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57 ABSTRACT

A node (260, 50) for a multi-token optical communications
network has optical channels between the node and other
nodes, each channel having a token (T1, T2, T3), passed
between nodes, to indicate that a corresponding optical chan-
nel is available for transmission during a token holding time.
Thenode has a transmitter (280) for transmitting packets over
the optical channels, a bufter (170, 270) for queuing packets
before transmission, and a transmit controller (170, 290) con-
figured to control the buffer to forward an initial packet or
packets from the buffer to the transmitter once a token has
been received. The transmit controller determines how much
of'the token holding time remains after the transmission of the
initial packet or packets, and then controls the buffer to for-
ward a further packet according to the remaining token hold-
ing time. A maximum packet delay can be reduced where
there is asymmetric traffic. A token holding time can be
different for different nodes.

17 Claims, 21 Drawing Sheets
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CONTROL OF TOKEN HOLDING IN
MULTI-TOKEN OPTICAL NETWORK

This application is the U.S. national phase of International
Application No. PCT/EP2010/053950, filed 25 Mar. 2010,
which designated the U.S. and claims priority to EP Applica-
tionNo. 10154671.1, filed 25 Feb. 2010, the entire contents of
each of which are hereby incorporated by reference.

FIELD OF THE INVENTION

This invention relates to nodes for multi token optical
communications networks, to methods of operating such net-
works, to corresponding programs, and to corresponding
optical networks.

BACKGROUND

It is known to provide optical communications networks
having multiple nodes coupled by links. Many topologies are
conceivable. A ring type of topology has always been the
primary choice for fiber-based metropolitan area networks
(MAN), because such a topology can help minimize fiber
deployment costs, and simplify routing, control, and manage-
ment issues. Such issues become more important in networks
having multiple optical channels such as wavelengths. It is
known to provide dynamic routing of such lightpaths through
the network to try to match rapid changes in demand. To
provide bandwidth on demand a network should have a fast
set up time, a fair blocking probability independent of number
of spans of a desired path, and a good bandwidth efficiency.
Many approaches have been conceived for solving this rout-
ing and wavelength assignment (RWA) challenge. They can
be categorized as either centralized or distributed approaches.
An example of a distributed approach is a token passing
scheme to avoid contention for network resources. A particu-
lar type of this is a multitoken protocol for networks having
multiple optical channels.

As new applications and services such as video on demand
(VoD), video broadcasting, and IP telephony, take an increas-
ing share of the capacity, the MAN traffic characteristics, in
terms of both required bandwidth and quality of service
(QoS) assurance are tending to change. VoD and video broad-
casting are characterized by large and strongly asymmetrical
bandwidth requirements, because the majority of the traffic
takes origin from a video server and is directed downstream to
the client nodes. In this context, important QoS constraints
include low average and maximum latency. This is due to the
fact that even though VoD can tolerate a latency slightly
higher than strictly real time traffic thanks to buffering, once
in playback that latency must remain confined in tight bound-
aries in order to avoid bufter overtlow or starvation. Itis likely
that such video-related traffic will exceed best effort traffic in
terms of required bandwidth, hence the interest of many net-
work operators to effectively accommodate QoS traffic in
their MAN.

Given this context, multi-token protocols for WDM optical
packet ring have good characteristics of flexibility and per-
formance to support the requirements of QoS sensitive traffic.
In multi-token rings, the time is not slotted. For each wave-
length channel, there is a special control packet, i.e., the
token, which travels around the ring, allowing exclusive
access to the given optical channel by the node currently
holding the token.

As described in more detail in U.S. Pat. No. 7,092,633,
multitoken architectures have the advantage of seamlessly
supporting variable length packets and guaranteeing both
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fairness and bounded latency, thanks to the limited token
holding time. Notably to handle on demand traffic, such as
VoD, such multitoken architectures can help enable a good
balance between the three requirements of fast set up time for
optical connections or lightpaths, fair blocking probability
and good bandwidth efficiency.

SUMMARY OF THE INVENTION

An object of the invention is to provide improved apparatus
or methods. According to a first aspect, the invention pro-
vides:

A node suitable for a multi-token optical communications
network, the network having optical channels between the
node and other nodes, the network being arranged so that
nodes hold and pass unique tokens, each token indicating to a
node that a corresponding one or more of the optical channels
is available for transmission while that node holds that token,
during a token holding time. The node comprises a transmit-
ter for transmitting packets to the other nodes over the optical
channels, a buffer for queuing packets before transmission by
the transmitter, and a transmit controller. This controller is
configured to control the buffer to forward an initial packet or
packets from the buffer to the transmitter once a token has
been received, according to a token holding time, for trans-
mission over an optical channel corresponding to the token. It
is also configured to determine how much of the token hold-
ing time remains after the transmission of the initial packet or
packets, and then control the buffer to forward a further
packet or packets from the buffer to the transmitter according
to the remaining token holding time.

Compared to forwarding all the packets to the transmitter
in one go, by having a later determination of whether to
forward further packets, this can reduce a maximum packet
delay. In particular it leaves the further packets in the queue
open to be transmitted earlier on other optical channels if
other tokens are received during the first part of the token
holding time, indicating that other optical channels are avail-
able. This can spread the packets over different optical chan-
nels and thus fill the available channels more quickly, and thus
make better use of available capacity. This also results in less
risk of packets being received at their destination out of
sequence. There is a cost of more effort to recalculate the
remaining token holding time more frequently.

Any additional features can be added to those discussed
above, and some are described in more detail below.

Another aspect of the invention can involve a method of
operating a multi-token optical communications network the
network having optical channels between the node and other
nodes, the network being arranged so that nodes hold and pass
unique tokens, each token indicating to a node that a corre-
sponding one or more of the optical channels is available for
transmission while that node holds that token, during a token
holding time. The method has steps of queuing packets in a
buffer before transmission, and controlling the buffer to for-
ward an initial packet or packets from the buffer to a trans-
mitter for transmitting packets to the other nodes over the
optical channels, once a token has been received, according to
atoken holding time, for transmission over an optical channel
corresponding to the token. A further step is determining how
much ofthe token holding time remains after the transmission
of the initial packet or packets, and controlling the buffer to
forward a further packet or packets from the buffer to the
transmitter according to the remaining token holding time.

Another aspect provides an optical network having a hub
node and client nodes, each of the nodes being suitable for a
multi-token optical communications network, the network
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having optical channels between the nodes, the network being
arranged so that nodes hold and pass unique tokens, each
token indicating to a node that a corresponding one or more of
the optical channels is available for transmission while that
node holds that token, during a token holding time. The hub
node comprises a transmitter for transmitting packets to the
other nodes over the optical channels, a buffer for queuing
packets before transmission by the transmitter, and a transmit
controller configured to control the buffer to forward an initial
packet or packets from the buffer to the transmitter once a
token has been received, according to a token holding time,
for transmission over an optical channel corresponding to the
token. The transmit controller is also configured to determine
how much of the token holding time remains after the trans-
mission of the initial packet or packets, and then control the
buffer to forward a further packet or packets from the buffer to
the transmitter according to the remaining token holding time
and the hub node is arranged to have a different token holding
time than the token holding time for the other nodes on at least
some of the optical channels. Another aspect provides a
method of operating a multi-token optical communications
network the network having optical channels between a first
node and other nodes, the network being arranged so that
nodes hold and pass unique tokens, each token indicating to a
node that a corresponding one or more of the optical channels
is available for transmission while that node holds that token,
during a token holding time. The method comprises at the first
node queuing packets in a buffer before transmission, con-
trolling the buffer to forward an initial packet or packets from
the buffer to a transmitter for transmitting packets to the other
nodes over the optical channels, once a token has been
received, according to a token holding time, for transmission
over an optical channel corresponding to the token. The first
node uses a different token holding time than the token hold-
ing time of the other nodes for at least some of the optical
channels.

Any of the additional features can be combined together
and combined with any of the aspects. Other advantages will
be apparent to those skilled in the art, especially over other
prior art. Numerous variations and modifications can be made
without departing from the claims of the present invention.
Therefore, it should be clearly understood that the form ofthe
present invention is illustrative only and is not intended to
limit the scope of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

How the present invention may be put into effect will now
be described by way of example with reference to the
appended drawings, in which:

FIG. 1 shows a schematic view of a node according to a first
embodiment,

FIG. 2 shows steps according to an embodiment,

FIG. 3 shows steps according to a further embodiment,
where a further token is received,

FIG. 4 shows steps according to a further embodiment,
where token holding time is determined from target and
actual inter arrival times,

FIG. 5 shows a timing diagram showing a target and actual
inter arrival time, where the actual arrival time is early,

FIG. 6 shows a timing diagram showing a target and actual
inter arrival time, where the actual arrival time is late,

FIG. 7 shows a schematic view of parts of a node according
to an embodiment, showing a packet being forwarded to one
channel of the transmitter,

FIG. 8 shows a schematic view of parts of a node according
to an embodiment, showing a second packet in the buffer
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being forwarded to a different one of the channels of the
transmitter, for transmission simultaneously with the first,
according to an embodiment,

FIG. 9 shows a schematic view of a network having mul-
tiple nodes in a ring topology, and showing a node having
different target holding times for different optical channels,
according to an embodiment,

FIG. 10 shows a schematic view of an example of a node
according to an embodiment, showing a queue management
part,

FIG. 11 shows steps according to a further embodiment,
where packets in the buffer are selected according to packet
characteristics,

FIGS. 12 to 27 show graphs of operating characteristics of
nodes according to embodiments,

FIG. 28 shows a schematic view of a network having mul-
tiple nodes in a ring topology, and showing a hub node and a
client node each having different target holding times which
are also different for different optical channels, and

FIG. 29 shows steps according to a further embodiment,
where the token holding time is determined to be different for
different nodes.

DETAILED DESCRIPTION

The present invention will be described with respect to
particular embodiments and with reference to certain draw-
ings but the invention is not limited thereto but only by the
claims. The drawings described are only schematic and are
non-limiting. In the drawings, the size of some of the ele-
ments may be exaggerated and not drawn on scale for illus-
trative purposes.

Definitions

Where an indefinite or definite article is used when refer-
ring to a singular noun e.g. “a” or “an”, “the”, this includes a
plural of that noun unless something else is specifically
stated.

The term “comprising”, used in the claims, should not be
interpreted as being restricted to the means listed thereafter; it
does not exclude other elements or steps.

Elements or parts of the described nodes or networks may
comprise logic encoded in media for performing any kind of
information processing. Logic may comprise software
encoded in a disk or other computer-readable medium and/or
instructions encoded in an application specific integrated cir-
cuit (ASIC), field programmable gate array (FPGA), or other
processor or hardware.

References to nodes can encompass any kind of node, not
limited to the types described, not limited to any level of
integration, or size or bandwidth or bit rate and so on.

References to packets can encompass any kind of packet
with or without a header, of any size fixed or variable size and
SO on.

References to software can encompass any type of pro-
grams in any language executable directly or indirectly on
processing hardware. References to computer readable media
are not intended to encompass non tangible transitory signals
during transmission.

References to hardware, processing hardware or circuitry
can encompass any kind of logic or analog circuitry, inte-
grated to any degree, and not limited to general purpose
processors, digital signal processors, ASICs, FPGAs, discrete
components or logic and so on.

References to rings as topologies are intended to encom-
pass topologies having a physical ring and topologies having
logical rings, in other words any topology in which the tokens
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can be passed around all the nodes, including for example
linear, or star or, tree topologies or mixtures of these, or other
physical topologies.

Abbreviations

MTIT=Multi Token Inter-arrival Time (Access Protocol)
TIAT=Token Inter-Arrival Time

TTIT=Target Token Inter-arrival Time

Introduction to the Embodiments

By way of introduction to the embodiments, some issues
with conventional designs will be explained. If the traffic over
the network is predominantly video on demand or similar
highly asymmetrical and delay-sensitive traffic, then the use
of'conventional multi-token protocols raises several issues. In
particular, if the channel access depends only on a fixed
network-wide design parameter, called a multi-token interar-
rival time (MTIT), this can result in impaired performance
when the traffic is not uniformly distributed among ring
nodes. On the one hand, nodes generating a high amount of
traffic tend to queue many packets in the transmission buffers,
causing widely spread access delay distributions. On the
other hand, nodes downstream of a node generating a high
amount of traffic tend to experience high access delays too,
because they typically wait for tokens for a long time and
because the tokens arrive late, these downstream nodes can
exploit them for a shorter time.

These latency and unfairness issues in multi-channel opti-
cal packet rings with multi token medium access control
under asymmetrical traffic can be addressed by embodiments
of the invention as will be described in more detail. In some
embodiments the specification of the bufter queue implemen-
tation helps enable these issues to be addressed. In some
embodiments a token holding time is different for different
nodes. This can be implemented by a table provided in each
node to regulate the holding time of each token, based on the
node type and on the channel (for example wavelength) asso-
ciated with that token.

To enable better understanding of features of the embodi-
ments, some conventional features will be discussed first. An
example of a single-fiber unidirectional WDM ring network
that connects a number of nodes through W data channels will
be used, though other examples can be envisaged. Each node
is equipped with W fixed-tuned transmitters and W fixed-
tuned receivers in this example, though conceivably there
may be a number of tunable transmitters instead or in com-
bination. The architecture allows each node to transmit and
receive packets independently and simultaneously on any
data channel. An input buffer is provided at every node to
queue the incoming packets prior to their transmission.
FIGS. 5 and 6, Token Interarrival Time

The Multi-Token Interarrival Time (MTIT) protocol is a
token-based access scheme designed for the aforementioned
ring architecture [see ref CaiJSACO0, J. Cai, A. Fumagalli,
and 1. Chlamtac, “The multitoken interarrival time (MTIT)
access protocol for supporting variable size packets over
WDM ring network,”, IEEE JSAC, vol. 18, no 10, pp: 2094-
2104, October 2000]. Each of the W data channels is associ-
ated with one token, which circulates among the nodes on the
control channel. Each node is allowed to send its own burst of
traffic on a given data channel when holding the correspond-
ing token. The MTIT protocol determines the holding time of
a token based on a system parameter called Target Token
Interarrival Time (TTIT).

A second parameter called the token interarrival time
(TIAT), is defined as the time elapsed between two consecu-
tive token arrivals at the node. Upon a token arrival, the node
is allowed to hold the token for a period of time equal to
TTIT-TIAT, as shown in the time chart of FIG. 5. In this

20

25

30

35

40

45

50

55

60

65

6

figure, three token arrival times are shown, for the i-th token,
the (i-1)-th token and the (i-2)-th token, meaning there are
two token inter arrival times TIAT. The i-th token arrives early
enough that there is some time left before the target holding
time TTIT for this token expires. In classical MTIT [see ref
CailSACO0 for more details], as soon as the token arrives, the
holding time is computed using the above relation, shown by
the diagonal hashed part in FIG. 5, and a corresponding
number of packets are removed from the incoming queue to
become part of the transmission burst. A token can also be
released earlier if no more packets are left in the node’s
transmission buffer. If the token is late according to the pro-
tocol policy (TIAT>TTIT), the node cannot hold it, as shown
in FIG. 6. Note that concurrent transmissions on distinct
channels are possible at the same node when two or more
tokens are simultaneously held at the node. Indeed the nodes
are provided with the capability of managing the concurrent
transmission of traffic on different WDM channels. A unique
feature of MTIT, experienced under almost uniform traffic, is
its capability to achieve and maintain an even distribution of
the token position along the ring [see ref CastoldiO4, P. Cas-
toldi and M. Ghizzi, “On the performance of a WDM ring
network with multitoken interarrival time (MTIT) MAC pro-
tocol,” in Proc. NOC 2004, June 2004]. As a result, the vari-
ance of the token inter-arrival time is low, guaranteeing to
every node a consistent channel access delay.

Nevertheless under highly asymmetrical traffic, e.g. where
much of the traffic flows in a hub-and-spoke manner, classical
MTIT can experience high queuing delay especially in a node
where a video on demand server is coupled to the network for
example. Such a node can be called a server node or a hub
node. The embodiments have features which can improve the
ring access protocol.

FIGS. 1, 2, Embodiments Having Per Packet Token Hold
Time Determination:

FIG. 1 shows a schematic view of major parts of a node 260
of'an embodiment. There may be many other parts. The node
is coupled to other nodes 250 of the optical network by optical
channels for the data traffic and by a path for tokens to be
passed between nodes to control which of the nodes transmits
on a given optical channel. The path for the tokens can be one
of'the optical channels or can be a separate physical path. The
node has transmitters Tx 280 for each of the optical channels,
a buffer 270 for queuing packets to be transmitted, and a
transmit controller 290 coupled to the buffer to provide queue
management using packet forwarding control signals to con-
trol when and how many packets are forwarded to the trans-
mitter for transmission.

Packets entering the network at one node, for transmission
to another of the nodes are queued in the buffer at the ingress
node. Queue management by the transmit controller is a
primary issue, to reduce queuing delay, especially at a server
node, which is typically much more congested than client
nodes. Since it may happen that the congested node simulta-
neously holds many tokens, according to this embodiment,
the queue in the buffer is managed so that not all the packets
in the queue are delivered to the first available channel of the
transmitter (where availability is indicated by arrival of a
token with a holding time greater than zero). Instead, just one
packet or a small number of packets are delivered, then the
token holding time is determined again to see if there is
sufficient token holding time left. Each packet is removed
from the input buffer at transmission time, without being
previously assigned to a certain token.

FIG. 2 shows steps taken by the transmit controller accord-
ing to various embodiments. In FIG. 2, the token holding time
is determined repeatedly. FIG. 2 starts with receipt of a token
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from another node at step 300. The transmit controller then
determines whether a token holding time is sufficient to allow
a packet to be transmitted at step 310. If not then the token is
released to another node at step 340. Of course if there are no
packets in the buffer then the token is released. If there is a
packet in the buffer and there is sufficient token holding time,
then at step 320, control signals are sent to the buffer to
forward one or more packets to the transmitter for transmis-
sion over the optical channel corresponding to the token,
using up some of the token holding time. At step 330, a
remaining token holding time is calculated or estimated. This
can be implemented in various ways, for example the trans-
mitter could signal to the transmit controller when transmis-
sion is completed, or a duration could be estimated based on
the size of the packet or packets for example. Then step 310 is
repeated, to determine if there is sufficient token holding time
left to allow another packet to be transmitted, and so on.
Some Additional Features of Embodiments

Some additional features of some embodiments and their
significance will now be discussed, many others can be con-
ceived. One such additional feature is the transmit controller
being configured to determine the remaining token holding
time for each packet. This can help reduce the maximum
delay time further. Another such additional feature is the
transmit controller being configured to receive a further
token, corresponding to another one or more of the optical
channels, and to control the buffer to forward another one or
more of the packets from the bufter to the transmitter, accord-
ing to a current token holding time in respect of the further
token, for transmission over the another one or more of the
optical channels, the transmitter being arranged to transmit
the another one or more of the packets at the same time as the
transmission of the initial packet or packets. Again this can
help enable the maximum delay time to be reduced.

Another such additional feature is the transmit controller
being configured to determine the token holding time accord-
ing to an interval between successive arrival times of different
tokens arriving at the node. This is one way to enable fair
sharing of the access time to each optical channel between the
different nodes.

Another such additional feature is the transmit controller
being configured to determine the token holding time to have
a dependency on the optical channel corresponding to the
token. This can enable different optical channels to be priori-
tized for control of load balancing, or to enable some channels
to be kept free for higher priority traffic for example.

The dependency of token holding time on the optical chan-
nel can be arranged to provide preferential access to one or
more of the optical channels by the node, compared to others
of'the nodes. This can help avoid congestion in a network with
highly asymmetric traffic.

The transmit controller can be configured to select which
of the packets in the buffer to forward as the initial or the
further packet or packets, according to a size of the packet and
according to the token holding time or the remaining token
holding time. This can help enable better use of available
transmission time.

The transmit controller can be arranged to estimate a trans-
mission duration of the forwarded packet or packets, and to
determine the remaining token holding time according to the
estimated transmission duration. This can provide faster
operation than waiting for a measurement of the transmission
time.

The optical channels can be different optical wavelengths,
and the transmitter can have multiple optical sources arranged
to transmit different packets on different wavelengths simul-
taneously. This is a particularly useful level of gradation of

20

25

30

35

40

45

50

55

60

65

8

channels, though others are possible, such as by polarization,
or by any kind of optical coding for example.

FIGS. 3, 4 Further Embodiments Having Per Packet Token
Hold Time Determination:

In FIG. 3, additional steps taken by the transmit controller
are shown for the case that a further token is received. In FIG.
4, additional steps are shown for an implementation where the
token holding time is determined from target and actual inter-
arrival times. In FIG. 3, some steps are similar and indicated
by the same reference numeral as used in FIG. 2. In this case,
a step 325 is shown, where a further token is received during
transmission. This further token will correspond to a different
one of the optical channels. A token holding time for this
further token is determined (referred to as a “further token
holding time™), and used to decide whether there is sufficient
time to transmit a packet. If not, as before, the further token is
released at step 345. Otherwise at step 335, the transmit
controller sends control signals to the buffer to cause it to
forward one or more other packets to the transmitter for
transmission over the corresponding optical channel simulta-
neously with the transmission of step 320.

At step 355 the remaining token holding time and the
remaining further token holding time are determined, and the
process is repeated. These can be implemented as separate
processes, or separate threads of execution.

In FIG. 4, starts with receipt of a token from another node
at step 300. The transmit controller then determines a target
inter arrival time at step 410, in some cases by using a look up
table according to the optical channel corresponding to the
token. At step 420, the actual inter arrival time between the
most recently received token and a preceding token is deter-
mined. At step 430, the token holding time is determined from
the target and actual inter arrival times. At step 440 it is
decided if the token holding time is sufficient to send a packet.
This may depend on the size of the next packet in the queue.
The token is released at step 340 if there is not sufficient time.
If there is sufficient time, then a packet is forwarded at step
450 to the transmitter for the respective channel. At step 460,
it is determined when the packet transmission is complete and
optionally the token is released to the next node even if there
is more holding time available. This may be carried out for
some but not all of the channels so that some of the tokens
move more quickly round the network.

FIGS. 7 and 8, Per-packet MTIT Implementation

FIG. 7 shows a schematic view of parts of anode according
to an embodiment. A buffer 270 is shown for queuing packets
to be transmitted to other nodes of the network. When a token
T1 is held at the node for sufficient length of time, a packet can
be transmitted by one channel of the transmitter. The diagonal
shading of the token indicates it corresponds to a first channel
or wavelength. So the figure shows a first packet in the buffer
being forwarded to the input 10 of the optical transmitter for
the first wavelength. Other inputs 20, 30, 40 are shown for the
optical transmitters of other channels. These optical transmit-
ters can be fixed wavelength lasers or tunable lasers able to
transmit on two or more of the optical channels for example.

FIG. 8 shows a similar view showing the situation when a
second token T3 arrives while the first packet is being trans-
mitted. If there is sufficient token holding time for this token,
then a second packet in the buffer can be forwarded to a
different one of the channels of the transmitter, for transmis-
sion simultaneously with the first packet. As T3 corresponds
to the third channel or wavelength, this second packet is
forwarded to the input 30 of the transmitter for the third
wavelength. Both packets can be transmitted simultaneously
in contrast to the conventional approach in which the second
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packet is forwarded to the first channel and has to follow the
first packet and is thus delayed longer.

This embodiment can improve on the conventional
approach in which at each token arrival, a number of waiting
packets fitting the computed token holding time, are removed
from the input queue and forwarded to the laser to be placed
in the laser’s transmission buffer. In the conventional
approach, in congested nodes the last packets in the transmis-
sion bursts on each wavelength may experience very high
delays. In contrast, using queue management of this embodi-
ment, the effective per-packet scheduling avoids long waiting
times in the transmission bursts, at the expense of more com-
putational effort to recompute the holding time for each
packet transmission, instead of once for each traversed node.
Moreover, the per-packet MTIT implementation avoids the
risk of large out-of-sequence packet arrivals, which can occur
in the conventional implementation when two successive
bursts contain consecutive packets destined to the same node.
However a small out-of-sequence packet delivery can still
occur, if a long packet A is transmitted on wavelength i soon
before a short packet B is transmitted on wavelength j: this
issue can be overcome by adding a sequence number to the
packets to recover the transmission sequence at the destina-
tion node.

FIG. 10, Example of a Node

FIG. 10 shows a schematic view of a node according to an
embodiment in a WDM type network. Many other examples
can be envisaged. The parts of the node subsystems added or
improved by the embodiments are highlighted in FIG. 10. An
incoming WDM link is shown arriving at a splitter 80 of an
optical part 70. Part of the optical power of the incoming
WDM signal having multiple wavelengths is dropped at the
node and fed to a receiver Rx which has a wavelength demul-
tiplexer part 130. Another part of the power from the splitter
is fed to optical amplifiers SOA 100 for pass through. The
pass through path has a wavelength demultiplexer 90 fol-
lowed by an amplifier for each wavelength, and followed by
a multiplexer 110. The output of the multiplexer is fed to a
coupler 120 where an add signal from a transmitter Tx is
coupled in. The transmitter has a number of lasers 160 each
for a different channel or wavelength, followed by a wave-
length multiplexer 140.

The add and drop paths from the photo diodes and to the
lasers are coupled to or from tributaries 210, via a cross point
switch 180, to enable any tributary path to be coupled to any
of the channels. A queue management part 170 is located
between the cross point switch and the Tx part. This includes
the buffer for queuing packets and the transmit controller for
providing queue management. A subsidiary controller 200 is
shown for controlling the cross point switch. A TTIT table
190 is shown coupled to the queue management part.

FIG. 11,

FIG. 11 shows steps according to another embodiment.
This shows some steps similar to those of FIG. 2. In this case,
at step 319, the packet to be forwarded is selected rather than
just taking the next packet. The selection can be based on
packet characteristics such as size, or priority and so on. Thus
the packets can effectively be reordered if that enables more
efficient transmission to fill time gaps. After the packet is
forwarded, at step 333 an estimate is made of transmission
duration, before determining a remaining token holding time.
FIGS. 12 to 27, Performance Evaluation Graphs

FIGS. 12 to 27 show graphs of various parameters to show
the practical significance of some of the features discussed
above, for an example network under particular conditions.
Similar graphs could be produced for different networks and
different conditions. The graphs are based on simulated
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operations of a unidirectional ring architecture loaded with
asymmetrical connection-oriented traffic. The ratio between
the number of connections originating from the server node
and those originating from a client node is 100:1. The network
has a ring topology composed of 11 nodes (1 server and 10
clients), spaced 10 km from each other. Each of W wave-
lengths has a transmission bit-rate of B=10 Gb/s. Inter arrival
times and sizes of the incoming packets of each connection
are exponentially distributed. The mean packet size is 500
Bytes. All the simulations are run with a load of 90% of the
maximum aggregate ring bandwidth BxW. The default TTIT,
i.e., TTIT,, is set to 8.6 ms, which is a minimum value in order
to avoid any packet loss and queue instability. If the TTIT
differentiation is enforced, the following TTITs have been
chosen in each node: the server has a TTIT=0 on the first W,
wavelengths, while TTIT=2xTTIT, on all the remaining
wavelengths; on the other hand, the client nodes have
TTIT=10xTTIT, on the first W , wavelengths, while it is kept
unaltered on all the remaining wavelengths. The rationale
behind this choice is to reserve a few (i.e., W) wavelengths to
the client nodes in order to avoid excessively delayed tokens,
while the heavily loaded server can take full advantage of the
remaining wavelengths.

FIGS. 12 and 13 show the average queuing latency versus
the TTIT value for the hub node and a client node respec-
tively. In both cases the queue policy according to embodi-
ments, (called “per pkt” in the key) and without it (called
“classic” in the key) are compared with W=16 and W=32
wavelengths. It is possible to notice the gain in performance,
especially in the hub node, which benefits more of the queue
policy due to its heavy load. Even at a load equal to 90%, all
latency values for TTIT greater than a threshold are very low.

FIGS. 14 to 27 show the probability density functions
(PDF) of the latency for both a server-originated and a client-
originated probe connection (in other words the graphs show
likelihoods of different packet delays, so it is desirable that
the shorter delays have greater likelihood, and that the maxi-
mum delay for any packet, shown where the graph reaches
zero, is as far to the left as possible. FIGS. 14 and 15 show the
PDF using the conventional queuing policy for reference,
where W is 16 and load is 90%. FIGS. 16 and 17 show the
PDF using the per-packet MTIT queue policy but without
TTIT differentiation where W is 16 and the load is 90%.
FIGS. 18 and 19 show PDF using both the per-packet MTIT
queue policy and the TTIT differentiation with W_,=2. The
per-packet MTIT queue policy is able to significantly shrink
the server delay distribution, now bounded to less than 600 s
(160 us on average) for W=16. However this is paid with a
slightly wider client node delay distribution, whose tail
reaches 3.5 ms (1 ms on average) with W=16. The TTIT
differentiation succeeds in reducing both server and client
latency compared to the previous schemes, thanks to its capa-
bilities to adapt to traffic characteristics. With W=16, server
delay is bounded to 500 ps (on average 140 us), while client
delay tail stops at 1.4 ms (on average 506 ps).

FIGS. 20 to 25 show similar cases to FIGS. 14 to 19
respectively, but with W=32, and the benefits for client traffic
of TTIT differentiation with W_=2 are lower, as shown in
FIG. 25. However, by adjusting W, (as in FIGS. 26 and 27
with W _=4), the client queuing delay PDF can be shrunk, so
that distribution tails stop before 1.5 ms.

FIGS. 28 and 29 Token Holding Time Differentiation
Between Nodes

Another feature will now be described which can also
address the same issues that multi token medium access pro-
tocols, such as MTIT are not optimal for strongly asymmetri-
cal traffic, so that nodes downstream the server may suffer
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from longer delays because tokens are often delayed by
lengthy server transmissions. To help reduce or avoid this
issue, a per-node per-wavelength TTIT differentiation suit-
able to support rings with asymmetrical traffic can be imple-
mented. Contrary to classical MTIT, where TTIT was iden-
tical for all nodes and wavelengths, in this solution a node can
have a different token holding time compared to that for other
nodes. This can be implemented by having a different target
time, or a different algorithm for calculating the holding time
from the target time for example. In either case, another
option is to have the token holding time also differ according
to which channel the token relates to.

In principle the token holding time can be calculated
locally by the node itself or remotely. In the latter case the
token itself may carry an indication of how the token holding
time should differ for different nodes, or for different chan-
nels. In one implementation each node keeps a table where
different TTIT values are assigned for that node, compared to
the value for other nodes. Nodes with high volumes of traffic,
such as VoD servers or hub nodes could take a larger share of
the available resources than client nodes. By appropriately
setting TTIT values in each node’s table, client nodes can be
granted access to specific wavelengths where server traffic
injection is limited, and on the other hand, server can better
exploit the remaining wavelength channels. In such a way, it
is possible to reduce the effect of the dominant server traffic
onthe downstream clients, without impacting significantly its
latency performance.

In the network shown in FIG. 28, a hub node 550 has a
TTIT table showing target token inter arrival times for difter-
ent channels. For T1 and T2, the target is zero, indicating this
node should not transmit traffic on those channels. For the
remaining channels the target is 2 units of time, indicating this
node can take more holding time than other nodes for these
channels, to reflect that as a hub node there will be more traffic
from this node.

FIG. 28 also shows a table for another of the nodes, a client
node 560. In this case the client node has 10 units of target
time for the first two channels and one unit of time for the
remaining channels. Other client nodes may have dispropor-
tionate amounts of target time on the same first and second
channels, or on different channels. In principle the target
times could be the same for all channels of each node. In
principle, the target times could be different for different
channels and the same for all nodes, but better fairness and
latency can usually be achieved by having different target
times for different nodes and different channels.

FIG. 29 shows steps according to an embodiment having
different token holding times for different nodes. At step 300
a token is received from another node. At step 306, the token
holding time is determined, specific to this node, different
from other nodes and optionally dependent on which of the
optical channels corresponds to the token. As before, at step
310 it is determined whether a token holding time is sufficient
to allow a packet to be transmitted. If so, then control signals
are sent to the buffer to cause it to forward a packet or packets
to the transmitter for transmission. Otherwise the token is
released to the next node at step 340. The token holding time
differentiation can be implemented in various ways. For
example the target time can be set to be different for different
nodes, or the algorithm for determining the holding time can
be different. In either case, this can be set up manually by an
operator as part of the installation of the node, or can be
adapted dynamically during operation. Such dynamic adap-
tation can be based on the length of queue at the node, com-
pared to queues at other nodes. Whichever of the nodes has
the longest queue, can be arranged to increase its or their
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token holding times, by means of a negotiation between
nodes, or by manual control by an operator.

Correspondingly, nodes with shorter queues can adapt to
use shorter token holding times.

Optionally this embodiment can be combined with features
of other embodiments, so in some cases sufficient packets to
fill the token holding time can be forwarded, in other cases,
the token holding time can be recalculated as described
above.

Concluding Remarks

As has been described above, embodiments can help con-
strain queuing latency in multi-token WDM optical packet
rings under asymmetrical traffic by particular queue manage-
ment features. Some embodiments involve queue manage-
ment involving a per-packet MTIT queue policy at nodes.
Others involve implementing a TTIT differentiation per node
and per wavelength as an alternative or in combination with
the per-packet policy. These queue management policies can
reduce queuing delay particularly for asymmetric traffic such
as server- and client-originating traffic by adapting to asym-
metrical traffic characteristics. A node (260, 50) for a multi-
token optical communications network has optical channels
between the node and other nodes, each channel having a
token (T1, T2, T3), passed between nodes, to indicate that a
corresponding optical channel is available for transmission
during a token holding time. The node has a transmitter (280)
for transmitting packets over the optical channels, a buffer
(170, 270) for queuing packets before transmission, and a
transmit controller (170, 290) configured to control the buffer
to forward an initial packet or packets from the buffer to the
transmitter once a token has been received. The transmit
controller determines how much of the token holding time
remains after the transmission of the initial packet or packets,
and then controls the buffer to forward a further packet
according to the remaining token holding time. A maximum
packet delay can be reduced where there is asymmetric traffic.
A token holding time can be different for different nodes.
Other variations and embodiments can be envisaged within
the claims.

The invention claimed is:

1. A node suitable for a multi-token optical communica-
tions network, the network having optical channels between
the node and other nodes, the network being arranged so that
nodes hold and pass unique tokens, each token indicating to a
node that a corresponding one or more of the optical channels
is available for transmission while that node holds that token,
during a token holding time, the node comprising:

a transmitter for transmitting packets to the other nodes
over the optical channels, a buffer for queuing packets
before transmission by the transmitter, and

a transmit controller configured to:

control the buffer to forward at least one initial packet from
the buffer to the transmitter once a token has been
received, the at least one initial packet forwarded to the
transmitter for transmission over an optical channel cor-
responding to the token and according to the token hold
time;

after the at least one initial packet is forwarded from the
buffer to the transmitter, determine how much of the
token holding time remains; and

after determining how much of the token holding time
remains, control the buffer to forward a further packet
from the buffer to the transmitter according to the
remaining token holding time.

2. The node of claim 1, the transmit controller being con-

figured to determine the remaining token holding time for
each packet.
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3. The node of claim 1, the transmit controller being con-
figured to receive a further token, corresponding to another
one or more of the optical channels, and to control the buffer
to forward another one or more of the packets from the buffer
to the transmitter, according to a current token holding time in
respect of the further token, for transmission over the another
one or more of the optical channels, the transmitter being
arranged to transmit the another one or more of the packets at
the same time as the transmission of the initial packet or
packets.

4. The node of claim 1, the transmit controller being con-
figured to determine the token holding time according to an
interval between successive arrival times of different tokens
arriving at the node.

5. The node of claim 4, the transmit controller being con-
figured to determine the token holding time to have a depen-
dency on the optical channel corresponding to the token.

6. The node of claim 5, the dependency of token holding
time on the optical channel being arranged to provide prefer-
ential access to one or more of the optical channels by the
node, compared to others of the nodes.

7. The node of claim 1, the transmit controller being con-
figured to select which of the packets in the buffer to forward
as the initial or the further packet or packets, according to a
size of the packet and according to the token holding time or
the remaining token holding time.

8. The node of claim 1, the transmit controller being
arranged to estimate a transmission duration of the forwarded
packet or packets, and to determine the remaining token hold-
ing time according to the estimated transmission duration.

9. The node of claim 1, the optical channels being different
optical wavelengths, and the transmitter having multiple opti-
cal sources arranged to transmit different packets on different
wavelengths simultaneously.

10. A method of operating a multi-token optical commu-
nications network the network having optical channels
between the node and other nodes, the network being
arranged so that nodes hold and pass unique tokens, each
token indicating to a node that a corresponding one or more of
the optical channels is available for transmission while that
node holds that token, during a token holding time, the
method comprising:

queuing packets in a buffer before transmission,

controlling the buffer to forward at least one initial packet

from the buffer to a transmitter for transmitting packets
to the other nodes over the optical channels, once a token
has been received, for transmission over an optical chan-
nel corresponding to the token and according to the
token hold time,

after the at least one initial packet is forwarded from the

buffer to the transmitter, determining how much of the
token holding time remains, and

after determining how much of the token holding time

remains, controlling the buffer to forward a further
packet from the buffer to the transmitter according to the
remaining token holding time.

11. The method of claim 10, having the steps of receiving
a further token, corresponding to another one or more of the
optical channels, and controlling the buffer to forward
another one or more of the packets from the buffer to the
transmitter, according to a current token holding time in
respect of the further token, for transmission over the another
one or more of the optical channels, and transmitting the
another one or more of the packets at the same time as the
transmission of the initial packet or packets.

12. The method of claim 10, having the step of determining
the token holding time according to an interval between suc-
cessive arrival times of different tokens arriving at the node.
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13. The method of claim 12, having the step of determining
the token holding time to have a dependency on the optical
channel corresponding to the token.

14. A computer program on a computer readable medium,
for use in a transmit controller of a node of a multi-node
optical communications system, the program when executed
by a processor being arranged to carry out the steps of claim
10.

15. An optical network having a first node and other nodes,
each of the nodes being suitable for a multi-token optical
communications network, the network having optical chan-
nels between the nodes, the network being arranged so that
nodes hold and pass unique tokens, each token indicating to a
node that a corresponding one or more of the optical channels
is available for transmission while that node holds that token,
during a token holding time, the first node comprising:

a transmitter for transmitting packets to the other nodes

over the optical channels,

a buffer for queuing packets before transmission by the

transmitter, and

a transmit controller configured to:

control the buffer to forward at least one initial packet
from the buffer to the transmitter once a token has
been received, the atleast one initial packet forwarded
to the transmitter for transmission over an optical
channel corresponding to the token and according to
the token hold time, and the first node being arranged
to have a different token holding time than the other
nodes on at least some of the optical channels;

after the at least one initial packet is forwarded from the
buffer to the transmitter, determine how much of the
token holding time remains; and

after determining how much of the token holding time
remains, control the buffer to forward a further packet
from the buffer to the transmitter according to the
remaining token holding time.

16. The network of claim 15, the transmit controller being
configured to determine the token holding time to have a
dependency on the optical channel corresponding to the
token.

17. A method of operating a multi-token optical commu-
nications network the network having optical channels
between a first node and other nodes, the network being
arranged so that nodes hold and pass unique tokens, each
token indicating to a node that a corresponding one or more of
the optical channels is available for transmission while that
node holds that token, during a token holding time, the
method performed at the first node and comprising:

queueing packets in a buffer before transmission;

controlling the buffer to forward at least one initial packet
from the buffer to a transmitter for transmitting packets
to the other nodes over the optical channels, once a token
has been received, for transmission over an optical chan-
nel corresponding to the token and according to the
token hold time, wherein the first node has a different
token holding time than the other nodes for at least some
of the optical channels channels;

after the at least one initial packet is forwarded from the

buffer to the transmitter, determine how much of the
token holding time remains; and

after determining how much of the token holding time

remains, control the buffer to forward a further packet
from the buffer to the transmitter according to the
remaining token holding time.
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