬁ%@édu%%nc%% %é]e%oﬂ\%g%g%?n%r ecggigﬁg t he
si z& of conmesti behweedt3Rord FharPEwo r4@gsinaving peowf teuratsi o other and

one drop.lineg f ch_of the interconnected rings.. For
intercoﬁﬁ@@t%ﬁ&ﬁﬁﬁﬁgé FFnB@?FEn% are gh%wnt > %ﬁ?#gﬁ%gggFéofequired to
renove icheshl-eckinegts needed fbrathy, féor nedwsBorsesidingnts i ngs one or
two 2Kx2K sw tches are required. Wiether one or two switches are
requi r edlisgyssedepbrye dBofletddltype of self-healing architecture, as
summari zed in TARIE 3 _ 40 -

Ri U U B . B

10 09 SHR/2 SHR/2 SHR/2 SHR/4
Type APS PP PP APS

Dual-
Ring

one 3x3 two 3x3 two 3x3 two 3x3

Triple-

s |i one 4x4 two 4x4 two 4x4 two 4x4
Ring

15
K-Ring one two two two
(K+1)x(K+1) | (K+1)x(K+1) | (K+1)x(K+1) | (K+1)x(K+1)

TABLE 3
20 The higher-order cross-connects shown in FIGS. 21-24 and
the parts count given in TABLE 3 are exposed to wavelength
blocking for signals originating or terminating at the inter-
ring node due to a paucity of add/drop lines. This contention
can be removed by increasing the size of the switches 132, 134,
25 140, 142 to provide one add line and one drop line for each of
the interconnected rings. For interconnecting three rings, one
or two 6x6 switches are required to remove the blocking.
Similarly, for interconnecting X rings one or two 2Kx2K
switches are required. Whether one or two switches are required
30 depends upon the type of self-healing architecture, as

summarized in TABLE 3.
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The cross-connects between two sel f-healing WDM rings, as pr esent ed
above, can be sinplified to 3x3 nulti-wavel ength optical swtches if
sonme wavel ength bl ocking at the inter-ring node is tolerated. One 3x3

opti cal pybdifsaesan be inplenented 5 with three 1x3 swi t clresanngiihs ee 3xl
switches, for a total of six switches; but, this nunber is considered

eXCesSi Ve,  rhe %%Aﬁhé&{s PetHRenSeus| ééYE—HéélﬂEb WDM rings, as” MOre
fundamental structure is a Ix2 optical swtch 10 which can swi t ch®an i nput

to on@msemm@mmedeqmndmtsmfled toppidedl mplEinwavieleegrhi nt er acti on.
Thi s str for X witch, and four
of the@R léﬂ eeés clann%%] ép ec;elo gﬁ%ﬁ%gng E?Z%gv%m % nﬁerd: ﬁ%

t echnohede ebs smméu:assedic(nrsé (Bxaotdpmlcdlurmete:hf idanebe dmglémentiequi d
cr stal , swi tches readi I%/ forma 2x2 switch, suych_as switch 150

ustWhER dthrres) %3 spitches randidhnns 3y sMitckes. fogae BeEAlerbl aj ned
i th 68 ERCEC s FIffhe 3. S M dudae? SRl der RRB08RYE, a1 | OW coSt, s

easi |y inplenented, and is nore readi |y avail able. The
2x2 svespecisbly afoxhaveerstrsargitive dasigmo opti cal i nputs 152, 154
and two optical outputs 156, 158. The swi tch has two states. In the
bar state, the upper optical input 152 is connected to the upper

optical out patmdbé, fwidaridrecd Dviirapiumalis?a 1xneptitsd swiceenAnected to
the | ower optical putput 158. In the cross state, the connections are

reQer SERACR FMR: SYHeCR R ANPUL tahiqney of rﬁﬂ?t opgPUts depRREEREUPBTt he | ower
Ot | Cafy 9L By Lonon-1 108k LI LY P! ngls gtReck3d Eanconnect ed to the

upper optical output 156. In a well designed switch, the cross talk 30
bet weesomet imes doe htnver ted sto efqrms el 2x1 mtaﬂuam@géoufr af these

f*“'4t1' “YQVELROG LS WALD B8 A48 S NS 1190 bnkpe
technologies, such as acousto-optical tunable filters and

15 liquid crystal switches readily form a 2x2 switch, such as
switch 150 illustrated in FIG. 24, as a fundamental block, as
has been explained with reference to FIG. 3. Such a 2x2 switch
can be made at low cost, is easily implemented, and is more
readily available.

20 |

The 2x2 switch 150, as shown in FIG. 24, has two optical

inputs 152, 154 and two optical outputs 156, 158. The switch has
two states. In the bar state, the upper optical input 152 is
connected to the upper optical output 156, and the lower optical

25 input 154 is connected to the lower optical output 158. In the
cross state, the connections are reversed so that the upper
optical input 152 is connected to the lower optical output 158
and the lower opticallinput 154 is connected to the upper
optical output 156. In a well designed switch, the cross talk

30 between selected channels is very small. The advantage of a

multi-wavelength switch is that the switching is done in the
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optical domain, and the swtch can I ndependent |y and si mul t aneously

switch the optical channels of different wavel engt h. 5

Hi gher-order optical switches are often inplenented as mul ti pl e stages
of 2x2 switches. For exanple, a 4x4 optical swtch ig.w ted in
FI G 25WOR82Rés ei ght 2x2 switches 150 arrangedi|1§§%#§§@%g§s and

connecting four optical jnputs |, 160 tq four tical oytputs 162 via the
i | I ust PREEGS ré%ﬁ#&ﬂ’]ﬁ?é {hﬁnﬁﬂﬁﬁ9§h§?“HﬁﬁpﬁﬁePa ﬁEEVn?P%duction to
Phot ong SV AREORS1y swithdDriHe odthlc@NUBhahB33), ofPdifBer8dt di scl oses that

thi s network I's a wi de-sense non-bl ocki ng network, and he provides.
gui daneavelengtly the routing al gorithmthrough such a network.

Particul arly, the mddle four 2x2 switches 150 shoul d never be in the
same 15 state. See also, Bene' et al., "Wde-sense non-bl ocking

neswor ks, anHighar-g@edda nmptalgadr isvwinhesFlare! oditeas ihpl eémested asvol . 17,
1981, p.,697, The so g%%I Bene' .netwgrk has one | es st age of 2x2
swi t cHEBLEEPLErBERAE Ohi <% TEHTRReRER TIPS, SpARAPRELSH t ch, t hat

i's, ongwybErhigl {DYEs Ryt &M Hatd O Pfindd udednkigRBUbxDeERIcEhEg| ¥ _
connected to any output, but a new path through the switch may require
the exi18Piagrpeged in four stagesang gemnecting four opthealixinpReRe- sense

- bl i I 25 4 if£h
doscri £88' PY, BORE°RECRtal epih S ANV e T B e B eI E 10 e s
fap | npbaneatiomsa Bicdton in sAm tirdelitctdonvaw dPhoegniiceSeighhidy?

switches, Lt is eferr t hat, .a i £ chi net work be found for a 3x3
smﬁtchgfﬁﬁ?cfeqﬁgiigpm'(¥$SPQWEPPCQh80n§x1é%S ses that thif,pp W&F% si X
st at esikNadwddS-S¥htE Mmoo EdIhd hebBirk,4 and he bebvad¥bMyeplased switch,
there are six such states for each wavel engt h. .
- 42 -for the routing algorithm through such a network. Particularly,
the middle four 2x2 switches 150 should never be in the same
15 state. See also, Bene’ et al., "Wide-sense non-blocking
networks, and some packing algorithms", Electronics Letters,
vol. 17, 1981, p. 697. The so called Bene’' network has one less
stage of 2x2 switches but provides only a rearrangeably non-
blocking switch, that is, one which allows any combination of
20 any input being singly connected to any output, but a new path
through the switch may require the existing paths to be

rearranged.

The 4x4 wide-sense non-blocking network of FIG. 25 can be
25 used for the 4x4 switches described for the non-contending
cross-connects. It could also be used for implementing a 3x3
switch, but it would require eight 2x2 switches. It is preferred
that a switching network be found for a 3x3 switch that requires
fewer components.
30
There are six states in a 3x3 switch, as shown in TABLE 4.
For a WDM optical switch, there are six such states for each

wavelength.
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[ err ] STATE 1 2 3
QUTPUT a 1 2

3.. b 1 3

2 WO 98/25365 c 3 PCT/USD7/23155 1
d 2 1 3.

e 2 3 1 f
3 1 2

TABLE 4 w de- sense;ﬂ@ﬁyplocklng archlitecture for a

3x3 switch is sho

is a switch that can FBATE| wed transition
from any one state|to any ot[Eer—state W IOQl T nrerruprimy t he

tragfic through the¢ preexistling connecti 8fs*tHat th ves do not require
changi ng. A céever'a gofithnj may pe refuired to [acconplish

wi de- sense non- bl o¢king i W¢ | ocki ng 3x3
switch includes foyir 2xB smnuche51164[err] ,3164[err],1 164[lerr],

1644 arranged in afstaggeredifcontguralTom o T e i nputs
166[err], 166[err] | 166Ferr] 0 to|thr out utsli68[érr], 168[err],
168[err] with the flTusgratefl intgrnal{conngctiops. I a VDM
network, the 2x2 s re preferably

al hnopti cal sai t chigs, nBst p{eferbbly mul t ik wavel ength swi t ches.
Thé "subscripts on ftre Fllputb +66—and—tpe—outpots; 168 in FIG 26
can be used to nungricaf |y |ment|3y the i nput or 2 out put in TABLE
4. Simlarly, the subscripts on the swtches 164 can be used to 15

provi de the ordering of the switches in TABLE 5,
TABLE 4

15

to be

A wide-sense non-blocking architecture for a 3x3 switch

is shown in FIG. 26. A wide-sense non-blocking switch is a

switch that can in all cases achieve an allowed transition from

any one state to any other state without interrupting the

traffic through the preexisting connections that themselves do

20

not require changing. A clever algorithm may be required to

accomplish wide-sense non-blocking. Such a wide-sense non-

blocking 3x3 switch includes four 2x2 switches 164;, 164,, 164,

164, arranged in a staggered configuration to connect three
inputs 166;, 166, 1663 to three outputs 168,, 168,, 168; with

25

switches, most preferably multi-wavelength switches.

thé illustrated internal connections.
switches 164,, 164,, 1643,

In a WDM network, the 2x2
164, are preferably all-optical

The

subscripts on the inputs 166 and the outputs 168 in FIG. 26 can

be used to numerically identify the input or output in TABLE 4.

30 Similarly,

provide the ordering of the switches in TABLE 5,

- 43 -
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43 I ntroduced bel ow. For exanple, the "A" state in TABLE 5 is
listed as (0101). The first "zero" nmeans that the first switch

164[err] is in the BAR state. A "one" in the sanme position would nmean
it is int S state. In the context of the 3x3 5 p&puksiaessl16, 118
of FIG i nput's 166[err] 166[err] and the out puts 1682, 1683

o) COTREEbAlabd Eatoh L B ettt end SRR o bR 8L L 1L L

and thhguéauaslﬁsieu] e COINFEET Bﬁeﬁd" Gneans tHa®p thevehiesdt Bwitch
derrultigl exer 172. The add lines 102[err], 102[err] are 10 then bundl es

of WfLBALsif nbhitthe BAMR SRAYS plfex (-,qnei?(}n 4he £ABe posifien vewkd 104[err],
104[ er bupdk gs d%yg pl exer 172.
016[ of ﬁ%ﬁg g%ZEEV\}?cﬁgg %ﬁs%g% ad [ r%{ér)];&[ tutc'ft %gﬁg%kh 3x3 switch

wobl d sWeéhches bééw H28sefisEIGonldl ddke nigpmits A6y, 166, ravxd rdmgeabl y

non- bl oc se _that prior .connections to_be
i nterr 8B Eﬁg§098§2feg§€ aff&a egt gwgﬁeFﬁPgtgabers lﬁgﬁﬁegﬁgé °F 20
An al gmz%p,mmjg,s whwlketHevehppedl 664t s idMndt®sd @o an addl ect the four

2x2 swtch states for the swltchln%'S ésten1of FIG 26 to achi eve a
wi de- sWAYElrBAth BektHelerer 4k theeoutput WfBielgcrrrnerfirdItocRi ng f or

3x3 t ct
a ox ﬁ%gc mﬁfr?gkl{xggﬁo?%lt ezager FTPU O 2QU Pihe S O19S '1%2

mai nt ai ne connections are chan a? Peast set
up0 Theéhehgbuntihesi of W fikersuimputyta e tmdltied eked ﬂaﬂungndonheol l'i nes

COMeChESy Gines 1005, LEM, 2 BSEIGECIoH) Bibheo 6CLSLE ettt T

| nspeclegl8@pleXdBLE74. it is seen that each of the states a, b, ... f can
experience only three possible transitions to other states in whi ch
one connection is preserved. Each of the four switches 164

One of the 2x2 switches 164 could be eliminated, but the

15 3x3 switch would then not be wide-sense non-blocking but only
rearrangeably non-blocking in the sense that prior connections
may need to be interrupted to be rearranged for a new permitted

connection.

20 An algorithm will now be developed that shows how to
select the four 2x2 switch states for the switching system of
FIG 26 to achieve a wide-sense non-blocking 3x3 switch state.
Wide-sense non-blocking for a 3x3 switch requires that one
input-to-output connection be maintained while the other two

25 connections are changed or at least set up. The algorithm is
executed by a controller 170 having control lines connected to
the four 2x2 switches 164,, 164,, 164;, 164,

From combinatorial mathematics or simply by inspecting
30 TABLE 4, it is seen that each of the states a, b, ... £ can
experience only three possible transitions to other states in

which one connection is preserved. Each of the four switches 164
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- 44 - can assune one of two states. The bar state will be

denoted by O while the cross state will be denoted by 1. The four 2x2

switches 164 as a whole can have sixteen state conbinations. Twel ve of
t hese arwooskssssed, two for each of the six 3x3 switch 5SPCT/USEN23E550f TABLE
4, and these are |abeled AA, B, B, ... F | and presented in TABLE 5.

A céflf43ume ode of two (s]:ax:e)s 'I‘he bar state will be @enoted KA®L1)

B 1 (0111) 10
5 wtlgslgke crpss state il be ahoted by T ¥he fouf 2x2 (1111)

E swiBéhBs 164 as a whole can havE sixteed lsf¥he combinations.(0011)

15 ABLE 5 In this table, the

rovvs r eBwedwat of hehexs axg tS@H-eé!West‘m foxiearh IR S BLKWEY SWEtahwi t ch
| NaLLOREsPBENGABLE! 80 LA Dfiese ardCRABCLENG] QM ! I cqlums. Fhe pairs

f X3 sSwt states on eacﬁerow represent different donbinations of
2x2 swi aofl prasested inbWRBPEoBuce equival ent. outputs for given inputs of
t he 3x3 swi tch, _ The required alqgorithmcan be represented
by the 25 geonetiric gtrucqurgiqf)Fl 2R \/\hith(q_’gyoze characterized as
a t wo- | evel hexagon—or—i . ' tate _
conbinations A A | B, B, .]. R0ldne | den®'fied wilOROOhe vertices
(Cigners) of the heXd908d| CIl?Hifoﬂ e, (0111)

D (1101) D’ {(0010)

E (1111) B’ (0110)

F (1100) F’ (0011)
15 ' TABLE 5

In this table, the rows represent the 3x3 switch states
with the two allowed 2x2 switch combinations being listed in the
second and fourth columns. The pairs of 3x3 switch states on

20 each row represent different combinations of 2x2 switch states
but produce equivalent outputs for given inputs of the 3x3

switch.

The required algorithm can be represented by the

25 geometric structure of FIG. 27, which may be characterized as a
two~-level hexagon or hexagonal column. The switch state
combinations A, A‘, B, B’, ... F' are identified with the
vertices (corners) of the hexagonal column with the
complementary combinations, e.g., A, A’, being on opposed

30 vertices on different planes (hexagonal faces). Bermitted
transitions are identified with single edges of the hexagonal

column. For example, state combination A can transition to any
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conpl enentary conbi nations, e.g., A A, being on opposed 30 vertices- on

di fferent planes (hexagonal faces). Permtted transitions are
identified with single edges of the hexagonal colum. For exanpl e,
state corrbl r/'z%%' on A can transition to any PCT/US97123155

45 - of state conbinations B , D, but to no other state
conbi nat Q. An ransiLtiQn ld i only the
connectd |€or§s 5& #&%g?la&ﬁoﬁut Ear sg th‘g Bt tg‘?)n&nc];ec%l on t%'oatt Shoul d be
preser ¢ihbination. Any othbustransieken awsubdsintean st ween only the of the
3x3 states of ,TABLE 4, t he eexi sting state conbination of TABLE 5
must bEIBRGTY LoRS PErRFpFEL WR }?"F')Fe also the ROPREGHIPE HRthetPHib Bt ates a,
b of T &ved. nust be known whet her the initial state conbination
of TABLE 5 is A or A so that present configuration of all four 2x2
switches is identified. Assuming that the initial switch conbination is A
10 then the rm e ags ' i r | ourth 2x2
switch 1644 tq@& s Qraﬁcle gf F%rhnggﬁﬁgégggmf%&@h%% L Jf%ﬁ\ﬁzl%ljé the first
t hree %Matuﬁse&flﬁ'ﬁbmr]; ﬁlﬁé[médxlshﬁzt{@rsrt]ate combeﬁatmonesf)e'MBngalsy in the
bar, cross and bar states reb e connegtjon , bet ween the first
|nput meite s q“’éﬂ’ﬂﬂ‘tl‘r"é”’f F?‘éF‘PgEt pgf EQS[E??TSJr%’-‘b‘Fe’s%H?)%‘H"%‘H’F&ﬁ
interr Widdy o e0haBE aNsiti plistr B8 khsws tRierrarimatipr At o B woul d
have 15 produced the desired final connections between the i nputs 166 and
oktbut Stese dombinatignuod FABEEnBndatAr T yA[ nterilpt eresmitpr eserved

f h
i ol SRR BT E B eoyr, BERCRAELAES 18 10 I ORE DR | have

i ndi catithta HtHearigiittia) tswitkk swambihacbobi ﬂatApntlEbn \idhe pernimitreei/e t hat

the states presented in_TABLE.5 and the tr ion .a of . 20 FIG
27 are A % 5 SR ng" 1&Pd€e§5ﬁ§‘ésn eb %%’R'rﬂﬁg{’?i' lT‘:’rLrbrr'Géi‘lt hough
it td TdRAY Frent Ak eH¥syASNnE PHY RAEHLRNThANe eMal FBBse three

Al t hough the above invention has been described in the context of optical
netdwor EWikaReDA6ds 1641 .ulddscaamain Rspect ey dat theabPahiet GERS®. 25

and bar states. Thereby, the connection between the first input
166, and the first output 168, is preserved without '
interruption. Although a tranéition from the state combination
A to B would have produced the desired final connections between
20 the inputs 166 and outputs 168, it would have momentarily
interrupted the preserved connection as its path was
reconfigured. If, on the other hand, the initial switch
combination had been A’, then the algorithm would have
indicated a transition to the switch combination B. We believe
25 that the states presented in TABLE 5 and the transition
arrangement of FIG. 21 are unique for producing a wide-sense
non-blocking transition although it is possible that equivalent

combinations are available.

30 Although the above invention has been described in the
context of optical network, many of its features can be applied

to electrical networks.
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46 The invention thus provides several inportant

advant ages I n a communi cati on network of interconnected self-healing
rings, particularly optical fiber rings carrying WDMtraffic. The
conpl exiveey osresaehe network can be substantially reduced byPCBUSHEHFEI zi ng
that many of the data paths through the .interconnect do not need to be
i nt er connect dhe Anventdsm tthusherovidesi Beveﬁ:aﬂ.hémpnreanbnmantmesm made

smal |- enough_as ta th sip e co ._1n

ot ot Gepthsation nelibel B dallertopedesRa BRREERARN | ches may
suffi cainfhs &rtﬂdmamwowturdauerflwe@vh:(iﬁgsacwr@lymgnwmn@fabfp@kl ng 3x3
switch construct ed fromfour 2x2 switches. Such sinple_sw tches are
avai | affhe a-'so%f-’eﬁ w%@ﬁ%rafpﬁaeahecﬁ%ﬁeeﬁhéé%g ¥edeced by can
swig ch WI e ections. Thereby,
t he |n\%?t|on prow es a Ssi WSI%QQ;gl\%Sd ?faftﬁghg%lrﬁggﬁsgh%e with a WDM

comuniigetermensictode netwhieed to bechmvercomredted hdiscleresidtbl doemin is
ho "L Al S ntercch RS Had B2 TNSR" k15 8LEuBRALL e, L9 20
achievable with simple components. In particular, for two
interconnected rings, one or two 3x3 switches may suffice. The
10 invention further provides a wide-sense non-blocking 3x3 switch
constructed from four 2x2 switches. Such simple switches are
available as wavelength-selective optical cross-connects that
can switch selected optical wavelengths in different
directions. Thereby, the invention provides a simple switch
15 that is usable with a WDM communication network in which
conversion to the electrical domain is not required at the

connection between tw0-seif-healing rings.

20

25

30
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30 LA L What is

clainmed is: u‘ | nt er connecti ng at | east
two uni directional automat | c ““ﬂ‘ﬂ\“g“‘““‘ ching sel f-healing

com‘runr c t| on r| ngs each ring conpri sitng®ats5 ™ | east ar&’rﬁﬁhﬁ%é cal

fiber in a respective first direction and a seco tical
fi ber p"ﬂ@fageﬁ mgamec& ¥sspective second direction opposite sar d respect Ive

first directjon a skl Qi@ BitlveedTBEI 3EAYt Arg¥i £€1E IGe L] SR Mo Dat
i nt erconnects . said first qgptical fi’ber of said first, conmini cation

ring toneRheREIGS (TS cfagh Fandoromprisiagjatelsrdt cAnfiiFeAath ring but
wher ei ne g obrsanﬂé:hlmga;ﬁgerﬁmig dees Rebptltivat eigouneltectidiera Said

ci 1 hor SRGH FRTR Grir ARe FEbAEAgE 184 prrel 1SR RS gy fias 10 1 °

COMuNi &t Qring nepsanreeid amtﬂalpe:ro@amltdngvmhchl pgspeeutvé sleenddiirec-
|nterconne t . sal d seco f.i er f 1d first and second
conmuni cla?rg rpgo%zgéé gafb"fcr&%e%%l % p’cfig]s:g E%%ec $ TN Wher ei n
said svmea;thrq:rgnmhesm a §wairtching @themealt swte::hongeetmrSaid first

3. The & N h q%ﬁ{ ri ngs
carri es a qu% %%h \/vavZ'TL' tfi‘u v?g%ﬁﬁ% 810?2%(% 0 trggﬁag%g%él s and
wher ei ndaztea xina @vamﬁ reef eaae@emeqosldaﬁompuneaatsomcmmp@ mrtcand i s
way el er@féhéﬁ'&ftéé!f‘d secorm?tééﬁ:ean ri%'gdc‘ﬂﬁ}&i%h@g%? Qayan%g &xed
optYcal signals. cross-connect of alm 1 further

al | ow r@f‘%ﬁml%&%’éﬁ If’é“-’éach of sai d conmuni cation rings, wherein
said switching elenment is a 3x3 smntching 25 -elenent havi ng one i nput and

n tput fromsaid first optical er. of sadfr
one outp £ fhe cross- cod%ect of anlm erein all said data

ring channels comprise optical fibers and said switching ele-

ment is an optical switching element.

15
3. The cross-connect of Claim 2, wherein all said data
ring channels carry wavelength-division multiplexed optical
signals and said optical switching element is wavelength selec-
tive between said wavelength-~division multiplexed optical sig-
50 nals.

4. The cross-connect of Claim 3, wherein said optical
switching element is a 3x3 switching element.

5. The cross-connect of Claim 4, wherein said optical
25 switching element is a 4x4 switching element.

6. The cross-connect of Claim 1, further comprising a sec-
ond switching element interconnecting said second data ring
channel of said first communication ring to said second data

30 ring channel of said second communication ring but not to either
of said first data ring channels of said first and second commu-
nication rings. '
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communi cation ring, one input and one output fromsaid first optical fiber

of said second conmmuni cat i i nput and one output for
sai d external access. H“I"”M‘“ﬂﬂﬂ“ﬁﬂm connect of Cdaim1l -
furt her v bgn¥seg external access to eac¢h 8f 80 *said ConNMREE/GSA7I23155r | ngs,
wherein said switching element is a 4x4 switching el enent havi ng one
i nput and one output fromsaid first optical fiber of said first

communi cati 9N [rig. <808 L0RHb-BR00PNELEMPYL (ROPLEA Cald SloIdgal Tl be!

of said seécond - conmuni ron ring and ¥ Qﬁrnns for
sai d eregtndbes not itself. lnterconnect said second data channels of

48 aid first and se@on&’héoﬁﬁmﬁﬁffcsegaﬁchﬂésa aim1 wherein said
Cr 0ss- Gonnect | nterconnects uni directional automatic protection
swigt chi ng sel f-heal i ng conmuni cation rings, said at |east two

communi cati gn rA”G%oQQLBthééi:UQéQwééﬁnewbhéoﬁnﬁﬂﬂ@&ﬂi&@tf%s, eadH NOS,
and 5 wherein said swt el enment is at | east (K+1) x (K+1)

swi t chFAgY °°mP€F§ﬁEﬁtthéFaFHtérgbﬁﬁ C §t§aPﬂthi%%ﬂn%n?%%@?@wﬁ?? gs only

througpasal grbpaghtmg mpbppalseal teteotions hakoundnedid adash £img, and t hat
has at | east one |ng gn out put for external access to said K
conmunif@afi SRePERgEnnec Ocomprlslng7 The cross-connect of Cl aim 6 wherein
said sw tchangle'aenmitcls reéce baixig ainputs (EH6m an@$rosndingi ogtghtesrent

t Rat has at . t o] ts for cess,.to said K
cggnungeaﬁ ?ﬁ%sg daeg Ba@ﬂg fn ggga gycrosgm%%%%%%%o? rlg. é?g%nnectlng
at Ieaaddnmoonaldyreeceonahgpanhlnmﬁt promeetBULséldaheawaﬁ@ amimern-cat i on
i ngs, v§3GRg" bROKRARAE! £6NG BbukERAShatal outsi8Rlo£Aald bhlo REGRAGAL I NG
in a respectlive t direction and a se optrcal Ti1ber propagati ng
in a r@@pé@ﬁﬁv@n§e§éﬁasdlrectlon opposite sald respective first direction,
sai d cross-connect conpri sing: a first switching el enent
interconnecting said first optical fiber of said first 20 comuni cati on

rijgg to sai d-fi P& 8EPF§aF°PFSEF 8f SardmsBeofdr ERAFLAPERREISING | ng but

wherein saigd Eee&hdswieahngeeéewﬁg ﬂﬁpﬁtBOErbﬁt&ﬁ&Widmé heye-of said
first cal irst and communi cati on, rlngs to

t .
Ll her PUESs 2By s8 8 raeond dapa parhe! Ba, SaLa°EaS cCornart chittn o
connunh@ﬂlhddltungallynﬂemhévéng aalﬂnput fsmmtahfﬁgthl&mﬁanpahhﬁammt

commun PRAVRGHES; o sugne Bb' &75ikbR°63cR pafh aubbRie gf R s =0

intercsnmmnpungtsans sépgad optical fiber of said

20
10. The cross-connect of Claim 8, wherein said switch is a
Ix3 switch.
11. The cross-connect of Claim 9, wherein said switches
are 3x3 switches.
25

12. The cross-connect of Claim 8, wherein said switch is a
4x4 switch.

13. The cross-connect of Claim 9, wherein said switches
30 are 4x4 switches.
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first communication ring to said second optical fiber of said second
communi cation ring but nond swi tching el enent does
not i nterconnect ei ther or - sal ANININ] 1B mn ical ibers of sald firs
and second comuni cation rings*o¢ ei thet sald 30 firgdy ﬁﬁhﬁﬁ* fibers
of sai dWABEP3nd second communi cation ri ngs and wher ei n sal

puhLont ng el PPN 0 os L LGOI Ch 50§, WhtkeRR! badh HLPA Suff Sal
first and second comunrea

49 second paths carry, eqtneraeﬂremsﬂ@mne@hee'ﬁbm Sprming whepathroeod first
and secogch sy £Lhé Ng el ements are optical switching el ements. .
10. The cross-connect of Claim8, wherein each of said conmunication 5
rings carries a plurality of wavel ength-division nmultiplexed optical

signals and 15, Tﬂ@%ﬁé&-&@n@xe@a ol angdimeroNq ;radichisRqgeerBat andir €
optPcal switching el enents and are mavelen th_s Iectlve betmeen said

wavel endRFRRA P GRART i & dedF Hpiahisecond opt ﬁan ibeyg and said 1
Th_edcr 0§51 €ERaS Carof ot edn \Aﬁsﬁwctﬁw ?z#d)\ﬂh%ﬁe&ht eﬁmal faleeessna Qsé!ﬁ-cg gf
sal CcO nlcatlo er sal I r t¢chin e nment 1s a 3x
ool Con A oSele gl HIR0e A B o B S AP RTE PR R Re S T Lot
opti cal tivéry mffﬁnsd et sand a seamminsdtc aifi di fferdngowavebendgtiand one

out put LA 821 d L4 e QB 0 Ron bS]l BB i cnin R6EANG SRAUIVOLERLT O7

r|n8 he I hpu Ternals access
ei mode dfcszec@ade@mmq:m it delwsree i tiks oetxesxﬂ swidc ﬁnngteaedemcml ng

one i npyte Aogh Of‘ﬁ:é’ﬁ!-g p&Hd 0 %bﬁlieEgéﬂsxﬁPééﬁﬁé ﬂdrﬁ? sadlg 3%91—.“5 &t

conmuni cat 1 on ng, one I nput and one ou fromsald_second optica
fiber ofecenrd %%%o‘h%l carrlexﬁ)rﬁnm céhe athemet &ﬁadoﬁérshpapdaﬁecm out put
for saigpexéglnginaesess. 20 12. The cross-connect of Claim8
further allow ng external access to each of sai d communi cation rings,
wherein said first switching elenment is a 4x4 sw tching el enent
haﬁg one i Dput BHe @ﬁ@g%&ﬁecfj&%ﬂ&ﬂiﬁnf iH,SEth&bhﬁglsaiEbeacﬂfrﬁﬂg};dffibr st
co {Qn rin pne_inpuf.and,one o ut from.,s r st tical fiber
of sai dEEEESE SABEERRR f ot 4?%,953%13 A o Ren dabe. BeeB pERs 1 or
sai d exagmuamg in oppossd; dfwnbtlons around sdiﬂreanhsandgsandndctmngchlng

el en‘ent gcé egﬁ aézqgcegét%. L \élpgghgt f%l(:‘)oé]ala ngdoggcgﬂépm

fron1sa| REe6nd g nmiint ca |on
data paths, said fifth and 51xth data paths not being intercon-

nected between two of said rings.
20
17. The cross-connect of Claim 8, wherein said first data
baths are working data paths and said second data paths are pro-
tection data paths and wherein said second data paths are not
directly interconnected.
25
18. The cross-connect of Claim 8, wherein each of said
communication rings carries a plurality W of
wavelength~division multiplexed optical signals and wherein
said first and second switches comprise optical switches selec-
tively switching any of said multiplexed optical signals.
30
19. The cross-connect of Claim 8, wherein each of said
data paths comprises an optical fiber and said switch is an
optical switchiﬁ .
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ring, one input and one out-put.from said.second optical fiber of said
second 30 communication rin and two inputs and two outputs for said
external access. r“liulmﬂ““wﬂ Iﬂﬁ’hs-connect of Claim8 wherein
sai d cro¥eo eRi2sIéLt i nterco L i rectional patBCEVHTRIISEd

sel f-healing communication rings, sald at |east two . comruni cati on
rings being included anong the K communi cation rings;

50 0 wherein said first svvitchin% element _is e}s | east a
(K1) x (ke1fOwi PRS- CoRnErEBREVERR: X RPBFUBANREL €8 ai 4%

communi betingngrieageronhantdy asgih sding Eomprising aptlieit & idrsofdeesh K-
comruni hon.rd Ng h a | nput €4 out put for
externa%g%?bggg ?bsgggg %%8%n§ﬁi%akﬁgﬁg?gg§§§ gﬁdoéggsg@ dlre%&ﬁﬁ n said
secgnd eworoldi $¢iQl essir riipgat seédscrasgkespngct Kedypsidindi ng el enent
that intercopn | : ' : | ri n h | gl. second
optical fi ber% g}ﬁ&sési%x% %gﬁm%%ggggkggﬁnéﬂgﬁagt Jﬁg?ﬁlh%g&%&?‘z%%ﬁ%ne I nput
and oneoutputgyteyusaisy fdxssr fataapashs iB said K commumicatiom rings. 10

14. Theaﬁ@%&d&@&'&ﬁtﬂg’ realipihd wheis ﬁtsﬁkgmfaréﬁifﬁ%éﬁﬁ%lﬁ%&h' ng
elements are at |east (2K) x (2K) swi tching el ements wherein each of said
(2K) x Providipg ap PRRPRE &9 urthadasa patly weerpin & dsdequaltpats for
ext er nalatageas: ®>1. said K communi cation rings. 15 15. The
crggs-connect of Caim13 wherein said K comunication rings

I nterconnected by said cross-connect are bi-directional path-protected

sel f-healing21l. Themupissatbanecktng$. Claim 20, furthed GcompriHirsg connect
for interconnegti e bi-ditectional 2 aut omat i c. protection
ot tchi ng. seft SREBAEHE 38 S FBEREVEAG . LABGER “Prom “Had Bhofiflag ng

| east aotitpatsworksagdopecend datberpatlvpdgatsaig Kncamhunstatioectimys a
second Ki : LCah f L .t opagat Ln | L egl} ' t aid
irar  acoRtoneily, ZREpiBABTMR, 1Bt JePoll RPELLEE GRERSHth hd
asg@aci aPE@VAFLRYs 8Pd otpyt to a gdkkhndabptPath.fiber and propagating in a
direction opposite to said first working 25 optical fiber, and a second
protection optical fiber assogiated wth said second wor ki ng opti cal
fiber and pr%éagaﬁ FOTPHTACRELEBt PERWBEHosFPRPESSEBIH second wor ki ng

optical fibeg figist @h@Ss- 6eBBAGt seQFPheS1Eg unidirectionaP Fidd)
smntchlngFglene t. in ercoanectlng said first working optical fiber of
said fif cBHﬁ%ﬁF@ rOR3r igRPo~SAPELFIPIt working optical fiber of said

second a working fiber,

20 a protection fiber, and

a plurality of nodes distributed around said unidirec-

tional ring including a switch connected to said working fiber
for adding or dropping signals from said working fiber and line
switching equipments for Automatic Protection Switching dis-
posed on either sides of said switch for selectively linking
said working and protection fibers; and

25

a first switch connected between said working fibers of
said first and second self- healing ring and to an add line and
to a drop line, said protection fibers of said first and second
self-healing rings not being otherwise connected together by a

30 another switch.
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30 communi cation ring but wherein Said first: switching el enent does not

interface with either 01 'ﬂ, ing optical fibers of said
first and second conmmuni ‘lﬂﬂl mnm mml wherein said first swtching
el ement interface * WwWth ebther of said fifs%d%hmé%&ﬁ@?
protection optical fibers of said first and second conmuni cat1 on
rings; and . . : L 51 . .

a second swi t2hi NG 8l SREMRFR R AR ?Ihkg Wi GRS WEFERAT Sptfcal

fi ber ofizaktds¥itch tsnaudkIaswitnching to said second working optical fiber
of said second conmmuni cation ring but wherein said second sw tching

el enrent does not interface with either of said first working optical
fibers of saP-fiTFhe aemmanteation neweriniehaiGiein i23gs whereinherdfin sai d
second gyLehipgreheiBns fopsspichnterface with either of said first
or 8econd protection optical fibers of said first and second

conmuni cation rings. 17. The cross-connect of O aim 16,

V\ger eihn sai d2bir s'!rhanﬂe'cs\f»%ﬂaCbsvvziéw:;f,\lwhl'h F@J-théﬂ'éﬁiffﬁrﬁﬁda?%l(fphieﬁiﬁn§m tches.
18. The ¢ross-connect o im.l erein each of said._co ni cat.i on
Fngs CEIPHBSCAE PR AR SIBEn TR B 1Al G A S 8o Bt Bal

si gnal ssahtdch is alhmuktb-wvaveldéndgish oprcicel@witartching el enents are
optical switching elenents and 15 are wavel ength sel ective between said
wavel engt h-di vision nultipl exed opti cal si gnal s. _ 19.
ThdOcr oss- coBfect Aofolivan hedBidn rndtewordk | owmpy isdra:nal access to each

of said co nj L O i r.eh_salLdqsfr i i nt._i.s a 3x3
20 o tohinh Erorenng e P LRE R Bl abtbo Elond S Rk,

wor ki nguepdizgartionalfrbey eempelgingrst conmunication ring, one input and

one output fpopysatdeipest wor ki ng optical fiber of said second
conmmuni cation ring, _.and one input and one out put for said external
access; and & second fibegp n said second switching elenent is a 3x3

switching el anpirdBitPobLhodedNAilstRibuted apsufdt fatd i fitd cqagond
wolRi ng optical _fiber of saigd first communi cati,on ring, one input and
one out puP9f FBFTUEIRI sEVB M IETRER LORTTLRE respagivelyt t0,8318econd
comuni €arbsanand gecanil fiberisnfor addingcow drioppihgr s$ghdls fromdaddnal
access. The o @sszgonnect of C%fin116 turth%&i%qumjng

externaFigggeggdtge%g%ﬁzgibers and transmitting and receiving e
ment connected through said switches to both said first and sec-
ond fibers; and
20 a first switch connected to both said first fibers of said
first and second self- healing rings, to a first add line, and
to a first drop line; and -
a second switch connected to both said second fibers of
said first and second self-healing rings, to a second add line,
o and to a second drop line.
27. The communication network of Claim 26, wherein said

switches are 3x3 switches.

28. The communication network of Claim 27, wherein said
30 switches are 4x4 switches.
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of said comuni cation rings hing element is a 4x4

swi tching el enent haV| n gawimﬂ"@gMe output fromsaid first
wor ki ng optical fiber of nication ring, one input and
one ouUtywaloghksy® sai d first working opti cal fPcrarsswisisai d
second communi cation ring, and two inputs and two outputs for sai d
external aceess; MY network of Cl4igM €8) Wed'ei.@xC@addSWelfhhéﬂlﬁhgnem is a
4x4 swi t.chi ng el ement VI n ane i @g 3 ne,out gut frrom sai d second

m

wor ki n§FiR%s SRR BV Fvigion FoADA: ﬁg,anGnﬁa?' put and
one outtput sfwicoolsss (hmmmmtwdvelgmgnh @ptical shillbehesf sai d second
communi cation ring, and two inputs and two outputs for said ext er nal
access. 21. The cross-connect of C aim 16 wherein said
cr Qiss conned0 . ntrerssdfderd ibgy rﬂng)irxﬁtmmﬂd.Oana‘dsdnat:i C protection
ching seiify aalﬂdg%e%%?}@’i' éo%ardﬂ‘ id pin &Pﬂshﬁﬁﬁ two
connunlcatlon rlngs el ng I ncl'uded anon catio rings,
wherein said first S thefistg clemaHr | &tounet@m—r@tekmp gopwanicawni t chi ng
el ementy hatpdufLrpRpnect s said K communi cation rings only through said
first 15 working optical fiber of each K communication ring and that has
at |east one input mMeans;ggroheadipgud Fallusg &ha Pairbsin eacdnsgig
COMUNILGad ,Otadd ngs; and wherein said second switching el enent
i's At | east a (K+%1 f{(ﬂ%a)) Swi t chi n§% . el errer&t t hat i nterconnects said
K “conmuni cat® &iF ¥HHgEL iR st SeGoRd; RyPERt FERT fi ber
of eacméétsa&n"ﬂmlaﬁtllmtr ion@ afﬂi ddtdi dmsaild latadleasreonepphiZzOofand one
out put for_.exter access to.sai.d K corEﬁ;un;catl on_r

55 T S A FRm e o TR 168 FRRYRYARE s3eBRbosui o ng
el errenﬂmeta\ragratsd:ehsnr(ga{) sa i@ Kraps tadrineg te remavind nghéneknsemeh of said

(2K) " §tate du: :tngzw'?%z %gagaﬁksﬁea%ssgfa Rlal eﬁitgr%é_%rié‘%ﬁea%iﬁ 99&@9‘2 for

ext er nal comruhrcatTon
thod vzsy icorheigld idefrdatast enthdwadedel f - heal i ng communi cati on
ri'ngs, each of said comunication rings conprising at |east one pair of

counter - propagating fibers, said comunication rings bheing
i nt er connect®gr byThR g Mesweri) ok \Glaim i) o fIFEReTWFEORBrASiBEd2at | east

one Swdﬁﬁﬁmﬁ:ﬁm daSi & YHHE -Ubrrfe operatrm@t iddepedalentipessanmong

sai d at one%qpal r of fibers of each of said conmuni cation rings
and Wne?aeﬁ iéeoﬂ NeAR¥- one switching el enent does not provide full
connectivity between said pairs of fibers of said communication rings,

h risin

Saédj met hod Czo”p ‘f‘l‘? z%.ng network of Claim 30, wherein said communica-
tion paths comprise optical fibers and said cross-connect is an
optical cross-connect.

33. The ring network of Claim 32, wherein said optical
25 cross-connect comprises 3x3 optical switches.
34. fThe ring network of Claim 32, wherein said optical
cross-connect comprises 4x4 optical switches.

35. The ring network of Claim 32, further comprising at
30 least one pair of add/drop optical fibers connected to said
optical cross-connect.
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healing at |east one fault in at I east one of said comunication rings, -
wher eby said fault does not of said at |east one

conmuni cati on ring; cﬁ"ﬂ'”m,"m"m m{lect i vely connecting said
fibers Hgf sai d com‘rum cdti én ki ngs hrough sai dpgfykemsissone

swi tching el enent, wherein said selective connecting and sai d healing
are perforng t Q:ﬂgm?@ﬁr lolRe S aR £d

affect a sta?e (r}? saﬁg 54 é? east one ?l tc |e(r§t’:g&’e eercr:ent %mgs‘égg%&%al d

sel ect¢mynlcatl%ms.ngeaghepf saig rings comppising c’#toé@aé@nﬁ@et for

| nt er coRLChHE noo@ttéfaﬁfoﬁauaéﬁtgf Jmtumauon CRFHYN ea&aoelﬁgggs each of

sai d conmuni cation ring onpri si ng | east onée

count ebewoph@'a«tlr?@m%@% by 4 d=¥9%§’ssc°6’6‘rﬁ?é‘ct°°6‘6‘1?ﬁl’:ﬁ§| ﬁa at teast one

_SWIS'[ chéng ebeiBfiication path of &¥uH &f swdid rdlngscashidnfesnblicbng el enent
I s°’connegted to at nost one fiber 15 fromeach of said at | east two
communPELE+BA* ri ngs and thereby said switching el enent does not

provi de ful heabtmgcaﬂt Vidastheine€audl! inaat peasts afe fdfbeadidotommudi -
conmunication_gi n_sai at. | east one ?WI tching

el enenf? f‘?ﬂ\/\ﬁ”é?g n‘?%%’ée% w3 %%MEI es no §Pc 6okt at ek ,?fL'ngs to

| ntercsaimnataleasanmemomunlcatlwnhe:rmm saidd at | east one sw tching
element, Sglé‘étid@é‘f% Q%Q&Hziog {af& comu{uzh%%sc&o%”gaa‘&ilssﬁta@ ggymuni cati on
rings, al | OWe S &) es on salrag a carlon rings to
cofit | naelﬁncmmmtcmmglgs through said cxmssacpr@esti.t sAidconpri sing:

25 select::.@ﬁfééﬁﬁe@t’.‘i’n&%ﬂ&@a{f&% A WA AYrFoeaad LRALbehLNeS Of
said 3x3 sw a second 2x svmt receiving at |rd I nput

li ne ofeBBIY-3x3 switch and a first output of said first 2x2 switch;
a third 2x2 switch receiving a second output of said first 2x2 switch and a

first outpuf_of said secaond_2x W I ch; fourth 2X2

swi t ch receéz'rn ﬁ%F1“ter':§’f’(‘)ioﬂt"p%f %é’ o"hteﬁerlﬂ‘ ??st]\'i\??]cﬁl%rﬁ)teé’ does  gecond

0¥gputnet afifdcgegoatata 208 vedidh;cross-connect ivpeiseidnby baidt seliepdt |ine
sai $ connected to a second output of said third 2x2

SW tchgzla’%ﬁ§¥e80xg% gldn?h? P out put lines of said 3x3 switch are

connected to outputs of said fourth 2x2 swi tch.

38. The method of Claim 36, wherein said communication

paths comprises optical fibers.

20 40. A 3x3 switch, comprising:
a first 2x2 switch receiving first and second input lines
of said 3x3 switch;
a second 2x2 switch receiving a third input line of said
3x3 switch and a first output of said first 2x2 switch:;
25 a third 2x2 switch receiving a second output of said first
2x2 switch and a first output of said second 2x2 switch; and
a fourth 2x2 switch receiving a first output of said third
2x2 switch and a second output of said second 2x2 switch;
wherein a first output line of said 3x3 switch is connected
to a second output of said third 2x2 switch and second and third
30 output lines of said 3x3 switch are connected to outputs of said

fourth 2x2 switch.
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26. The 3x3 switch of C a| m f said 2x2 swtches are
opti cal SW t ches. illum) iﬁlg ﬂ'{ x3 switch of Claim26, wherein
said optical swtches are ective sw tches.

28. Thewkygs/essed ch of Caim 25 further conprising controPCTEsITR31SS
controlling each of said 2x2 switches to one of two. 2x2 sw tching states,

10, combinatfpns e Sl &%aw&&*amxétﬁ e, Hdle 3 If YH 24 Wbt ches
constitutin . Ing states, sal 'd control neans including an

al gor i tSWh5FeHiaKe P,P‘btfcaslalé‘d‘”-tChe%MB switching states are arranged on
vertices of a hexagonal colum and said control neans selects only
transitions corresponding to edges of said hexagonal , col,um. 15

29. The 3x3 % tc"ﬂ'P%f 33 FvHeah of Claim 41, \M}'B?g%‘?“ﬁ‘ Sai4 al col um

i ncl udesyi wehdie o Mdvdagritexd Srulididre switchdat eral directions and

ar r%nged al ong an axial direction; wherein said 12 3x3
switching states includes pairs that produce equi val ent 20 connecti ons

t hrough sai d#8x3The Bgh;swbtich of Claim 40héuetherachmptising qwitrol S

arranged at_ two (erd f e, gﬂpzal col that re qn

di fferéﬁ?arhex%og%tna llffhc% eoacrﬁ%aﬁeshao%%osed siv?\l%calec? | a era ot d% *&ct i ons.

25 switclfing Bathsd swnnbdnagfiofisaion 28idwAneeswitahing Bt3xesifares are

those 0, t G 27.

: Jhddf -I;A(E%Ezt% 1-?e'rfour{Zx V\nrggchjgés%lntercon cteg"td Faﬂi

Jo%- smmmmuw Lng)ian R Laaratihmginy whv&rstle%wfofsazsb 3x3

sel ect i &igh oy GO Ad PRS- OhrTediged eh %@k@lE@Brogxg Bd%kd FHESL Uy, Of

sai d 12 conbi natj ons represSenting equi val ent, 3x3 sw tc In st at es;

assi gm%fgds%ﬂ ORI MRAH SRS 1986 %E%Wr%rr&ﬂ%ﬂ%mand

sel ect it ddgesidf id Hexteyshd O Wo R SW t ches corresponding to edges of
sai d hexagonal col um.

44. The 3x3 switch of Claim 43,

wherein said hexagonal column includes two hexagonal faces

15

extending in lateral directions and arranged along an axial
direction;

wherein said 12 3x3 switching states includes pairs that
produce equivalent connections through said 3x3 switch; and

20 wherein each of said pairs are arranged at two vertices of
said hexagonal column that are on different hexagonal faces and
are opposed in said lateral directions.

45. The 3x3 switch of Claim 44, wherein said 12 3x3 states
are those of TABLE 5 and are arranged in the hexagonal column of

o5 FIG. 27.

46. A method of controlling four 2x2 switches intercon-
nected to form a wide-sense non-blocking 3x3 switch, comprising
the steps of:

selecting 12 combinations of states of said four 2x2

30 switches, pairs of said 12 combinations representing equivalent
3x3 switching states;
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32. The nethod of Claim31, wherein said 12 ‘conbi nations are sel ect ed

ggcordi ng to TABLE 5 and are armmﬁﬂm!m'!nms‘a““Wagonal colum of FIG 27.
* [ *

WO 98/25365 PCT/US97/23155

assigning said 12 combinations to vertices of an hexagonal
column; and

selecting transitions for said four 2x2 switches corre-
sponding to edges of said hexagonal column. '

5 .
47. The method of Claim 46, wherein said 12 combinations
are selected according to TABLE 5 and are arranged on the hexag-
onal column of FIG. 27.
10
15
20
25
30
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