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Abstract 
Two versions of channel access protocols are proposed for single-hop lightwave networks 
with a passive star topology. The target system is assumed to operate synchronously on 
a time-slotted structure with a dedicated control channel to make reservation for 
exchanging data packets. While data channels are slotted with respect to the packet size, 
the control channel is further divided into the minislots of smaller size. Depending on the 
relation between the number of minislots La and the number of nodes M, two channel 
access protocols are presented: Protocol A for La<M and Protocol B for La 2: M. Both 
protocols improve the network performance by reducing the probability of control-channel 
collision. To do this, Protocol A adopts a grouping strategy while Protocol B naturally 
reduces the probability of collision. By the aid of an aging scheme, access fairness are 
also provided among the network nodes. The proposed protocols are analytically evaluated 
using a probabilistic model. Then simulation results compare two protocols with the others 
in terms of network throughput and delay. 
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1 INTRODUCTION 

Optical networks are expected to provide end users with integrated multimedia services at 
ultra-high speed (>Tbps). However, the access speed of individual users is confined to the 
order of Gbps due to electro-optic bottlenecks at the user-network interface. This limitation 
can be relieved by having high degree of concurrency and wavelength division 
multiplexing (WDM) is conceived as one of the most promising techniques for this 
purpose. The WDM technique makes use of a low-loss wavelength region of an optical 
fiber by dividing it into the pieces of narrower bandwidth. Then each sub-region serves 
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as a communication channel that operates at peak electronic processing speed. 11•21 

WDM single-hop networks allow a pair of nodes to exchange data packets directly 
without intermediate nodes on its routing path. To achive a single-hop transmission 
between any pair of nodes, the transmitter of the source node and the receiver of the 
destination node are dynamically assigned a wavelength and are instantaneously tuned to 
that wavelength. However, the wavelength can not be shared simultaneously by more than 
one transmitter-receiver pair. Accordingly, WDM single-hop networks require an efficient 
protocol that coordinates the process of channel access and wavelength assignment.P1 

Several channel access protocols have been previously reported for WDM single-hop 
networksYn4nsnsn91 Most of them adopt a separate control channel to broadcast control 
packets throughout the network. When a node wants to communicate with another node, 
it first seeks a permission to use an available data channel by placing a control packet 
on the control channel. A control packet contains the addresses for both source node and 
destination node. Once the control packet is successfully transmitted, a data channel is 
assigned, if available, according to a proper wavelength assignment procedure. Collisions 
may occur on the control channel when multiple nodes simultaneously attempt to send the 
control packets on a control channel (control-channel collision). Alternatively, even after 
the successful transmission of the control packet, conflicts may still occur on the 
destination when multiple source nodes transmit data packets to a same destination node 
(destination collision). 141 In the latter case, a transmitter cannot but tune to only one of 
several source nodes. The nodes that have failed to transmit the control/data packets may 
have access to the network later in one of the subsequent slots for retransmission. 

In this paper, two channel access protocols are proposed in an effort to enhance the 
performance (channel utilization and throughput) of WDM single-hop lightwave networks. 
Actually, both of them are modified versions of the slotted-ALOHA-based reservation 
protocols. For convenience, each of the proposed protocols are called the "Protocol A" and 
the "Protocol B", respectively. They are distinguished from each other according to the 
relationship between the number of minislots La and the number of nodes in the network 
M. Protocol A is designed for La<M and Protocol B for La~ M. Both protocols are 
expected to reduce the probability of control-channel collisions by having the abundant 
number of minislots during a slot time. They also employ the well-known aging scheme 
to relieve the problems of data-channel/destination collisions and guarantee access fairness 
among nodes during the reservation process. 

This paper is orgarnized as follows. In Section 2, we introduce the network architecture 
and the channel structure of a WDM single-hop system. The details of Protocol A and 
Protocol B are described in Section 3. In Section 4, the proposed protocols are evaluated 
in terms of network throughput and delay. Both protocols are mathematically analyzed 
using a probabilistic model. Simulation results are also provided to compare the proposed 
protocols with the previous ones in Section 5. Finally, Section 6 concludes this paper. 

2 NETWORK ARCHITECTURE 

Figure 1 shows a typical passive star-coupled network employing the WDM technology. 
WDM passive star networks have the advantage over the other competitors (WDM 
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Figure 1 Architecture of WDM passive star network. 
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bus/tree-based networks) with respect to optical power burget and fault tolerancy. As 
shown in Figure 1, each node is connected to a passive star optical coupler via two-way 
optical fibers. Each node maintains one tunable transmitter-receiver pair for data channel 
access and one fixed transmitter-receiver pair for a control channel access. 

Figure 2 shows the channel structure of the WDM passive star network. The whole 
bandwidth of the passive star coupler is composed of N+ 1 independent wavelengths 
(WDM channels): A o, A ~, ... ,AN. The channel associated with A 0 is used for the 
transmission of control packets and the others associated with from A 1 to t1 N for the 
transmission of data packets. A tunable transmitter at each node should be able to tune 
to the whole range of N data channels. Both data and control channels are slotted with 
the length of a data packet Td. Each slot for the control channel is further divided into 
several minislots whose duration correponds to the length of a control packet Tc. 
Propagation delay r is assumed to be much smaller than a slot time and is included at 
the end of each slot. For both data and control channels, packets are transmitted 
synchronously at the beginning of each slot. From the Figure 2, we know that the number 

of available minislots La is determined by L.= lL-aJ where L=Ta/Tc, a=r/Tc, 

and l x J represents the largest integer number no greater than x. 

3 CHANNEL ACCESS PROTOCOLS 

3.1 Protocol A 

Protocol A performs properly for the case La<M where control-channel collisions cannot 
be inherently avoided. The design goal of Protocol A is to reduce the probability of 
control-channel collisions and, in tum, to increase system throughput. To this end, source 
nodes are partitioned into several groups and the minislots are assigned to each group on 
a one-to-one basis. That is, the rninislots are assigned on a fixed per-group basis, not on 
a dynamic per-node basis. Then nodes within the group is always forced to access the 
control channel only via that pre-assigned minislot. Recall that a contol packet cosists of 
the addresses for both source node and destination node. Then, by the proposed grouping 
scheme, the length of control packet or the size of minislot, Tc, can be smaller since the 
control packet now only needs to identify the source node inside the group. Therefore, a 
larger number of minislots can be packed into a slot than before. Increasing the number 
of minislots on the fixed interval of the control channel will eventually lead to the reduced 
probabilitiy of control-channel collisions. Here, partitioning the nodes must be carefully 
performed so that each group is assigned at least a minislot. 

Before investigating the effects of the afore-mentioned grouping strategy, we first 
determine the length of control packet when no grouping is performed. The required size 
(in bits) of minislot to identify both the source node and the destination node is 

(1) 

where r X l is the smallest integer number greater than x. Assuming that there are La 
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rninislots during a slot time and that each control packet contains only the address fields, 
the size of slot is given by 

(2) 

For Protocol A, suppose that each group contains at most m nodes, then the number 

of rninislots can be increased up to L~ = f M/ m l . Then, since m< M, the size of 

rninislot reduces to 

T~= r logzml + r logzMl. (3) 

Therefore, the size of a slot becomes 

(4) 

From the eqs. (1)-(4), note that, for a given fixed size of slot, Td= T~, Tc> T~ . Hence, 

L~>La. 
The overall procedure for packet transmission is described as follows. If a node wants 

to transmit data packets, it first places a control packet on the pre-assigned minislot on 
the control channel. The control-channel collisions may happen among the nodes within 
the same group. If any collision occurs during this time, the sending node tries again at 

the subsequent slot with a certain retransmission probability P r (0 ~ P r~ 1). Once the 

control packet safely goes out of the group, every node in the network receives this control 

packet after at most r time. Then, data channels are reserved in the increasing order from 

,1 1 to ,1 N· That is, if the control packet was located in the i-th successful rninislot, the 
data channel associated with A ; is assigned for this source-destination pair. 

Optionally, to provide an access fairness when data-channel collisions may happen 
(La> N), assigning the group to rninislot is performed in a cyclic way. If current rninislot 

means the i-th group, ((i+J) mod La)-th time slot means i-th group in the next time. As 
a result, data channels are assigned properly in a round-robin fashion. Moreover, every 
rninislot on the control channel keeps a counter whose value is increased by one when 
collisions occur and is reset when a channel is assigned for that rninislot. This counter can 
be used as a priority indicator to resolve such problems as data-channel/destination 
collisions. 

3.2 Protocol B 

Protocol B is designed for the case La :2: M and performs exactly the same way as in 
Protocol A. Since the number of rninislots is greater than that can be used by the network 
nodes, no more control-channel collisions will be observed. That is, each node is assigned 
permanently at least a minislot. Thus, a control packet does not need to contain the 



140 Part Four Infrastructure and Telecommunications - 1 

identification of source node. Protocol B seems similar to the TDMA-based protocols.(7] 
However, the difference between the two is that the Protocol B still contends for acquiring 
the available datal channels that can be shared by all nodes in the network. That is, in 
Protocol B, data channels are assigned for the source-destination pairs on demand, not in 
a predetermined way as in the TDMA-based protocols. Hence, compared with the 
TDMA-based protocols, the Protocol B is expected to show better channel utilization and 
throughput for low to moderate traffic loads. Conversely, the TDMA-based protocols are 
more suitable for the heavy traffic conditions. The same cyclic wavelength assignment and 
aging scheme used in the Protocol A can be applied to Protocol B to resolve data-channel 
/destination collisions and to guarantee access fairness among network nodes. The only 
difference is that the procedure for the detection of minislot collision is omitted in Protocol 
B. 

4 PERFORMANCE ANALYSIS 

4.1 Protocol A 

Assume that there are M nodes in the network and that these nodes are partitioned into 
La groups. As stated previously, the number of nodes per group can be determined by 
m= r MILa l . Let Po denote the probability that each node attempts to transmit a 

control packet through the control channel. Then the offered load over the network is given 
by p = Pox M. Before deriving the overall network throughput, we can determine the 

following probabilities. 

P... : the probability that a node successfully gets access to a minislot on the control 

channel is given by P.,.=(T)P.(l-P.)m-i. 

Psi : the probability that i minislots successfully transmit the control packets through 

the control channel is given by Psi= (~a) p:..,(l-p ,.,) L,-i. 

P di(s) : the probability that i out of S sucessuful control packets are destined for a 

same destination node is given by Pdi(S)= (~)<.~YO- 1) s-;. 

To avoid destination collisions, each of S control packets that are transmitted 
successfully must be destined to the different destinations. This probability can be simply 
determined by 

Thus, the probability that destination collisions occur over the network is 
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(5) 

Since the control packets can be lost due to destination collisions, average number of 
lost control packets per node are computed by 

(6) 

Using the eq.(6), we obtain the total number of lost control packets out of S successful 
packets due to destination collisions as follows; 

Recall that the maximum number of available data channel is given by N. Then, the 
overall throughput T1 is given by 

where a represents the point where the number of successfully transmitted minislots is 
equivalent to N. We also obtain the per channel throughput as follows; 

4.2 Protocol B 

Since each node has a fixed pre-assigned minislot, control-channel collisions never occur 
with Protocol B. The network perfomance is degraded mainly due to data-channel or 
destination collisions. Suppose again that the offered load is p, then the average number 
of the control packets that are successfully transmitted is equivalent to p since the pr 
obability that each node have successfully access to the control channel is 1. The 
probability that destination collisions happen is obtained by substituting p for S in eq. (5); 

The average number of the control packets that experience destination collisions is 
obtained by substitusion p for S in eq. (6); 
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Thus, the total number of control packets that experience destination collisions over the 
network can be easily determined as follows; 

Finally, the overall throughput T 1 can be computed by subtracting the number of collided 

packets from the offered load. However, if the number of mimislots is greater than N, 
there exist minislots for which data channels are not assigned. Thus, 

T ={ p-Gdc(p), L.>N 
1 N, otherwise. 

5 SIMULATION RESULTS 

For a simulation model, the following assumptions are made. 

• Each node synchronously generates packets on the slotted channel according to a 
Poisson process. 

• The number of packets generated per slot per node is restricted to be less than 1. 
• In Protocol A, a node that fails to transmit the control packet can retransmit at the 

next slot with a certain probability Pr. 
• Minimum delay for packet transmission is set to 2 when normalized with respect to 

the data packet transmission time(transmission delay takes into consideration of both 
contol packets and data packets). 

For Protocol A and Protocol B, Figure 3 compares the throughput characteristics produced 
by the probabilistic analysis and the simulations, respectively. As shown in Figure 3, we 
do observe no remarkable difference between the two and proceeds with the simulation 
results. 

To perform a comparative study on the proposed protocols, we adopt the slotted 
ALOHA protocol and the Basic Reservation Protocol (BRP) proposed in [1] and [4], 
respectively. Figure 4 plots per-channel throughput vs. offered load fm four different 
protocols: Protocol A, Protocol B and BRP, and slotted ALOHA. Figure 5 also plots 
network delay vs. throughput for the same set of protocols. For simulations, we set M=70 
and N=lO. Especially, the number of minislots used on the control channel La is 30 for 
BRP, 52 for Protocol A, and 70 for Protocol B. For the retransmission of lost control 
packets, P, is set to 1/2. From the simulation results, we observe that both Protocol A 

and Protocol B exhibit better performance than the others. As the offered load increases, 
the performace difference apparently appears to increase. The characteristic curves 
provided by the proposed protocols almost seem to reach the optimal condition. 
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Figure 6 shows the per-channel throughput vs the offered load for Protocol A under 
various retransmission probabilities P,=0.2, 0.33, and 0.5. It is noticeable that the 
throughput shows the best results when P,=0.33. Accordingly, the delay characteristics of 

Protocol A gives the best results when P,=0.33. Figure 7 also shows average delay vs. 

throughput for Protocol A with P, set to 0.2, 0.33, and 0.5. For all simulation results 

shown in Figure 6 and Figure 7, M=90, La=30, N=JO. The retransmission probability turns 
out to be an important parameter that influences directly the overall network performance. 

Finally, Figure 8 demonstrates the merits of the cyclic wavelength assignment and the 
aging scheme, both of which are applied to provide access fairness jointly combined with 
data-channel/destination collisions. Figure 8 plots the standard deviation of average 
per-node throughput. As expected, from the viewpoint of fairness, both Protocol A and 
Protocol B improve the network performance upto the satisfied level. 
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6 SUMMARY 

This paper proposes two channel access protocols for WDM optical networks with a 
passive star topology. The proposed protocols assume that the target system has a 
synchronous slotted-channel structure with a pre-allocated control channel. By using the 
probabilistic model, the proposed protocols are analyzed in terms of network delay and 
throughput under various loading conditions. Simulation results also exhibit that the 
proposed protocols performs better than the conventional slotted-ALOHA protocol or the 
BRP. Network throughput improves 8% by Protocol A and 12% by Protocol B, 
respectively. Compared with the BRP, the network delay also improves 4% by Protocol 
A and 7.2% by Protocol B, respectively. In addition, it turns out that the proposed 
protocols guarantee access fairness among the network nodes by employing the cyclic 
assignment and the aging scheme during the process of channel reservation. 
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