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messages and guarantee-seeking messages [5]. The
topology used is backbone-connected all-optical star
clusters, i.e., star-of-stars, where electronic gateway-nodes
separate the clusters (Figure 1). A cluster consists of a
passive optical star where the WDM (Wavelength Division
Multiplexing) technique is used to achieve multiple Gb/s
channels [6] [7] [8]. By the use of electronic gateway
nodes we retain the popular WDM star network
architecture in each cluster, for which cheap components
can be spawn to appear in the future. With electronic
gateway nodes we also achieve wavelength reuse in each
cluster. Other hierarchical WDM star networks include the
wavelength-flat (all nodes share the same wavelength

 ,QWURGXFWLRQ
High-performance interconnection networks can be
foreseen to have a central role in future distributed realtime systems. If a number of computation modules, each of
them parallel, are used to obtain a massively parallel
system, a modular interconnection network, able to carry a
huge amount of data, is needed. Other key features of the
network are time-deterministic latency and guarantees to
meet deadlines. A typical system is the radar signal
processing system described in [1] [2], where each module
consists of a SIMD (Single Instruction stream Multiple
Data streams) computer and a network interface. In this
way, a MIMSIMD (Multiple Instruction Streams for
Multiple SIMD arrays) computer system is formed. Other
applications where the MIMSIMD architecture with a
high-performance interconnection network might be
required are described in [3] [4].
In this paper we present a modular network architecture
with time-deterministic packet switched communication,
both for intra-cluster communication and inter-cluster
communication. The network supports both best-effort

Figure 1: Multiple passive optical stars topology.

space) tree-of-stars network [9], the tree-of-stars network
(called LIGHTNING) that has wavelength routing
elements between each level [10], and the multiple star
network where each node is directly connected to both a
local star and a remote star [11].
In each cluster, fixed-wavelength transmitters and
tunable receivers are used (Figure 2). A fixed unit is
always tuned to the same wavelength channel, while a
tunable unit can be tuned to an arbitrary wavelength
channel. Components for WDMA networks are reviewed
in [12]. Each transmitter has a specific wavelength and the
network architecture can be described as FT1-TR1 using
the classification scheme given in [13]. FT1-TR1 stands for
one Fixed Transmitter and one Tunable Receiver per node.
Other FT-TR networks are described in [14] [15], and
general information on WDM star networks in [13] [16]
[17]. The receivers are tunable over the whole range of
channels used in the cluster. This makes the cluster a
single-hop network where any receiver can be reached by
any transmitter in a single hop [13] [18]. The main reason
why FT1-TR1 is chosen is the naturally embedded
broadcast function obtained when all receivers are tuned to
the same transmitter channel.
A 100-channel WDM system has been demonstrated
[19] and systems with 1000 channels are possible [20].
Although, the practical limit in number of wavelengths in
the kind of networks reported in this paper is expected to
be somewhere between 16 and 32 [21]. This translates into
star-of-stars networks of maximum sizes between 256 and
1024 nodes, gateway-nodes included.
The same MAC (Medium Access Control) protocol,
TD-TWDMA (Time-Deterministic Time and Wavelength
Division Multiple Access) [1], is used in every cluster and
in the backbone. We will show how the MAC protocol and
the network architecture are configured to increase system
performance and to get time-deterministic inter-cluster
communication. In [1], intra-cluster communication was
analyzed in detail, while only rough assumptions were
made for inter-cluster communication. Here, we analyze
how latency and node bandwidth for inter-cluster
communication vary with design parameters of the
network. We also present a new way of clock
synchronization to reduce the worst-case latency in this
kind of multi-cluster networks using TDM (Time Division
Multiplexing).
The rest of the paper is organized as follows. In the
second section the network concept is described. In
Section 3 intra-cluster communication and TD-TWDMA
are presented. Inter-cluster communication is described in
Section 4, in which clock-synchronization is also
discussed. Also, scalability issues are analyzed, and it is
shown how low latency can be achieved for systems with
high bandwidth in the backbone. Section 5 is a conclusion
and summary.

Figure 2: Passive optical star cluster with fixed
transmitters and tunable receivers.

 1HWZRUNFRQFHSW
In this section we will give an overview of the network.
Each cluster uses WDM to get a home-channel for every
node. In addition to WDM, TDM is used, so the access to
each receiver is divided into cycles of equal length. Each
cycle is then further divided into a fixed number of slots.
Because every transmitter has its own home-channel the
only conflict that can appear is when two or more nodes
want to transmit to the same node at the same instant. To
prevent conflicts, slots in the TD-TWDMA network are
allocated in the receiver cycles, by a distributed slotallocation algorithm, so that each slot has a specific owner.
There is also one cycle running in each transmitter, but
only to tell when and to whom the node is allowed to
transmit. The transmitter cycle reflects the slots that the
node owns in the receiver cycle of every other node, as
seen in Figure 3. In the receiver cycles, shown in the upper
table in the figure, each slot in each receiver cycle can only
be assigned to one transmitter at the same time. The lower
table shows how the slots of a transmitter cycle are built up
by copying its entries in the corresponding slots in each
receiver cycle. It is then up to the transmitter to decide, in
each slot, if it should transmit to the node(s) it has access
to or not.
The main function of the TD-TWDMA protocol is to
allocate the time-slots to appropriate nodes based on what
slot demands the nodes have. These slot demands are
transmitted in advance on the same channels as the data.
WDM networks with this type of protocol not using a
separate control channel are denoted as QRQFRQWURO
FKDQQHO EDVHG networks. Networks where a separate
control channel is used to reserve access to the data
channels are denoted as FRQWURO FKDQQHO EDVHG networks.
Other non-control channel based networks are found in
[15] [22] [23], while control channel based networks are
found in [24] [25-27].
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Figure 3: The transmitter cycle, lower table, is
filled by taking all owned slots in the receiver
cycles, upper table, in all other nodes. Note
that a multicast is possible in Slot 1, 9, and 10.
In dynamic distributed real-time systems, messages may
be classified into two categories [28]: best-effort messages
and guarantee-seeking messages. While best-effort
messages normally have soft deadlines, such that the
system need only try its best to meet the deadlines,
guarantee-seeking messages have harder timing
constraints. If the communication system cannot guarantee
the timing constraints of a guarantee-seeking message, the
owner of the message should be aware of it immediately.
When using the TD-TWDMA protocol, each node has a
number of guaranteed slots so that the medium access
control layer can offer the higher layers services for
guarantee-seeking messages. If the guaranteed bandwidth
is sufficient for the message to meet its deadline, then a
guarantee is given. If not, the message will be rejected
immediately so that the owner will have time to handle the
situation.
If there is no guaranteed messages in a node the slots
will be released for best effort messages from other nodes
(or the same node) according to a predetermined scheme.
In this way a more HIILFLHQW EDQGZLGWK XWLOL]DWLRQ is

achieved.
Each node can also reserve a number of slots in the
receiver cycle of any other node, in order to increase the
deterministic bandwidth for guaranteeing real-time
services. The assignment of reserved slots can be changed
during run-time either by higher layers, by a development
system, or by having slot-assignment schemes for several
working modes stored in the nodes. The change from one
mode to another can then take place by just changing an
offset pointer. Also reserved slots are released if not
needed for guaranteed messages.
A method to decrease the effect of clock-recovery and
tuning latencies in the receivers will increase performance.
By duplicating the opto-electronic and clock-recovery
parts of the receiver, the time for clock-recovery and
wavelength tuning can even be eliminated. This is done by
having one clock-recovery circuit locked to the currently
used channel while the other one recovers bitsynchronization for the channel that will be used in the
next slot. In this way, the tuning time of the receiver only
needs to be shorter than the duration of one slot, minus the
clock-recovery time. For this reason we assume that the
tuning latency in the receivers can be neglected.

 ,QWUDFOXVWHUFRPPXQLFDWLRQ
In
this
section,
we
describe
intra-cluster
communication. The notation used when describing the
network is found in Table 1.
The passive optical star, in one cluster, implements a
fiber-optic multi-access network [17] with 0 nodes. All
incoming messages to the star are distributed to all nodes
in the cluster by splitting the light. The FT1-TR1
transceiver-configuration is used and each transmitter in
the cluster is assigned a unique wavelength. Hence, the
number, &, of wavelength channels is equal to the number,
0, of nodes. The transmitter and receiver parts of the
transceiver are totally independent and can work
concurrently.
Each cycle consists of 6 slots where VL, 1 ≤ L ≤ 6,
denotes a slot. If γ is the slot length, we use 6γ to denote
the cycle time. Figure 4 shows how a receiver cycle is

Figure 4: A cycle is partitioned into data slots and control slots, where the control slots are transmitted
one cycle in advance related to the data slots that they are carrying information about.

γ:
µ:
6:
V:
Y:
Z:
τ:
L

LM
LM

Slot length, including gap
Computing time of the distributed slot-allocation algorithm
Total number of slots in a cycle
The L:th slot in a cycle
Index of the high-priority owner (transmitter) of slot L in the receiver cycle in node M
Index of the low-priority owner (transmitter) of slot L in the receiver cycle in node M
Latency: delay from the moment a message arrives at the transmitter buffer, in the source node, until the moment the
transmission begins from the last gateway-node, excluding propagation delay

,QWUDFOXVWHUFRPPXQLFDWLRQ
0: Number of nodes in the cluster
&: Number of channels (wavelengths) in the cluster
P : Node L
L

,QWHUFOXVWHUFRPPXQLFDWLRQ
0 : Number of nodes in cluster M, including all transceiver modules, on the cluster side, in the gateway node
4 : Number of ordinary nodes in cluster M, i.e., number of physical end-nodes
& : Number of channels (wavelengths) in cluster M
/: Number of clusters, which is the same as the number of gateway nodes
%: Effective bandwidth of each channel in the clusters
(: Effective bandwidth of each channel in the backbone
5: Ratio between the channel bandwidth in the backbone and the channel bandwidth in the clusters
M
M
M

Table 1: Notation when describing the network architecture.

Figure 5: Latency calculation.
partitioned into data slots and control slots. Each node PL,
1 ≤ L ≤ 0, is assigned one of the 0 control slots in which it
broadcasts control information to all other nodes PM, 1 ≤ M
≤ 0 and M ≠ L. The control slots are therefore identically
assigned in every node’s receiver cycle. Control
information that is sent in a control slot informs the other
nodes about the slot demands for the next cycle. These slot
demands contain information on which guaranteed slots
(including reserved slots) to keep and which to temporarily
release in the next cycle. When control slots from all the
nodes has been gathered, allocation of the data slots in the
next cycle can be calculated using the distributed slotallocation algorithm described below.
The time, µ, it takes to run the slot-allocation algorithm
sets the limit on how late in the cycle the control slots can
be placed. By fine-grain interleaving of the slots, where
nodePL, 1 ≤ L ≤ 0 is assured to have slot VL as its first slot

in the cycle, we can minimize the delay from a node’s
control slot until its first data slot in the next cycle. As
shown in Figure 5, the worst-case latency for node PL, 1 ≤ L
≤ 0, will be
τPD[ = 6γ + 0γ + µ = (6 + 0)γ + µ

(1)

where the first term in the middle expression is the worstcase delay before the node’s own control slot appears, i.e.
one cycle as shown in the figure.
The slot-allocation algorithm is based on a
predetermined allocation scheme that can be partially
overloaded, using the reservation method mentioned
above. As an example, the allocation scheme for a fournode system is shown in Figure 6. We do not call this
scheme “reservation” because that term is used when
describing the overloading of the scheme. The total
number of slots in a cycle is set to 6 = 0 (in this case 16)
and the number of data slots is 0(0 − 1), i.e., 12. In the
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Figure 6: Allocation scheme for the receiver
cycles in a four-node system.
figure, only the data slots are shown, and even if the
control slots can be in the middle of the cycle we here
assume they have index 13 to 16. Each pair of rows
represents one receiver cycle, where each number is the
index of the transmitter that owns the corresponding slot.
The high-priority row is the default scheme, but if the
high-priority slot owner does not need the slot it is
temporarily released as described above. The low-priority
owner will then get the slot. If neither the high-priority nor
the low-priority owner needs the slot, it will be unused.
This is the cost of having a simple algorithm.
In the predetermined allocation scheme, YLM identifies the
index of the high-priority owner of slot L in the receiver
cycle in node M. In the same way, ZLM identifies the index of
the low-priority owner. High-priority slots are coordinated
to allow broadcast and the owners are determined by
YLM = (L − 1) mod 0 + 1

(2)

for 1 ≤ L ≤ 0(0 − 1), 1 ≤ M ≤ 0 and L ≠ M, while the lowpriority owners are determined by
ZLM = ((L − 1) div 0 + M) mod 0 + 1

(3)

A maximum of 0(0 − 2) slots, slot 5 to 12 in the
example of Figure 6, are allowed to be reserved. The first
0 slots are not allowed to be reserved, and the last 0 slots
are control slots. When reserving slots, the corresponding
high-priority entry in the receiver cycle, or cycles if
multicasting is used, is exchanged with the index of the
reserving node.
Since each node can independently perform the
computations of the slot-allocation scheme, we call it a
distributed algorithm. With this simple algorithm, the
updating of the table entries can start as soon as the first
control slot is received. Only table indexing is then used in
the data slots, in transmitters to choose between buffered

Figure 7: Gateway node with higher channelbandwidth on the backbone side (right side).
messages, and in receivers to choose channel tuning.
Hence, a calculation time equal to one slot-length, µ = γ,
can be assumed. Furthermore, since the number of slots in
one cycle is 6 = 0, Equation 1, describing the worst-case
latency, can be rewritten as
τPD[ = γ (0 + 0 + 1)

(4)

 ,QWHUFOXVWHUFRPPXQLFDWLRQ
Although the same MAC protocol is used separately in
each cluster, the clusters can be coordinated to improve
performance and to get time-deterministic communication
also for inter-cluster communication.
A network consists of / clusters. Each cluster has 0L, 1
≤ L ≤ /, nodes where one of the nodes is a gateway node. A
gateway node contains network interfaces, to both the
backbone star and its dedicated cluster, and buffer
memories for both upward and downward traffic. The size
of the buffer memories is significantly larger than the
possible traffic in one cycle. Status information on the
buffers is always sent together with the other information
in the control slots.
In some systems, it is desirable that the bandwidth per
channel in the backbone be higher than in the clusters. The
increase in bandwidth may be implemented either by a
higher bit rate or by having several wavelengths per
channel. If 5 is the ratio of backbone channel-bandwidth,
(, to cluster channel-bandwidth, % (i.e. 5 = ( / %), then the
gateway nodes are designed to each have 5 transceiver
modules on the cluster side in order to achieve the same
aggregated bandwidth as on the backbone side (Figure 7).
Also, a gateway node has 5 dedicated home-channels on
the cluster side, one for each transmitter. Since the
transceiver modules in a gateway node are seen as

When IXOO VORWUHVHUYDWLRQ by other nodes is assumed,
the number of slots that the source node has access to in
the receiver cycles in the destination node and in the
gateway nodes of the source and destination clusters
reaches its minimum. The first transit is from the source
end-node, and to the gateway node of the source cluster.
Since the source node has direct access to its own cluster,
the worst-case latency, τ1, for the first transit can be
obtained by using Equation 4 for intra-cluster
communication, with 0 = /. I.e.:

Figure 8: Each backbone slot is divided into 5
sub-slots with the same pair of gateway nodes
as source and destination.

τ = γ (/ + / + 1)

connections to separate nodes by the MAC protocol, the
number of nodes is still defined as 0L = &L, 1 ≤ L ≤ /. In
this way, we have 4L = 0L − 5 ordinary end-nodes in each
cluster.
The cycle length in the backbone is always the same as
that in the clusters, both when measured in time and when
measured in number of slots. Therefore, the number of bits
in a backbone slot is 5 times higher than in a cluster slot.
Each backbone slot is divided into 5 sub-slots all with the
same pair of gateway nodes as source and destination
(Figure 8). However, the sub-slots can have different pairs
of end-nodes. A sub-slot has the same number of bits as a
cluster slot, which makes the design of the gateway nodes
easier. Also, the latency may decrease when using subslots if several slots in the same source cluster and with the
same destination cluster can be packed together.
The worst-case latency for inter-cluster communication
between two end-nodes is analyzed for two cases: (i) full
slot-reservation by other nodes and (ii) no slot-reservation.
When reservation is considered, full reservation is assumed
in all clusters and in the backbone by RWKHUQRGHV than the
analyzed transmitting node. In both cases, the network
size, 0total, is assumed to be the total number of nodes in
the network as seen by the MAC protocol. Also, it is
assumed that each cluster has the same number of nodes as
the number of clusters in the network:

0 WRWDO =

/

∑0
L =1

=/

2

L

(5)

The guaranteed minimal bandwidth per source node,
proportional to the number of high-priority slots excluding
reserved slots, is also analyzed. In the analysis it is
assumed that no manipulation of the allocation scheme in
order to utilize slots not having any function is made.
These slots are those which are allocated for traffic
between two transceiver modules in the same gatewaynode.

(6)

The second transit is between the gateway nodes of the
source cluster and the destination cluster, through the
backbone. Here, slots from all 4 = / − 5 ordinary nodes in
the source cluster must, in the worst-case, be multiplexed
over several high-priority backbone-slots. At full slotreservation, a node only has one high-priority slot per
cycle to transmit in. Therefore, / − 5 − 1 extra cycles, in
addition to the normal intra-cluster latency (Equation 4)
are needed. The source gateway-node is responsible for
carrying out this multiplexing, using the round-robin
scheduling strategy. Hence, the source end-node is
guaranteed its part of the bandwidth. The worst-case
latency for the second transit is
τ = γ (/2(/ − 5) + / + 1).

(7)

In the destination cluster, for transfer from the gatewaynode to the end-node, slots from all (/ − 5)(/ − 1)
ordinary nodes outside the cluster must, in the worst-case,
be multiplexed. The latency decreases when 5 > 1, due to
the multiple transceiver modules, in the gateway node,
working in parallel:



 (/ − 5)(/ − 1)  2
τ  = γ  7UXQF
+ 1 / + / + 1
5





(8)

The total worst-case latency, with full slot-reservation, is

τ PD[ = τ  + τ  + τ  =


 (/ − 5)(/ − 1)

γ  7UXQF
+ 2 + / − 5 /2 + 3/ + 3
5





(9)

and is plotted in Figure 9, in which the horizontal axis
represents the total number, /(/ − 5), of ordinary nodes in
the network and each curve represents a specific value of
5. To give an example of a real system the slot length is
assumed to be γ = 1.0 µs in all latency plots. Figure 9
indicates how the latency decreases with 5.
When QR VORWUHVHUYDWLRQ in any receiver cycle is
assumed, a node has / − 1 high-priority slots to transmit in.
The worst-case latency, τ1, for the first transit is the same
as when full reservation was considered (Equation 6). The
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Figure 9: Worst case latency when full slotreservation, by other nodes, is assumed. The xaxis represents the number of ordinary nodes
and the slot length is assumed to be γ = 1.0 µs.
latency of the rest of the transit will, however, decrease
compared to the full-reservation latency. The secondtransit latency is τ2 = τ1, because the high-priority slots in
the transmitter of the gateway-node, on the backbone side,
will always be enough to multiplex one slot from each
cluster-node in one cycle:
/−1≥/−5

(10)

In the third transit, to the destination end-node, the
gateway node can multiplex 5(/ − 1) slots per cycle time.
The latency is



 /
τ  = γ  7UXQF  /2 + / + 1
 5



(11)

The total worst-case latency, with no slot-reservation, is




/
τ PD[ = τ  + τ  + τ  = γ  7UXQF + 2 /2 + 3/ + 3 (12)

5


Figure 10 shows how the worst-case latency, when no slotreservation is used, varies with the total number of
ordinary nodes. The latency is significantly lower
compared to the case of full-reservation. This effect is
related to the higher number of slots in the gateway nodes
that can be used for multiplexing of incoming messages.
We define the deterministic bandwidth per node as the
minimum high-priority bandwidth when not having any
reserved slots. In this analysis we express the bandwidth as
a ratio to the full channel-bandwidth, %. Measured as the
number of high-priority slots per total number of slots in a
cycle, this so-called bandwidth is shown in Table 2 for the
different cases. The last transit is the bottleneck and the
node bandwidth for it, as a function of the number of
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Figure 10: Worst-case latency when no slotreservation is assumed. The x-axis represents
the number of ordinary nodes and the slot
length is assumed to be γ = 1.0 µs.
ordinary nodes, is plotted in Figure 11, for full slotreservation. As seen in the figure, the deterministic nodebandwidth is a rather low part of the full bandwidth but all
of the bandwidth can be used for broadcasting. Nodes
requiring more deterministic bandwidth can use slotreservation. The deterministic node-bandwidth, when no
slot-reservation is assumed, is plotted in Figure 12 and is
higher than the former.
The real-time services offered by the MAC-layer rely
on the deterministic latency and bandwidth. A guarantee
can be stated if the known minimum number of highpriority slots, along the whole path through the network, is
enough to transfer the message in time. In the calculation
of this justification, the deterministic latency, the
deterministic bandwidth, and the deadline of the message
are used. A slot of a guaranteed message is tagged to
)XOOUHVHUYDWLRQ
1RUHVHUYDWLRQ
)URPVRXUFHHQGQRGHWRJDWHZD\QRGH

1
/2

/ −1
/2

5
/ (/ − 5)

5(/ − 1)
/2 (/ − 5)

7KURXJKEDFNERQH
2

)URPJDWHZD\QRGHWRGHVWLQDWLRQHQGQRGH

5
/ (/ − 5)(/ − 1)
2

5
/ (/ − 5)
2

Table 2: Node bandwidth in number of highpriority slots per total number of slots in a
cycle.
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Figure 11: Node bandwidth, when full slotreservation by other nodes is assumed, in
number of high-priority slots per total number of
slots in a cycle. The x-axis represents the
number of ordinary nodes.
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Figure 12: Node bandwidth, when no slotreservation is assumed, in number of highpriority slots per total number of slots in a cycle.
The x-axis represents the number of ordinary
nodes.

indicate its priority over other slots. The gateway nodes
then always transmit the tagged messages before buffered
best-effort messages.

 &ORFNV\QFKURQL]DWLRQDVSHFWV
The nodes are synchronized to account for the
propagation delay between transmitting and receiving
nodes, i.e., receivers are synchronized to transmitters,
proportional to the propagation delays, so slots are
expected first when they have traveled through the network
[5] [29]. This type of synchronization is always used inside
a cluster. A discussion of timing and dispersion in WDM
star networks can be found in [30].
The inter-cluster worst-case latency can be reduced by
using the synchronization scheme shown in Figure 13. For
clarity, all fibers are assumed to have the same length and
propagation delay and to have a propagation delay
significantly lower than the cycle time of 6 slots, in the
example in the figure. These restrictions do not apply to a
real implementation.
The midpoint of the backbone star is used as the
reference point. Each cluster is then synchronized to the
backbone by its gateway node. In a gateway node, the
receiver on the cluster side is synchronized so tightly to the
transmitter on the backbone side so incoming messages is
directly forwarded. In this way, the information in an
incoming control slot can be transmitted to the other
gateway nodes, like a pipeline mechanism, before the data
slots have arrived. This will reduce the worst-case latency
by γ (/ + / + 1), i.e., eliminate the latency for one hop as
described by Equation 4. On the other hand, the receiver

Figure 13: With the synchronization scheme
used, incoming traffic to a gateway-node can be
forwarded immediately except for internal delay
in the gateway node.

scheme is general and can be used in other similar
networks also to improve performance.
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Figure 14: Worst-case latency comparison
between usage and no usage of the proposed
synchronization scheme. No slot-reservation is
assumed. The x-axis represents the number of
ordinary nodes and the slot length is assumed to
be γ = 1.0 µs.
on the backbone side is not synchronized to the transmitter
on the cluster side. This is because transmitters in a cluster
are synchronized to the receivers in the same cluster.
Therefore, the same latency is experienced as for the case
when the clusters and the backbone are not synchronized
(described above).
The improved worst-case latency (Equation 9) when
full slot-reservation is assumed is

τ PD[ =

 (13)
 ( / − 5)( / − 1)

+ 1 + / − 5 /2 + 2 / + 2
γ  7UXQF
5




The corresponding improved latency when no slotreservation is assumed (Equation 12) is



/ 
τ PD[ = γ  7UXQF + 1 /2 + 2 / + 2


5



(14)

The relative latency improvement is best in the case of no
slot-reservation for networks with larger values of 5
(Figure 14). The figure compares the latencies with and
without synchronization between the clusters and the
backbone. Note that the latter latency is the same as that
described above by Equation 12. Even better relative
improvement is achieved when a slot can pass through the
whole network without multiplexing over several cycles in
the gateway nodes, e.g., by the use of reserved slots or at
low traffic. In this case, the worst-case latency decreases
from 3γ (/ + / + 1) to 2γ (/ + / + 1), i.e., an
improvement of 33 percentages. The synchronization

We have shown how to calculate the worst-case latency
for inter-cluster communication in a WDM star network
using the TD-TWDMA protocol. The analysis shows how
the latency, for larger networks, decreases when the ratio
between the backbone bandwidth and the cluster
bandwidth increases. A calculation of the minimum
deterministic bandwidth obtained in the case when no
reservation is used by the analyzed node, has been
presented. Also, a synchronization scheme is proposed. At
reserved traffic or at low traffic, the improvements to the
worst-case latency when using this synchronization scheme
is 33 percentages, compared to the case when the clusters
are not synchronized with each other.
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