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Abstract 

This paper proposes and analyzes an asynchronous reservation protocol for a very high-speed 
optical LAN using a passive star topology. Each node is equipped with a single tunable trans
mitter and a single tunable receiver, both of which are tunable over a range of wavelengths. The 
protocol can efficiently support variable-sized messages, which is operated synchronously. The 
protocol is scalable, i.e., it can accommodate a variable number of nodes. Moreover, destination 
conflicts can be avoided with this protocol. Numerical results show that the asynchronous 
protocol achieves higher throughput than the synchronous system. 

1. INTRODUCTION 

Optical fiber is being used as a replacement of metallic cable due to the known superior 
characteristics for the long-haul point-to-point communication [1]. Single-mode optical fiber 
has a bandwidth of about 20THz in the low-loss region of 1.2fi1n to 1.6/1111. [2]. However, the 
maximum capacity of the fiber is limited by the electronic processing capability of a node of 
a few Gbps in a single-channel optical network. Wavelength division multiplexing (WDM) 
technology is a method to exploit such a huge bandwidth [3]. In WDM, the bandwidth of the 
fiber is divided into a set of parallel channels, each operating with different wavelength. The 
bandwidth of each channel is simply the transmission rate of a node. Therefore, the network 
using the WDM technology becomes a multichannel network. One method to employ the 
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multichannel operation is that each node is equipped with a bank of transmitting lasers or filters, 
one for each channel. But, it is prohibitively expensive, and thus a network with a small number 
of nodes can only be established by using this method. Another approach is to design systems 
such that each node is equipped with a small number of transmitters and receivers (i.e., one or 
two). In this case, considering the tunability of the nodal transceivers, WDM can be classified 
into four systems as follows: (i) a system with fixed transmitter(s) and fixed receiver(s), (ii) a 
system with fixed transmitter(s) and tunable receiver(s), (iii) a system with tunable transmitter(s) 
and fixed receiver(s), and (iv) a system with tunable transmitter(s) and tunable receiver(s) [4]. 
Among these, the architecture that each node has both tunable transmitter and receiver is more 
favorable in accommodating a scalable node population. In this case, the transmitter of the 
source node and the receiver of the destination node must be tuned to the same wavelength 
during the message transmission time to enable the message transmission. In order for control 
information exchange among the nodes, a wavelength is used for the control channel and other 
wavelengths are used for data channels. 

In [5-8], a number of random access protocols are introduced and analyzed for very high
speed optical LANs using a passive star topology. Most of the protocols are based on the 
transmission of fixed-sized data packets. However, when there is a need to accommodate 
circuit-switched traffic or traffic with long holding time (e.g., file transfers), it is necessary for 
a protocol to efficiently support such a variable-sized message. In [7], a buffered reservation 
protocol with variable message length is proposed, when the system is asynchronous. In 
this protocol, if a control packet is transmitted without collision, the data message is queued 
into the destination buffer for transmission. However, a new node cannot join the network with 
reinitializing the network, because of the buffered system. In [9], two reservation-ALOHA-based 
protocols are proposed to transmit variable-sized messages, which are operated synchronously, 
where all channels are slotted into cycles. These protocols can employ net nodes without 
network reinitialization. However, those protocols do not take destination conflicts into account. 
Moreover, collision at the control channel results in the waste of one cycle in a data channel, 
which deteriorates the performance of the network. The synchronous system also lacks the 
flexibility in allocating bandwidth resources. 

In this paper, we propose an asynchronous reservation protocol for the transmission of 
variable-sized messages, where each node has only one tunable transmitter and one tunable 
receiver. The protocol is independent of the number of nodes and any node can determine the 
time of transmission of its message by itself. Also, any new node can easily join the network 
without network reinitialization, which acts as a node just finishing the transmission of the 
message. So, once a network is constructed, it is operated independently of the node insertion 
or deletion. Moreover, destination conflict and data channel conflict can be avoided. 

The paper is organized as follows: In Section 2, we describe the details of the protocol. In 
Section 3, we present a performance analysis of mathematical models. Numerical results are 
presented in Section 4. Finally, in Section 5, we draw conclusions. 

2. ASYNCHRONOUS RESERVATION PROTOCOL 

The network architecture being considered is shown in Fig. 1. The bandwidth of the fiber 
is divided into N + I WDM channels, each operating at a different wavelength from the set 
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Fig. 1. Network architecture with a passive star topology. 

P'O, AI"", AN}. There are Ai (M > N) nodes in the network. Nodes are connected to input 
and output ports of a central passive star coupler, where the incident light energy from any 
input is equally divided among all the output ports. Thus, the star coupler acts as a broadcast 
medium. The star coupler is preferable because of its logarithmic splitting loss in the coupler 
and no tapping or insertion loss. It is assumed that each node has a tunable transmitter and a 
tunable receiver which can be tunable over the entire set of wavelengths utilized in the network. 
The tuning times of the transceiver are assumed to be zero. A receiving node needs to be 
informed of which channel is used in order to receive a message from a transmitting node. That 
is, a pretransmission coordination is required among nodes. The channel with wavelength AO 
is used as a control channel for coordination of access among nodes. Those with wavelengths 
AI, ... , AN are used as data channels for actual message. Control packets are transmitted through 
the control channel which are used for signaling between nodes and for reserving data channels 
during the message transmission time. A control packet contains the addresses of source and 
destination nodes and the wavelength to be used for the transmission of the actual message. The 
wavelength is randomly chosen by a source node before the node monitors the control channel, 
which is called the random selection scheme. 

The proposed protocol is operated asynchronously. That is, data channels are not slotted and 
the control channel is slotted with the duration of transmission time of the control packet. The 
control channel is shared by all nodes on a contention basis using the slotted ALOHA protocol. 
The data packet has the same length as the control packet, and is grouped into messages of 
random size. All nodes are assumed to be D slots apart. Therefore, a traffic transmitted by a 
node is received by all nodes which monitor the control channel by way of the star coupler, D 
slots later. When a control packet arrives at the destination node whose receiver is not tuned 
to the control channel or when there may be more than one such message arriving within the 
message transmission time, destination conflicts may happen [10]. Moreover, data channel 
conflicts may occur when more than one source node try to use the same data channel at the 
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same time. Thus, any source node should employ the following message transmission procedure 
in order to transmit a message without data channel and destination conflicts. 

Message Transmission Procedure 

(I) Local Control Channel Monitoring(LCCM) 
Assume that a message (new or retransmitted) is generated at node i to be destined to 
node j, at slot t. Node i chooses one of the data channels randomly, say n. The node 
monitors the control channel during K consecutive control slots following the message 
generation time. J{ is called the local monitoring period which is an integer value that is 
not less than ma;r( N. D + I). Node i then checks the following conditions: 
(a) No control packet is observed at slot (t + D + 1). 
(b) No control packet to j is observed during [( slots. 
(c) No control packet to i is observed during J{ slots. 
(d) No control packet with the nth data channel number is observed during [( slots. 
If any of the above conditions are not satisfied, the transmission procedure at node i will 
be restarted after a random back -off period. Otherwise, the node goes to the next state. 

(2) Control Packet Transmission(CPT) 
Node i transmits its control packet over the control channel in slot (t + f\' + 1), and 
continues to the next state. In this case, the control packet is called the control packet for 
signaling (S_CP). 

(3) Data channel and Destination Conflicts Detection(DCDCD) 
There is a D slot period between the transmission of a control packet by a node and prior 
to its return. Node i monitors the control channel during slot (t + f": + 1) through slot 
(t + l\ + IJJ, to check whether a control packet with nth data channel or a successful 
control packet to node j or i exists during the propagation delay. If such a control packet 
is received, node i restarts from the LCCM after the random back-off period. Otherwise, 
the node continues to the next state. 

(4) Control Packet Collision Detection(CPCD) 
The control packet transmitted in slot (t + J{ + 1) is detected by all nodes that monitor 
the control channel in slot (t + f{ + D + 1). If the control packet is returned to node i 
without collision, the node considers to succeed in reserving nth data channel, tunes its 
transmitter to the selected data channel, and goes on the next state. The destination node 
will also tune its receiver to the intended wavelength. Otherwise, after a random back-off 
time, the transmission procedure restarts from LCCM. 

(5) Data Message Transmission(DMT) 
If the length of a message is not greater than J{, nodei transmits its message through 
the reserved data channel. Moreover, the node returns to LCCM and waits for another 
message. Otherwise, the node transmits (J{ - I - D) data packets among the message. 
And then, the node tunes its transmitter to the control channel immediately, and sends the 
control packet. In this case, the control packet is called the control packet for reserving 
(R_CP). The node repeats the transmission of (J{ - 1) data packets among the remaining 
message through the reserved data channel and the transmission of the control packet 
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Fig. 2. Message transmission procedure K = 5 and D = 3. 

through the control channel until the length of the remaining message is not greater than 
(K + D). If the length of the remaining message is not greater than (I( + D), the node 
sends all data packets of the remaining message, and goes to LCCM. 

Fig. 2 shows an example of the message transmission procedure of the asynchronous 
reservation protocol. When a message is generated at node A in slot t, the node acquires 
nth data channel successfully, according to the above procedure. When observing the control 
channel, control packets transmitted by node A are presented in every J( slots. Such a control 
packet is preserved by a node which tries to reserve a data channel by condition (a) in LCCM. 
That is, node B transmits its S_CP, then the S_CP would be collided with R_CP of node A. 
Node C defers the transmission of its S_CP because of selecting the same data channel that 
node A uses. So, the node which has successfully acquired a data channel exclusively uses the 
channel until the transmission of its message is finished. Node D considers its S_CP as failure 
because the node chooses the same data channel of node A's, although the S_CP is successfully 
transmitted through the control packet. 

3_ PERFORMANCE ANALYSIS 

Now, we analyze the performance of the asynchronous reservation protocol. As described before, 
destination conflicts may occur when more than one source nodes try to communicate with a 
destination node at the same time. However, the performance deterioration due to destination 
conflicts is small when the number of nodes is much greater than that of wavelengths, because 
the probability that more than one source nodes choose the same destination node is negligible 
[5]. Therefore, we assume an infinite number of nodes which collectively form an independent 
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Poisson source with an aggregate mean packet traffic rate of 9 (messages/slot). When observing 
the control channel, control packets for signaling messages (new and retransmitted) are generated 
according to Poisson process with parameter G (messages/slot). Each message arrived at a node 
is assumed to be geometrically distributed with mean 1/ p (slots). An analytic model for the 
asynchronous reservation protocol is shown in Fig. 3. We assume that the transitions of nodes 
from one mode to another occur at the end of each slot and that the model is formulated by 
observing the system state only at the beginning of each slot. Each node can be in one of 
the following (Sf{ + 3D - 1) modes: T H, P Fi (1 :S i :S 1\ + D), F Sj(l :S j :S J{ + D), 
PUk(1 :S k:S 1\ + I), PQI( I :S I :S 1\ - I), and P Em(2 :S m :S f{ + D). All modes except 
for the T H (thinking) mode are unit delay elements, and represent the influence of channel 
propagation delay and/or local monitoring period. A node in P Fi - 1 will move into P F; in the 
next slot with probability 1. The same also applies to F Si, P[h, PQI and P Em modes. There 
are an infinite number of nodes in the T H mode. When a node with a message does not satisfy 
the conditions in the LCCM state, the node defers the transmission of its S_CP and enters the 
T H mode again. Moreover, when more than one S_CP are transmitted in a slot, collision of 
control packets occurs. Any node having control packet collision also enters the T H mode. Let 
fI be the probability that a single S_CP is generated and transmitted according to the CPT state 
and it does not incur control packet collision. In the following, S_CP means the control packet 
generated according to the probability h, which does not collided with others. There is only one 
node in all modes except for the T H mode, because only one control packet can be generated 
according to fI. Due to the propagation delay, there may be many uncollided S_CPs with the 
same data channel number within a D-slot period. In this case, the other control packets except 
for the first one are considered to be failed in reserving a data channel, in order to avoid data 
channel conflict. Let Pnv_dc be the probability that an S_CP does not incur the data channel 
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conflict. Then, with the probability (1 - PnQ _dc ), the node having transmitted its S_CP enters 
F 51 mode. The node having transmitted its S_CP in F 51 finds the failure of its control packet 
in F5D +I mode. A node with a message may not transmit its S_CP because the node finds the 
control packet in F5D +I mode due to the condition (a) in the LCCM state, even though the 
control packet in FSD+I fails in reserving a data channel. 

Let 1'2 be the probability that the length of the message is not greater than f{. It is given by 
the following: 

J..: 
1'2 = I.:(I-p)k-I p = 1-(1-p)K. (1) 

k=1 

Then, the node succeeded in reserving a data channel enters either P FI mode with probability 
1'2, or PUI mode with 1 - )"2. The node having transmitted its S_CP in P FI (PUI ) finds the 
success of its control packet in P FD+I (PUD+d mode, and the one at P FD+2 mode starts to 
transmit one data packet per one slot till its message is completely transmitted, and then it enters 
the T H mode. Let 82 be the average length of one message that a node in P FD+2 transmits. 
Then 52 can be calculated as follows. 

_, 1 - (1\ + 1) (1 - p)1\ + I\ (1 _ p)l\+1 
,'>2 = (2) 

P 1'2 

The node in PUj(D + 2::; j ::; J\-) transmits one data packet among its message, and the one 
in PUJ{+I mode transmits its R_CP. The length of the remaining message in the node just after 
having the transmission of R.CP is always greater than (D + 1). Let )"1 be the probability that 
the remaining message is not greater than (D + 1 + 1\ - 1). It is given as follows: 

[, -I 

'" k ' ··r I )"1 = L.,(l-p)-'p= 1-(1-p)'-. (3) 
,·=1 

Then, the node in PU[,+I mode moves into either P E2 mode with probability 1'1 or PQ2 mode 
with (1- rd. The node in PQI(2 ::; I ::; 1\) mode transmits one data packet among its message. 
A node in P E2 transmits all of its remaining message and goes to the T H mode. Let 51 be 
the average length of the remaining message that a node in P E2 transmits. Then 51 can be 
calculated as the following: 

c; 1 - [{(I_p)I\-1 + (1{-I)(1-p)1\ 
'-I = D + 1 + 

P 1"1 
(4) 

There is only one node in either P F i , FS'j, PCk , PQI or P Em mode, as explained earlier. 
Moreover, nodes in P F;, PUb PQI and P Em modes use different data channels. Nodes in F 5 j 

have the same data channels which are used by nodes in P F;, PUb PQI and P Em. 
We now define a state vector of the system. The system state in a slot t can be described by 

the following vector: 

(5) 

where Nx(t) is the number of nodes in mode X at time t with X having one ofthe (51\ +3D-l) 
modes described above. Then the vector 7r( t) forms a discrete-time Markov chain. But, its state 
space is large, and thus is very complex to solve. Therefore, we utilize the equilibrium point 
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analysis (EPA) method [11] to analyze this chain. An equilibrium point is defined as a point at 
which the expected increase in the number of nodes in each mode in a unit time is zero. In this 
method, we assume that the system is always at an equilibrium point. Applying the condition 
to all the modes. we get a set of equations called the equilibrium point equations, the solution 
of which yields one or more equilibrium points. The system is said to be stable if the number of 
solutions is one; otherwise, the system is said to be unstable. 

Let 'iF = (N FS, , N PF, , N PU, ' N PQ, , N PE,) be an equilibrium point, where N x is 
the number of nodes in mode X in the steady state. Let .5x ('iF) be the expected increase in 
the number of nodes in mode X in a single transition, given that the system is at 'iF. Since 
.5 FS,('iF) = N FS,_1 - N FS, = 0 (i = 2, ... , f{ + D) under the equilibrium point 'iF, we have 

(6) 

Similarly, 

N pF, 1'2 fI p",u!e . I::; i::; f{ + D 

JV PUi (1 - 1'2) fI P",u/e I ::; i ::; I{ 

(7) 

N pQi 

(1 - 1'2) fI P,,,,_de , 2::; i ::; f{ + D . 

Let T be the number of different data channels that a node can know from the control packets 
by observing the control channel during a {\'-slot period, when the node is in the LCCM state. 
Then, T can be calculated as follows. 

J\ +D [,' 1,' +1 1":+V 

T = L N pE, + L l'il'q, + L 7\ P[',. + L NpF, (8) 
k=2 k=2 k=D+I k=D+I 

, (1 -1'Il(1 - 1'2) . 
h {2 - 1'2 + } .fI Pncuic . 

1'1 

The node considers that T among N data channels are used by nodes in the DMT state. If 
the node chooses one of (N - T) data channels, the node transmits its S_CP. And the node 
monitors the control channel during D slots (DCDCD state). Let llV be the number of different 
data channels that a node can know from the control packets received by observing the control 
channel during a D-slot period, when the node is in the DCDCD state. Then, HI can be obtained 
as follows. 

D 

H' = L (N pu, + ,'IPF,) = D II pwu!c' (9) 
k=1 

The node also considers that W' among N - T data channels are newly reserved. If the data 
channel selected by the node is one of the 11' data channels, the node considers that its S_CP has 
failed in reserving the data channel. Otherwise, the node considers that it has reserved the data 
channel successfully. Therefore, Pncu!e is calculated as 

H' 
Pncu!e = 1 - N _ T . (10) 
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Therefore, if JI can be obtained, we can calculate Pno_de and also obtain the state of all modes. 
Let U be the probability that there exists a node in either F 5 K, P F K, PQ K, P U Kor P E K. U 
is equal to the probability that a node ready for a message in slot t finds a control packet in slot 
(t + D + 1), which can be obtained as 

(11) 

Then, !I can be obtained as 

N-T N-TC !I = (1 - U) ~ G e-" . (12) 

From (10) and (12), we can obtain the equilibrium point 1f by solving the nonlinear equation 
aboutfI. 

Network throughput, 5NTH, is defined as the conditional expectation of the number of 
successfully transmitted data packets in a slot, given that the system is in state 1f. Then, it is 
clear that the throughput at an equilibrium point is expressed as 

52 N PFK +D + (l'; - D - 1) N PUK + (1'; - 1) N pQ2 + 51 N pEK+D (13) 

{ S2 1'2 + (1 - /'2 ) (SI - D + I'; - 1 )} fl Pno_de. 
1"1 

Normalized per channel throughput, Sd, can be obtained as 

(14) 

4. NUMERICAL RESULTS 

In this section, we investigate the performance of the proposed protocol with various system 
parameters. Simulation was done to test the accuracy of the analytic results. As will be shown, 
in general the analytic results obtained by the EPA method agree closely with simulation results. 
But these results become deviated and the throughput usually takes the maximum value near 
the point where the network becomes unstable [11]. Moreover, the results become generally 
inaccurate when the network is unstable. When the network is unstable (bistable), the analytic 
results corresponding to two locally stable equilibrium points are depicted. 

Fig. 4 shows the network throughput versus offered load for various numbers of data 
channels, and Fig. 5 shows the normalized per channel throughput under the same condition 
as in Fig. 4. With a low load, any node which tries to transmit its message transmits its S_CP 
according to the message transmission procedure, and the control packet may be sent without 
collision. Meanwhile, nodes having reserved data channels send their own R_CPs every J{ slots. 
When observing the control channel, the number of control packets, which may appear during 
J{ consecutive slots, increases, as N increases. In other words, when a message arrives at a 
node in slot t, the probability that the node encounters the control packet in slot (t + D + 1) is 
greater at higher N. Therefore, as N increases,S' also increases, but Sd decreases. As the load 
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increases, the number of nodes which are ready to transmit their messages also increases. Hence 
the probability of control packet collision may increase in the case of lower N. It is because the 
number of nodes choosing the same data channel increases, as :Y decreases. 
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In Fig. 6, we plot the normalized per channel throughput versus offered load and R_Aloha 
case 2 scheme of [9) for comparison. The normalized per channel throughput equation for the 
R_A10ha scheme is modified with the notation used in this paper, and is given as 

C; _ ~!{ - 1 G e-G iI-!!J. 
,- R_Alohn - JV + 1 !\' I + G ,-G( J..!.E.. 

T <... [{-I 1) 
(15) 

The R_Aloha protocol is a synchronous system in which all channels are divided into 'cycle'. 
In this protocol control slots are preassigned to data channels. When G is greater than 1.0, more 
than one control packets are likely to be generated in one control slot, thus resulting in control 
packet collision when the corresponding data channel is idle. The control packet collision results 
in the waste of one cycle in a data channel, where the length of one cycle is much greater than the 
length of the control packet. When G is less than 1.0, no control packet is likely to be generated 
in one control slot, which also results in waste of one cycle. On the other hand, in the case of the 
asynchronous reservation protocol, control packet collision or no control packet generation only 
wastes just as much as the length of one control packet. Therefore, the asynchronous scheme 
yields higher throughput than the R_Aloha scheme. 

Fig. 7 presents the throughput versus local monitoring period for various numbers of data 
channels. As explained earlier, any node which tries to its S_CP may frequently encounter a 
control packet for a small K, which lowers the throughput. On the other hand, for a large 
Ii, as K increases, the throughput also decreases. The reason is as follows. Let nn be the 
length of the remaining message after having transmitted the control packet. If 1'171 is not greater 
than (1{ + D), then (1{ + D - I'm) slots may be wasted in a data channel after finishing the 
transmission of the message. Therefore, the number of wasted slots increases, as K increases. 
Thus, it is necessary to determine the value of !{ in order to obtain the maximum throughput. 
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Fig. 8 shows throughput versus offered load for various end-to-end propagation delays. 
When a node sends its control packet in slot t, the node receives the control packet in slot 
(t + D + 1). Another node may transmit its control packet in slot t'(t < t' < t + D), which 
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Fig. 9. Netwotk throughput versus average message length. 

has the same data channel number as that of the control packet transmitted in slot t. Then, 
the control packet transmitted in slot t' is considered as a failure because of the data channel 
conflict. However, it may collide with another control packet which may otherwise become a 
"successful" control packet. Such a phenomenon may occur frequently as the propagation delay 
increases, which deteriorates the throughput. 

Fig. 9 shows the throughput versus average message length for various values of K. If 
the message is relatively short, the number of wasted slots is increased for large K. Once a 
node successfully reserves a data channel, the message from the node is transmitted without 
data channel conflicts. Therefore, as the length of the message increases, the throughput also 
increases. 

5. CONCLUSION 

In this paper, we have presented and analyzed an asynchronous reservation protocol for high
speed local area networks using a passive star topology. Each node is only equipped with a 
single tunable transmitter and a single tunable receiver, both of which are tunable over the 
entire set of wavelengths. A control channel is used for the exchange of the control traffic. A 
random scheme has been considered as the data channel selection strategy. The performance of 
the protocol has been analyzed for the infinite population case by using the EPA method. The 
analytic results have been verified by comparing with simulations. Also, the effects of various 
system parameters have been investigated. The results shows that the protocol can yield high 
system throughput. This protocol is suitable for the network that requires a need to accommodate 
variable-sized messages such as circuit-switched traffic or traffic with long holding times (e.g., 
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file transfers). The protocol is operated asynchronously, and enables any new node to join the 
network without network reinitialization. 
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