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; e3ep\ L>6Tpm,m gt i ons Network The present invention relates to a
*conmmuni cat i w mmmmand to nodes of such a network, and, in one aspect,

in particular tQan optical conmunications 5 network using packet routing
to transmt data in the optical domain at very high bit rates. The

I ncreasi ng processi ng power and storage capacity of conputers t[gg hﬁg%zo
t he devel op M’Mﬂm’m , multinedia applications that generate hig
bandwi dth d . turn_has lead to a need for broadband networks
capabl e 10 of hwmddzt ng the tGYPMUBICGHARS NEBYOWy such applicati ons.
Desirably, such networks should be capabl e of handling bursty

hi gh-bandwi dth data traffic virtually instantaneously on demand. Photonic
net wor ks haveTheenestaty évsptidntrelataseto & lnomreenicétionsbnetadtiyk rchddiat aodes

conmuni I Qns. e i th current technol ogies there is a .nmsmatch 15
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r equisr edetayorkssirg paokpt calting, toaxdrsiiindataphitiéloptiedvidnksin @S @ery high bit

wavel engt h-routed ' circuit connections which are ill-adapted for bursty

dat a trg?tF?'c and connectionl ess applications. Currently) this msmatch is

handl ed by ovenhkayéResihheropddsial pAREMARK stblabe AJaBGLY R CorltbGehifYer S
using, for exanple, (internet protocol), ATM 20 (asynchronous transport
node), {a28ne0 rBEafeWRIOMPRNY SinEHe-ofBUkInAdR tapPlieatiansr Eat) opresetedligh  Such
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search and retrieve_renmote, informatiqn, .process .the infor i on_and present
The 25 FHPUFrRE SrPehEr s neBen iR IR dite oamicicupaty

I nt er f ageGanvdeeolisly g demandl i r st aspect of the present invention, there is
provi ded a nethod of operating an optical comruni cations system conprising

a plurality ofPNOSeRIFMFtWEHEsNaEkerT BeYSIPREIBUEeEE the nesf TPy kreasitand o

direct a#eRNHRENICRIARA! HACKRY, WHIREASet BcAnSIBLREBErONE aOhidHiRcRr NOre
out put paths, and 30 an optical network interconnecting the plurality of

rout T1Ag tredwesn thasanekilites ebaptical inatvanks Andpiettynes ah sepicesaieapiseckby from
an ori gi&%;g_ng ﬁ'%ﬁ:élﬂg %Qg%antOBtiE:g\e n%%v'oﬁél Lﬂ-‘.%t ng\iﬂs'length-%outed' circuit
connections which are ill-adapted for bursty data traffic and connectionless
applications. Currently, this mismatch is handled by overlaying the optical network
with electronic service layers using, for example, 1P (internet protocol), ATM
20 (asynchronous transport mode), frame relay or SDH (synchronous digital hierarchy)
protocols. Such approaches become increasingly inadequate as computer
processing power and the associated bandwidth requirements increase still further,
and as new applications are developed using, for example, intelligent agents which
search and retrieve remote information, process the information and present the
25 information to the user through rich and intelligent user interfaces.

According to a first aspect of the present invention, there is provided a
method of operating an optical communications system comprising a plurality of
routing nodes, each routing node being configurable to direct a received optical
packet onwards via a selected one of two or more output paths, and

30 an optical network interconnecting the plurality of routing nodes, the method
comprising
a) outputting an optical packet from an originating routing node onto the optical

network:



b) configuring the optical network and the routing nodes to provide a

| ooped transm ssion path between the originating routing node and a
destination routing node; c) receiving the optical packet at the
destination routing node; and 5 d) trRansmtting a return signal 5 5t MAR 2002
originating routing node in a tinme slot on the |ooped transm ssion path
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of an acknowledgement flag. Alternatively, the destination may generate a new
packet for transmission back to the originating node. The return signal is not

necessarily a simple acknowlegement signal but may, for example, comprise data



20 directed trail routing method which is described and clained in the
present applicant's copending international application, also entitled

" Conmuni cati ons Networ k", WO 981 09403 Agent's reference A25265/WD. The
network is then configured as a nunber of directed trails, anqt kets are
routed by the originating node selectdng one of the trails mhﬁuﬁ 4M2t he
originating and destinati on nodes. 25 No processing other than sinple
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occupi ed by the said packet. According to a third aspect of the present

i nvention, t htreesingtipg datalramatheodrstioatiominlde fothe spyreeniode in theatime
comruni i : .1sl,ng; .5 a) an output arranged to output a
SRk LeBSHBE bISRE SADLARIPLLRL hg

packet ont of "transm ssion to another node; b) an
I nput ar r angedubsequentdy ereautingsthgriald peicesnesinpyhd said alateer node on the
a node controller arranged to njtor signals

ngﬁfﬁezl ?(r)\a![ ﬁgeafégﬁb&ifi)[%ﬂf“.worfd’%céd?%q IPROPYY f BUPEK BEsPl¥MBheCher present
i nvent i gastidliP@résHed M RY) $ade 3 HBR0GpBlogyPPFAbiaBY theNRAR I c8mprises
comuni cations network, the method conprising: transmtti n?_ a polling
si gnal ®rBwtimiEity oofr bedefogadtiipkshendedie Redgsoanhdiaks aseranlibkieg as pr ocess
pol | g o R AR Re PUERY cegh gl AFIMIS Fab ooy AN ASLORIE, t neen
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15 and the looped signal path comprises a closed directed trail which inciudes both

the originating node and the destination node.

Although the present invention in its broader aspects is by no means
limited to use with any one network topology nor any one routing scheme, it is
particularly advantageous to combine the method. of the invention with the

20 directed trail routing method which is described and claimed in the present
applicant's copending international application, also entitled "Communications
Network", WO 98/09403 Agent's reference A25265/W0O. The network is then
configured as a number of directed trails, and packets are routed by the originating
node selecting one of the trails which spans the originating and destination nodes.

25 No processing other than simple address recognition is then required at the
intermediate nodes. The directed trail method offers low latency, good scalability
and very low processing overheads. When combined with the method of .the.;
present invention, it makes it possible for the entire process of routing, receiving
and acknowledging to be carried out at very high speeds.

30

According to a second aspect of the present invention, there is provided a
method of operating a node in a communications network comprising

(a) receiving a packet from a looped signal path; and



transnitting data fromthe destination node to the source node in the tine
sl ot occupied by the said polling signal; and subsequently executing the

said process using the said data. In this fourth aspect the netﬁ%be
an optical network but may 20 alternafively use soma other tran |

medium e.g. a wired electrical network or a wireless network. The
: ti I et ki ; i de i
accor dance w (R PRGurany § refrf SRATLAREB0AE Nehdl ROCIT e vieeBhe - "

enbodyi mgiginady pcesgiatd biyntheshidopawkdtl now be described in further 25 detail,
by way of exa

le only, with, ref to the . i ng. dr awj i
whi ch! Fi gur e AF905I09 {torA A RRASL 1 SHGWTREE PAB KRy GhEre i BaNISes 7 s
di agr amrfgaewuitabr foftwRrdetionGh dciontmbhicstidrRcidi@oal ahd BKSprifingure 3 is a

di agram showi ng a Manhattan-Street network using direct'ed 30 trail routing;
Figur® 4 is a 3| JTIeUERUEgHERNISHCR AYPUhE PaRKEt ivwala laomsdndarna pAthafonode for

use in ipld %‘Bli\@gahgﬁ\ei' Hgg@’tion; Figure 5 is a diagramshow ng a possible
configuration for conponents used to inplenment the node of Figure 4; 1

Fi gure 6 showsb)aar omputazranged worrkcavdadyisignat heaupregisientthe mtieert nade offi gure 7
is a di ram show n _thﬁ, format of a packet transmtted in a network
enbodyi ?1% tA2S W@ﬂ%l%ﬁ;’ Figure 8 is a diagram showi ng a torus network;
c) a node controller arranged to monitor signals returned to the said input.
10 According to a fourth aspect of the present invention, there is provided a
method of operating a node in a communications network, the method éom_prising:
transmitting a polling signal from the source node to the destination node:
scheduling a process at the source node for execution at a time after the
transmission of the polling signal, which time is dependent on the return trip time
15 between the source node and the destination node;
transmitting data from the destination node to the source node in the time
slot occupied by the said poliing signal; and
subsequently executing the said process using the said data.
In this fourth aspect the network may be an optical network but may
20 alternatively use some other transmission medium, e.g. a wired electrical network
or a wireless network.
The invention also encompasses a communications network incorporating
a node in accordance with the third or fourth aspects of the invention.
Systems embodying the present invention will now be described in further
25 detail, by way of example only, with reference to the accompanying drawings in
which:
Figure 1 is a timing diagram showing packet slots;
Figure 2 is a diagram showing a network inciuding bi-directional links;
Figure 3 is a diagram showing a Manhattan-Street network using directed
30 trail routing;
Figure 4 is a block diagram showing the functional components of a node
for use in implementing the invention;
Figure 5 is a diagram showing a possible configuration for components

used to implement the node of Figure 4;



5 Fi gures 9a and 9b show switch states in a torus network; Figure 10 shows

. In further detail switch states in a torus network. As illustrated in

Figure 6, an optical comunications network conprises a LAN (Local Area
Network) 1 |inking a nunber of personal conputer workstations 3.?@%20%
wor kstation is connected to the LAN via a network interface 3a. The
wor kst ati ons and LAN together provide a distributed conputing environnent
that may be uaedre6eﬁoeéereﬁrﬁputﬁpheﬂ/&tﬁmmlﬂng%b%é@fmw&alt,%x data. Each
wor kstation is connected to a respective node ‘t he network. Packets of
data 4 are cobfuie daifed dirdrameshawiagvihekiormet ohse Bagket traesmitrssirp aand
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destination and received by the original nessage source in the shortest
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35 is 'on the fly", without the need for buffering. A further aspect of
the protocols is that the round-trip time-of-flight of a packet froma
source to destination and back again can be accurately known, since it
corresponds to a physical distance ofiy. Therefore at the |nsta115 MAR: r2002
source transmts a packet it knows precisely when to expect a response. The
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sour c&%addreaihg Hyt wuthautithe neeq o 890wl edgenment signal is not received
by the source at a tinme equal to the roundtrip propagation tine of the
transm ssion path fromthe source back to the source 20 via the
destination, then the source nmay assune the string of packets was di scarded
en route, and so will know it should imediately retransmt the string. A
further acknow edgenent is sent by the destination node back to the string
source to indicate that the whole string of packets has been delivered
successful ly. Exanples of reasons for unsuccessful delivery are

transm ssion

first



25 errors and overflow of the receiver buffer. The type of transm ssion
. errors that can be detected in an 'on-the-fly' network is dependent on the
bit rate and the technol ogy used to inplenent the network. At very high
speeds ( =100 Goitls), rather than carrying out full bit-error gﬁt izﬂg
for the entire string of packets, simplified error detection m gHt ed
This may include the detection of 30 m ssing packets or grossly corrupted
packets. Assuming the string is deenmed to have been delivered successfully,
a simlar sigAafuriheg aspedtnofgthe mratodots isstdit ftae rblved-s@cdm@d-afcligewoedgenent .
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retransm ssion of the string of packet In_a network |'arge enough that the
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| engt h, ilubeERdTRLIGW]! tRe iRlicdtgnitidtcantmédyget Agedi fo SRaeh Ngst hRedddst ACK
si gnal cotrr§ andi ng to the SOS = 1 packet in the string); it nmay be

suf fici EAT"10'he destination to return only one ACK signal (corresponding
to the ECS = 1 packet). Rules for inplenenting the protocol are summari sed
in the fDLL:_QMm_me 10 description for the action of any node (address
N) in response to an i ncom ng packet P. 1 5 MAR 2002 if destination

address of P 'ThN, Flﬂ’i‘%réfo@?p@tgﬂn&f rdl%u?t%ﬁ@%'ﬁgé mi&hﬂad%q 8%95'5#?%? of P

to receiver ssage
recei ved‘eéWPﬂ? afer é[*})wﬁﬁéﬁ disgardmackets %fﬁ"P%hﬁﬂ ngdesw P this d@ﬁtqcﬁheaﬁl ong
path el spowenAvEgitel7 Oéadhe;sémekmcmds tﬂerélfov@i%freld]s | Bedtindtidn SRAUF&R, addr ess
of P = N then $ ckn%?:ﬁd mar&,Ie Si rlecel ved i a}ss contents of P
to si gna®Mg® bigFfRav ?%‘?fg J "’far"brﬂaﬁels\ﬂﬁ %ta 1501eing) PineRbde N i's
t rans$®i titagnggondidnessf Ismr|r|F§))<B|nbl)y flagn andepayissd Uit e ausldingmighef-ray@r net wor k
20 incl uqo{'o%olz%a fléllds arbin ?r%%s&nps‘gén_b\;'the sour%@,dAERur:C% for all packets in
the string. The first packet of a string is denoted by SOS = 1. A packet, neither
the first nor the last, in a string of 2 or more packets is denoted by SOS = 0 and
EOS = 0. The final packet of a string of 2 or more packets is denoted by SOS =
20 0 and EOS = 1. A string consisting of a single packet is denoted by SOS = 1 and
EOS = 1. The source node, wishing to transmit a string of packets to a
destination node, must wait until there is at least one free time slot on a
transmission path leading to the destination. In the case of the unidirectional ring
network, Figure 1, any free time slot may be used since the transmission path
25 always leads to the destination. In the case of the Manhattan-Street network
using the ‘'trail routing' technique described in our copending international
application, the source must wait for a free time slot in the correct position in the
frame to provide a transmission path to the destination. The source will then begin
transmission with the first packet inserted in the first free time slot. If the string
30 consists of two or more packets, the source will continue to transmit to the
destination node using the sequence of subsequent appropriate time slots,
regardless of whether they are vacant or not. Once the source node has
commenced transmission of its own string of packets, it is free to discard any
foreign string of packets {i.e. a string not addressed to the source node itself) that
35 arrives in time slots it wishes to use. Once the source has begun discarding a



all incom ng packets up to and The 'discourteous' protocol is very sinple.
. The logic required is sufficiently sinple that it can be executed at high
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has bedh dBeiseendjacknowledgement signal is not received by the source at the expected



5 successfully. As in the case of the 'discourteous' protocol, exanples of
reasons for unsuccessful delivery are transm ssion errors and overfl ow of
the receiver buffer. Again, assumng the string is deened to have been
delivered successfully, the second acknow edgenent can be nade hgghkﬁ%g
the final packet in the string (ECS 8 1) to continue along its

to the source. This packet is 10 unnodified by the destination node and it
continues onwards back to the source node as an acknow edgenent signal.

Agai n, time,t lenstheoRaurgekmawi essymeethie stringaelivernhovas epsusaagsii). t ibesour ce
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unsuccessful, and so w | it should imrediately retransmt the string
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msssage LV rror-fr | | t I el se
enove ﬁgg'lr]ﬁ ﬁéeitt(?’wgré%‘;rs't'T;e"ﬁﬁgaeItére}g{rbr';il ongwgﬁ? Ag’,‘nlf Q@t%apk%r'aes? 8sou E:tg t3311gdr ess of
P = N tER%d = dckarkeatledgenent signal received} 15 begin pass contents of P to
signal ling receiver buffer; renmove P fromnetwork; end; if (node Nis

transmi fik8%ort HERleRBnfiRe FRUPIAROMA} afkeGimmarBbl OW Fhd OrcieRAid Ysgighiong

pat h; either {depending on strategy used} recomence transm ssion (wth SOS
D1 10 ‘F“F%‘P“B‘&é@ét‘)"e pasal ) PP\ée"qdierr@dgfeéﬁ HoimTeRRPNSE ©oAR i IRERMING

transm ggdieap(With COs = 1 in first packet) when free tinme slot obtained,
end. 30 The protocols described in the above exanples my be used with a
variety of different packet routing nmethods, and in networks of different

t opol ogi es, provided that the network is configurable to provide a | ooped
transm ssion path. In the present exanples however a directed trail routing
met hod i s used. This takes



35 advantage of the fact that a network having a topol ogy of the type
exenplified below, can be divided into a set of distinct trails, such that
no one single trail 14 spans all of the network, but there is always one
trail which |eads froma given sourcggnode to a given destinatr gﬁgﬂ%
Routing can then be carried out sinply by selecting the appropri &p?

|l i nking a source node to the desired destination node. Once on the trail,

t he packetaeaiidae icaURBErdds HAWASI xOPRskli Nensi onal 5 fashion. As in
one-di nmepsi onal routing the soyrce node selects the entire trail fromthe

source tORENRIELSEHRE BACHEYSe sending the packet. It is found that a
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Preferably the swidichi REnEGEUS e+ AePRbAL; Oof connection between cycles
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each nod&SXRPYLEAE s SHIP2E\FEHe%re normal |y set to the cross state
and repésigédl y, at predeterm ned interval s the crossbar switches are set
to the bar stag Thi in h b ribed with
reference to ag%t]e’r égn§e3§% %]tﬂot%og‘f%%a léngner % retbq’;ﬁ%ur‘e 8, nodes and
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16 (gn + 1- ~)T , where .q is any integer, and D is the phase difference
between the clock signals at the two nodes, expressed as a fraction of the
time slot period T. In other words, apart fromthe cl ock phase difference
DT, the length of every link in the network is equal to an ar§y§$ naRy2002

i nteger nunber of frames plus one tidd slot. 5 Thus a packet which exits
froma node in the jth tinme slot of a frame will arrive at the next node in
the ( j + 11th tine slot of a frame. Mire neral ly) the packet nay be
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dest|nat|0n Not shown in Fi is an alternative rOUt|ng eX|t|ng

fromA é’IVBH@qu hen \?E? SPEQNd BYREEY- Cfa°d% Nﬁ"”ﬂ' HesEB BRI INSRisEPROf 56 MR ane,

Vi @ nodesork tABgoint dtnwhith it WagSinfeeiupeddas dome@wdvédaat hirkeOshot ra,gcmwg t he
trails T I, ent routing

o ves  IYAIRTP: dettngt phes e Reeh a9 SBhta a Tyebef HER IS Sordetiotan be
shown 5t ket strimg).av Opéigealbhord estaxiratin tingtramt eanynstring nf Xpackéwr omynbéwork i s

equal Ospré'cn‘(ed(g é)e\}éﬂpg nogler'fﬁﬁn EQ %R&a!ﬁbih?ﬁﬁéf twork # & Tr&r OthDUt i s

given b t he nodes aver age “4rst ance t aken,
it is equal t oWhenn the idestingtion npldérbmn% Wheeqemeo@gﬁmg fapackeis (1 / ~M

where N imedihly BEkAYWIBEIeOhis O Sendinda %%%f@&dk v tthla ecedi el @aal 30
routi ng where the throughput scales as 11 M I.n |C@6hﬁaearller W th

di rect ed°ft Fha discautteis pf‘ﬁec‘HnWS M%&E?%@ryob%ﬂ%ﬂ'?ﬁﬁ edindhef t he
routizng $luleseful@tragdiedn®deaddsSna®siii (e thd Sourtdduergro®tol, NB@MErfigal ECket s i s
e e, AL BV b DR A B i G2 T2,
t he net V\mdfpe ahéateitvis seadyt ands hdothmradediced hwajahie s searive thpanessaget h packet
the destination node is not able to receive the message, the source should be
informed as soon as possible to cease transmission. If the destination node wishes
25 to send an acknowledgement signal to the source indicating that it has the
resources available to receive the message, it may do this by allowing the first
packet in the string (SOS = 1) to continue along its path back to the source. This
packet is unmodified by the destination node, and it continues onwards back to the
source node where it functions as an acknowledgement signal. The destination
30 node must remove all other parts of the string from the network (except, as
described below, the last packet in the string). The source that originated the
string recognises that the acknowledgement signal is directed to itself because it
sees its own address as the source address in the packet. |f the acknowledgement
signal is not received by the source at a time equal to the round-trip propagation
35 time of the transmission path from the source back to the source via the

destination, then the source may assume the destination node is not able to



address and the node address is a sinple single-wrd matching operation,
. and can be perforned at hi gh speed; for exanple, optical recognition of
6-bit address 5 words has been denonstrated recently at a peak ha%e‘&&f I&QO
Qoitls (Cotter, D., Lucek, J.K , Shah@er, M, Smth, K , Rogers}® 9"
Nesset, D. and @Gunning, P.: 'Self-Routing of 100 Gbitls Packets Using 6-Bit
" Keywor d' Address Recognition', Electronics Letters, 31, pp. 2201-2202 (
1995) | . re@ieiusethenenadisagect @t soahk soauitd gl doRwy MOLhALFE iddmadig@ly tapad hat
relies gandRksh@rticular sequential nunbering 10 system for the network
nodes, the noges can be labelled in an entirely arbitrary fashion. This can
sinplify the tasks of planning, adm nistrating and evol ving the network.
Al t hough the ded¢ihestacknoviedgement del-senaby theddstigation trodet tosakstaneienor k has
assunedstritgt sbumteWo ktAdatk Neha leS sBingCBP! trugture it is
al so %5 ngsi PI e tR Ggope wh?h@?ﬁgoghfﬁafﬁgg gﬁenste:ﬁ%{gnﬁ%% blses?nmgglévleﬁégd or a
node or SPFHRESTUlY} sAs ip the g8 of $hey'disropyteous’ protaeele sxamplesnofyreakans t he
links t hat ubypasssfuhideliveganie BARbhIsBBATBIrBisAbAd {RRIGART BF tthbi fUcBGer
rel ati O%E%I P Algals Jsh this case the |link, that b%passes a vacant noge
posi t i R LRGUMAT2TPESYNIEhE| SRS ffoderened thhayg Rearpdelivered suecasafulyer
nunber ohe fseaom$ ackoswiedgemizme cah tes mddauby talewRitaste GRval @atkonirThe 20

Unl i ke el Sio [,no hods, .. the operation of e entire network
i s not jggﬁ}?g% di sed ﬁ)a/%t Egﬁﬁ&o%salgﬁé 4 PR %?‘Ckng’dgf'e FAYSe; sIrB'éc%&%‘ét there are
two HYaiungidifiedi bedhe destingtiory nodeesndét veemuas yorevards dadl Sbi that samceai T,
provi degholibeass QHr a6k i natid ar t.lgca I .the sane horjzontal
or verti (?al ?: cle. Irfﬁ%gﬁe |%@c%ﬂg§5‘f ra/ig?é?@affl gfe %Egor‘o ﬁé?”%vgﬁdlgsmea{ trait
can be §SE@! ihBEPbARceiyad bnahesouese aheheSxerated time,othear thel saartednan t he

sane verdss@dk e NQFfihg 0BdIRlerEYWhE dMRicBedstuiNOat L&) NAT Yot Miecligdlnd rai |l
routing, but.the c be hg&l&%k? bypassi ng the defective node or

cle ca ,
link in '?’Hbedrlf‘éﬁlﬁfélexjaﬁi’f"tag%ﬂ'frﬁ case of a missing node. Neither is
it strictly necessary for the torus network to be square; for exanple,
di r et$ edrhter @obrteoud’iprgtocahriles fsrevhei attnr &fCarngoda ladiré SONK invirddboiss ows 30
and n c r qn.1hen the franme nust contain the nunber of
tinme sl 3#%@??%%&&%@’% ?%}efougorwesat er dinension (min this case) and
there are m- h mssing, or 'phantom, columms in a conplete mx m
structure. Packets travelling along a rowin a tinme slot corresponding to a
phant om cut - poi nt can 18



remain only within the row This reduces the network efficiency, but

. ensures that all the .)m real nodes can be accessed. Figure 3 shows a
Manhattan Street network (MSN). The n x n MSN is a regular network with

uni directi'onal links, and the nodes have indegree and 5 outdegree of 2.
Logically, the links forma grid on tBe surface of a torus. The NBE WAR{20%s
fromthe torus network in that the links in adjacent rows or columms travel
in opposite directions, and the MSN is defined only in the case that the
nunber sidf despvinadidncatidress afe PeweN. thHére routi ng schene for the MSN using
di rected; | T 04 ,. Is closely simlar to the torus network;
the mai gl%%&hdil% grtgﬁggcfgc?mﬁg}al ternate horizontal or vertical cycles have
opposi t éfonpPanat Bt ihgs. thsl inesourcepeaval Lzbkret ibrkeceine ridiaat ineomiogt i ng
efficiegeyipd wdected-trail routing in the MSN (conpared to shortest-path
routing). is, Tess than 100% However, the average shortest-path distance in
the NBN PE9iRss than in the torus network of equal size (approaching a
factor of 2 shasktetodtdndsarcge pnebvwesdsiverThasshortest 15 directed-trail

di st bet -destj nat | irs in the VBN depends on th
elative or | chEatPaa-oF the & nidr A28Ra-ont dr 8 FPHIEHESERe: AOES and t he

f or mul aexrape-Sx¢elouthenn Table 1. Using these fornmulae) the relative routing
efficiency (relati o.shar - pat t can be cal cul ated. These
show t hat direct ecﬁilarogi regu%%#gn}q% ?%ég#/éﬁmal t hough less efficient than a
shorl@st-path 20 a#lger remaveu hExam mekeathuk' s 'first rule' (Maxenthuk,
N.F.: "Reiting in the Manhattan Street Network', iEEE Transactions on
Communi cat i ons, 35, pp. 503 512 (1987)) or the dead-reckoni ng net hod

descri b&isienrﬁﬁ%v%r%sf&rﬁm BBBYFPESNt's international patent application
PCT/ GB 3 QL3238e a&drddd lofgeod. nlendiarticular, the routing efficiency for
directed-trail _.rqouting in |large MSNs j.s around 0. 65. 19 Source
nodeDestﬁar%olﬂﬁg'ﬁ%?Teégi sdigrné‘ét 589?*%‘:1} di st ancesori entati onnode (the |esser
if twe egyimssi ons are given)orientati ondown and right(dr-sr) nod n +
(dc-sc) nod ndg and.right nd.left{dr-sr) pnp +.{dc-sc) nod nn -
(dc-sc) nod n 32 drcPEan%% %)\llj% t%nglég?#ﬂ{gérgi:eﬁ%%rn%‘ifé]e{' (dr-sr) nmod nn
- (dc-sc) nod yemovedP- Srpmnmewank;and right(dc-sc) nmod n + n - (dr-sr) nod
n(dc-sc)ey@d n + (dr-sr) nmod ndown and right(dc-sc) mod n + (dr-sr) nod nn
- (dc-sc) nod n + (dr-sr) nod ndown and | eftdown and left(dc-sc) nod n +
(dr-sr) ¥odnads Hnés| eratgeltddngiotbeRr + n - (dr-sr) nmod n(dc-sc) nod n +
(dr-%0) ¢ dbureRoadyl right(dc-sc) nod n + n - (dr-sr) nmod nn - (dc-sc) nod
n + (dr-s%%, nmod ndown and right(dc-sc) nmod n +.n -'(dr-sr) nmod nn - (dc-sc)
mod n + P89E%r) nod nup and leftdown and left(dc-sc) mod n + n - (dr-sr)
nmod n(dc-sc) nmatlew P (tdr cen)yinve aligmgapetheft (dc-sc) nmod n + (dr-sr) nod
nup and right (dg¢c:.sc +_(dr-s nn.-.(dc-sc) nod n + (dr-sr) nod
ndown and ri ghgj(%%?]?sc{;&%ggdﬁné ér;ln-gc)(r&@g?’)usrr%ﬁ n(dc-sc) nod n + (dr-sr) nod
nup and ri ght doesommehdeef t¥afsmicpiomd (withn SOS(dr -r jnnfdvst -paadetsc) nod
n + (44 - n f i~ nmod n + (dr-sr) nmod nn - (dc-sc) nod n
+ (dr%r?ﬁ%r%g%ué;%gﬁg rg%gﬁt%éj%&sr%@ nod n + (dr-sr) nod n 20 TABLE 1 :
Shortest direcP&d-trail distances between source-destination pairs in the n

X n MSN. For tRenPihRoSefariniliess (WLl Qnhyint BerseVsadkut Calnemns are
each nunbered sequentially,O,1,..., n-1. Even nunbered rows are oriented

ly.0, 1
towar ds tR&e H'b‘f’ltSJ:Otod’EPt%b%%i ed rows are oriented towards the 'left'.
Even 5 nuembered colums are oriented in the '"down' direction; odd nunbered
colu are oriented in the "up' direction. The source is |located at the
i ntersection of row sr and colum sc; simlarl %st he destination is | ocated

at the inter seé—thiedﬁmt?l‘:qwsﬁfib%él‘_ el qhﬁye(%:amp MaY bgussp vath _§r"af'§tyeven
and Sc i 108 émeﬁ§§¢ékca%uﬁﬂgem@§adagt Ardoh induGéiseet 'difedRE tobeidbies, 10
Figure 4 1s a E)I oc I'agram showi ng the el ements of the node needed to
i npl enentprovidedithatdht edtatkiis qonfigwebleste ripddEirdoeredstransmissicnatdnpbnent s
the present examples however a directed trail routing method is used. This takes
35 advantage of the fact that a network having a topology of the type exemplified

below, can be divided into a set of distinct trails, such that no one single trail



used to inplement this in conjunction with a directed trail routing nethod.
Figure 5 shows the structure of a 2-connected node suitable for insertion
in the MSN 15 shown in Figure 3. in a photonic network inplengntation, the
heavy lines shown in Figure 3 are optidcal fibre paths. The defdy uumi

the two ~ inputs to the node provide the necessary adjustment on the

| engt hs_of tr] %]wo i nhcom n%éjél nks to satisfy the requirenent described

ear | i erSPaSa?ll 8h the,Mstyweikk Bug et isnﬂwéyﬁéinﬁ il Mﬂw‘gs'eapﬁefr%mgmwe@r oup
time- of sédrbgfﬁbdaltgnaggt\}éﬂ éés'ﬁkaﬁ&?‘%ge beﬁo‘?ﬂ*r'@'ca‘i'ioth%g HeB rTe& out)sTm ywhere g
i's any mtegg is the phase difference between t% | ock sP nal s at
t he twob‘h@G tingxthe canpeepripge Arailr bnkingoa wiureehaods te tae cstesmd idesttirfatioBy

provi di ( p h, i dent co nsati on
for pha@gd%mo?g‘?ée?ée@&?%'li gnglp%gk%ggg? bt{ée%%e%\nnéure ggp an g'eﬁﬁgng'tes on

t he tBaofdasheoni Ag ih bnksimessicrol rwtrigythsmuhrmmcbléc&k alhé E&tlﬁeotrﬂ'ﬂﬁmet her
and to the tinme-slot 25 cl ock a*a #he no ach del ay un|t could consi st of

a conbi Ht iS8H s 10 Yhey dFéW?ﬁt'r?” e19re ° U‘tg e Packet-alil & FeYRst 1het 3or ovi de
coarse ?bmcomr@ohft@dtmrway bf )o@m?téaﬁé’éjde‘t'%lo%@'d‘itrgi‘?lf&)he'd' AEmCPRSHBLI §9 of a
chain of 2x2 space switches and fibre delays to grow de tim ng adj ustnent
to w t hAieetef eQ¥oiahdp etp ﬁN@é‘eé‘%ﬁ\d@t'CalnGUmqt)Ofat ¢ detysaediatgljnesieabdte

opti cal opt | i y 0]

manuf ac{%?bgaﬂbagﬂgi?go?ﬁg‘r gt f|')(Q)€E{ pgﬁb%%ﬁ(%l g(g a%l {r:lbgcgﬁnﬂ%t (?re%t%yglg tv%vll\/{:hl n a
f ew t@ngnothepicyglsecdhelsoutce made tienndatessiaey tid s:@ntfollmaqb@msmtaa:afcaet sl ow

be. cansE SPetRE R paRRa =t SRS oot ol A Pra i SopdRETaiegde ° ™

NV enmentsoCthEs, anga lesiéd oder lttlemcaéurfﬁanvafnleadylcw’lﬁo tﬂ'&héxtcwtﬂé M QS
envi ronrrent al nsation be 21 achieved lé)x detecting a variation

in the rt&lat |Pv%fef it eo‘if""”F PREUSaRk 8tPoUMY PL £PBNEATIP™ REMWeeRec¥t!et ¢l ock
at the n&sﬂ(ﬁ,aﬂnﬁtd&n&m @sre&ea g@leee&édﬁﬁés.ti&eebaﬁg n%gmarrk()' Pedfanaly kRe the

st ep- adj ustabl e delay line an free-space adjustable delay | | ne units.

5 Thébhdawdes smladbgsﬁwhﬁnlm theguabers thenbetvuirk dgitwwgen Rskscheduledeprect s t he
PresSenceyq ?érrﬁﬂhé&’% %a Pag&{ethr e&rﬁ\&]é‘ews{r%t Axh ! hrflCHhERL Skt d&schib

arrival a packe ) erm nes et not an 1 ncom ng pac | S
addr essdukidw, amcsmeswm:h i5 \apsoa@ated vhlela(dech hbdegs Adluthle aesshiae s@Khes ag For
tasks i)_and ii nt to, use et ect or

oot e dopinally skt 204 hissS sthe Bt 12Eafbaly. BrAEIaRaNRE PR BE Lt Com

t hi s phodrogsiaeeindtchdgraré get tocthkibee stdtet | ndi cates the presence of a packet.
The phase rel ationship between the tinmeslot clock and the corrponent of this

phot dfet ect or E‘i“@ﬁﬂ!‘“%mﬂ’ﬁh?%wéﬁ neYePe feRcrispd vithafederense R Figutesc? @89usi ng

an el ectgogy qhage et RRiopD o F@met 8, ahsked YR tnﬁﬂz@cd?{rfé@ﬁﬁg% ifas 4@ this
phase difference provides the control signal necessary f he 15 feedback

control e¢nfiaured ae N wetPrabhoslavorkorTheas K i tqrys h?tW@kn%@éﬁg@!ﬁyn@WQ{prar e

t he addr Whog oﬁ@%tlgﬁﬁkﬁﬁkg"emrth@‘ hgdésh?\aggdl'ﬁgéir]pgf ahd'€ofR ee FOf AN

ul traf as oni ¢ I npl enentati on r med u5|n the net hod of
ul traf ast.odpcaib/r )thwdmds rfemgrgrid on ttiesoufad:xedf artotdse apd edaht liapplin tlen ' s

i nterpational pat nt _applicat /. GB941 oyth furt echni c

dot ait. IS b REPIP o 5oRerHPasl AR-BOLUNG Shist 6 PREARRAPRER 0
appl i cat Fns.aEach mode whadies ahE&Ql rbrbs/sb@efmmcer né\no@weerquwmal In
denonstratlon of this technique i s described in the above-cited Eer by

Cotter ethalcross cpadigriation Frﬁ’ SMEtCAH §9BNSSHT dhe alpBHT CRlYramsto éféﬁjr"éf'é USWor ds
for packebRinfl Cartfhiee it froQMd e %u{:biﬁtr%mpfmqh@aday QHRE; §raft|9F| thBiiRput he

following condition is true for any two wor ds A, in the subset: 25 AB =0
only if AoknB) imgonag-ted itoothecouwlipsit row, and the lnput row is connected to the

30 output column. Figure 9{a) shows the situation in which all switches are set to the
cross position. In that case, the network consists of a set of 2n cycles, each of

length n. In the notation here, the n horizontal cycles are denoted C, where

i=0,1,...,n=1, and the n vertical cycles are denoted C, where j=0,l,..,n—1.



where AB is the Booiean operation a ~a,.b~ . ,.i W rd recognition is then
~carried out using a sinple AND operation 30 between an address word from a
packet and the conpl enment of the node address. A suitable AND gate is a
sem conductor optical amplifier supporting four-wave m xing (w Jéﬁ

Thi s met hod. of word recognition provifles a binary output sign W i ng
whet her or not the header destination address matches the node address. The
basi c ace-swi tchi operatjon is performed by five crossbar switches. The
use of "°vg“'é'msﬂ?fNeg'gr,?‘E;{‘Fﬁ@?/Clteh%er?OBTﬂ%'t@ﬁegf?mes'EW’%'ﬁ GVaRfels sl syitgddi t i onal
st gnal BahB%iABRILHd QRN REndR FRE A L AR RERoRATh AR GLiRAS! e
and secondly nakes it poss e Tor a node sinultaneousiy to read a packet
and t o dddedndmeqtadkesils, defiorti asud, =0C) xalpl voth tifje= DApped-5i gak qat h.

Swi tches S2 and S3 provide the connections to the |ocal host conputer

syst emRaet ehtiallnbs osaursnat 1% iatarsketienr efptheceoroponant apciasalat phelnedet o be
communi cated to the | ocal 10 host while the original packet can continue
via 82 (B Beptheigwatds.ceaeh slitidithgnedeskin S abverkssathe sui-peineicapabl e

of operat. ! t§ re +i:thi Bl devi such as
type Y-%%alcgg?g’ﬁbog’fsthggi:@fg%&b@éﬁg kﬁgin};’éd ﬁépg%rgéoy;\ggén?és. (%c') e s?ﬁc ®as that

descri begtwaheve wanshited!§£thd Qirbdte@htailarolfiMg PAtked, B&cdusem pH&et Q@al host
at the destination node into a time slot already reserved by the source, In

this exBefRuwsdfina itssogarfetdiys deptinationgbeth lopated anyndierin dreorssweski ti on.
This ma L : r we 518&1\4 &S I

gener at éghgtad?ﬁ%t%ﬂgﬁl%gb F%ﬂn%gﬁ%ﬁ@é{écﬂgﬁg\oﬁ g?'ﬁgft(l e t% gglﬁé;?ﬁ'tan?z;%mof t he
i ncdé ngersicgihamnd ape thoeizartiah oydledtenefnte Shegpadket Tiss beeswachehbetmyeenl so be

used to_al,lo he.20 source tp.schedyl e.the delivery of dafa fromthe
dest | naf?ccl)?\s \rllgoh‘éa hack © g cﬂe?g §6utﬁ8e°,”L{éPn°dlmh«‘évrpé° & S%éltpS'rgc }ed’ﬁpae%}%'cesses
at the petwesh Wy obrticel ¥ndipenizodral cadles). Thedifforhe &yarddteaiposionosf nay
initial I%E communi cate to establish a time after which the data.is

avai | abFe "GRYOTHE qBtaRed 3}"”8’[‘" 8 tthe sﬂ’lié‘_’hfﬁu?'ées§uiﬁé%é’rﬂIRPSI‘\‘H%P't?Sansmt a
pol | I'i nghgwvanal Fig Ootdyeirdaehidaat itRd nefNBAd 8diitktd RYTBReL e b DaRkglsS
sufficient to contain the quantity of data. The destination node wites
pack®l s Znt Jovveuet thip ayplendeasgrastionsisdess wel buited t@adieecserblyed uewting,

arrives bggﬁkseaé fiﬁt@ﬁteﬁq}gﬂqgacﬂﬁ? %nggéiﬁé @59?0@%%5“1 nalgéireﬁ\aghﬁeé%?%m .SSi on

by the source o e nunber o ets. An optical processing ock'is
i ncl udedbeithe amidn of mahg cynleat |ines to routing 30 switch S1. This bl ock

i he  ACK flag_ i Kk .. The. bl ock b
ol orent od, TP SXUFS. SaERG A Tah TR | il eh o adapapa

mul ti pl exfiing Yedm aiss tsbardehtd M3i Gesipation NshnCbpdratenire @had@@nhiticCtishiotevi ce
fabricated at the_ Heinrich-Hertz Institute, (t Monol it hi calkld% i nt_egr,at ed

asy Bt VNN CFREUIIdRe i IRteEMeEiatindodps 49 i PR HRAPETRSD WRAMPPBPRxer for
OTDM sy s{@fsss, ofto pehBriRitary! intelliged® rEhRCEIQRIMS tFRE [REWork/ Bperated: inP®-
216-217, 1996). This would be used in conjunction with a nethod for

gener at isiefted dashian| witbnrackels eenftrainedsiqsamet makinmenilongtls ig. time is

synchr oni.sat. i on. pul t.ha i inJn t Patept
popl 1 cat ouerdeGrBdasliEg e RENEES B SRSB4 BB AR
( BT CasemagimiAld @8dyvablke Site togsther withwygumseée banti Mihestrotstr cokitchies an it e of
155 6.45 ns period), This is a standard clock used currently in SDH
ot wibksMEen Bt € e RtPrB e WFREE e SRER) Mobath U S g ons
W th tinaagiohl Idkedab d §86altdtanocB0BIops at TetipRch&! rat@y Vasihet sviitctzd™ byt es
at 100 Goit/s (4.24 ns duration). A suitable switch band for operation of
the el ecthanagperofigyatien s‘\ﬂFY e $0i §U'1n91§f‘e gﬂ#@“ﬂpqﬁﬁ 8 dAst neh tPh%?’é”pér e two
time guapgcm.d%a&ﬁg@ 3 a firetdiflyrarshowWihb Rh& phBietRAE sidibCeRASIIEAGNOT the
current tine slot” in the frame can be tracked by an el ectronic nmodulo n
count er (T erangdd mnfeames ofriengtlonginmeslgys. win ibie festuntd time sidtaen 8IfeAMRI ock
pul s ring the initial start-up p - k n eqguent |y
V\hene‘?cl) m%l esfr(?t% gb%{rs‘ew'é?/%elsl aarBIag,%e%)hne&r?o%ggsleﬂg{'#émﬁdee? &%%’éﬁé (rhteh% %ralgltégﬂ’ g\ mast er
node) cashelfindirthadchstofpe Kednse thie oniRchidsxad gliaet to ane bar pbeitidn edemofesuch as
the first position so that the cqunters iﬁgé t her nodes, can be reset to

the corr é’e\:tT'b?]éﬁ:!@t% Pf SABHINELIASEHH 2 PRI BFeniopedes in the network Is

selected and controlled so that the signal group time-of-flight is equal to



The space switches in the node are activated by the electronic swtch

controller unit shown in Figure 5 which acts on .the basis of the follow ng

20 information: i) whether or not the position of the time slot in the

frame corresponds to a 'cross' or 'bd® configuration in the drﬂw 208 |

routing cycle( 1 bit); ii) whether or not an incom ng packet occupies the
1 bit not

current er .i.nput paqr

dest i nat on aaA (rate‘s hergrq%%w‘&tﬁgﬁrg %‘gc thﬁt%ﬁé% dffE%reaﬁ%lrbégge?ﬂ e*tehe node
(1 Dbitcpek dighuld aP@hd twol Aodewekbr@bsed aé‘@tfré’ctﬁﬁcckfe{hetmte diSt gexigdRirting in
t he host S out put buffer w shes to access an output port in the current

tinme sl & othel Werdspapar fitgputherslock phepe difterenpsi 4 Tofthe hength of @vemt lign,

(total 8 t I rical drive
i gnal s 104 Re R i o8 G CarBtar] QR AN o e B SRRl S v
bands5 bdthwe enpaskek @thigh axids fnort hlr@dwary tiejth girmes stohef faclraroeiwi areeksat i)

t ket h t 30 of t { put t
rout ee. P REkEReFER Frdiaul firdiies O IR0 itk Sonsi b e Bredidae oo
time sl &fe ddvavioediat retéftie@iXWBHB(eﬂfm{elg@r ha@ber 6€€Her Q6kst OTRERRSN hAgse
tasks is as follows: if not (current tinme slot is last positionin frame )

then  He adypnceg/fejgeded; by eny ifixedrintager Pembern eesigisowhich sl ewytivd not
(i ncom ef}g rPQ# @o&e)r fﬂtn@ %tn ePW 8%DaddPH i8Yed. 1 NCOM ng row packet is

addr ess ost ost packet is waiting to exit fromb5 the row
port10n t he CLﬁlgtemﬂQ i shoved beW)a éndt (toralsrrwsxtvopkamli@tt appewmid sm'getocb thxit from

(7, 0L SRR e 5ol L Phle S0 PRTBY) B IR TR0 400 o5

Cross; saackebaas naeiedD, Trraersumtwguoaem omuotsev\lanebkt.bltebreSoarsomeaaﬂtee, is
sufficientl it can be executed usrl;\eg hard wiring toget her with
r

a fast Saﬁ?yth ge%te"@mepthammd ¥BN3RE theeackSraleng thieyiwardgkiigt ers or

| ook-up {ratdB@ontd cydlePty, %an@alﬁgb&ad.meqrml.wé PR LhEGHEA in BREbrESIGRET Or e
the decision tine ependzs only on gate delays. The switch controller unit

can tilder¢iioreeamplr adah &tantd ghntapfsed slcstsi t a errfvat at abéimext pa:cdleetBs tha
multi-Qoit/s ne S H{\/ﬁ‘the orth si gnal cols
di scussetPaELyEl \30 tﬁﬁrfsj'é‘l t)pea%’ (e oble 'gsﬁ(i&!;qtdneﬁt amign apd t}"ﬁ%lf‘g" ed in
the 20 sameshBNEOicH St TFIWIRBE sWnfigDEedaindthe BaaosHRMO@Er s in Fig?910. 25
CLAIMS 1. A nmethod of operati n% an_optical communi catjons system
conpri si EB gpacket is therefore switched rnto the vertical cycle C,, and Pprogresses

onwards through node C (where it is now in the first time slot of a frame, so the

20 switch at C is in the cross state), eventually reaching its destination node D. Not
shown in Fig. 10 is an alternative routing; exiting from A along the vertical cycle
C,, in the second time slot of a frame, via nodes £ and F.

In the torus network, directed-trail routing using the trails 7; = G, U C,, is

100% efficient; i.e. the directed-trail routing gives the shortest path between any
25 source-destination pair. It can be shown that the average shortest-path distance in
the n x n torus network is equal to n*/(n+1) hops. Since the maximum steady-
state throughput is given by the indegree of the nodes divided by the average
distance taken, it is equal to 2(n+1)/n2. Therefore the throughput scales as
O{1NM, where N=n" is the number of nodes, in contrast with one-directional

30 routing where the throughput scales as O{1/N).
As indicated earlier, with directed-trail routing, the only processing
operation connected with the routing that a network node is required to perform on

incoming packets is simple: the destination address of every incoming packet is
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bypasses a vacant node position should have a signal group delay of (gn+2 —A)T

{an integer number of frames plus two time slots minus the phase correction AT).

20 Unlike one-dimensional routing methods, the operation of the entire network is not

jeopardised by the loss of a link or node. This is because there are two available

directed-trail routes between any source-destination pair, provided the source and

destination are not located in the same horizontal or vertical cycle. If one directed

trail fails, the other available trail can be used instead. |If the source and

25 destination are located on the same vertical or horizontal cycle there is no

alternative directed-trail routing, but the cycle can be healed by bypassing the
defective node or link in the manner just described in the case of a missing node.

Neither is it strictly necessary for the torus network to be square; for

example, directed-trail routing can be used in a rectangular network with m rows

30 and n columns, where m>n, say. Then the frame must contain the number of

time slots corresponding to the greater dimension {m in this case), and there are

m —n missing, or 'phantom’, columns in a complete m xm structure. Packets

travelling along a row in a time slot corresponding to a phantom cut-point can
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formulae are set out in Table 1, Using these formulae, the relative routing
efficiency (relative to shortest-path routing) can be calculated. These show that
directed-trail routing in the MSN, although less efficient than a shortest-path
20 algorithm such as Maxemchuk's ‘first rule' (Maxemchuk, N.F.: 'Routing in the
Manhattan Street Network', /EEE Transactions on Communications, 35, pp. 503-
512 {1987)) or the dead-reckoning method described in the present applicant’s
international patent application PCT/GB 96/01823, is still good. In particular, the

routing efficiency for directed-trail routing in large MSNs is around 0.65.
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Figure 4 is a block diagram showing the elements of the node needed to
implement the acknowledgement protocols, and Figure 5 shows the com.ponents
used to implement this in conjunction with a directed trail routing method. Figure
5 shows the structure of a 2-connected node suitable for insertion in the MSN

15 shown in Figure 3. In a photonic network implementation, the heavy lines shown
in Figure 3 are optical fibre paths. The delay units at the two inputs to the node
provide the necessary adjustment on the lengths of the two incoming links to
satisfy the requirement described earlier, that on each link connecting a pair of
nodes, the signal group time-of-flight along the link should be equal to

20 (gn+1-A)T, where g is any integer, and A is the phase difference between the
clock signals at the two nodes, expressed as a fraction of the time slot period 7.
By providing two delay lines {(one on each input) with independent compensation
for phase differences, it is also possible to ensure that the packets on the two
incoming links are correctly synchronised reiative to each other and to the time-slot

25 clock at the node. Each delay unit could consist of a combination of: i) a length of
fibre cut to a suitable length to provide coarse timing adjustment; i) a step-
adjustable delay line consisting of a chain of 2x2 space switches and fibre delays
to provide timing adjustment to within a few hundred picoseconds; and iii) a free-
space adjustable optical delay line (such as optical delay line type ODL-300-15-

30 SMF manufactured by Santec Corporation) to provide fine adjustment to within a
few tens of picoseconds. It may be necessary also 1o compensate for slow drifts
in the optical path length of the incoming links. These drifts may be caused by
environmental factor acting on the fibre - for example, movement causing stretch,

or temperature variations. This continuous environmental compensation can be
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0-"! node; and iv) reads header flags such as the ACK flag. For tasks i) and ii) it is
sufficient 1o use a “1 GHz-bandwidth photodetector to detect a fraction of the
10 packet signal. The presence of a signal from this photodetector during the time
slot indicates the presence of a packet. The phase relationship between the time-
slot clock and the component of this photodetector signal which is at the ti.me-slot
rate can be detected using an electronic phase detection circuit, and a voltage
proportional to this phase difference provides the control signal necessary for the
15 feedback control circuit mentioned above. For task iii) it is necessary to compare
the address in the packet header with the address of the node. For an ultrafast
photonic implementation this can be performed using the method of ultrafast
binary word recognition described in the present applicant's international patent
application PCT/GB94/00397, with further technical details disclosed in WO
20 95/33324. The contents of these earlier applications are incorporated herein by
reference. An experimental demonstration of this technique is described in the
above-cited paper by Cotter et al. As described in the above-cited applications,
address words for packets are selected from the subsets of binary words for which
the following condition is true for any two words A, B in the subset:
25 A®B = 0 only if A=B,
and A®B = 1 otherwise,
where A®B is the Boolean operation

Word recognition is then carried out using a simple AND operation
30 between an address word from a packet and the complement of the node address.

A suitable AND gate is a semiconductor optical amplifier supporting four-wave
mixing (FWM).
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system, and secondly makes it possible for a node simultaneously to read a packet

and to allow a packet to continue to travel on the looped signal path. Switches S2
and S3 provide the connections to the local host computer system and switches
S4 and Sb allow a replica of an optical packet to be communicated to the local
10 host while the original packet can continue via S2 (or S3) and S1 to an outgoing link.
Suitable space switches capable of operation in a time of 1 ns or less are lithium
niobate devices such as type Y-35-8772-02 supplied by GEC A&vanced
Components.
A node such as that described above can be used to insert a new packet
15 from the local host at the destination node into a time slot already reserved by the
source. In this example, this is done by switching S2 or S3 into the cross position.
This may be done in order to transmit back an acknowledgement signal generated
at the destination node, as an alternative to using part of the incoming signal as
the acknov;/lédgement signal. This mechanism may also be used to allow the
20 source to schedule the delivery of data from the destination node back to the
source, and hence also to schedule processes at the source which rely upon that
data. The source and destination may initially communicate to establish a time
after which the data is available, and the quantity of data. The source
subsequently may transmit a pollling signal to the destination comprising a number
25 of packets sufficient to contain the quantity of data. The destination node writes
packets into the corresponding time slots, and the data subsequently arrives back
at the source at a predetermined time after the transmission by the source of thé
number of packets.
An optical processing block is included in each of the input lines to routing
30 switch S1. This block overwrites the ACK flag in a packet when necessary. The
block may be implemented, for example, using an optical time-division add/drop
multiplexer such as the photonic semiconductor integrated circuit device fabricated at
the Heinrich-Hertz Institute ("Monolithically integrated asymmetric Mach-Zehnder
interferometer as a robust add/drop multiplexer for OTDM systems", E. Jahn et al,
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distributed over wide (national} geographical regions with timing jitter of less than
500 ps. The packet may consist of 53 bytes at 100 Gbit/s (4.24 ns duration). A
suitable switch band for operation of the electro-optic space switches is 1 ns, and
in addition there are two time guard bands each of size 0.6 ns. Within the node,
the position of the current time slot in the frame can be tracked by an electronic
modulo n counter (for a frame n time slots long) which counts the time-sk‘)t clock
pulses. During the initial start-up phase of the network, and subsequently when
time slots are available, one node in the network (designated a master node) can
broadcast packets in one fixed position in the frame {such as the first position), so
that the counters in other nodes can be reset to the correct phase in synchronism
with the master node.

The space switches in the node are activated by the electronic switch
controller unit shown in Figure 5 which acts on .the basis of the following
information: i} whether or not the position of the time slot in the frame corresponds
to a 'cross' or 'bar' configuration in the directed-trail routing cycle (1 bit); ii)
whether or not an incoming packet occupies the current time slot (1 bit per input
port); iii) whether or not the destination address for an incoming packet matches
the address of the node {1 bit per input port); iv) whether or not a packet that is
waiting in the host's output buffer wishes to access an output port in the current
time slot {1 bit per output port). On the basis of this information, {tota! 7 bits} the
electronic switch controller unit sends electrical drive signals to the space sw:tches
in correct synchronism with the time guard bands between packets, and in this
way performs the following tasks: i} routes incoming packets to the host or to one
of the output ports; ii) routes packets from the host to one of the output ports if
the required time slot is vacant. An example of the logic required to perform these
tasks is as follows:
if not (current time slot is last position in frame )

then
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CLAIMS

1. A method of operating an optical communications system comprising a

plurality of routing nodes, each routing node being configurable to direct a received
5 optical packet onwards via a selected one of two or more output paths, and

an optical network interconnecting the plurality of routing nodes, the method

comprising

a) outputting an optical packet from an originating routing node onto the optical

network:

10 b) configuring the optical network and the routing nodes to provide a looped

transmission path between the originating routing node and a destination routing
node;

c) receiving the optical packet at the destination routing node; and

d) transmitting a return signal to the originating routing node in a time slot on the

15 looped transmission path which was occupied by the optical packet output in step
(a). '

2. A method of operating a node in an optical communications system
20 comprising a plurality of routing nodes, each routing node being configurable to
direct a received optical packet onwards via a selected one of two or more output
paths, and
an optical network interconnecting the plurality of routing nodes, the method
comprising:
25 a) receiving an optical packet from a looped transmission path formed by
configuring the optical network and the routing nodes _
b) transmitting a return signal to the originating routing node in a time slot on the

looped transmission path which was occupied by the packet output in step (a).

30

3. A method according to claim 1 or 2, in which the return signal comprises

one of a plurality of packets received on the looped transmission path from the

originating node.
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4, A method according to claim 3, further comprising modifying the said one

of the plurality of packets at the destination node before re:curning the said one of

the plurality of packets on the said looped transmission path.

5. A method according to any one of the preceding claims, including

monitoring the time of arrival of the return signal at the originating node, and

identifying the source of the return signal from the said time of arrival.

6. A method according to claim 5, including determining at what time a

return signal is expected to arrive at the originating node, and triggering a
transmission failed event if no return signal arrives at the expected time.

7. A method according to claim 6, including retransmitting a packet in

response to the said transmission failure event.

A method according to anyone of the preceding claims in which the optical
network has a mesh topology

9. A method according to any one of the preceding claims, in which the
network comprises a multiplicity of nodes and links, and in which the nodes and
links are configured as a multiplicity of directed trails, each directed trail linking
some only of the multiplicity of nodes and the directed trails in combination
spanning every node of the network and in which the Iooped'signal path comprises

a closed directed trail which includes both the originating node and the destination
node.

10. A method according to any one of the preceding claims, in which when

the originating node receives, on the looped path, a contending packet from
another node, after transmitting a first one of a plurality packets to the destination

node, then the originating node removes from the said path the or each contending
packet.
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outputs in a time slot originally occupied by a the said packet originally received

' l

15 from the looped signal path.

13. A node suitable for connection in a communications network and
comprising: _ )
20 a) an output arranged to output an optical packet onto a looped signal path

for transmission to another node;

b) an input arranged to receive any signal returned by the other node on
the looped signal path;

c) a node controller arranged to monitor signals returned to the said input;

25 and

d) configurable means for switching an optical packet received at the input

to one of a plurality of outputs

14. A node according to claim 13, in which the node controller is arranged to
30 trigger a transmission-failed state when a return signal is not received in an

expected time slot.

15. An optical communications network including a node according to any one
of claims 12 to 14.
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links are configured as a multiplicity of directed trails, each directed trail linking
some only of the multiplicity of nodes and the directed trails in combination
spanning every node of the network and in which the looped signal path comprises

10 a directed trail which spans both the originating node and the destination node.

18. A method according to any one of claims 1 to 11, including:
transmitting a polling signal from the source node to the destination node:
scheduling a process at the source node for execution at a time after the
15 transmission of the polling signal, which time is dependent on the return trip time
between the source node and the destination node;
transmitting data from the destination node to the source node in the time
slot occupied by the said polling signal; and
subsequently executing the said process using the said data.
20



