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Abstract

Two multiple access protocols are proposed for a multichannel WDM optical fibre local area
network or metropolitan area network in which users are interconnected using a passive star
topology. Each user has a single tunable transmitter and a single tunable receiver. A
transmitter sends a control packet before its data packet transmission so that its intended
receivers can tune to the proper data channel wavelength. The maximum throughput of the
proposed protocols are independent of the effective normalized propagation delay which may
include the transmitter and receiver tuning times and the processing delays. The maximum
throughputs of the protocols are analyzed and compared with those of the existing ones by
numerical examples. The message delay of the R-Aloha/synchronous N-server switch protocol
which is suitable for the queued users is also analyzed.
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I . Introduction

With its enormous bandwidth, the optical
fibre offers a high throughput channel for
interconnecting users in a local area network
(LAN) or in a metropolitan area network
(MAN) ', Because of the simple connectivity
in a bus or ring, as used in Ethernet, FDDI
and DQDB., the bandwidth of the optical fibre
cannot be fully utilized due to the throughput
limit imposed by electro-optical conversion'?’.
In spite of efforts in improving the existing
protocols ®*'. the channel

multiple access

utilization of the interconnecting networks
using a single channel is limited by the
throughput of the electro-optical conversion.

(WDM),

which provides multiple parallel channels, has

Wavelength division multiplexing

been conceived as a means of circumventing
the throughput bottleneck of electro-optical
conversion in a point-to-point connection ',

In a LAN or MAN, where we need many-
to~many connections, an additional problem of
connectivity has to be solved in order to
realize a high throughput network.

Among various network topologies, because
of its capability to interconnect a relatively
of users without requiring

large number

optoelectronics repeaters and

2]

optical taps,
high capacity buffers 2’ the passive star has
emerged as one of the attractive topologies for
an optical fibre LAN or MAN. In[6], a
number of users are connected through a
passive star coupler where each user has a
single fixed wavelength transmitter and a
tunable receiver. By making the receivers
tune to the appropriate wavelength, high
connectivity among the users can be achieved.
However. the connectivity pattern should be
traffic
pattern should only be accommodated slowly

by changing the connectivity patternm.

pre-arranged and any change in

In
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order to rapidly change the connectivity, Chen
et al '®!

additional transceiver with a fixed wavelength

have proposed the use of one

for control signal exchange. That is, a
wavelength, say 4,. is shared by all users for
transferring control information needed for
connectivity. Before transmitting its data over
its dedicated wavelength, a transmitter sends
control information in the control channel to
so that the
receiver tunes to the appropriate wavelength.
In{9],

without using an extra transceiver by making

inform its intended receiver

the rapid connectivity is maintained
the transmitter, as well as the receiver,
tunable.

The paper is organized as follows. Section
2 describes the system configuration and the
under consideration. In

access strategies

section 3, we present and analyze the

unslotted Aloha/polite access protocol. The
R-Aloha/synchronous N-server switch protocol
Section 4.

Numerical examples are given to compare the

is presented and analyzed in

performance of the proposed protocols with
that of other protocols in Section 5. The
paper is concluded in Section 6.

II. System Description

In this paper, we consider the network
configuration proposed by Habbab et al.'®) as
shown in Fig. 1. There are N+1 channels,
numbered 0 to N with wavelengths 4, -, Ax.
One channel, say channel 0, called control
channel, is used for transmitting control
packets. The remaining channels, 1 to N,
called data channels, are used for trans-
mitting fixed size data packets. Each control
packet contains a receiver address and
possibly a data channel number (={1,2,,N}).
A user has one tunable transmitter and one

tunable receiver. An idle receiver. a receiver

(1185)
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which is not receiving any data packet,
continuously monitors the control channel for
its address. Upon receiving a control packet
containing its own address, the receiver tunes
control

to the wavelength chosen by the

packet or determined by an algorithm
commonly agreed on among the users. Besides
allowing one to dynamically assign wave-
lengths for transmitter/receiver pairs, the
availability of a separate control channel can
be further exploited to implement priority
(preemptive or non-preemptive) service for
data packets. from a certain type of traffic.
This feature would be particularly attractive
for the system with multimedia traffic where
different traffic

formance

types have different per-

requirements. However, in this
paper we will not concern ourselves with the

priority service of data packets.

OGrge Ay A D [P NI N
. O X A Ao Ay Ay .
Passive
* Star .

N -

. -

. Gpdy Ay (x..x.,,”x:).
Tunaole Tunable
transmitters receivers

Aj = wavelength ot channel j (=0, 1, ... N)

a2l 1. Passive Star®t WDM2 AH&3 oS4
Y Optical LAN.

Fig. 1. Passive star
optical LAN

multichannel WDM

The transmission time of a data packet
(called a data slot or simply a slot) is L
(called a

control slot). We assume that L is an integer.

times that of a control packet

We also assume that the normalized

propagation delays, the propagation delay
from one user to another in slots., are the

same for all pairs of users, denoted by &!

1) If the transmitter and receiver tuning times
are not negligible (14). they should be also
included in a.

FEW 5

A multiple access protocol pair ( P/ P is
needed for proper sharing of the control and
data channels. P. denotes the access protocol
for the control channel and P, denotes the
access protocol for the data channels. Habbab
et al."®" have proposed a family of multiple
access protocols for such a network. Others'
10-131 to  the

represent

have reported improvements
in[9]). which
attempts to increase the throughput without

access protocols
unduly increasing the protocol complexity. A
good survey of multiple access protocols for
optical local area networks are given in[15].
According to the classification introduced in |
15] ., our protocol belongs to the pretransmis-
sion coordination scheme.

Two multiple protocols, slotted
Aloha/polite slotted  Aloha/

synchronous N-server switch, which exhibit a

access

access and

larger asymptotic throughput values than the
protocols described in [9-11, 131,
posed in [12]. In this paper, we extend these

were pro-

multiple access protocols. for the multichannel
LAN or MAN using a passive star topology,
on the basis that the user has a single
tunable transmitter and a single tunable
receiver. The resultant protocols are referred
unslotted Aloha/polite

R-Aloha/synchronous

access and
switch. The
unslotted Aloha/polite access protocol is the
unslotted version of the slotted Aloha/polite
access. The unslotted Aloha/polite access pro-

to as

N-server

tocol is simpler than the slotted Aloha/polite
access protocol: yet, its maximum throughput
to that of the slotted
(see Fig. 6). Its

analyzed and is

rapidly converges
version as L increases
maximum throughput is
shown to have the same asymptotic value as
that of the more complex slotted version. The
R-Aloha/synchronous N-server switch protocol,

on the other hand. is a modification of the

(1186)
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slotted Aloha/synchronous N-server switch
protocol, where control information is trans-
mitted using an implicit reservation access
protocol. Once a user accesses a data channel
successfully, it is allowed to access the data
channel periodically until its data queue
becomes empty, or a predetermined maximum
holding time has been expired. This protocol
attains a large maximum throughput even if
L is rather small (=~N) (see Fig. 7).

Similar
proposed in[16-18]. The protocols in[16]

and [17] are based on a system where two

reservation schemes have been

lasers (one fixed and one tunable) and two
receivers (one fixed and one tunable) are
available. Although the protocol proposed in
[17] can be modified for a system with a
single tunable laser and a single tunable
receiver, the protocol assumes that there are
the same number of data channels as the
number of users. The reservation protocol

proposed in this paper assumes a single
tunable laser and a single tunable receiver.
We also assume that there is a much larger
number of users than the available number of
data channels. The protocols in [18] can be
implemented using a single tunable laser and
a single tunable receiver and can accom-
modate a larger number of users than the
number of data channels. However, it assumes
that the feedback through the control channel
As the nor-

increases the

is immediate, i.e., delayless.
malized propagation delay, a.
maximum  throughput may  significantly
decrease. Also, the analysis of the reservation
(R-ALOHA, Case 1), in [18]

assumes that L=N. The proposed reservation

protocol,

protocol in this paper takes the propagation
delay into account. As a result. unlike the
carrier-sensing based protocols in [9,13] and
(11.18].

which are sensitive to the propagation delay.

the reservation based protocols in

E3RF AR FIR 21

the maximum achievable throughput of the
proposed protocols are not propagation~delay
sensitive. The throughput analysis of section
4.3 is valid for any M=1).

For the sake of simplicity. unlike in [
8.11,15], the occurrence of receiver collisions,
(the events that transmissions of two or more
data packets destined to the same receiver
overlap in time), is assumed negligible.
However, with an increase in complexity. the
proposed protocols can easily be modified to

avoid receiver collisions.

. Unslotted Aloha/Polite Access
Protocol

1. Protocol

A ready user, a user having a data packet
to send, transmits a control packet in the
control channel. Each control packet contains
and a data
If the

control packet is successful and, further, if

its intended receiver address

channel number chosen at random.
there is no other successful control packets
having the same data channel number during
one data slot prior to its own control packet
transmission (called vulnerable slot), the user
transmits its data packet over the chosen
data channel immediately after the control
packet is received.

(that is, the

collides or one or more successful control

Otherwise, control packet
packets have the same data channel number
as the one chosen by the user during its
vulnerable slot), the user repeats the same
At each
attempt, a data channel is chosen anew.

This protocol, like the slotted Aloha/polite
access protocol ")

procedure after a random delay.

effectively eliminates data
packet collisions by requiring a user to defer
its data packet transmission whenever there

is a possibility of a collision with another =
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data whose control packet

successfully transmitted earlier than its own

packet was
control packet. However, it is necessary for a
user to monitor the control channel during its
vulnerable slot.

2. Throughput Analysis

We analyze the per-channel throughput, S..
which

successful data packets per data slot per data

is defined as the mean number of

channel. We make the following assumptions:

Al: Number of users in the network is
infinite.

A2: The arrival process of control packets is

G per control slot.

Poisson with rate

This means that we have a suitable

retransmission  control  algorithm for

avoiding instability in the control channel
[197.

We use the following notations:

® G, = offered control channel traffic at
which the maximum data channel
traffic occurs,

e S.= Pr [one control packet arrives during a

control slot] = Ge ¢,
® S.. = maximum of S,
® S, = the value of S. at which per—-channel

throughput is maximized,

® S, = maximum per-channel throughput.
The exact analysis of the unslotted
Aloha/polite access protocol is given in

Appendix A. Here. we will make the following

assumption to simplify the analysis.
Assumption: Arrivals of successful control

packets form a Poisson process with rate

S.= Ge " per control slot2.

2) The mean number of sucessful control pack-
ets 1s Ge?“ per control slot because the
unslotted Aloha is used in the control
channel

$ LANE 918 Multiple Access TEEE
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This assumption allows one to obtain an

explicit maximum per-channel throughput,

S4... which cannot be obtained using the
As  will in the

numerical examples, the maximum per—-channel

exact analysis. be shown
throughputs obtained using the approximate
analysis are reasonably close to the exact
results when M4,

called the

tagged control packet. results in a successful

A successful control packet,
data packet transmission if there is no other
successful control packet that has the same
data channel number as the tagged control
packet within its vulnerable slot of length L
Since the

successfully transmitted within the vulnerable

control  slots. control packets

slot start their transmission during the L —1
control slots (V2 as shown in Fig. Al), the

‘per-channel throughput, S,. is

Su= L setmISY, (1)

The maximum throughput is
for L=22Ne+1,

L 1 - __N
St QLoD e L7 ST oy (2)

for L<2Ne+1,

S, = L g ~U-NND g

_ _ 1
= —S..=L. (3

Cm Qe

Cax

It is noted that the maximum throughput of
the slotted Aloha/polite access for L=Ne, is [
121

PR U S RV _N
s,,m—(l L) LasLeow, S, =7 . (4)

IV. R-Aloha/Synchronous N-Server
Switch Protocol

1. Protocol
We will first describe the slotted Aloha/

Synchronous N-server switch protocol.

(1188)
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Slotted Aloha/Synchronous N;Server Switch
Protocol [12]:
divided into contiguous control slots:

The control channel time is
control
slots are organized into frames of L control
slots (one data slot). A ready user transmits
its control packet in the first available control
slot (Fig. 2).

packets

and examine all the control

transmitted during the frame in

which its control packet is transmitted (see
Fig. 2). A control packet contains its intended

receiver address but not a data channel

number.

transmit time
data channel 5
data channel 4

idle I data transmit data channel 3

1data channel 2

L 2 Ji o

Jdata channel 1

channets assngned 0 successiul eonliro( packets
f s 2n:2:: L3 | 2130 14i5ix] ¢l receive time

control channet

s|s's cis | transmit time

control channel
[(% conuol slots) lrame frame

Neb Le8 a=68

$ = successiul control packet
¢ = collision
x = successiu! control packet not given a data channel

28| 2. Slotted Aloha/Synchronous N-server
295,

Fig. 2. Slotted Aloha/synchronous N-server
switch.

When all the control packets of a frame
are received, data channels are assigned to
the successful control packets according to an
assignment algorithm known to all the users
in the network. For example, control packets
may be given data channels on a FCFS basis
starting from channel 1 to channel N~ as
shown in Fig. 23. If there are more successful
control packets in a frame than the number of
control

data channels, only N successful

packets are given data channels. Immediately
after the assignment, the user successful in

control packet transmission and successful in

3) Although not considered in the analysis, it
is possible to eliminate receiver collisions
using an appropriate assignment algorithm.

#32% AR B IR 23
acquiring a data channel sends a data packet
in the assigned data channel. The user which
collided

successful control packet, but was not given a

has a control packet or has a

data channel. repeats the same procedure
after a random delay.

The maximum throughput of this protocol is
other

comparable protocols and is independent of

considerably higher than that of
the propagation delay[12]. However, in
order to have a maximum throughput per data
channel greater than 90 of the data channel
capacity, the number of control slots per data
slot L. should be greater than about 3 X N.
The following protocol that uses an implicit
reservation protocol for the transmission of
control packets and allows a user to seize a
periodically until its

data channel queue

becomes empty or the maximum allowed
channel holding time expires attains a high
maximum throughput even if LaN.

R-Aloha,

was proposed for the satellite network in

An implicit reservation protocol,

which a user, after acquiring a channel (a
slot in a frame), is allowed to continuously
use the channel until no more data is left in
its queuwe [20]. The

applied for the transmission of packetized

same protocol was

voice transmission over a ground radio
channel [21].
same idea in order to increase the maximum
channel throughput of the WDM multichannel
optical LAN where the throughput bottleneck

occurs in the control channel.

In this subsection, we use the

Because we
have a multichannel network, an appropriate
modification to the R-Aloha is needed.
Starting from the slotted Aloha/synchronous
further

frames (L control slots. or one data slot) into

N-server switch, we organize the

super-frames of length @ frames, where
Q=1a+21 (see Fig. 3). We assume that L=N.

The frames are partitioned into @ groups. The

(1189)
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i* frame is said to be a k-frame if i=% mod

Q (#=0,1,..,@—-1). A user which is assigned a

data channel, say channel ;, in a #4-frame
will use the data channel in the subsequent #
-frames until its data queue empties or the
holding

The user has an exclusive access

maximum allowed channel time
elapsest.
right to the j* control slots associated with
the the

releases data channel j. It is necessary for

subsequent k-frames until user

the user to indicate its intention to continue
to use the channel (as indicated by [ in Fig.
3) or to end using the channel (as indicated

by , in Fig. 3) during the next k-frame. The

unreserved control slots among the first »
control slots and the remaining L—-N control
slots are left for the transmission of control
packets in a random access mode by the users
currently not holding a data channel. Users
successful in control packet transmission are
given data channels using an algorithm agreed

upon among the users.

dle

transmit time
1 —
bt data channel §
et 7 Vo — L
data channel 4
H EIERE il idl
=8 "ansiy 2= gata channel 3
l datatrarem )
2 data channe! 2
: I gatafranema H L gata channe! 1
annels assigned to successful control packets
1200 gy (1 20460 Bk

£ N N S

111820 ) 1231450, receive time
controt channel

i f transmit ime
controt channel

{Q trames )
control slots reserved 1o the continuing users
s = successful control packet {assumed to require mors than one data siot)
¢ = coltision
~E= reserved {continue to use)
'e- reserved {end cf message)

N=5 L=8a=68
Q=3

x = succassiul control packet not given a data channe!

12| 3. R-Aloha/Synchronous N-server Z~$13].
Fig. 3. R-Aloha/synchronous N-server switch.

A

address and flags for indicating whether the

control packet contains its receiver

user has more than one data packet and

whether it is a reserved transmission or a

4) In the analysis, we assume that there is no
limit on the maximum channel holding time.

A% LANS 93 Multiple Access ZEEZ

contention.

2. Throughput Analysis
We will use the same assumptions (Al and
A2) and notations used in subsection 3.2.

Because of assumption A2, groups in a
super-frame are independent of each other.
We,

group. We analyze the maximum throughput

therefore, need to consider only one

with the following additional assumption..
A3: The probability that a user which has a
channel access right releases a channel

at the end of a frame is given by a

constant, «.

Once a user acquires a channel, it will use
the channel for the duration which is geo-
metrically distributed with mean 1/a (super-
frames). This assumption will be exact if each
user has a single message buffer and the
length

and, will be a good approximation when the

message is geometrically distributed
number of channels N is large.

Define I, as the number of busy data

* frame (slot) of a

channels during the =
group. Owing to A3. the sequence I,»n=1 is a
Markov chain whose transition probabilities
are given by

P, Prl I,.,=il=1

(5)

2 (f et (G amsist e,

=

() a-ate miz.lk(ﬂ;k)<1—55>L’*’"*s:". j=N

The steady state distribution of the number

of busy channels is obtained by solving

7P, with ze=1, (6)

=

where z 2 (z.m ms..wy), m 2hm , . Pri ol
P:P;and e #(1,1,1,..,D7.
The per-channel throughput is given by
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Si=4 £ (7)
Because S, is an increasing function of S,
the maximum per—channel throughput is
obtained by S.,=S..=e¢"".
3. Delay Analysis
The message delay is defined as the time
between the arrival of a message and the end
of the successful transmission of the message.
In this section we analyze the mean message
delay of the R-Aloha/synchronous N-server

switch protocol under the following conditions.

1. There are M statistically independent and
identical users each having an infinite size
message buffer.

2. At each user messages arrive according to
a Poisson process with rate A per data
slot.

3. Denote message length, its first two mo-
ments and probability generating function
by U, T, TF and WX(2). respectively.

4. When a message arrives at an empty queue

packet is

during a frame, its control

transmitted in one of the available
control slots (if there is any) during the
next frame. If no data channel is allocated
(due to a collision, or lack of available
data channels or lack of control slots to
packets), the

packet is retransmitted after a random

transmit  control control
delay.

5. In order to obtain the message delay, it is
necessary to specify the actual retrans-
mission algorithm. We will use the ex-
ponential back-off algorithmS. That is, the
control packet is retransmitted during the

R frame after i unsuccessful attempts to

5

~

The following analysis can be modified for
other retransmission algorithms.

2% AR B IO 25

acquire a data channel. where R, is
geometrically distributed with mean 1/,

That is,

PriR.;} =»(1—-7)""", (0<r<1) j=1,2,3,-. (8)
The first two moments of R, are

R=L . R-ir (9)

In order to make the analysis tractable, we
make the following approximations: 1) For a
tagged wuser for which we obtain its
message delay, the aggregate control packet
arrivals from all users other than those from
the tagged one is a Poisson process with rate
G per control sloté, 2) The number of busy
data channels seen by a control packet at the
times of consecutive data channel acquisition
attempts are independent of each other and

distributed binomially with mean §,. That is,

Pr [there ave k idle data channels | at the time of thei™ attempts]

=(3) 3e0= Zpen k=012,
(10)

first data packet transmission
contention ! s
c buw" i e

[P 7 ;
conantion & spccessiul contention T ;
[l T Y /2 S S )
-i --c, L DA
. thare is & single
2 message amva e & packatiefiinthe &
1o an o:'gpry system message amvaly Qqueus arrval
{a cycie begins) (end ot a busy (rext cycle
penod) begins)
Qe3, a=0.5

a2] 4. AHRE2] contention, busy, idle 7)7ke
2 A" g A9 cycle

Fig. 4. A cycle of contention, busy and idle
period of a user.

where S, ( W+1+a)/(W+1+a+@Q), SA 2 MATIN

is the data channel utilization and W is the
mean busy period as shown in Fig. 4. A cycle

consists of the contention. the busy and the

6) The use of G here is slightly different from
that in Section 3. However, as M—o, both
definitions become identical.
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idle periods. The contention period in turn
consists of the initial synchornization period
(¢,) and a number of slots during which a
user attempts to gain the access to a data
channel.

The two approximations require that the
retransmission delays of control packets are
[19]. these
approximate assumptions, at each attempt,
the probability that a
data channel is

say B. Therefore,

sufficiently large Owing to

user successfully
acquires a given by a
constant, the number of
unsuccessful channel acquisition attempts a
user makes before it acquires a data channel

is geometrically distributed.

Prl a user acquives a data channel at the

(k+1) "transmission attempt] = 1—-@* (11)

k=0,1,2,...

The analysis consists of the following steps.

0. Initialize G. For example, let G=0.

1. Obtain 4.

2. Obtain the mean contention
(see Fig. 4).

3. Obtain the mean of the busy period W and
the new estimate of G, G ... If |G+, ~GKe,

interval C

do the next step. Otherwise repeat from

step 1 with G—G... Here e 1is the
pre-specified tolerance level.

4. Determine the mean message delay.

The

acquiring a data channel, 8, is given by

step 1@ probability of successfully

N} @ min(~1. -4 . N_k
5= 2 2] o min(, SECEH T SGIL—k £+ D)
-G )
[ (L9 ] () 50 50m]
(12)
where ¢(dl,m)( ¢+ Pr[there are v control

slots each containing a single control packet |

A% LANE & Multiple Access T2 EE
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m control packets are transmitted randomly in

! control slots ] ) is given by [p. 112 of 22]

_ Rt
G=— =D (m =)

VT minlm
_ (=D"l'm! 5

gl m) = == 5 (13)

The first term on the right hand side of
is the probability that the

tagged user is successful in acquiring a data

equation (12)

channel given that # data channels are in use
and & other users attempt to acquire a data
channel.

step 2° The contention interval in number
of data divided

components, C;, and C,.C, is independent of

slots, C. s into two

the number of data channel acquisition at-

tempts and is given by

C,=C,+1l+a, (14)

where C, is the initial frame synchroniz-
ation time. Let X, denote the interval from

the time of a message arrival to the beginning

of the next frame. Then

Pr(C=x]
o0 l

= Zl( I;[l Pr(X,<x] ) Pr(/ messages arrive € one frame
| at least one arrives]

_ & e e Met-D

- lglx N(l—e™" (1—e ™™ - (0=x<D).

(15)

The Laplace transform of the probability
density function (pdf) of C; is given by

Ae g ~tHas 1) _ ==

(1—e ™ M(s—A) (16)

CAs)=

C. depends on the number of transmission

channel is
Denote C, as the

attempts made before a data
assigned to the user.
variable component given that % (£=0,1,2,..)
retransmission attempts are made before a

data channel is acquired by the user. then

(17)
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i)
The Laplace transform of the pdf of C, is

—kial sH Z

=1 1—=(1—7 ) o (18)

Cul(s)=e

It follows that the Laplace transform of the
pdf of C, is

Cuo= 3 C 9 A1—-A* (19)
=0

and the Laplace transform of the pdf of C is

C(s)_—. Cﬂs)v Cu(s)A (20)

We will need the first two moments of C
and A).
of C, are given by

The first and the second moments

C,= C,t+1+a (21)
Cil= C'+2(1+a) C+(1+a), (22)
where
= A+e "1
cs A */l)
E 2 2+A2—2/1—2€ -A

A1=e

The first two moments of C,. are given by

C km1+}él R, (23)
=k lal?+21al rE R+ '2;_%2 ,231 ,-?:m R R. (24)
Using equations (9), (11), (23) and (24).

we obtain the first and the second moments of
C;

(U=Bf{lal(r=

)+(1+r 118
L= <L (25)

LS T A — A
C.= El CuB1-8

2 CH1-B"

- U=pe=p , 21al =B y=(1-8Y |
&

AB+r—1)°

(1=8Cr+1-r—2)
(B+r—1D(8+7"H
(26)

In order to have finite first two moments of
C, we need to satisfy #+81. We then have

£ 3N H AR £ I 27
the first two moments of C as
C= Ci+ C,, (27)
= 42 C,C+ CL (28)
We also have
ClA)=CLA), CLA), (29)
where
e (30)
and
- =3 —kfal & e
CM= Z e ™ p1=-ph [ I y—rEgp=n | - (31)
step 3 The mean busy period, W, is given
by
’W:(E—l),”wg+(?‘1)Wo—(a—1), (32)

where v is the mean number of messages
in the queue just before the beginning of a
busy period and W, is the contribution to the
mean busy period by a single message which
was in the queue just before the beginning of
a busy period. The second and the third terms
of equation (32) are due to that the busy
period ends when the queue has only one

packet in the queue at the time of control

packet transmission (see Fig. 4). We have |
231
— TQ
i 1-40Q" (33)
and
Vv=AC+1. (34)

The message arrival times at an empty

queue is a renewal process. The mean interval

between successive renewal times., . is given
by begin{equation}
T=C+ V+1/A. (35)

Owing to the renewal-reward theorem [24

1. the rate of request transmission generated
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by a single user is given by 1/(8? per frame.

Therefore. G, is obtained by

g=-M=1 (36)

step 4° The mean message delay is obtained
using a generalized M/G/1 model. Denote B,
B, and B as the service time of the message
that initiates a busy period, the service time
of the message that arrives at the queue
when the last message is being transmitted
and the service time of the message that
arrives at the queue when there are at least
two messages in the system (at least one
being

message in the queue and one

transmitted), respectively. Also denote

Byy. Bis and B(s) as the Laplace transforms of

the pdf of these service times. Then. the
mean message delay, D, is
D=
VD) =2l = V(D] + VD= VDT )=y (D + V) (D= V(D]
- 24[1- V(D]
(@1,
(37)
where

V{z)=B{A—A2),(i=0,1 or no uin), (38)

[ 1-V(D] Vi

Yo = [ 1=Voan 1 vy w )] +Vior 14750 ‘,‘l)] : (39)
-V

yl:yol Vu:)m) ’ (40)

B(s)= (e ™9, (41)

By = B(s)((s), (42)

By = ppBo(s) + (1 —pg) B(s), (43)

po= PriU=1] +[ e ro_y] 3 e WP U=0_ (44)

=2 1—e ™

The prime denotes derivatives with respect
to z and the last term of equation (37) is due
to the fact that actual transmission time of a

packet is one data slot. The derivation of

FEW 4

equation (37) is in Appendix B.

V. Numerical Examples

We will first

throughputs obtained using the approximate

compare the maximum

analysis for the unslotted Aloha/polite access
with  the results. The

throughputs obtained using the approximate

exact maximum
analysis for N=2,3,5 and 10 are shown in Fig.
5. In the same figure the exact results are
also shown. The approximate results agree
reasonably well with the exact ones for N=5.
For N=2 and N=3, however, the approxim-
ation tends to overestimate the maximum
throughput. The error reaches the maximum
at L=2Ne. As mentioned in Section 3, the
exact analysis does not provide an explicit

formula for the maximum throughput. S,_.
Because numerical integrations are needed to
evaluate the functions in equations (A2-A4) of
Appendix A, it is time consuming to obtain
the maximum throughput using the exact

analysis.

____approximation
* N=2 (exact)
© N=3 (exact}
+ N=5 (exaco)
x N=10 (exact)

Maximum throughput per data channc)

o 5 10 15 20 25 36 3s 40

L, number of control slots/data slot

2] 5. Unslotted Aloha/Polite Access ZZE
Zo TAMREA A Age £ v

Fig. 5. Comparison of exact and approx-
imate analysis of the unslotted
Aloha/polite access.

The maximum per-channel throughputs of
improved [10]
Aloha/Alcha and  (un)slotted

the original [9] and
(un)slotted
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Aloha/polite access protocols are compared for
N=5 in Fig. 6. The slotted versions have
significantly larger maximum throughput than
the corresponding unslotted versions for L
less than about two to three times the
N. As the number of
control slots per data slot, L,

number of channels,
increases the
difference in throughput between the slotted
and the unslotted versions decreases and the
their
1/2¢ depending on

throughputs converge to respective
asymptotic values (1/e or

the protocol).

aloha/polite access

improved aioha/aloha [10] J

original aloha/aloha {9]

Maximum throughput per data channel

__slotted nloha for control packet transmission
- - unslotted aicha for control packet transmission

o 10 20 30 40 50 60

L. number of control slots/data siot

18 6. Aloha/Aloha®} Aloha/Polite Acess Z
2EZ H|n

Fig. 6. Comparison of the Aloha/Aloha and
Aloha/polite access protocols.

The increase in the throughputs using the
improved versions? proposed by Mehravari [
101 1is significant for relatively small values
of L. For example. the maximum throughput
of the Aloha/Aloha
protocol is about 1.5 times that of the original
unslotted Aloha/Aloha protocol for L=10.
the throughput
difference between the improved versions and

improved unslotted

However, as L increases,
the original versions becomes negligible.
Polite access schemes (slotted or unslotted

versions) have much larger maximum through-

7) The maximum throughput of the improved
unslotted Aloha/Aloha protocol is obtained
using the same assumption as the one used
in the approximate analysis of the un-
slotted Aloha/polite access protocol.
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put compared with other protocols except for
very small values of L (L<N).

Similar observations can be made with
N=10 (see Fig. 11)

observations

with an appropriate
Similar are made with other
values of N with an appropriate scaling of L.
reservation based
length

increases. The maximum throughputs of the

The performance of a

protocol improves as the message
R-Aloha/synchronous N-server switch protocol
are shown in Fig. 7 for N=5 and L=5,7,9 and
11. As expected, as the mean time a user
holds a channel (in number of super-frames),
or the mean number of data packets that a
user transmits once the user acquires a
channel, increases, the maximum throughput
of the protocol increases. It is noted that the
maximum per—channel throughput of greater
than 0.9 is achieved when the mean number
of packets transmitted consecutively by a user
L=N in this

example. It is also noted that the incremental

is greater than 16 even for

increase in the maximum throughput as L
increases is small when the mean holding

time is greater than 10 and L>N.

(RN IR

[ ]

@

by
~—
P
rerrc Z

Maximum channe! throughput per data channel
4 o e
3 *
T T T T
~ \A\

5 10 i5 20 25

t/a. Mean channel holding time in number of super-frames

22| 7. #E4 holding time W R-Aloha/ Synch-
ronous N-Server %9 throughput

Fig. 7. Maximum per-channel throughput
versus mean channel holding time of
the R-Aloha/synchronous N-server
switch.

In Figs. 810, we plot the mean message
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delay and the mean contention period of the
R-Aloha/synchronous N-server switch protocol
with N=5,4=0.5,Q=3 and U=2.

L ___mean message delay (xnalysis) L=9
- - - mean contention period (analysis) ‘
* mean message delay (simulation) {
16 + mean contention period (simulation) /
mean message tength = 2 packets
=5

M=70
2a=05(Q=3)
y=0.92

mean delay (data slots)
S

0 0.1 0.2 0.3 0.4 0.5 06 07 0.8 0.9 1

data channel utilization, $d

23 8. R-Aloha/Synchroucus N-Server A%
z)9] #H# HAA delayl contenting

period.
Fig. 8. Mean message delay and mean
contention period versus data

channel utilization of the R-Alcha/
synchronous N-server switch.

. =0.82
mean message delay (analysis)
16k - mean contention period (analysis)

mean message length = 2 packets
L=1t
N=3

M =70
a=05(Q=3)

mean delay (data shots)
3

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

data channel utilization, Sd

712l 9. R-Aloha/Synchrouous N-Server 29
219 Fd o AR delay®t contenting

period.
Fig. 9. Mean message delay and mean
contemtion period versus data

channel utilization of the R-Aloha/
synchronous N-server switch.

to be
geometrically distributed in these examples.

The message length is assumed
The effect of increasing L, the number of
control slots per data slot, is examined in
Fig. 8 (M=70,7r=0.92). As expected, the mean
message delay decreases as L increases. The

decrease, however, is rather small unless the

data channel utilization, S, is large ($,50.85)

and L<11. On the same figure, simulation
results are also shown for comparison.
In Fig. 9,

parameter y with L and M fixed at 11 and

we vary the retransmission
70, respectively. It is seen in this example,
the change in delay is not significant as » is
varied from 0.82 to 0.90 and then to 0.98.

In Fig. 10, we keep »=0.82 and L=11 and
vary the user population M from 30 to 100.
The increase of M from 30 to 100 causes a
very small increase in the mean contention
period. However, the mean message delay
decreases considerably due to the decrease in

message queueing delay at user queues.

mean message dclay (analysis)
16k T2 mean contention period (analysis)

mean message length = 2 packets
14} L=11

= L=y
z 2 a=05(Q=3)
3 12y y=0.82
= 10
=
g il M=1001
M=30
: ¢ M=3
7

4 o

2 e |

[

o 0.1 02 03 04 05 06 07 08 09 |

data channel utilization, Sd

1% 10. R-Aloha/Synchrouous N-Server 2
Ax1e] HA ARl delay®}  con-
tenting period.

Fig. 10. Mean message delay and mean
contention period versus data
channel utilization of the R-Aloha/
synchronous N-server switch.

VI. Conclusions

In this

multiple access protocols for a multichannel
WDM optical fibre

metropolitan area network. Users are con-

paper, we have proposed two

local area network or
nected using a passive star optical fibre. Each
user has a single tunable transmitter and a
single tunable receiver. The comparisons of

the maximum throughput of the proposed
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protocols with that of the existing ones show
that the proposed protocols achieve higher
throughput than the similar existing protocols
over a wide range of parameter values such
as L and N. The maximum throughput of the
proposed protocols are independent of the
effective normalized propagation delay, «,
which must take tuning times and processing
delays into account.

Depending on the network environment, a
suitable protocol may be chosen from among
the existing protocols and the protocols
proposed in this paper. For example, when
protocol complexity is the main concern and
the data slot size is much larger than the
(L»N), the

may be a

control slot size unslotted
Aloha/polite

choice. The protocol is simple and yet has a

access reasonable
relatively high asymptotic (in L) maximum
per-channel throughput of 1/e. On the other
hand, if L cannot be made much larger than
N and the periodic channel access by the
users is desirable, the R-Aloha/synchronous
N-server switch protocol can be used for a
very high throughput network with an added
protocol complexity.

APPENDICES

A. Exact Analysis of the Unslotted Aloha/

Polite Access

Problem statement: Given that a control
packet (called tagged packet) arrives, deter-
mine the probability that the corresponding
data packet is successfully transmitted.

Two conditions need to be satisfied.

Cl: No other control packet arrives during
vulnerable period V1 as indicated in Fig.
Al.

C2: No other control packet having the same

ERH AR BIH 31

data channel number as the tagged
packet arrives during vulnerable period
V2. This is equivalent to the event that
no other control packet having the same
data channel number as the tagged
packet ends its transmission within the

period V2 .

. V1{2 control slots)
l— Y2 e

: i e V3
{(L-1 control slots] g (L-1 control slots}

transmit time

control channet

tagged control packet arrival

2] A1. Improved Unsloted Aloha/Alcha®}
unslotted  Aloha/Polited  acess9]
vulnerable poriod.

Fig. A1. Vulnerable periods of the improved
unslotted  Aloha/Aloha and un-
slotted Aloha/polite access protocols

Per-channel throughput is then given by

S,=LL . prian

N - PricCl] ,

where Pr[Cl] = e7%.
tagged control packet is of class 7, that is. its

Suppose that the

data channel number is i. To obtain Pr[C2 |
Cl], time at which the

nearest

we define T ¢

(in the past) a successful trans-
mission of a control packet of class i ends.
Then Pr{C2 | C1] = Pr[ T=L-1]. Define

Fp ¢ Pr 7=t].

For 0<¢<1: Suppose that the nearest class
i control packet ended its transmission at «
(see Fig. A2(a)). The control packet will be
successful if it does not experience either of

two types of collisions.

1. collision with another control packet arriv-

ing before the control packet (type 1

collision)
2. collision with another control packet arriv-
packet (type 2

ing after the control

(1197



32 Passive Star EZ 22 ¢ WDME AH4¢ thEAd FAH LANS g Multiple Access Z2EF

collision)— Because the control packet is
the
packet of class

nearest (in reverse time) control

i from the tagged control
packet, there is no other control packet of

class ¢ arriving within min(x,1) control
slots.
We have

_ ("G -cun. _-C.  -CU-1Nx
F(n —fo N e e e dx (A1)

~Le -,

For ©1: Given that the first control packet
of class i ends its transmission at «x, there
are three mutually exclusive events (see Fig.
A2):

1. The first arrival of class 7 in reverse time
(the last packet before the tagged packet)
is successful.

2. Type 2 collision occurs but type 1 collision
does not.

3. Type 1 collision occurs.

The probability distribution of T con-
ditioned on that one of the above occurs
follows:

Fy» ¢ Pr[ T<{ the first event occurs]

(A2)

_ f’Qe-cx/N, ¢ . CU-UN minxD gy
b N

Fypn 2 Pr[ T<!the second event occurs]

t . . .
:fo G e TN . oG (| CI-UM mint Dy L By gy

N
(A3)

Fyp ¢ Pr[ T<4 the third event occurs]

=[G e 0 ([ MR = x=w0du)as,

N
(A4)

¢(w) is the probability density

function of the cluster length given that type

where

1 collision occurs (see Fig. A2(c)). The cluster

SER 5

length measured from the time class i control
packet transmission ends is one control slot
when only type 2 collision occurs. Hall [25]

gives the density function #(») as

tu=ll 1Y}/, G
eGG_I 14 ;1 —u;!e—(G’(u—j—l)’HG"l

W) = (e—j=1"H] , u=1
a, u=1

(45)

[ vanarmt ume

Tontrol channel

—A

iast packet of class /
ends its transmission

(a) Event 1

! ; ype 2 collision l
k-

x-1 - LR

tagged packet amval

packet of class /

rransmit time
‘Tontrol channel

last packet of class /
anda its tranemission

(D) Event 2
type 1 collision

i-:k.l of class / s
¥ T !

last packet of class /
ends 18 transmission

{c) Event 3

tagged packet arrival

tranamit time
channet

| B

lagged packet arrival

a8l A2 F(L)& Al4kslz] 913 Al /18] Event

Fig. A2. Three mutually exclusive events
for computing F(t)
where | -1 is the largest integer not

greater than the argument. We then have

F()=F{()+Fy () +F3(d (A6)

PriC2C1] =1—-F(L-1). (AT)

Algorithm for computing F(#:

1. Using equation (Al), obtain F(#) for 0<<l.

2. Using equations (A2-A6) and F(t—1), obt-
ain F(» for 1<s<2.

3. Repeat 2 after increasing the range of ¢ by

1 until L-2<<L-1.

B. Derivation of Equation(37)

Denote Y, as the number of messages left
behind at the time of the »*
vV, V, and V, as the

message de-
parture. Also denote

number of messages arriving during the
transmission time of a message which arrives
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while there are more than one message,
exactly one message and no message in the
system, respectively. The messages in the
system include the messages in the queue of
the tagged user and the message from the

tagged user which is being transmitted. Then

we have
Yoo14v, forY,22,
Y,u=1W, for¥,=1, (A8)
V. forY,=0.
Assuming that Y, has a steady state
distribution, its generating function

im e o2t Prl YV,=k . Y2, is

Vi) = y12[Vx(:)—Wz;]_;é"ggZVo(z)—v(z)] (A9)

where v, ¢ lim Privy,_;(G=0,1) and Wa2), Vy,

and Vi, are the generating functions of V,V,
and V;, respectively. Using that ¥(1)=1 and
Y'(0)=y,, we obtain
_ [1-VD] Vig
P T TVl L ViD=V (DT + VL 1+ V(D - V(DT

A
=Y Vi) -

Since the message arrival is a Poisson

process with rate A, we have [23]

Vip=B{A—A2),(i=0,1, or no subscript),

where

B(9= e PriU=1] =Ue 9 and
=t (A10)
By(s)= B(5)C(s).

The transmission time of the message that
arrives while the last message in the system
is being transmitted is given by

£32% A% £ 9% 33

when the remaining service time is less than

Q+1+a] . we have

Bl(S)=PoBo(S)+(1_170)B(S). (A12)

We note that p,=1 if the length of the

message being served is 1. When the message
length is #€=2), we have

_ S _e M)t  QFltant L L,
n=Z k!(l_eﬁl,o),( i ) if,U=1. (A13)

The first term in the summation of equation
(A13) is the probability that

arrive during the transmission of a message

k messages

conditioned on that at least one message
arrives, and the second term is the
probability that all the

during the last (@+1+a) slots of service time

messages arrive

of the message being served. Therefore, we

have
_ . Y -
pon PrlU=1] +[e™@+0_1] §2——[—”—2 I_PZ,%Q . (A14)

Using the Little’s result [23] and that
the actual packet transmission time is one

data slot, we have

=Y _(g-, (A15)

which reduces to equation (37) in the text.
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