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OPTICAL SWITCH AND PROTOCOLS FOR 
USE THEREWITH 

FIELD OF THE INVENTION 

0001. The present invention relates to the field of optical 
Switching in general and, more particularly, to optical Switch 
ing nodes for use in an optical network. The invention also 
pertains to protocols governing the behaviour of the Switch 
ing nodes. 

BACKGROUND OF THE INVENTION 

0002 The development of high-capacity networks has 
been driven by the need to establish high-bandwidth data 
connections among remote sites, for instance, between clients 
and servers. Most often, the communications infrastructure 
for Such a network is provided by one or more long-distance 
carriers serving the geographic region that encompasses the 
various remote sites. A carrier may lease fiber optic lines to 
customers wishing to establish high-capacity connections. 
Within the carrier's network, optical switching nodes are then 
configured to Support the desired connections. 
0003. Usually, a carrier leases its fiber optic lines with a 
view to long-term usage thereof. Thus, Switch configurations 
established at the time of provisioning the high-capacity con 
nections are expected to remain in place for a period of 
months or years. Therefore, the switches in the network can 
be configured manually with virtually no impact on cost or 
quality of service provided. 
0004. However, it is not feasible to manually configure a 
large number of Switches when dealing with a network whose 
size and/or topology are in constant evolution. Furthermore, 
the manual configuration of Switches cannot accommodate 
situations in which the bandwidth or quality of service 
requirements of the traffic to be transported through the net 
work is time-varying or if there is urgency in establishing new 
high-capacity connections through the network. Although it 
is desirable to provide switches which are automatically 
reconfigurable as a function of changes to the topology and 
traffic load of the network, such a capability is currently not 
available. 
0005 Moreover, the most common approach to establish 
ing end-to-end data connections in current optical networks 
relies on the utilization of the same wavelength, say , along 
a manually configured path throughout the network. This 
prevents the establishment of other data connections using 
as an end-to-end wavelength if part of the path corresponding 
to the new connection intersects part of the path correspond 
ing to the original connection. This places a severe constraint 
on wavelength usage in a current optical network, with the 
effect of drastically reducing the overall bandwidth efficiency 
in the network. 
0006 Thus, it is apparent that there is a need in the indus 

try to provide an optical Switching node which overcomes the 
above stated disadvantages. 

SUMMARY OF THE INVENTION 

0007. The invention can be described broadly as a switch 
ing node that includes an optical Switch fabric, a wavelength 
conversion unit and a control unit. The optical switch fabric is 
connected to the control unit and is used for Switching optical 
signals arriving on a set of input optical fiber segments over to 
a set of output optical fiber segments in accordance with 
mapping instructions received from the control unit. The 
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wavelength conversion unit is connected to the optical Switch 
fabric and is used for modifying the wavelengths occupied by 
incoming or Switched optical signals in accordance with con 
version commands received from the control unit. 
0008. The control unit is used for exchanging control 
information with other Switching nodes using a network layer 
protocol and generating the mapping instructions and the 
conversion commands based on this control information. This 
Switching node allows the input and output wavelengths of an 
optical data signal to occupy different wavelengths, which 
provides many benefits, among which is included the benefit 
of increased wavelength efficiency in an optical network. 
0009 Preferably, the control information is exchanged 
using a out-of-band control channel Such as an optical Super 
visory channel. 
0010 Preferably, the control unit includes a processor and 
a memory element accessible by the processor. The memory 
element preferably stores a routing table and a wavelength 
availability table. The routing table contains a next hop 
switching node field associated with every possible pair of 
terminal switching nodes. The wavelength availability table 
contains the identity of the Switching nodes connected to any 
of the ports by a respective multi-wavelength fiber optic link 
and, for each wavelength, an indication of whether that wave 
length is occupied or available. 
0011. The switching node is most often connected to a 
previous Switching node in a path identified by a first terminal 
Switching node and a second terminal Switching node. In Such 
a scenario, the control unit is preferably operable to receive 
messages from the previous Switching node. 
0012. If the message is a so-called CONNECTION REQUEST 
message, then the control unit will preferably access the 
wavelength availability table to identify an available wave 
length on the link between the current and previous Switching 
nodes, the available wavelength being associated with one of 
the input optical fiber segments. 
0013 If the current switching node is the second terminal 
Switching node, then the control unit will preferably generate 
mapping commands for establishing a connection, using the 
available wavelength, between the input optical fiber segment 
associated with the available wavelength and one of the out 
put optical fiber segments; and send a CONNECTION CONFIRM 
message to the previous Switching node. 
0014. Otherwise, if the current switching node is not the 
second terminal Switching node, the control unit will prefer 
ably access the routing table to determine the contents of the 
next hop switching node field associated with the first and 
second terminal Switching nodes; and forward the CONNEC 
TION REQUEST message to the Switching node identified by the 
next hop Switching node field. 
0015. If, on the other hand, the message is a so-called 
CONNECTION CONFIRM message, then the control unit will pref 
erably generate mapping commands for establishing a con 
nection using the available wavelength between the input 
optical fiber segment associated with the available wave 
length and one of the output optical fiber segments; and send 
a CONNECTION CONFIRM message to the previous Switching 
node. 
0016. In order to accommodate a packet-based architec 
ture, in which incoming optical signals are formed of packets 
having a header and a payload, the Switching node may 
include an additional conversion unit connected to the input 
optical fiber segments and to the control unit, for extracting 
the header of each packet. In this case, the mapping instruc 
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tions and the conversion commands generated by the control 
ler will further be dependent on the information contained in 
the header of each packet. 
0017. In another embodiment, the switching node 
includes a first set of optoelectronic converters and a second 
set of optoelectronic converters. The first set of converters is 
used for converting input optical signals occupying respective 
wavelengths into electronic signals, while the second set of 
converters is used for converting output electronic signals 
into output optical signals occupying respective wavelengths. 
0018. The switching node also includes a digital switch 
fabric connected to the optoelectronic converters, for switch 
ing the input electronic signals over to the output electronic 
signals in accordance with Switching instructions. Finally, the 
Switching node includes a control unit connected to the digital 
switch fabric and to the optoelectronic converters. The con 
trol unit exchanges control information with other Switching 
nodes using a network layer protocol and generates the 
Switching instructions based on the control information. 
0019. In this embodiment, the switching node provides 
grooming functionality in the sense that the input electronic 
signals can be reformatted so that when these reformatted 
signals are Switched and then converted into an optical format 
by the second set of converters, the resulting optical signal 
can be in a desired format. This improves compatibility 
among end user equipment in a network. 
0020. The invention may be summarized at the network 
level as a method of establishing a data connection between 
first and second terminal switching nodes. The network is 
understood to include the terminal Switching nodes as well as 
a group of other Switching nodes interconnected by multi 
wavelength optical links. 
0021. The method includes a first step of identifying a path 
comprising a set of links and wavelengths for transporting 
data between the first and second terminal Switching nodes 
via Zero or more intermediate Switching nodes. 
0022. The method also includes the step of at each inter 
mediate Switching node connected to a respective ingress link 
and a respective egress link in the identified path, Switching 
the optical signals arriving on the respective ingress link over 
to the respective egress link and performing wavelength con 
version if the wavelengths occupied on the respective ingress 
and egress links are different. Advantageously, this allows a 
data connection to be established using different wavelengths 
along the way. 
0023 The invention can also be summarized as a wave 
length distribution protocol for enabling a data connection to 
be established between a first terminal switching node and a 
second terminal Switching node via Zero or more intermediate 
Switching nodes along a path in a network. The protocol is 
executed at the various Switching nodes in the network. 
0024. At each current switching node connected in the 
path between a previous Switching node and/or a next Switch 
ing node by respective optical links, the protocol includes the 
capability to receive messages from the previous or next 
Switching node. 
0.025 If the message is a CONNECTION REQUEST message, 
then if the current switching node is not the first terminal 
Switching node, the protocol includes identifying and storing 
an available wavelength on the link between the current and 
previous Switching nodes. 
0026. Also, if the message is a CONNECTION REQUEST mes 
sage and if the current Switching node is indeed the second 
terminal Switching node, the protocol includes establishing a 
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connection using the available wavelength and sending a 
CONNECTION CONFIRM message to the previous Switching node, 
otherwise forwarding the CONNECTION REQUEST message to the 
next Switching node. 
0027. If, however, the message is a CONNECTION CONFIRM 
message, then the protocol includes establishing a connection 
using the previously stored available wavelength and if the 
current Switching node is not the first terminal Switching 
node, sending a CONNECTION CONFIRM message to the previous 
Switching node. 
0028. For the protocol to operate as intended, an initial 
CONNECTION REQUEST message is assumed to be sent to the first 
terminal Switching node upon initially requesting the data 
connection. 
0029. By participating in this protocol, switching nodes 
automatically participate in the end-to-end establishment of 
data connections using dynamically assigned wavelengths, 
which improves overall bandwidth efficiency of the optical 
network and provides more flexible protection Switching, 
which no longer requires the input and output wavelengths to 
be identical. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0030 These and other aspects and features of the present 
invention will become apparent to persons skilled in the art 
upon review of the following description of specific embodi 
ments of the invention in conjunction with the accompanying 
drawings, in which: 
0031 FIG. 1 illustrates in schematic form a switching 
node in accordance with the preferred embodiment of the 
present invention; 
0032 FIG. 2A shows a possible structure of a wavelength 
availability table created by the controller in the switching 
node of FIG. 1; 
0033 FIG. 2B shows a possible structure of a routing table 
created by the controller in the switching node of FIG. 1; 
0034 FIG. 3 illustrates in schematic form an optical net 
work and a route linking two Switching nodes in the network; 
0035 FIG. 4 illustrates in schematic form a switching 
node in accordance with an alternative embodiment of the 
present invention; 
0036 FIG. 5 shows a flowchart illustrating an inventive 
wavelength routing protocol; 
0037 FIG. 6 shows a flowchart illustrating an inventive 
wavelength distribution protocol; and 
0038 FIGS. 7A and 7B illustrate routing table entries for 
two switching nodes along the route in FIG. 3. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

0039 FIG. 1 shows an optical switching node 400 for 
connection to other Switching nodes in an optical network. 
According to the preferred embodiment of the present inven 
tion, the switching node 400 comprises a plurality of ports 
402,404, 406, 408 connected externally to a respective plu 
rality of multi-wavelength optical fiber segments 412, 414, 
416, 418. Optical fiber segments 412, 414, 416, 418 are 
bidirectional and serve both as ingress and egress links to 
neighbouring Switching nodes (not shown). Alternatively, 
multiple optical fiber segments (e.g., one for ingress and one 
foregress) could connect the switching node 400 to each of its 
neighbours. 
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0040. Optical fiber segments 412, 414, 416, 418 prefer 
ably carry data to and from the neighbouring Switching nodes. 
Optical fiber segments 412, 414, 416, 418 also preferably 
serve as control links between the neighbouring Switching 
nodes by using dedicated Supervisory wavelengths (known as 
an optical Supervisory channel). Other ways of establishing 
control links to the switching node include the use of dedi 
cated electronic control lines. 
0041 Although depicted as having four ports, the switch 
ing node 400 can have any number of ports greater than or 
equal to two. Also, while optical fiber segments 412,414, 416, 
418 are intended to be connected between ports of neighbour 
ing Switching nodes, it should be understood that one or more 
of the optical fiber segments 412, 414, 416, 418 can be used 
for transporting individual or multiplexed optical channels to 
or from customer premises equipment. In this case, the 
switching node 400 would be referred to as an add/drop node. 
0042. Within the switching node 400, ports 402,404, 406, 
408 are connected to respective directional couplers 432, 434. 
436, 438 by respective intermediate optical fiber segments 
422, 424, 426, 428. Intermediate optical fiber segments 422, 
424, 426,428 are bidirectional and preferably carry both data 
and control signals to and from the inside of the Switching 
node 400. The directional couplers 432, 434, 436, 438 are 
known components which couple two unidirectional multi 
wavelength signals travelling in opposite directions to a 
single bidirectional multi-wavelength signal. 
0043. In one direction, each directional coupler 432, 434, 
436, 438 retrieves incoming data and control signals carried 
on the respective intermediate optical fiber segment 422,424. 
426, 428 and feeds the incoming signals so retrieved to a 
respective optical demultiplexer 452, 454, 456, 458 along a 
respective intermediate optical fiber segment 442, 444, 446, 
448. 

0044. In the opposite direction, outgoing data and control 
signals are fed to the directional couplers 432, 434, 436,438 
by a respective optical multiplexer 552,554,556,558 along a 
respective intermediate optical fiber segment 542, 544, 546, 
548. Each directional coupler 432, 434,436,438 transfers the 
respective outgoing data and control signals onto the respec 
tive intermediate fiber optic segment 422,424, 426,428 con 
nected to the respective port 402,404, 406, 408. 
0045. Each optical demultiplexer 452,454,456,458 sepa 
rates the multi-wavelength optical signal arriving on the 
respective intermediate optical fiber segment 442, 444, 446, 
448 on the basis of wavelength to produce a respective set of 
individual optical signals appearing on a respective plurality 
of single-wavelength optical fiber segments 462A-D, 464A 
D, 466A-D, 468A-D. 
0046 Although FIG. 1 shows each of the optical demulti 
plexers 452, 454, 456, 458 as being associated with four 
single-wavelength optical fiber segments, it is to be under 
stood that the number of segments emanating from an optical 
demultiplexer can correspond to the number of wavelengths 
in each multi-wavelength optical signal arriving at the respec 
tive optical demultiplexer along the respective intermediate 
optical fiber segment 442, 444, 446, 448. 
0047 Among the plurality of single-wavelength optical 
fiber segments emanating from each demultiplexer, at least 
one of these will preferably be used for transporting control 
information and the remaining ones will preferably be used 
for transporting data to be switched. The transport of control 
information on a dedicated wavelength between two switch 
ing nodes is known as establishing an “out-of-band' control 
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channel. Alternatively, an “in-band' control channel can be 
established by embedding a control-laden header within the 
data transported between two Switching nodes, e.g., in a 
header portion. 
0048. In the specific case of FIG. 1, single-wavelength 
optical fiber segments 462A, 464A, 466A, 468A provide 
out-of-band control channels for carrying incoming control 
information from neighbouring Switching nodes. Each 
single-wavelength optical fiber segment 462A, 464A, 466A, 
468A is connected to a respective optoelectronic converter 
472A, 474A, 476A, 478A.. Each optoelectronic converter 
472A, 474A, 476A, 478A converts the optical control signal 
on the respective single-wavelength optical fiber segment 
462A, 464A, 466A, 468A into an electronic control signal on 
a respective input control line 482A, 484A, 486A, 488A. 
Input controllines 482A, 484A, 486A, 488A are connected to 
a controller 490. 
0049. The remaining sets single-wavelength optical fiber 
segments 462B-D, 464B-D, 466B-D, 468B-D carry incom 
ing data and each set is fed to a respective bank of controllable 
wavelength converters 472B-D, 474B-D, 476B-D, 478B-D. 
Each wavelength converter 472B-D, 474B-D, 476B-D, 
478B-D is a device which translates the optical signal on the 
respective single-wavelength optical fiber segment 462B-D, 
464B-D, 466B-D, 468B-D from its present wavelength onto 
a (possibly different) wavelength specified by a control signal 
sent by the controller 490 along a respective control line (not 
shown). 
0050. It should be appreciated that wavelength conversion 
as performed by the wavelength converters 472B-D, 474B-D, 
476B-D, 478B-D could be achieved via direct optical meth 
ods or by conversion into the electronic domain, followed by 
conversion back into the optical domain on another specified 
wavelength. 
0051. The signals converted by each bank of wavelength 
converters 472B-D, 474B-D, 476B-D, 478B-D appear on a 
respective set of single-wavelength input optical fiber seg 
ments 462B'-D', 464B'-D', 466B'-D', 468B'-D' which are fed 
to respective input ports of an optical switch fabric 492. 
0.052 The optical switch fabric 492 also has a plurality of 
output ports connected to a respective plurality of single 
wavelength output optical fiber segments 562B-D, 564B-D, 
566B-D, 568B-D. The optical switch fabric 492 comprises 
circuitry for controllably establishing one-to-one optical con 
nections between single-wavelength input optical fiber seg 
ments 462B'-D', 464B'-D', 466B'-D', 468B'-D' and single 
wavelength output optical fiber segments 562B-D, 564B-D, 
566B-D, 568B-D. The data connections are established on 
the basis of mapping instructions received from the controller 
490 via a control line 494. 
0053 Those skilled in the art will appreciate that because 
the various intermediate optical fiber segments 442, 444, 446, 
448,542,544,546,548 may accommodate differing numbers 
of wavelengths, the number of single-wavelength output opti 
cal fiber segments connected to the optical switch fabric 492 
may differ from the number of single-wavelength input opti 
cal fiber segments connected thereto. 
0054. It will also be understood that the banks of wave 
length converters could be connected to the single-wave 
length output optical fiber segments 562B-D, 564B-D,566B 
D,568B-D at the output of the optical switch fabric 492 rather 
than to the single-wavelength input optical fiber segments 
462B'-D', 464B'-D', 466B'-D', 468B'-D' at the input of the 
optical switch fabric 492. 
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0055. A plurality of output control lines 582A, 584A, 
586A, 588A emanating from the controller 490 form part of 
the respective out-of-band control channels linking the 
Switching node 400 to neighbouring Switching nodes. The 
output control lines 582A, 584A, 586A, 588A are respec 
tively connected to a plurality of optoelectronic converters 
572A, 574.A, 576A, 578A. The optoelectronic converters 
572A, 574.A, 576A, 578A convert electronic control signals 
output by the controller 490 into optical signals appearing on 
respective single-wavelength optical fiber segments 562A, 
564A, 566A, 568A. 
0056. Each single-wavelength optical fiber segment 
562A, 564A,566A, 568A carrying outgoing control informa 
tion from the controller 490 is connected to a respective one 
of the optical multiplexers 552,554,556,558. Also leading to 
the optical multiplexers 552,554,556,558 are respective sets 
of single-wavelength output optical fiber segments 562B-D, 
564B-D, 566B-D, 568B-D carrying switched signals (i.e., 
outgoing data) from the optical switch fabric 492. The optical 
multiplexers 552,554,556, 558 combine the individual opti 
cal signals carried by respective groups of single-wavelength 
optical fiber segments 562A-D, 564A-D, 566A-D, 568A-D 
into respective multi-wavelength optical signals carried to 
respective directional couplers 432, 434, 436,438 by respec 
tive intermediate optical fiber segments 542, 544, 546, 548. 
0057 The controller 490 preferably comprises a processor 
490A connected to a memory element 490B. The processor 
490A is preferably a micro-processor running a software 
algorithm. Alternatively, the processor could be a digital sig 
nal processor or other programmable logic device. 
0058. The memory element 490B stores wavelength avail 
ability information in the form of a wavelength availability 
table. FIG. 2A shows the structure of a wavelength availabil 
ity table 700 in accordance with the preferred embodiment of 
the present invention. The wavelength availability table 700 
comprises a PORT column 710, a WAVELENGTH column 720 and 
an AVAILABILITY column 730. The PORT column 710 contains one 
entry for each port in the Switching node. In the case of the 
switching node 400 in FIG. 1, the number of ports, and 
therefore the number of entries in the PORT column 710 of the 
wavelength availability table 700, is equal to four. The ports 
are identified by their reference numerals from FIG. 1, 
namely 402,404, 406 and 408. 
0059 For each row corresponding to a given port, there 
may be multiple entries in the WAVELENGTH column 720, 
depending on the number of wavelengths that can enter or exit 
the Switching node through that port. For example, in the case 
of the switching node 400 in FIG. 1, there are six entries in the 
WAVELENGTH column 720 corresponding to each of the ports 
402,404, 406, 408. For each entry in the WAVELENGTH column 
720, there is an entry in the AVAILABILITY column 730 indicating 
whether or not the corresponding wavelength is currently 
occupied on the corresponding port. A binary value is 
adequate for representing each entry in the AVAILABILITY col 
umn 730. 

0060. The memory element 490B also stores topological 
information about the network. Specifically, the memory ele 
ment 490B stores the identity of those switching nodes which 
are directly connected to switching node 400 via one of the 
optical fiber segments 412, 414, 416, 418. The memory ele 
ment 490B also stores similar topological information about 
the rest of the network, which is transmitted to the switching 
node 400 by the neighbouring switching nodes. The proces 
sor 490A in the switching node 400 uses topological infor 
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mation stored in the memory element 490B to construct a 
topological tree of the entire network with the switching node 
400 as the root. This tree is then used by the processor 490A 
to construct a routing table which is also stored in the memory 
element 490B. 
0061 FIG. 2B illustrates the format of a routing table 600 
in accordance with the preferred embodiment of the inven 
tion. The routing table 600 preferably contains four fields, 
namely a source switching node (SSN) field 610, a destina 
tion switching node (DSN) field 620, a traffic characteristic 
information (TCI) field 630 and a next hop switching node 
(NHSN) field 640. 
0062. The entries in the SSN and DSN fields 610, 620 
account for every possible combination of end Switching 
nodes in the network. The TCI field 630 contains the traffic 
characteristic information received from the Switching node 
identified by the entry in the DSN field 620 of the correspond 
ing row in the routing table. In this way, the TCI field 630 
identifies the signalling formats acceptable by the respective 
optical interface in each destination Switching node. 
0063 Typically, it will not be possible to send data from a 
Source Switching node to a destination Switching node with 
out passing through at least one intermediate Switching node. 
Thus, the switching node 400 will generally be one in a series 
of intermediate Switching nodes located between source and 
destination. The next intermediate node along the route lead 
ing to the destination Switching node is known as the next hop 
switching node and is identified in the NHSN field 640 of the 
routing table. The next hop Switching node is a function of the 
Source Switching node, the destination Switching node, the 
network topology and the position of the current Switching 
node within that topology. Thus, the routing table is different 
for each Switching node in the network and is basically static, 
changing only when the network undergoes a topological 
alteration. 
0064. In operation, the manner in which control informa 
tion is communicated and interpreted by the various Switch 
ing nodes in the network is governed by a network-layer 
wavelength routing (WR) protocol. An end-to-end path for 
transferring data from a source Switching node to a destina 
tion Switching node along a path in a network can be estab 
lished by having each Switching node participate in a net 
work-layer wavelength distribution (WD) protocol. Both 
protocols are now described. 
0065. The WR protocol is implemented by having the 
processor in each Switching node run an algorithm such as the 
one illustrated in the flowchart of FIG. 5. Specifically, FIG.5 
depicts an information propagation step 1010, an information 
storing step 1020 and an information processing step 1030. 
0.066 Firstly, the propagation step 1010 consists of the 
controller 490 sending topology information and traffic char 
acteristic information to neighbouring Switching nodes via 
the appropriate control channel (either out-of-band or in 
band). The topology information includes the identity of the 
switching node 400 and the identity of each switching node 
adjacent the switching node 400 and connected to one of its 
ports. The traffic characteristic information may consist of a 
listing of signalling types that are acceptable to each port. The 
contents of this listing may be governed by end user format 
ting requirements. 
0067. In addition, as another part of the propagation step 
1010, the switching node 400 relays control information 
received from any neighbouring Switching node to all other 
neighbouring Switching nodes. The control information sent 
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by the switching node 400 can be transmitted at regular inter 
vals of for instance, ten seconds or, alternatively, only when 
there is a change in the received control information. 
0068. It is noted that because each switching node for 
wards not only its own control information but also that of its 
immediate neighbours, every Switching node is recursively 
made aware of the topology of the entire network and of the 
acceptable signalling types associated with each Switching 
node in the network. 

0069. The storing step 1020 consists of the controller 490 
storing, in the memory element 490B, its own topology and 
traffic characteristic information as well as that received from 
neighbouring Switching nodes. 
0070 Finally, the processing step 1030 consists of the 
controller 490 in the switching node 400 generating the rout 
ing table stored in the memory element 490B, either periodi 
cally or after a topology change, as a function of the network 
topology information and traffic characteristic information 
stored in the storing step 1020. With reference to the routing 
table shown in FIG.2B, in order to fill the NHSN field 640 for 
a particular row in the routing table 600, the software in the 
processor of the Switching node executes a next hop routing 
algorithm, for example the well-known Dijkstra algorithm. 
(See J. Moy, Network Working Group RFC 1583, pp. 142 
160, hereby incorporated by reference herein). If the Dijkstra 
algorithm produces no Suitable next hop Switching node for a 
given row in the routing table 600, this fact can be signalled by 
leaving blank the corresponding entry in the NHSN and TCI 
fields 630, 640, respectively. 
0071. The WD protocol is implemented by the processor 
in each Switching node running an algorithm such as the one 
illustrated in the flowchart of FIG. 6. The inventive wave 
length distribution (WD) protocol consists of the exchange 
and interpretation of several types of messages, including an 
INITIAL CONNECT REQUEST message, a CONNECTION REQUEST 
message, a CONNECTION CONFIRM message and a CONNECTION 
DENY message. 

0072 Referring to the flowchart in FIG. 6 and, more spe 
cifically, to step 1610, the processor in a given Switching node 
waits to receive a message. Upon receipt of a message the 
processor verifies, at step 1620, whether it is an INITIAL 
CONNECTION REQUEST message. An INITIAL CONNECTION RE 
QUEST message is typically generated by customer premises 
equipment connected to the source Switching node, for 
example. 
0073. If the received message is indeed an INITIAL CONNEC 
TION REQUEST message, then it will specify the Source and 
destination Switching nodes, as well as the signalling format 
(say, TCI) used by the interface connected to the source 
switching node. At step 1630, the processor verifies whether 
TCIs matches any one of the signalling formats accepted by 
the interface connected to the destination Switching node. If 
there is no TCI match, then the source Switching node cus 
tomer is informed that a connection cannot be established. 

0074. On the other hand, if there is a TCI match, then the 
processor looks up the entry in the NHSN field of the row of 
the routing table associated with the source and destination 
Switching nodes and Subsequently sends a CONNECTION RE 
QUEST message to the Switching node identified by that entry. 
The CONNECTION REQUEST message preferably contains a SSN 
parameter for identifying the Source Switching node and a 
DSN parameter for identifying the destination switching 
node. The intended recipient of the CONNECTION REQUEST mes 
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sage is also known as the “next Switching node along the 
route between the source and destination nodes. 
(0075. The message found to be received at step 1620 
might not be an INITIAL CONNECTION REQUEST message, but 
may be a CONNECTION REQUEST message (such as the one sent 
by the source Switching node after an INITIAL CONNECTION 
REQUEST message). The CONNECTION REQUEST message is 
assumed to be received by the current switching node from a 
“previous' switching node along the route between the source 
and destination Switching nodes. 
0076. In the event that a CONNECTION REQUEST message was 
received, step 1640 provides verifyication of whether there is 
a free wavelength between the previous Switching node and 
the current Switching node. If there is no such wavelength, 
then the processor causes a CONNECTION DENY message to be 
sent to the previous switching node, as indicated at step 1650. 
0077 On the other hand, if there is a free wavelength, then 
step 1660 consists of storing this free wavelength in the 
memory element connected to the processor in the current 
switching node. This is followed by step 1670, at which it is 
verified whether the current switching node is in fact the 
destination Switching node. If not, then, as indicated by step 
1680, the CONNECTION REQUEST message is forwarded to the 
next Switching node along the route. 
0078 If, however, the current switching node is indeed the 
destination switching node, then step 1690 involves the estab 
lishment of a data connection through the optical Switch 
fabric of the current switching node. This can be achieved by 
the controller 490 providing an appropriate mapping instruc 
tion to the optical switch fabric 492. This connection links the 
single-wavelength optical fiber associated with the free wave 
length (as stored in the memory element after execution of 
step 1660) and the optical fiber segment leading to the cus 
tomer premises equipment connected to the destination 
Switching node. 
0079 If the wavelength occupied by the customer pre 
mises equipment is different from the free wavelength stored 
in the memory element, then appropriate instructions must 
also be sent to the wavelength converter associated with the 
free wavelength. Furthermore, the wavelength availability 
table is updated to reflect that the “free” wavelength is no 
longer available on the corresponding port linking the current 
Switching node with the previous Switching node. 
0080. After a connection has been established, step 1700 
indicates that a CONNECTION CONFIRM message is sent to the 
previous Switching node, which is now optically connected to 
the current switching node by the free wavelength. The CON 
NECTION CONFIRM message specifies the free wavelength. 
I0081 Returning now to step 1620, if the received message 
is a CONNECTION DENY message, then as indicated at step 1730, 
the action to be taken depends on whether the current switch 
ing node is the source Switching node. If the current Switching 
node is not the Source Switching node, then the CONNECTION 
DENY message is backwarded to the previous Switching node 
as indicated at step 1650. Thus, the CONNECTION DENY mes 
sage eventually reaches the source Switching node where, 
according to step 1740, the customer is alerted to the fact that 
a connection cannot be established. 
I0082 Finally, if the message found to be received at step 
1620 is a CONNECTION CONFIRM message, then the action to be 
taken againdepends on whether the current Switching node is 
the source switching node as indicated at step 1710. If the 
current Switching node is indeed the source Switching node, 
then a connection is established (step 1720) between the 
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optical fiber segment connected to the customer premises 
equipment and the single-wavelength optical fiber segment 
carrying data between the Source Switching node and the next 
Switching node. 
I0083. Otherwise (step 1690), a connection is established 
which joins the single-wavelength optical fiber segment car 
rying data between the current Switching node and the previ 
ous and next Switching nodes. In addition, the locally stored 
wavelength availability table is also updated to reflect the new 
wavelength occupancy on the optical fiber segment carrying 
data between the current Switching node and the previous and 
next Switching nodes. If necessary, wavelength conversion 
instructions are sent in either case to the appropriate wave 
length converter. As shown at step 1700, a CONNECTION CON 
FIRM message is Subsequently sent to the previous Switching 
node. 

0084 An example illustrating how an end-to-end connec 
tion is prepared using the WD protocol is now described with 
reference to FIG. 3, which shows an optical network 800 
comprising a plurality of switching nodes 802-824 connected 
in a meshed matrix pattern via a plurality of optical fiber 
segments 826-858. Switching node 802 is connected to cus 
tomer premises equipment (CPE) 860 via an optical fiber 
segment 862 which uses a wavelength vs. The CPE 860 uses 
a signalling format which may be denoted TCI. Switching 
node 824 is connected to CPE864 via an optical fiber segment 
866 which uses a wavelength . The CPE 864 accepts sig 
nalling formats which may be identified by the set {TCI}. 
0085. The switching nodes 802-824 participate in the 
inventive WR protocol. Thus, a routing table will be gener 
ated at each switching node. This routing table is different for 
each Switching node but is static until the topology of the 
network changes. For purposes of illustration and without 
loss of generality, FIG. 7A shows part of a routing table 900 
generated at Switching node 802 corresponding to the row in 
which the source Switching node is designated as Switching 
node 802 and the destination Switching node is designated as 
switching node 824. Specifically, the entry in the TCI column 
630 indicates that the CPE 864 connected to switching node 
824 is capable of receiving data in the listed formats, namely 
OC-4, OC-32, OC-192 and Gigabit Ethernet (GBE). The 
entry in the NHSN column 640 indicates that the next hop 
Switching node in the route joining Switching nodes 802 and 
824 is switching node 808. 
I0086 Similarly, FIG. 7B shows an example row from a 
routing table 950 stored in the memory element of switching 
node 808. This row again corresponds to the source-destina 
tion combination involving switching nodes 802 and 824, 
respectively. Of course, the routing table 950 is generated 
from the perspective of switching node 808 and therefore the 
entries in the NHSN column 640 will be different from those 
in the routing table 900 stored in switching node 802. In the 
example of FIG. 7B, the entry in the NHSN column 640 
specifies switching node 810. Similarly, the corresponding 
entry in the NHSN column 640 in the routing tables stored in 
switching nodes 810, 816 and 818 can specify switching node 
816, 818 and 824, respectively. 
0087 Thus, a potential route exists between switching 
node 802 and 824, consisting of optical fiber segments 830, 
836, 842, 848 and 854 as indicated by the thick solid line in 
FIG. 3. Similarly, potential routes exist between all other 
combinations of Source Switching node and destination 
Switching node. 
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I0088. The messaging scheme of the WD protocol is now 
illustrated with continued reference to the network of FIG. 3 
and the flowchart of FIG. 6. Firstly, the desire to establish an 
end-to-end data connection between CPE860 and CPE864 is 
signalled to the source switching node 802 in any suitable 
way. That is to say, an INITIAL CONNECTION REQUEST message 
is received by switching node 802. 
I0089. In accordance with the WD protocol (at step 1630), 
switching node 802 compares the signalling format of CPE 
860, namely TCIs to the set of acceptable signalling formats 
associated with CPE 864, namely the set {TCI}. If a TCI 
match is detected, then the processor in the Source Switching 
node 802 consults its routing table (FIG. 7A) and extracts the 
identity of the switching node in the NHSN field of the row 
corresponding to the particular source-destination Switching 
node combination. In this case, the Switching node so identi 
fied would be switching node 808. (It should be noted that if 
TCIs is not an element of the set {TCI, then the connection 
request is denied. As indicated in step 1740 of FIG. 6, the 
controller in the source switching node 802 may take action to 
alert the end user that the connection request has been 
denied.) 
0090 The processor in the source switching node 802 then 
formulates a CONNECTION REQUEST message for transmission 
to switching node 808 (step 1680). The CONNECTION REQUEST 
message identified switching node 802 as the source switch 
ing node and Switching node 824 as the destination Switching 
node. The CONNECTION REQUEST message is transmitted by the 
source switching node 802 to switching node 808 via the 
appropriate out-of-band or in-band control channel. 
0091. In accordance with step 1640 of FIG. 6, switching 
node 808 consults its wavelength availability table to deter 
mine whether there is a free wavelength on the fiber optic 
segment 830 linking it to the previous Switching node, in this 
case source Switching node 802. Consequently, eithera wave 
length is found, in which case the wavelength request is 
further propagated along the route by forwarding a copy of 
the CONNECTION REQUEST message to Switching node 810 (step 
1680), or a wavelength is not found, in which case the con 
nection request is denied and a CONNECTION DENY message is 
sent back to the source switching node 802 (step 1650). In this 
case, since switching node 808 is not the destination switch 
ing node 824, a connection is not yet established. 
0092. If sent, the CONNECTION DENY message is of a suitable 
format indicating that the connection request has been denied 
and the reasons therefor, in this case, an inability to find an 
available wavelength on fiber optic segment 830. According 
to steps 1730 and 1740 of FIG. 6, upon receipt of a CONNEC 
TION DENY message, the controller in the source Switching 
node 802 may take action to alert the end user of CPE 860 that 
the connection request has been denied. 
(0093. Each of the switching nodes 810, 816, 818 runs the 
same algorithm and therefore performs essentially the same 
tasks as switching node 808. Hence, if wavelengths are avail 
able on each of fiber optic segments 836, 842 and 848, the 
CONNECTION REQUEST message will eventually be received at 
the destination switching node 824. Similarly, a CONNECTION 
DENY message returned to an one of the Switching nodes 810, 
816, 818 is relayed back to the source switching node 802. 
where action can be taken to alert the end user that a connec 
tion request has been denied. 
I0094 Assuming that TCIs belongs to the set {TCI} and 
that a suitable wavelength path is available, the CONNECTION 
REQUEST message transmitted by the source Switching node 
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802 will eventually reach the destination switching node 824 
via “intermediate” switching nodes 808, 810, 816 and 818. 
Since it is identified by the DSN parameter in the CONNEC 
TION REQUEST message, the destination Switching node 824 
knows that it is the last Switching node on the potential route 
leading from the source switching node 802. In the example 
scenario of FIG. 3, the final destination is CPE 864 which is 
connected to the destination Switching node 824 via optical 
fiber segment 866 adapted to carry optical signals on wave 
length w. In response to the CONNECTION REQUEST message, 
the processor in the destination Switching node 824 attempts 
to find a free wavelength on optical fiber segment 854 con 
necting the destination Switching node 824 with intermediate 
switching node 818. 
0095. If such a wavelength is found, say , then a data 
connection is established (step 1720). Specifically, the con 
troller sends mapping instructions to its optical Switch fabric 
for Switching the optical signal on the single-wavelength 
input optical fiber segment associated with over to the 
optical fiber segment 866 leading to the customer premises 
equipment 864. In addition, the controller sends the value of 
the wavelength w to the wavelength converter associated 
with the single-wavelength input optical fiber segment carry 
ing the optical signal on wavelength w. If w is different from 
w, that wavelength converter will be required to perform 
wavelength conversion. Furthermore, the destination switch 
ing node 824 updates its wavelength availability table with 
information about the newly established data connection. 
That is to say, the entry in the AVAILABILITY field 730 of the 
appropriate row is given a value indicating the fact that wave 
length won optical fiber segment 854 is taken, i.e., unavail 
able. 
0096. After instructing its optical switch fabric to set up a 
data connection, the WD protocolas described at step 1700 in 
FIG. 7 requires that the destination switching node 824 send 
a CONNECTION CONFIRM message to the intermediate Switching 
node 818. The CONNECTION CONFIRM message specifies the 
wavelength w, which is the wavelength (prior to wavelength 
conversion) associated with the single-wavelength input opti 
cal fiber segment connected through the optical Switch fabric 
in the destination switching node 824. 
0097. Upon receipt of the CONNECTION CONFIRM message 
sent by the destination switching node 824, intermediate 
switching node 818 itself establishes a connection between 
the single-wavelength output optical fiber whose signal at 
wavelength, is carried on optical fiber segment 854 and the 
single-wavelength input optical fiber 848 whose signal at the 
previously stored free wavelength (say, w) is carried on opti 
cal fiber segment 848. If w does not equal, then the corre 
sponding wavelength converter is instructed to perform the 
appropriate wavelength conversion. The controller in inter 
mediate switching node 818 then updates its wavelength 
availability table and Subsequently sends a CONNECTION CON 
FIRM message to intermediate Switching node 816. This mes 
sage will specify (rather than or w). 
0098 Backtracking of the CONNECTION CONFIRM message 
continues until this message is received at the source Switch 
ing node 802. According to step 1720 of the algorithm 
described with reference to FIG.7, the controller in the source 
Switching node 802 sends mapping instructions to its optical 
switch fabric with the aim of establishing a connection 
between the optical fiber segment 862 occupying wavelength 
ws connected to CPE 860 and the single-wavelength optical 
fiber segment whose signal is carried on a wavelength we by 
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optical fiber segment 830. If we differs from vs. wavelength 
conversion commands are sent to the wavelength converter 
associated with optical fiber segment 862. 
0099 From the above, it is seen that the route between the 
Source and destination Switching nodes 802,824 consisting of 
optical fiber segments 830, 836, 842, 848, 854 may occupy 
different wavelengths. As a result of topology and traffic 
characteristic information exchanged automatically by virtue 
of the various Switching nodes participating in the WR pro 
tocol, the just described wavelength distribution (WD) pro 
tocol allows wavelengths to be assigned to specific optical 
fiber segments in a dynamic fashion each time a new connec 
tion is requested. Consequently, the available network band 
width is used more efficiently and the time, effort and cost 
involved in configuring the Switching nodes in the network 
are dramatically reduced. 
0100 While the above description of the WD protocol has 
dealt with the case in which a source Switching node wishes to 
unilaterally send data to a destination Switching node, the 
present invention also applies to the case in which one Switch 
ing node wishes to extract data from another. In this reverse 
unidirectional situation, it is more appropriate to call the two 
end Switching nodes "client' (wishing to receive data) and 
“server’ (transmitting the data to the client) switching nodes. 
0101 Considering the example network and proposed 
route shown in FIG. 3, it can be assumed that the client is 
connected to switching node 802 and that the server is con 
nected to switching node 824. The client 802 is connected to 
CPE 860 via an optical fiber segment 862, while the server 
824 is connected to a data base 864 via an optical fiber 
segment 866. The above-described WR protocol remains the 
mechanism by which the various Switching nodes in the net 
work exchange and process control information. However, to 
accommodate the transfer of data from server 824 to client 
802 (which is in the opposite direction to the data flow in the 
previously described source-destination example), the WD 
protocol is slightly modified. 
0102 Specifically, step 1630 in FIG. 6 (in which a TCI 
comparison is to be performed) may not be executable at the 
client Switching node since the signalling type transmitted by 
the server may not be known. Therefore, this step must be 
postponed until a CONNECTION REQUEST message is received at 
the server Switching node, whereupon this step is performed 
by the server switching node. 
0103. It should also be understood that although route 
selection is achieved by the Switching nodes executing a 
routing control algorithm, it is possible for the source Switch 
ing node or client to preselect the desired route through the 
network for particular combinations of end points. In other 
words, the NSHN entries in the routing table in each switch 
ing node can be pre-computed. Manual route pre-selection is 
also acceptable as there are advantages to be gained by having 
the wavelengths dynamically assigned along each segment in 
the route in accordance with the WD protocol. Thus, the WR 
protocol could simply be used for distributing and gathering 
traffic characteristic information, while omitting the process 
ing step. 
0104. It is also within the scope of the invention to provide 
a bidirectional data connection between two end Switching 
nodes. Wavelength allocation for one direction of communi 
cation can follow the algorithm in the above source-destina 
tion scenario, while wavelength allocation for the reverse 
direction can follow the algorithm in the above-described 
client-server Scenario. 






