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16 between the capabilities of optical networks and the types of services required by
users. Typically, existing optical networks use wavelength-routed circuit
connections which are i|l-adapt.ed for bursty data traffic and connectionless
applications. Currently, this mismatch is handied by overlaying the optical network
with electronic service layers using, for example, IP (internet protocol), ATM

20 (asynchronous transport mode), frame relay or SDH (synchronous digital hierarchy})
protocois. 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:



met hod of operating an optical conmunications system conpr i.s:.ilgg% a.plurality

of WVOil490 nodes, each routing node bei ng confi gur aBIE/ERP3R3MUct a
recei ved opti cal packet onwards via a selected one of two or nore
output paths, and 30 an optical netwogk interconnecting the plurality of
routi ng nodes, the nethod conpri sing a) outputting an opti cal
packet froman originating routing node onto the opti cal network: _s

WO 99/ 14300configuring the optical network and the routing nodes to Provide #)ooped

configurip . Lgal _network and the routing nodes t rovi de a | ooped
transmss f%‘ﬁ‘*ﬁi '??rpggﬁ"v\g%tﬁﬁ eteﬁ'e{hgr?rbq'?%ﬂgnﬁ’uﬁ%t'%ﬁﬁ 7@3@ d%ﬁﬁ"%{"%‘eé"ﬁt'ﬁ‘gt i on
routi ng nodepode; ) receiving the optical packet at the destination

c
routing nqQde; .and 5 d) .transm tti a return signal to the originating
rout i ng Jecsiyjng the ﬁé"@'&?"'&?‘? a(tﬁggdeSt'WaG‘SBéB”tﬂ%ﬂ%qﬁ #8flon path which was

occupi gd dvradseniftilg & RétuRPSIgRAI BUIhR Wrigidhtifh §Buting nbdd in a time slot on thENi S
aspect of the present invention provides a nmethod of operating a

comuni cdPPRATSrABSMISEIRN Rtk Nvhithhpwas oscupied by the optigtlspackat anipug instepr i ng
good 10 peliability and very low |atency. The invention also nakes
efficient use of the broad bandw dt h avail abl e on optical networks, and
al so avoi ds t heThiecispettogf abé presenpriovdreion providessa cuethed tofobperating aar t

net hods ' Lre optical,.buffering and conpl ex hit-level

O ocassi nbriuhRAHbAS Rk WniBhskBbRS pARLes yangiffdet foile 'Sttaitcsnnge

bet wed® orelighilityt armigverp dowdstehoat Theninnestm aldd makey effidiant usedfane brdwt 1 5

time taken for .this g dshake t o essenti al l%‘#he round trip tinme between
[

t he oPIYIWILEN (RYaliaRie gt PRtlkal JIPtWOHESs . afthi Ase savaidy éb%dt%h_f‘ﬂma'cﬁboped
si gnal papdableRiEin this TBRRxt ioTBrivk Gt ARthdER WhRRER Rtich ¥ dringusp for

8ird foT
both the outgoing transm ssion of a packet .ana the return transm ssion
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15 time taken for this handshake to essentially the round trip time between the
originating and destination nodes. This is achieved with a looped signal path. The
same time slot on the looped signal path is used for both the outgoing transmission
of a packet and the return transmission of the acknowledgement. As well as
minimising latency, this method has the further advantage that the originating node

20 can predict precisely when the acknowledgement signal is expected, and so can
glean useful information from the absence of the acknowledgement signal at the
expected time. The absence of an acknowledgement signal at the expected time
can trigger a transmission failure event resulting, for example, in the retransmission
of the relevant packet or string of packets.

25 Preferably the return signal comprises one of a plurality of packets
received on the looped signal path from the originating node.

In preferred implementations of the invention, the signal transmitted to the
destination node comprise a string of packets and the destination node strips off
the payload packets and returns on the transmission path, e.g., a header packet.

30 The returned packet may be modified, for example by overwriting one or more bits
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
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the sai d prosfessdessdnaght iire6Riddrailigtif combination spanning every node of the network
15 and the looped signal path comprises a closed directed trail which includes 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 88/09403 Agent's reference A25265/W0. 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
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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 polling 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 including 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;
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Also, although in this example the network is a LAN, the invention is equally
applicable, for example, to Metropolitan Area Networks (MAN's} or to a global
network such as the Internet, or to national or international telecommunications
20 networks. The network operates in a connection-less manner. Unlike networks
in which a circuit is established prior to the transmission of data, in the present
network a source node outputs data addressed to the destination as soon as
network resources become available, without having to go through a stage of
preparatory signalling between the source and destination. The data is output as a
25 very high bit rate optical packet, for example at 100Gbit/s. Some amount of
signalling is desirable after the message has been received by the destination, for
example to allow the receiving node to notify the source that the message has
been received. Conventionally, such signalling has introduced a further delay if the
node receiving the message must then wait until further network resources
30 become available before being able to send its acknowledgement signal. The
‘present example eliminates this delay by adopting a form of signalling termed by
the inventor "on-the-fly" signalling. As is further described below, signalling then
takes place in the shortest possible time - limited only by the physical time of flight
of the signals along the transmission path.
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In the protocols described here, when a source node wishes to start
transmitting a messagé to a destination node it must wait until there is vacant
capacity on the transmission path (i.e. in a slotted system, until there is at least
one free time slot). When the destination node receives the message and wishes to
return an acknowledgement or similar signal to the source, it does this by
transmitting the signal in all or part of the time period occupied by the original
message (i.e. in the slotted system, by using one or more of the time slots used by
the source to transmit the original message). This has the advantage that the
destination node does not need to wait until there is further vacant capacity on the
transmission path before the packet can be sent, because it is immediately reusing
a time slot already reserved by the source. This ensures that the signal is
transmitted by the original message destination and received by the original
message source in the shortest possible time, limited by the transmission time of
flight at the speed of light. The destination node does not need to wait until there
is further vacant capacity on the transmission path before the signal can be sent.
By a suitable choice of protocol and packet format, the signal returned from the
destination node to the original source can consist of one or more of the _original
message packets ( optionally with some modification, such as a changed flag, or
even with no modification at all). Then the processing required by the destination
node to generate the acknowledgement is primitive and minimal. In this way the

destination node can make its signailing decisions at high speed whilst the packet
is 'on the fly', without the need for buffering.

erates in a
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15 flag, EOS (end of string) binary flag, and payload data including higher-layer
protocol data fields. On transmission by the source, ACK = O 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 = O and
EOS = 0. The final packet of a string of 2 or more packets is denoted by SOS =

20 O 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
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7 15 string from the network (except, as described below, the last packet in the string).
The source that originated the string recognises that the ACK signal is directed to
itself because it sees its own address as the source address in the packet. if the
acknowledgement signal is not received by the source at a time equal to the round-
trip propagation time of the transmission path from the source back to the source

20 via the destination, then the source may assume the string of packets was
discarded en route, and so will know it should immediately retransmit the string.

A further acknowledgement is sent by the destination node back to the
string source to indicate that the whole string of packets has been delivered
successfully. Examples of reasons for unsuécessful delivery are transmission

25 errors and overflow of the receiver buffer. The type of transmission errors that
can be detected in an 'on-the-fly' network is dependent on the bit rate and the
technology used to implement the network. At very high speeds (=100 Gbit/s),
rather than carrying out full bit-error detection for the entire string of packets,
simplified error detection might be used. This may include the detection of

30 missing packets or grossly corrupted packets. Assuming the string is deemed to
have been delivered successfully, a similar signalling technique can be used for the
second acknowledgement. This is done by allowing the final packet in the string
{EOS = 1) to continue along its path back to the source. This packet is
unmodified by the destination node, except that the ACK flag is set to 1. Again, if

35 the second acknowledgement signal is not received by the source at the expected



A further aspect of the protocols is that the round-trip tyﬁ'&;ss; ght of

a packMO Pf148% source to destination and back again canbe aciurately

known, since - it corresponds to a physical distance only. Therefore at

t he i nstant when a source transmts @ packet it knows precisely when to

expect a response. The source may 5 wuse the tine of arrival of a signal
qﬁgt to identify the nmessage and desti nation wth which it is
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i s denoted c = 1 and ECS = 1. The source node, wishing to
transnit a string of packets to a destinati on node, must wait until
there is at least one free tine slot on a transm ssion path leading to
the destination. In the case of the unidirectional ring net wor k,

Figure 1, any free tine slot may be used since the transm ssion path 25
al ways | eads to the destination. In the case of the Manhattan- Street

net wor k using the "trail routing technique described in our copending
i nternational application, the source nust wait for a free tine slot
in the correct position in the frame to provide a transm ssion path to
the destination. The source will then begin transm ssion with the

first packet inserted in the first free tinme slot. If the string



30 consists of two or nore packets, the source will continue to transmt to
t he WQa¥i4%®t i on node using the sequence of subsequeRCT4RFOH%ate tine

sl ot s, -regardl ess of whether they are vacant or not. Once the source
node has comenced transmission g 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 tine slots it ~
Wi shes tgfugesthseidhadaeesscotas PR/OUResli scarding a WO 99/ 14900

8 f or.ei n,strin}g‘ ofdpacke(tag it must discard the whole of the string
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unl ess the Sougpgﬁeﬁﬁéggiﬁﬁé‘%t;i% q, 'rL_Q recqtsiq%rp%flggtrporresponds to the address

of the node itsi € protocol may Contaln a definition for the
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capt uri ng Mnpfaish LYy t fige, et wor k resources. In this discourteous
protocol, the string of packets transmitted by the source nay not

succeed in reachi ngs¢hdest LndR i Driodeleechuse cPrtidye feong paFRcar ded en
route by other nodesid¢daterdarecrat¥rmadechegen transmtting. Should 10 the
string of rﬁﬁgkets successfully reach its destination, the destination node
nmust T di ately acknow edge this by sending a signal back to the

sour cd0 Thf saaray hein P alohaohycal ddrasg bhepf4 nstthepacket in the string

(SCs = 1) CORLl ong. i.ts back to the source. This packet is
unnodi fi eﬁ%nﬁqﬁgdggg?%}a ?gélr?tln%g%{]‘éexd ept that the ACK flag is set to
1. The deked¥mtion node nust renove all other parts of the 1 5 string from

the network (exgepd casedescst bed Pelkgwa1iNgy haskiparkaleded;the string).
The source that originated the string recognises that the ACK signal is

directed to PR P FEORURREWArKsees its own address as the source
addresis i enéhe packet. |If the

if (node N is transmitting) and not (ACK = 1 in P and source
address in P <> N) then
{be discourteous)

remove from network all incoming packets up to and
20 including EOS = 1.

The 'discourteous' protocol is very simple. The logic required is
sufficiently simple that it can be executed at high speed in electronic hardware
using a fast decoder circuit. The amount of optical processing is small: the
destination node is required to change a single binary flag in one or two packets of

25 each string. Figure 4 shows an example block layout of a node.

The 'discourteous' protocol performs well when the network is not
heavily loaded. However, as the loading increases there is an increasing
probability that a string of packets will be discarded before it reaches its
destination, so no ACK is received by the source, and therefore the source node

30 will retransmit the string automatically. This effect is accumulative until many

nodes are continually retransmitting and almost no strings are delivered.

Courteous' protocol

The performance limitation of the ‘discourteous’ protocol under heavy

loading is removed by using a ’'courteocus' protocol, in which packets are not
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15 of string). Optionally, a maximum Jjength of any string of packets may be
specified, to prevent a node from capturing unfaitly the network resources.

When the destination node begins to receive a string of packets it
immediately acknowledges this by sending a signal back to the source. In the case
of the discourteous protocol, this was necessary to indicate that the string had

20 successfully reached the destination. In the courteous protocol, the arrival of the
string is guaranteed. Nevertheless the destination node needs to signal to the
source that it is ready and has the resources available to receive the message. If
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. If 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

t hat



5 maximum string length, there may not be a significant advant
sendi ngWMMh¥/14900 fjrst ACK signal (corresponding to the ‘gﬁ'&"ket in
the string): it may be sufficient for the destinatlon to return only
one ACK signal (corresponding to the 1o EOS = 1 packet). Rul es for
I mpl enenting the protocol are summarised in the follow ng | ogical 10
description for the action of any node (address N) in response to an

-’
| ncom Ng received e flesSage, and s&'Ph& YoliR0Qill know it should immediately cease

10 i f destination address of P N then {iIncom ng string received}
begin  WansmissioR.gs contents of P to receiver buffer; 5 if (SOS =

1inP) or (ECS =1 in P and nessage received error-free) t hen
set ACK = 1 in APfantiteraddkoomfikdgemeaniis seret by ahg destifiation node back to thel se

[STOve P LA RGIMO inaicerE fhar Mo WnBomnd 41" oBo8 VESE igag O P -

W edgemnen I'gnal’ recei
cont enbs sutcassfullysi @nan Ithe gase obithe dibedurtepus’ protocol, examples of Pedsoom

net wor k; ¢1p f9Gccessful delivery are transmission errors and overflow of the receiver

buffer. Again, assuming the string is deemed to have been delivered successfully,

the second acknowledgement can be made by allowing the final packet in the

string (EOS = 1) to continue along its path back to the source. This packet is

10 unmodified by the destination node and it continues onwards back to the source

node as an acknowledgement signal. Again, if the second acknowledgement

signal is not received by the source at the expected time, then the source may

assume the string delivery was unsuccessful, and so will know it should
immediately retransmit the string of packets.

16 The 'courteous' protocol rules for the action of any node (address N) in response
to an incoming packet P are as follows.



if (node N.is transmtting) and not (ACK =1 in P and sourc Ss in
P <> N) the¥O99149%e (i scourt eous) renove from ng?%ﬁﬂ@g%e
“incom ng packets-up to and 20 including ECS = 1. The

"di scourteous' protocol is very sinple. 13he logic required is

sufficiently sinple that it can be executed at high speed in electronic

“har dwar e using a fast decoder circuit. The anmount of optical processing
is Syfall: thif destdestiomtddiirensdef ik =r Squhered t o change a single binary

flag in one acket f ch string. Figure 4 shows an exanpl e
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wel | when t hef needork has nolte resdurgees| pvabbalde toHoweedve &bet hacoming ng
i ncreases thggLids cRBnl NCreasi ng probability that a string of packets
wi |l be discarded before it reaches its destination, so no ACK is
recei ved tPR¥%bur ce, and therefore the source node 30 will retransmt

the string autonmatpg£sd Identdht s &f freeb t&cceUNBhedd e until nmany nodes
are continually re fang&]' tting and al mst no stri nllgs acge delivered.

" Court eous' protocdt ! = 170 Plyexr 4BPFof mint® Ti e 995796 TeRgtved

' di scourt eouskrrq-direedl thexder heavy | oading is renoved by using a

'ﬁour teous' protocol, Ly Wieh PacKel R ALeoithatn
10 else remove P from network;
end
else remove P from network;
_ if source address of P = N then
{acknowledgement signal received}
15 begin
pass contents of P to signalling receiver buffer;
remove P from network;
end;
if (node N is transmitting) then
20 {be courteous}
begin
allow P to continue along path;
either {depending on strategy used)
recommence transmission (with SO0S = 1 in first packet)
25 when free time slot obtained
or
continue transmission (with COs = 1 in first packet) when
free time slot obtained;
end.
30
The protocols described in the above examples may be used with a variety

of different packet routing methods, and in networks of different topologies,
provided that the network is configurable to provide a looped transmission path. In
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
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8 to 10. In the network of Figure 8, nodes and interconnecting fibres are

configured as an nxn torus network. The nxn torus network is a regular network

with unidirectional links, and the nodes have indegree and outdegree of 2,

Logically, the links form a grid on the surface of a torus, and all the links in the n

25 rows or n columns are codirectional. An example of a 4 x4 network is shown in

Fig. 8. Each node contains a 2 x 2 'crossbar' switch or its logical equivalent. In

the cross configuration the switch connects the input column to the output

column, and the input row to the output row; in the bar configuration the input

column is connected to the output row, and the input 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=0,1,..,n—1.
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are as fabl mmtlcal and one horizontal cycle; therefore the packet must be switched between
cycles a maximum of once (at the cut-point which is the point of connection
between the vertical and horizontal cycles). A different cycle-decomposition of
the network is obtained when ali the switches are set to the bar position, as
shown in Fig. 9(b); in that case the network consists of n cycles, each of length
15 2n. However this cycle decomposition is less well suited to directed-trail routing
because a directed trail leading between a source-destination pair may, necessarily,

be the union of many cycles.
The switching operations that maintain a packet on its selected trail
teading from its source to its destination can operate in an automatic fashion,
20 without requiring the intermediate nodes to interrogate the packet destination
address or to perform any intelligent route selection. The network operates in a
slotted fashion with packets constrained to some maximum length, i.e. time is
divided into a regular time slots which are dimensioned to contain a packet of the
maximum allowable size together with a guard band. The crossbar switches in all
25 the routing nodes in the network are arranged to operate in a regular, coherent
fashion, locked to a global network clock at the time-slot rate. When the switches
change configuration they do so during the guard band so as not to corrupt
packets. Figure 9 is a time diagram showing the packet time slots, each of length
T,. arranged in frames of length n time slots. In the first #—1 time slots in a frame,
30 the cfossbar switches are all set in the cross position (denoted c in the diagram); in
the final time slot of the frame the switches are all set to the bar position (denoted
b). The length of each link connecting a pair of adjacent nodes in the network is

selected and controlled so that the signal group time-of-flight is equal to
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Thus a packet which exits from a node in the jth time slot of a frame will arrive at
the next node in the (j+1)th time slot of a frame. More generally, the packet may
be advanced or retarded by a fixed integer number of time slots. The packet may
be advanced/retarded by any fixed integer number of slots which is not a multible
of n, if nis odd, or by a number which is odd if n is even.

Figure 10 shows how a 4 x4 torus network might appear to some of the
packets travelling inside it. Suppose, in Figure 10, node A wishes to transmit a
packet to node D. The source node A will use a look-up table or some other
algorithm to determine that it should transmit the packet along the outward link in
the horizontal cycle C,, using a vacant time slot in the third position in a frame (in
this example each frame contains 4 slots). On arrival at the next node, B, the
packet will find itself in the fourth (i.e. the last) slot in a frame, and therefore the
crossbar switch at B will be configured in the bar position, as shown in Fig. 10.
The packet is therefore switched into the vertical cycle C,, and progresses
onwards through node C (where it is now in the first time slot of a frame, so the
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 T; = C, W C,, is

100% efficient; i.e. the directed-trail routing gives the shortest path between any
source-destinétion 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)/ n'. Therefore the throughput scales as
O{1N), where N =n* is the number of nodes, in contrast with one-directional
routing where the throughput scales as Of 1IN).

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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t he above exanpl es nay be used with a variety of different packet
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A CRAC VK TP ST SN =
the source t'gefRRutiRgiofMAI0 ERItRCPAIRLS BRGNS B MR ePRBILIAddrbsd RebQYHiiLA' hat a
particularly effective way of routing a packet along a trail forned from a
nunber of Electronics Letters, 31, pp. 2201-2202 {1995)]). Since the directed-trail routing

does not use an algorithm that relies on any particular sequential numbering

10 system for the network nodes, the nodes can be labelled in an entirely arbitrary
fashion. This can simplify the tasks of planning, administrating and evolving the
network,

Although the description of directed-trail routing in the torus network has
assumed, until now, that the network is a complete nxn structure, it is also

15 possible to cope with the situation where a node is missing or a node or link fails.

If a node is missing, it is necessary only that the links that bypass this vacant
position maintain the correct timing relationship, i.e. in this case the link that
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. [f 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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cycles ar (tahe re g{f‘l\%j oCL:r?traEILns of t?\ej mw‘ard and’ out\:/Lvard links at the nodes, and the
formulae are set out in Table 1. Using these formulae, the relative routing

efficiency (relative to shortest-path routing) éan 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 Transaction.s on Communications, 35, pp. 503-

512 (1987)) or the dead-reckoning method described in the present applicant’s
internationai 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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not a mult g if nis odd, or by a nunber which is odd if nis
even. 10 cailba up a“‘l‘—'f'gﬁ ® 10 shows how a 4 x 4 torus network night appear to
sone Qb the packets travelling inside it. Suppose, in Figure 10, node A
W shes to transnit a packet to node D. The source node A wll use a
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Cerr] using a vacant tine in the third position in a frane
thi s exanpsed waetplémeantethis int eonignatios| thb)a. dt@wt@d triai} abuting mmqvexﬁgn@de, B,

the 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 q 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 relative 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; ii) 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 to 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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trails T[err$jigaalgoethy sfepradjusGihle rdeldysline and the (eecespiace i asiiustable alelayhiine

di rect ed-trabJﬁJouti ng gives the shortest path between any 25
sour ce-desti na{'l’on pair. It can be shown that the average shortest-path

di stance i The headeriprdazssing numiteQrekforrs eogl fdliovind) taskis] # (detckrs hiops.
Si nce the maxi num ste

dy- state, throughput_is given by the indegree of
Che nodes d DTGRP FiREnge af agiacket I @ g S caiedie e the Soarvag o
2(n+1) / n[err packBRenigidRtaning WhetHed RURotS8Rlifcondfg packet X 44dreEsddMo thbier e
-Nen[err] is the nunber of nodes, in contrast with one-directional 30

routing wher Bo48icandhivh iieasisueaden flags sectpesthg ACK flag. For tasks jsandnid)i it ds ed
connect ed i T Rt FSUPrE tin SR WeRTn R prA AT R bl o racudPBE Thi BT
i ncomi ng Packetketisignal.ndlhe: presrncdesft @ smnabfromdthiseplotofieteer yduring aihie rtgme
packet is slot indicates the presence of a packet. The phase relationship bet\:erZzen the time-
slot clock and the component of this photodetector signal which is at the time-slot
rate can be detected using an electronic phase detection circuit, and a voltage
proportional to this phase difference provides the control sighal 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 = 0O only if A=B,
and A®B = 1 otherwise,
where A®B is the Boolean operation
Zai.gf.
i=1
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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can 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 the

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 photonib 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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adj a¢ent r ovideeifonics kattees. vol. 3% ppeR16-315p1R98) + Shisi weidd |b8n‘§3ddﬁd3°f‘h'@°m\l is
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e
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t hese fornul ae Ive r relati
short est 1|z§1atin admﬁomg)ere:are beo ctuaiacgmaltl ebdndél’lae@‘ems hnevo:ﬂhaus Wuthnn the node,

directed-trajl routing,in the hough .l ess ef
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PCT/ GB 96/ 01843, sibfs &bl dVail&198dond Rodaint iHeWheétivork [esignated a master node) can

15 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

20 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

25 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, {total 7 bits) the

electronic switch controller unit sends electrical drive signals to the space switches

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

30 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 i1s last position in frame )

then



routing efficiency for directed-trail routing in large MSNs is around 0. 65.

WO 99/ 1%m$p/14900 19  PCHEGEMYRSM noge
Destination . Shortest directed-trail distances orientation node
(the lesser if two expressions are giwan) orientation
down and right (dr-sr) nod n + (dc- sc) nod n down and right down and |eft
(dr-sr) nmod n + (dc-sc) nod n n - (dc-sg)
mod n + (dr-sr)Skod gross; up and | eft (dc-sc) mod n + n -
{dr-sr) mD€l @ (incoming row time slot is occup:l.@d) {aﬁiﬁ' St ”Pfhcﬂ:m"in(ydr sr)
nod n up and right (dc-sc) nod +n - (dr-sr) nod n

(dc-sc) nERLHN: fige- $Aptndhg Accupied) and not ( ef@mmm FWyHRaqkgE- 46) nod n

+ (dr-sr)ad®dded to host ) and ( a host packet 1s Qvaltﬁﬁg 86) e f¥oh
(dr-sr) mod n down and |left down and |eft dc-sc n + (dr-sr) nod n

up and 9 ethe roy CRp_ré:C)lnnﬁ&encmrﬁent (t‘dlmes,s)loﬁn and ( a host packet is
(dc-sc) m?élltfhn"q (tdr eXhi} BBSmNthe column port in tHED c%&geﬁtggime sllfcqsc) nod

n+n-(dr-sr nod n - (dc-sc). nod n +
(dr-sr) md‘n® mment destinationyafidresy) of greaphic %“c‘)‘“%ﬁ’ﬁdcﬁl%‘h tl“tedr sr)
nod n slot is not defined } then n - (dc-sc) nod n + (dr-sr). nod n
up and left . down and left (dc-sc) mod n + n - (dr-sr) nod n
(dc-sc) nB8IH*+ (dr-sr) nod n up and |eft (dc-sc) nod
n + (dr@sr) nodsf := cross;
83 := bar;
end.

The routing logic, of which this is an example, is sufficiently simple that it

can be executed using hard wiring together with a fast 8-bit decoder chip, without

15 the need for arithmetic, registers or look-up tables. It is purely a logical
combination circuit, and therefore the decision time depends only on gate delays.
The switch controller unit can therefore operate at high speed, suitable for routing
packets in multi-Gbit/s networks. Similarly, the logic for the signalling protocols
discussed above uses purely combinatorial logic and can be implemented in the

20 same manner using hard wiring and a fast decoder chip.

25




up and right dc-sc) nmod n + (dr-sr) nod n

n - (dc-sc)VOBYML (qgr-sr) nod n down andCVEEIVO2RY:. sc)
nmod n + n - (dr-sr) nod n (dc-sc) nmod n +
(dr-sr) nod n up and right down andgkeft (dc-sc) mod n + n - (dr-sr)
nod n n - (dc-sc) nod n + (dr-sr) nod n
up and left (dc-sc) nmod n + (dr-sr) nod n

n - dc-sc) nod n + (dr-sr) nmod n CLAIMS up and right (dc-sc)
nod n + (dr-sr) nod n 20
TABLE 1 Shortest directed-trail distances between source-destination

pairs i 3 | the n A metifod. oFGberﬁgﬁg pﬁrm&ﬁs coifnn'lcdlm&ﬁeioﬁ@rswie&e conipyising he
rows and col ums, are, each nunbered. sequenti a 0,1,...,n-1. Even
nunber ed r 0\/\8'”55?'@' gf T‘éﬁ'ﬂ‘@dwges't‘ﬁﬁﬁr‘ putingfapde, feing “"g/"f'(QHEPb}ﬁJWo@F‘?a ar'&ﬁ%’_"%q e
oriented t@“@ﬁﬁ’(%lba@ke'tloﬂ%'rds viE eIt te GRS ®b G%H@éutﬁﬂﬁp&hb,eéﬂa?d in the

‘down’' direction; odd nunbered colums are _oriented in the 'up'
direction. The eriigrt&efworkotrsereennecting cthp nelefreiee of gauting medes the methed

col um sc; Sb%hﬁélh% the destination is |ocated at the intersection of row
dr and colu . If, for exanple, sr is even and sc is odd, the source
node ori ent abl ontpugting an catitdd pacietaina rangdridinatib@ routing node ontd-ithgupetichli s a
bl ock di agram showi ng the el enents of the node needed to i npl emrent t he
acknow edgemgﬁw otocols, and Figure 5 shows the conponents used to

I mpl ement 1@ hbp doRfigarmygutied iopticall hérwaoritli ahdctiedrdutiag| nddagt to @remddradloobegur e
5 shows the structure of a 2-connected node sujitable for insertion in the
MSN 15 showtfaPRmIssipnRAtA befyjeen the, OHGINAURMLIMEINR NS e Cgs PO IoNtIRGavy

| ines shown pode;

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

A

originating node.




in Figure 3 are optical fibre paths. The delay units at the two Ln uts to
the nod®09/1488kyi de the necessary adjustment on the Ienﬁ?ﬁg%?'mtsﬂ
incomng links to satisfy the requirenent described earlier, that on
each link connecting a pair of noggs, the signal group tinme-of-flight
along the link should be equal to 20 (qgn +1 - [err])T, where q is any

i nteger, and A is the phase difference between the clock signals at
the two rfedes, /émtégéedcqgm torelaim dnfusther isomprisingghodifyieg theisaid one By
provi din nsati on
for phangfdelﬂg f‘gg'lgn Hgﬁ‘e{so&e h%”de‘%giggn ng&?%bé\fr?g%rréetﬂﬁﬁﬁ%%d Epcfefs on
the two the p\mmhmofr@cke‘tskm meesaublobped transmissionqrattis.ed rel ati ve to each
other and to the tine-slot 25 clock at the node. Each delay unit could
consi st of a combination of: i) a length of fibre cut to a suitable

| engt h 5t 05 pr ovi Ae nARé® Eadcbitinty) 1@djaHgt oMNtef ithe preSddifly claims, achiaingbl e
delay line consisti n% of a chain of 2x2 space switches and fibre del ays

to provi d@oPitaingy theytime PEATYY 9f the FF"H"T &lgnALALItBY JsiokdiBROMRAS, WD i i)
a free- 1dent)ﬁ1§’tgﬁg€heaéji urSd GOINR rBiirh %?c#néi’?r'oﬁ’)’tﬂé Sd GiRieChy favapt i cal del ay
line type ODL-3 1 5- 30 SM manufactured by Santec Corporation) to
provide fine adjustnent to within a few tens of picoseconds. It may be

necessaryg al so konﬁwgﬁ%rﬁmfg_?_ e?a gr'u{cth?dlr)\/g detérﬂwlﬁlng %pWh%‘?ltingtJ.l

l ength of thelncomn rift
envi r ocrnerdtatn fsgptabris ae:tpengadomotd!revél atr ¢he drmlnaimgrrpbdae, aweumger:mmwl ng

(S:E)[ne)éﬁg at FBHS"BEﬁ'%:fnRgJ g&elf)rt?f t\mloa Ftaltg;[nl s?gr]]nsal a;ll_'wes a ?ﬂé IeQ;IJJeOcl‘fgd %m{el ronnent al 21
achi eved by detecting a variation in the relative timng of incom ng packet
arrivals and the tinme-slot clock, at_the node, and providing a

el ectri cal’* f eedBadReHBAt 35R0rding 19j glaip B IRqiuding orstrapsmating| 2 R?&"%fy Mine
and the frapohbaes tadiaistabbRisdRhaillre®Qent, UNIts. 5 The

header - groces& ng units perfornms the follow ng tasks: i) detects the

8. 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
20 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 looped signal path comprises

a closed directed trail which includes both the originating node and the destination
25 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
30 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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presence or absence of a packet in a tinme slot; ii) detects_{h i f
ﬁﬂ‘,{gﬁ% é@‘;ﬁ)‘gc ket

arrival of VO991¥fhcket: iii) deternines whether or not an

is addressed to the node; and iv) reads header flags such as the ACK
flag. For tasks i) and ii) it is sufbipcient to use a -1 GHz-bandw dth
phot odetector to detect a fraction of the 10 packet signal. The presence
of a signal fromthis photodetector during the tine sl ot indicates the
presence of Hl-pack®tmethied 3sicarting & any nshph clrimsweto tthe in iviisich whers ltiog
clock and t hg;£UHmRQN f LS t i i i

time-slot hénng(r;at egcﬁéryeb%cafg? %’c?@gﬁ%g&%g%ﬁﬁl %@ rrq%hfﬁcﬁ%ﬁﬁa%gg?ggb‘e%&?tgﬁr
circuit, andaleyafteagmnsmittipg apfinst icoaalf a plutditys ppéiese taithd destiragioprrmdedes
the control gigngl necessary for the 15 feedback conirqgl circuit nentioned
above. For ttisﬂ ?‘?q )0r|gfnq%l§gn88<g%s%9eq% dRRpIysston © thﬁ&f&d? 5 o e
packet he&dedestinktion, hehdashdees theddr dabk coR@AdingPackdt. ul traf ast phot oni c

i npl ementation this can be perfornmed using the nethod of ultrafast

bi nary word recognition described in the present applicant's international
pat ent application PCT/ GB94/00397, with further technical details

di sclosed in WO 20 95/33324. The contents of these earlier applications
are incorporbZed hérmgde swtable for cednection é amoptisgl eomreurticdtione metworkatthen of
this techniq i {.bed in the above-cited paper by Cotter et al.
As descri bedH‘l?dr# ‘?%’ﬂs'zﬁééie- cited applications, address words for
packets &Ce sel ect adarf input dinangedlis eécivaf arb bpidaay paeitet Srohoa [odped signal pathie
follow ng condition is true for any twy rds A . B in the subset: 25
Alerr]B =0 only i Q) ngfg”ra%'e mea'h%¥°' SW TCBDFW]%‘:mI”"@{ PRAKGF Keeeived at thg input
Alerr] B is thteomoet 8 pluraRg R bbutiuts [err] Wor d
recognition is then carried out using a sinple AND operation 30 between an
address word from & PaeRe{orEPYtHRG dGignabato thefloaned sigtad Patityiaege of the A
?nwx;[ ﬁbl ?FANDOGL%TU% irS a i€ B VHEHENIP ocBBiibE By A shibSTackEPBRGihAINIrdoieavave
J 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 inciuding a node according to any one

e U




22 This method of word recognition provides bi nary-out put

si gnal WQi9%Estong whet her or not the header destlnat?GHE@Bﬂ&§§§ mat ches
t he node addr.ess. The basi c space-swi tching operation is
performed by five crossbar switchgg. The use of five switches rather
than only one firstly provides the 5 additional signal paths needed to
connect to and froma | ocal host conputer system and secondly nmakes_jt
possi ble for a node sinultaneously to read a packet and to allow a

33" provi 08 ¢ ne ATb ARGy SRRt e BRRE aeSorBR il B b MR 3B ches

S4 and ShesWbmhas & ajshaapalbgyn optical packet to be comruni cated to the
|l ocal 10 host while the original packet can continue via S2 (or S3) and Sl

to an outgoing link. Sui t abl e space switches capabl e of operation in a
time of 1l17s oral&@psmaniSatiddshhetWork adebriiy @0 AMCAS SUQB, 38 WHRR the
Y- 35-8772-02 supplied by GEC Advanced Conponent s. A node

such as tHfaWoHesempHess apawEplicity ﬁfen%eéda%'mlﬁs@nsi i \Nb\ﬁhﬁaemdemnﬂr om t he
| ocal ho%kétartafl%n% Hdnéé 'a%uﬂﬁaﬁ ty BF Qiu‘@mte'dnﬁ gglé.&%gég Er%ﬁ%)éﬁ.g by the

source. Inthis exaﬁ‘p his 1s ﬁone SW t C | ng Into t Cr oss
posi ti on.some onty sofrrm,e mulmmew of @pdeer and theadisedted buaiks im ceokbimationdgenent

o1 gnal 90Er RS kveny ndle HIIRANGE LR QRIS 8T AULEN ALY Usnhfodto’ N9

ackno
nmechanios na ﬂuyctauamlbﬂhuuhsdamsabaﬂhlnhwdnbmaﬂﬂg sode and tioe dedrzatibe nolde. del i very
of data fromthe destination node back to the source, and hence al so
to schedul e processes at the source which rely upon that data. The

source angigdest ANaeitifgt A86rdiRG kb ahl Yone @MAlHhe at18 10 ikSiLdRL! sh a time
after which the data is available, and the quantity of data. The source

subsequent |y mayransanigivgta eolling signaldran ghmpoyrse nade deihe dRsHINGHOR ARRR' si ng a
nunber 25 of pa%&ﬁ&&mﬁw | SbEs gtqhsgemb moebeo.qese&m.ax a@fa Ak Afted S

destination node wit packets into the corresponding tinme slots, and
t he dat®a y@bsrem@ntcrfytharnqlhfmssugadkwhlch t"ap is l[depensient @nathegepra dep dimg ned

time afteg 0GRS ESha: e e BHEER Raet Ne

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
19. A method of operating a node in a communications network, the method
comprising:
transmitting a poliing signal from the source node to the destination node;
scheduling a process at the source node for execution at a time after the
25 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.
30
20, A node for use in a communications network, the node comprising:
means for transmitting a polling signal from the source node to the

'destination node;
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nunmber of PReKBHS96 An optical processing block is included in
each of the inp}l}tg%?i nes to routing 30 swtch S1. This bl oc RCH ]P0 t he

ACK flag in a packet when necessary. The bl ock may be inpl enented, for
exanpl e, using an optical tine-division add/drop mul ti pl exer such as

t he photonic sem conductor integrated circuit device fabricated at t he
Heiqri ch-Hertz Institut g"l\/bno,l ithically integrated asymetric

Mach- Zehnder TRESY %é BhRAUEPS asprecesshatsthe addicd mode ol éxeRUESE at & QfmdOTDM
systens", E. Jahn #fterahe transmissi L e

23 El ectronics Letterg,sm{/sgllo.n °§§f’e B%I.lm%i'gpi'l‘?’,h'%@'@?.'s FRPNdRBLIPR

used in conjuncti JfWUM UiRfime betweeh dite $aurcgandy @id e desSHktiGHhSyOPt i cal

control signal to dhesH P : chroni sation pul se, such as that
described_in Internati or?alqraﬁgrt'@ﬁpg XBE%IFB'&H%&#%RB’.‘G“W nags WsTheosBee hoded

23rd May $995 by tiRdhetiseesitt coupbied dytthe B p@ﬁﬁt? s?haﬁ% 84). 5 The
network may use a,%L¥EJ§Lot clock at a rate of I55 Mz (6.45 ns

period). This is a stan af‘ébsc?ﬂﬁf‘:%'yu%’@&“ﬁ'ﬂﬂF’@rﬁ@@mﬂmem‘siwtmﬁmdaﬁd can be
di stributed over wide (national) geographical regions with timng jitter of
| ess than 500 ps, The packet may consist of 53 bytes at 100 Ghit/s
(4.24 ns duration). A suitable switch band for operation of the

el ectro-optic space switches is 1 ns, and 10 in addition there are two

ti me guard bands each of size 0.6 ns. Wthin the node, t he position of
the current tinme slot in the frame can be tracked by an electronic

nmodul o n counter (for a franme n tinme slots |long) which counts the tine-slot
cl ock pul ses. During the initial start-up phase of the network, and
subsequent |y when time slots are avail able, one node in the network
(designated a master node) can 1 5 broadcast packets in one fixed position
in the frame (such as the first position), so that the counters in

ot her nodes can be reset to the correct phase in synchronism with the
mast er node.
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The space switches in the node are activated by the electronic swtch

controIIeQMHgwaﬁgown in Figure 5 which acts on the basis etridmshisok owi ng
20 information; 1) 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) whet her or not an incom ng
packet occupies the current tine slot {4 bit per input port); iii)

whet her or not the destination address for an incom ng packet matches
the address of the node (1 bit per input port); iv) whether or not a packet
that is 25 waiting in the host's oqufput buffer wi shes to access an output -

port in the current time slot {=]@i €] per output port). On the basis of
this information, (total 7 bits) the * “eélectronic switch controller unit
sends electrical drive signals to the space sw tches in correct
synchronismw th the tine guard ban bet ween packets, and in‘this. way
perfornms the follow ng tasks: i) routes incomng packets to the host or to
one 30 of the output ports; ii) £t packet s onnLLhe one of the
out put ports if he required tlne slot is vacant. An exanple of the

| ogi c required P m t hep ks is}ap owWs : ift nat
(cgrrent qt‘i'r’ré & tg 8 é {]gr's't';p'os:c:t? NN gﬁram'e' Eo 8& c ""t'h]ecnb c|€]c

PCT/ GB98/ 02804 —_— — 24 S

Cross; it (inconi%d rowtinme slot is occupied) and not (incon ng
colum time slot is occupied) and not ( incom ng row packet is addr essed
to host ) and ( a host packet is waiting to exit from5 the row port in the
current tine slot ) and ( a host packet is waiting to exit fromthe
columm port in the current tine slot { comment - destination address

of vacant incom ng colum tine

Fig.2.
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slot is not defined } then begin 10 S2 Cross;

bar ; e O 99/14900 The routing logic, of which this |§C'HFFB§§(%§% e,
sufficiently sinple that it can be executed using hard wiring toget her
with a fast 8-bit decoder chi p, wi thout 4& the need for arithnmetic,
registers or |ook-up tables. I's purely a | ogical conbi nati on

circujt, and therefore the degm n time depends only on gate del ays.
The'~si tch control ler unit caf- refore operate at high speed, suitable
for routing packets in nppHAECGhit/s networks. Simlarly, the logic for
t he signalling protocols & ssed above uses purely conbinatori al

| ogi ¢ and can be i npl enented a‘ot e 20 sane manner using hard wiring and a
fast decoder chip. 25 %}—
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CLAI M5 1. A met hod of

25

operatlnﬂmﬁﬁﬂﬁwplcal comuni cati ons system conprising a PCT/GBagiea8osty of

routi ng nodes,- each routing node being configurable to direct a received 5

opti cal packet onwards via a selected aj ? of two or nore output paths, and
u

an optical network interconnecting the p

rality of routing nodes, the

nmet hod conpri si ng a) outputtl an optical packet from an

originating routing node onto the opti g%
the optical network and the routing n

transm ssi on pa
routing nod
routi ng node; a
routi ng node in
occupi ed by the
nmet hod of opera
conprising a pl
configurable to
sel ected one of
I nt erconnecti ng
25 a) receivin

by . configuf

transmttingk a
on the

TIME-SLOT CLOGK

Fig.5.

twork: 10 b) configuring~
vi de a | ooped
uti ng node and a destination

h hetween the grigipattng ira

P c) receiving the optf dal packet at the destrnatror
nd d) transmtting ar n signal to the originating
atinmslot—aon the 15 | oopsditsy ansm ssion path whi ch was
optical packet output in [S{¥] (a). 2. A
I ng a pode in an optical muni cations system 20
iral i ty]of routi ng—hRedes—aac node being
direct a regeived optical packetfonwards via a
two orf{nore oytpl pat hs, and an optical netwgrk
the plprality hng nodes, the t hod conpri sifng:
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| ooped transm ssion path which was occupi ed by the packet ou tep
‘%‘FWP’?

(a). 30 WO 99/14900 A net hod according to claim1 or 2,

"return signal conprises one of a plurality of packets recei ved on the
| ooped transm ssion path fromthe opjmi nating node. WD 99/ 14900
26 4. A met hod according to claim3, further conprising nodifying
the,said one of the plurality of packets at the destination node before
retbrnlng t he said one of the plurality of packets on the said | ooped
transm ssi on path. 5 5. A met hod according to any one of the
precedi ng cl ai ns, including nonitoring the time of arrival of the
return signal at the originating node, and identifying the source of
the return signal fromthe said tine of arrival. . A et hod

according to claim5, including determ ning at _whg¥ tinme 210 return signa
IS expected to arrive auﬁ'ithe grn-gr nati ng node, @ triggeriNg—a

transm ssion failed eve if mo retuen.signal Arrives at the expected tine.
7. A nethod accqrdrmg=tq ¢l aimi6, §ncludihg retransmttjpg a packet in
response to the saiq tfransiyijsgi on| flai | ire evgnt. 15 | w
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8. A nmet hod according to anyone of the preceding clains.in which the
opt i cal WO 99/14900 network has a mesh topol ogy 9. PCT/GBR/REY4 o
according too .any one of the preceding clains, in which the 20 network
conprises a nultiplicity of nodes and5y}nks, and in which the nodes and
links are configured as a nultiplicity of directed trails, each directed
trail 1inking sone only of the multiplicity of nodes and the directggd
trails in conbination spanni ng every node of the network and in which
t he | ooped signal path conprises a closed directed trail which

i ncl udes both the originating node and the destination 25 node.

10. A net hod according to any one of the preceding clainms, in which when
the originating node receives, on the | ooped path, a contendi ng packet from
30 anot her node, after transmtti i one of a plurality packets to

t he destination node, then the origi naty ng node renoves fromthe said
path the or each contending ackesld

27 11. A et hod accordingito onejof claims 1 to 9, in which
when t he originating node receives, ton the | ooped path, a contending
packet from anot her node, after trGhsnit,ing a first one of a plurality
packets to the destination node, then the originating node suspends
transm ssion of further packets tq the
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5 destination. and passes the or each contendi ng packet.

. node sui taml%%’b‘ﬁgo‘bonnecti on in an optical conmunications n%%??a/&?%e

- node conprising:- 10

a) an input arranged to receive an optical

" packet froma | ooped signal path; ?¥7_ b) configurabl e neans for
ein

swi tching an optical packet received at t

of :ouf puts c)

si gimal path via one of the

put to one of a plurality
means for outputting a signal onto the | ooped
outputs in a tinme slot originally occupied

by a the said packet originally received 1 5 fromthe | ooped signal path.
13. A node suitable for connectionjtﬁ muni cati ons network and
Fig oS

conprising: 20
onto a | ooped signal path

b) an input arranged to receive

t he | ooped -si gnal path;

nmonitor signals returned to ‘ i PSar
configurable nmeans for switc 3
to one of a plurality of out S A

13, in which the node contrg

transm ssion-failed state
expected tinme slot.

a) an out put

to out put an optical packet
for transm gsion to anot her node;
: ' Qy t he ot her node on
0l NDer arranged to
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15. An optical comruni cations network including a node accordi.ng to any

one WerodmWP s 12 to 14. WD 99/ 14900 PCT/GB98/02804
28 16. . An optical comrunications network according to claim 15,
in which the network has a nmesh topol ogy 5 17. A commruni cati ons
network according to claim15 or 16, iW7which the network conprises a-
multiplicity of nodes and |inks, and in which the nodes and l'inks are_,
configured as a thgbsakgagy of directed trails, each directed trai
| i nki ng sonel o e fultipli¢ity of hodes anfl the directed trails
i n combi nati on spanni ng eVery nod€ of the¥network¥and in which the
| ooped signal path conpris 10l a dijrected frdil which SRans both t he
originating node and the dedtiinfti o _nofe. 18] met hod accordi ng
to any one of clainms 1 to 11, }i ncl udi nig: transmtting a
polling signal fromthe sourcg node ta@ the des$tinati op node:
scheduling a process at the sguice negeyfor utigrtet a tine after the 1
5 transm ssi on of the pollipgg-tstgrat—twpichltitne |s.id gEndent on the return
trip tine bet ween the sdufee node-tahd t heltdesti natilon node;
transmtting data fromthe degqtination node t¢ the soyrce node in the tine
sl ot occupied by the said poll]ling signal; and subsequently
executing the said process usijng th ald ddta.
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20

t he net hod
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19. “@@\ nmet hod of operating a node in a comuni cati onNgF&

conpri si ng:
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node to the source node in the t

sl ot |occupi ed by the said polling sjign k4p)lauadauonalpubncauonnate subsﬂapuﬁmﬁgbmsoaw)
execyit i ng the sai d process using the sarpgdata—36 260~ Arote—ot
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