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Abstract 

The protocol is described. Packet access delay is the sum of request bus access delay 
and data bus access delay. An upper bound on data bus access delay is obtained that 
is equal to twice the propagation delay from the node to the most upstream node. The 
expected request bus access delay for Poisson offered traffic is the expected waiting time 
in a slotted M/D/1 non-preemptive priority queue, for which an expression is obtained. 
The upper bound on data bus access delay is smaller and the expected request bus access 
delay is larger at a more upstream node. A bandwidth balanced version of the protocol 
is also described, for which the upper bound continues to hold. 
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1 INTRODUCTION 

The Distributed Queue Dual Bus (DQDB) Metropolitan Area Network (MAN) is a dual 
unidirectional slotted bus network standardized by the IEEE Project 802 Working Group 
on Metropolitan Area Networks (IEEE 802.6) (IEEE, 1990). The unique feature of this 
network is the Distributed Queueing algorithm for Medium Access Control (MAC) which 
regulates access to the slots on the two buses. A description of the MAC protocol is given 
in (Newman, 1988). 

The principal components of a DQDB MAN are two slotted unidirectional buses, 
each with a frame generator, and a number of nodes which access the network. Each bus 
is made up of unidirectional point-to-point links between the nodes. The architecture 
is as shown in Figure 1. The nodes are attached to both the buses by read and write 
connections. 
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The network architecture considered in this paper is the same as that of a DQDB 
network (Figure 2). Nodes are attached to two slotted unidirectional buses. Each slot 
contains two control bits, the REQ bit and the BUSY bit (Figure 2). The REQ bit of 
a slot on a bus is used by a node to reserve a slot on the other bus, and the BUSY bit of 
a slot is used to indicate that the slot contains a packet. Since the access mechanism on 
both buses is identical, access on only one bus is analysed. This bus is called the data 
bus, and the other bus is called the request bus. Propagation on the data bus is assumed 
to be in the downstream direction, while that on the request bus is in the upstream 
direction. Slots on the request bus are called request slots and those on the data bus 
are called data slots. If the REQ bit of a request slot is set to 0, then it is called a 
free request slot. Similarly, if the BUSY bit of a data slot is set to 0, then it is called a 
free data slot. Each packet fits exactly into a data slot. The terms packet and segment 
will be used interchangeably, as also the terms bandwidth and capacity, and the terms 
request and reservation. 

Several studies have been made of the performance of the Distributed Queueing MAC 
protocol. For infinite backlog, if the network size is small, i.e., propagation delays are 
insignificant, the Distributed Queueing MAC protocol results in a fair allocation of the 
bus capacity (Zukerman, 1989). But, the throughput division is unfair when two or more 
nodes in a large DQDB network are overloaded. This problem is overcome in a DQDB 
network through a mechanism called Bandwidth Balancing (Hahne, 1992). 

The effect of various network and traffic parameters on the medium access delay has 
been studied in the literature through simulation and approximate analytical models 
(Potter, 1991), (Stock, 1990), (Tran-Gia, 1989) (Tran-Gia, 1990). Medium access delay 
analysis involves the analysis of a system of interacting queues, which is in general 
a difficult problem. The nature of interaction depends on the size of the network in 
addition to the MAC protocol. In a large DQDB network, the interaction between the 
queues at various nodes is complex and hence an exact delay analysis is quite difficult. 

A variation of the Distributed Queueing protocol is proposed in this paper, and is 
described in Section 2. In this variation it is possible to analyse certain aspects of the 
performance of the protocol exactly. Data segment access delay in this variation is the 
sum of request bus access delay and data bus access delay. The protocol has an upper 
bound on data bus access delay that is equal to twice the propagation delay from the 
node to the most upstream node on the data bus. The expected request bus access 
delay for Poisson offered traffic is the expected waiting time in a slotted M / D /1 non
preemptive priority queue, for which an expression is obtained. A version of the protocol 
with rate control similar to Bandwidth Balancing is also described, for which the upper 
bound continues to hold. 

Section 3 introduces the notation used in the following section. Some delay properties 
of the protocol are discussed in Section 4. Section 5 discusses the throughput perfor
mance. The request bus access is analysed in Section 6 and conclusions are drawn in 
Section 7. 

2 THE MODIFIED MAC PROTOCOL 

Each node maintains two first-come first-served queues: (i) local queue and (ii) combined 
queue. When a node wants to transmit a packet on the data bus, it first queues a local 
request in its local queue of requests. Each request in the local queue requires a service 
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time of one request slot duration. When a request slot appears on the request bus with 
REQ bit set to zero, one request from the local queue is served by setting the REQ bit of 
that slot to 1 provided that the local queue is not empty. Simultaneously, a local segment 
is queued in the combined queue. If the REQ bit of the slot on the request bus is already 
set to 1 by a downstream node, a remote request is queued in the combined queue. Also, 
the node repeats that request bit in the upstream direction. The combined queue has 
both remote requests and local segments, and each such entry requires a service time 
of one data slot duration. There can be at most one arrival to the combined queue per 
request slot. For simplicity, local segments in the combined queue will also be referred 
to as remote requests. 

Request and data buses are assumed to have the same capacity and, for purposes of 
analysis, the slot boundaries on these buses are assumed to coincide. The access delay 
of a packet/segment consists of two components: (i) request bus access delay and (ii) 
data bus access delay. Request bus access delay is the queueing delay in the local queue, 
i.e., the time elapsed since the arrival of the segment till the beginning of the request 
bus slot in which the local request is transmitted. Data bus access delay is the queueing 
delay in the combined queue, i.e., the time elapsed since the arrival of the segment in the 
combined queue till the beginning of the data bus slot in which it is transmitted. If a 
remote request or a local segment arrives in the slot beginning at time k to the combined 
queue of a node which is empty at time k, and the data bus slot beginning at time k is 
free, then the same remote request can be served in the data slot beginning at time k. 
Therefore, the data bus access delay of a segment can be zero. 

3 NOTATION 

M denotes the number of nodes in the network, N; denotes the ith node from the 
beginning of the data bus, and d;,; denotes the value of propagation delay between nodes 
N; and N; normalised so that one slot duration is taken as the time unit. It is assumed 
that 

d;,; d;,; E {0, 1, 2, ... } V i, j E {1, 2, ... , M}, 
d;,; 0 Vi= j, 

d;,k + dk,j = d;,;, i $ k $ j, 

d1,M = dM,l = d. 

Let Tn be the time at which the nth (n ~ 1) busy request slot is observed at node N1• 

Thus, 
T1 < T2 < T3 < .... 

The requests are labeled based on their arrival time at node N1• The local request 
that has set the REQ bit of the nth busy request slot arriving at N1 is denoted as 
REQ(n). Let rn denote the index of the node that queued a local segment corresponding 
to REQ(n), and SEG(n) denote that local segment. REQ(n) appears as a remote 
request at node Nm, 1 $ m < rn, and as SEG(n) at node Nr,.· REQ(m) is said to be 
a future request with respect to REQ(n) if and only if m > n, independent of the times 
at which these requests are queued in the local queues and of the times that they set the 
REQ bit of the request slots at the respective nodes. Every node except Nr,. observes 
either REQ(n) or SEG(n) and not both. The data bus access delay of SEG(n) refers 
to the data bus access delay of SEG(n) at node N.,.. 
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4 SOME PROPERTIES OF THE ACCESS PROTOCOL 

All remote requests have zero data bus access delay at node N1• 

Lemma 1 If the remote request corresponding to REQ(n), queued at node Nj is served 
at node N; (iS j) at timeT, then the remote request corresponding to REQ(n) will be 
served at node Ni by time T + d;,j. 

Proof: (By induction) 
Let Ri be the set of remote requests from downstream nodes served at N; till time T 
with the last one (corresponding to REQ(n)) served exactly at timeT. The time at 
which the last free data slot released by N; reaches Ni+t is T + ds,i+l· For each remote 
request, from the time instant it is queued at N;+t, at least one free data slot reaches 
N;+t by time T + ds,i+t· 

Any remote request m in Ri (1 S m S IR'/'1) gets queued at N; after getting queued 
at Ns+t· N; serves this remote request queued by releasing a free data slot. This free 
slot arrives at N;+1 after the corresponding remote request is queued at Ni+t· Also, this 
arrives at N;+t by timeT +ds,i+t· Therefore, each remote request min Ri (1 S m S IR'il) 
will be served at Ni+t by time T + d;,i+t· If j = i + 1, then this proves the lemma. 

Assume that the last remote request (corresponding to REQ( n)) served at N; by time 
Tis served at N~c (i < k < j) by timeT+ d;,Jc. Let R'k be the subset of R'/' consisting of 
remote requests served at N~c. The remote request corresponding to REQ(n) is the last 
remote request in the set R'k. Therefore, it follows that the last free data slot released 
by N~c for the set R'k is so released by time T + d;,Jc. This last free data slot arrives at 
Nk+t by timeT+ d;,k + dk,k+t = T + di,k+t· Therefore, for each remote request, from 
the time instant it is queued at Nk+t, at least one free data slot reaches Nk+t by time 
T+ d;,k+t· 

Any remote request min RJ: (1 S m S IRJ:i) gets queued at N~c after getting queued 
at Nk+t· Nk serves this remote request queued by releasing a free data slot. This 
free slot arrives at Nk+t after the corresponding remote request is queued at Nk+t· 
Also, this arrives at Nk+t by timeT+ di,k+t· Therefore, each remote request min RJ: 
(1 S m S IRJ:i) will be served at Nk+t by timeT+ di.k+l· If j = k + 1, then this proves 
the lemma. 

0 

Theorem 1 The maximum value of the data bus access delay experienced by SEG(n) 
at node Nrn is 2dt,rn· 

Proof: 
Node N1 observes the remote request corresponding to REQ(n) at time Tn and it serves 
that request with zero delay. By Lemma 1, the remote request corresponding to REQ(n) 
will be served at node Nrn by time Tn + dt,rn· SEG(n) is queued in the combined queue 
at node Nrn at time Tn - d1,rn· Therefore, the maximum value of the data bus access 
delay for SEG(n) is 2dt,rn· 

0 
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Table 1 Average data bus access delay performance of the modified distributed queueing 
protocol as a function of the propagation delay between adjacent nodes 

Prop. Nodes 
delay 1 2 3 4 5 6 7 8 9 

1 0.00 1.14 2.18 3.11 3.98 4.85 5.73 6.65 7.61 
2 0.00 1.77 3.03 4.13 5.16 6.26 7.44 8.73 10.20 
3 0.00 2.16 3.50 4.64 5.79 7.04 8.44 10.00 11.60 
4 0.00 2.41 3.83 5.04 6.26 7.59 9.01 10.74 12.96 
5 0.00 2.61 4.08 5.36 6.61 8.02 9.58 11.56 13.81 
6 0.00 2.78 4.28 5.63 6.96 8.42 9.99 11.94 14.55 
7 0.00 2.91 4.45 5.84 7.20 8.75 10.32 12.38 15.08 
8 0.00 3.04 4.63 6.01 7.43 8.96 10.56 12.87 15.81 
9 0.00 3.19 4.79 6.14 7.60 9.14 10.90 13.13 16.06 
10 0.00 3.27 4.88 6.26 7.79 9.33 11.14 13.54 16.89 

Corollary 1 The maximum value of the combined queue length at node N; is 2dl,i + 1. 

Proof: 
The arrival rate to the combined queue is at most one remote request per request bus 
slot. By Theorem 1, the waiting time (including the transmission time on the data bus) 
of a remote request in that queue is upper bounded by 2dl,i + 1. Therefore, it follows 
that the maximum value of the combined queue length at node N; is 2dl,i + 1. 

0 

The upper bound on the data bus access delay decreases in the upstream direction. 
In a small network the data bus access delay of a segment is zero. The properties of the 
modified MAC protocol discussed so far do not depend on the offered traffic. However, 
the distribution of the data bus access delay depends on the offered traffic. To find the 
expected data bus access delay of a packet for Poisson offered traffic, simulations are 
carried out. These results are shown in Table 1 for different values of the propagation 
delay between adjacent nodes. A 10 node network is considered and the propagation 
delay between adjacent nodes is assumed to be equal. The total offered load is 0.9 
packets/slot and the individual packet arrival rates to the nodes are AI = 0.18, A2 = 0.16, 
A3 = 0.14, A4 = 0.12, As = 0.10, A5 = 0.08, A7 = 0.06, As = 0.04, and A9 = 0.02. 
Simulation results show that the average data bus access delay can be much less than 
the upper bound even for high bus utilisation. 

In a small network, the protocol results in a priority system where the most down
stream node has the highest priority. The data bus access delay of a segment becomes 
zero and hence the access delay is equal to the request bus access delay. 

5 THROUGHPUT PERFORMANCE 

Assume that the capacity of the bus is equal to 1. When the offered load for a bus 
at all nodes together is less than the capacity of the bus, i.e., ~~11 A; $ 1, the long 
term throughput of node N; is equal to its offered load A;. But, when the offered load 
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exceeds the capacity of the bus, i.e., ~~11 Ai > 1, the long term throughput of a node 
can be different from its offered load, depending on its position. The throughputs of 
nodes Ni, Ni+l• ... , NM-1 are equal to their offered loads where i = minj satisfying 
~~·/ Ak $ 1, and the throughputs of other nodes are less than their offered loads. 
However, this throughput unfairness does not depend on the time at which the nodes 
become active as in the case of the distributed queueing protocol. Therefore, under such 
overload conditions, the protocol has to be suitably modified to remove the throughput 
unfairness. 

In a small network, the distributed queueing protocol performs as a perfect scheduler 
and results in throughput fairness under heavy load (Zukerman, 1989). Throughput 
unfairness of the distributed queueing protocol under heavy load in a large network has 
been studied in the literature (Hahne, 1992). A scheme called Bandwidth Balancing is 
used along with the MAC protocol to overcome the throughput unfairness that can occur 
in large DQDB networks (Hahne, 1992). This scheme achieves throughput fairness by 
wasting a small amount of bus bandwidth. Throughput fairness can be achieved with 
the modified distributed queueing protocol too by applying a rate control similar to 
Bandwidth Balancing as described below. 

Assume that all nodes that access the data bus have sufficient traffic to warrant rate 
control. Under rate control, each node uses only a fraction a of the spare capacity left 
over by the remaining nodes. Let 'Yi be the carried throughput of node Ni after applying 
the rate control. Then, 

subject to the constraint 
._..M-1 1 
l..lj=l 'Yj < ' 

The unique solution to the set of Equations 1 and satisfying the constraint is 

'Y1 = 'Y2 = ... = 'YM-1 = 1 + (M- 2)a. 

(1) 

The rate ~};;;h; of arrival of busy data slots at node Ni is the fraction ofthe capacity used 
by the nodes upstream to node Ni. Since every node transmits one request corresponding 
to every packet to be transmitted, the rate ~~i~1 'Y; of arrival at node Ni of request slots 
with REQ bit set to 1 is the fraction of the capacity used by the nodes downstream to 
node Ni. Hence, node Ni can control its carried throughput to 

'Yi = a[1 - ~;;en;]. 

Thus, under heavy load, the carried throughputs of all nodes are equal and are indepen
dent of the times at which they become active and of the positions of the nodes. The 
convergence properties of the the rate control depend on the value of a. 

To implement this rate control for the modified MAC protocol, each node Ni needs a 
counter. At the beginning of a slot, the counter is incremented by 1 when the node finds 
either a data slot with BUSY bit set to 1 or a request slot with REQ bit set to 1, and 
by 2 when the node finds both a data slot with BUSY bit set to 1 and a request slot 
with REQ bit set to 1. At the end of a slot, the counter is decremented by one provided 
that the counter value is not zero. Thus, the rate at which the counter is incremented 
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is 'Ejt.i'Yj and the rate at which it is decremented is 1. Therefore, the fraction of slots 
during which the value of the counter is zero is 1- E#i'Yj· If the counter value is zero 
immediately after the beginning of a slot, then if the local queue of the node is not empty, 
then the node transmits a request with probability a. Thus, the fraction of slots during 
which the node transmits requests is a[1 - E#i'Yil· 

Queueing of remote requests, local segments, and operation of combined queue are 
as described earlier. Under rate control, all properties of the modified DQDB protocol 
described in Section 4 hold good. Thus, with rate control, the modified MAC protocol 
results in throughput fairness at heavy load with bounded access delay for the data bus. 
This kind of bounded delay along with throughput fairness is important in networks 
that have to support a wide variety of traffic with different performance requirements. 
For example, an interactive application generates short messages with stringent delay 
requirements, while a file transfer application generates long messages for which the 
carried throughput is more important than the delay. 

6 REQUEST BUS ACCESS ANALYSIS 

The behaviour of the local queue at a node depends largely on the nature of the traffic 
offered to the node. The performance of the local queue is discussed in this section 
assuming that the segment arrival process to node N; (1 ~ i ~ M - 1) for the data 
bus is Poisson with arrival rate>.; segments/slot, independent of the arrival processes to 
the other nodes. It is assumed that E~11 >.; < 1. All segments are of equal length and 
each segment requires a transmission time of one slot duration. Since a node has priority 
over its upstream nodes in accessing the request bus, the request bus access mechanism 
can be modelled as a single server slotted priority queueing system with M - 1 priority 
classes. 

Since the arrival processes are Poisson and the service time of each request is de
terministic (equal to unity), the request bus access mechanism is modelled as a slotted 
M/D/1 non-preemptive priority queueing system with M -1 priority classes. Requests 
from node i ( 1 ~ i ~ M -1) belong to class M- i and class i requests have priority over 
class i + 1 requests. The superposition of a number of independent Poisson processes is 
a Poisson process with rate equal to the sum of rates of the individual processes. 

A slotted M / D /1 non-preemptive priority queue with two classes of customers is 
analysed in Section 6.1, and the results are used in Section 6.2 to understand the per
formance oflocal queues. 

6.1 Slotted M/D/1 Non-preemptive Priority Queue 
Consider a slotted M / D /1 non-preemptive priority queue with two classes of arrivals. 
The arrival processes are Poisson with rates >.1 and >.2 customers per slot respectively. 
Assume that >.1 + >.2 < 1. Customers of each class require a service time of one slot dura
tion, and service begins only at slot boundaries. Class 1 customers have non-preemptive 
priority over class 2 customers. Let E[W;] be the average queueing delay of a class i cus
tomer and E[Q;] be the average number of class i customers in the queue (this does not 
include the customer in service). The slotted M / D /1 queue is a queue with vacations, 
where each vacation period is equal to one slot duration. 
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When there is only one class of customers, the average queueing delay of a customer 
in an M/G/1 queue with vacations is (Bertsekas, 1992) (p. 192) 

R' 
E[W] = 1 _p 

where R' is the mean residual time for completion of service or vacation in progress when 
a customer arrives, and p is the utilisation. 

Therefore, in the slotted M f D /1 priority queue, R' = 1/2 and hence the average 
values of the queueing delay of a class 1 customer and the number of class 1 customers 
in the queue are 

1 
E[Wt] = 2(1- At) and 

The queueing delay experienced by a customer of class 2 has the following three compo
nents: 

(i) The residual time for completion of service or vacation in progress when the customer 
arrives. 

(ii) Delay due to the customers of its own priority and above that arrived earlier. 

(iii) Delay due to the arrivals of higher priority that arrive while the class 2 customer is 
waiting. 

Thus, 
E[W2] = R' + E[Qt] + E[Q2] + E[W2]At. 

From Little's law, E[Qi] = AiE[W,]. Therefore, 

and 

The z-transform of the number of class 1 customers in the system is (Mukherji, 1986) 

z-1 
Gt(z) = (1- At)[ >. ( t) ]. ze- 1 z- - 1 

From the superposition property of Poisson processes, the average queueing delay of 
any customer in the queue is given by E[Wt] with At replaced by At + A2. Again, the 
z-transform of the total number of customers in the system is given by Gt (z) with At 
replaced by At+ A2. 

6.1.1 Inter-Departure Time Distribution for Class 1 Customers 

Let Dt be the random variable denoting the inter-departure time in slots of class 1 
customers. Let rt be the probability that a customer of class 1 entering for service leaves 
behind at least one class 1 customer in the queue. Then, 

Prob{Dt = 1} = rt + (1- rt)(1- e->., ), 

and ford~ 2, 
Prob{Dt = d} = (1- rt)(1- e->.1 )e-(d-t)>.1 • 
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In steady state E[D1] = 1/>..1. From this, the value of r1 is obtained as 

>.1 - (1 - e->.1) 
r - ---=-----:-''------.-----'-

and hence 

Prob{D1 = 1} 

and ford;::: 2, 

Prob{D1 = d} 

1 - >.1e->-1 

>.1 - (1 - >..1)(1- e->-1) 
)..1 
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The distribution of the inter-departure time between any two consecutive departures 
has the same distribution as D1 with )..1 replaced by >.1 + >.2. 

6.1.2 Distribution of Server Idle Period With Respect to Class 1 Cus
tomers 

Let /1 be the random variable denoting the length of this idle period in slots. For i;::: 1, 

Prob{h = i} = Prob{D1 = i + 1/ D1 ;::: 2} 
Prob{D1 = i + 1} 

= 
Prob{D1;::: 2} 

= (1 _ e->.1 )e-(i-1)>.1. 

Therefore, h is geometrically distributed with mean 1/(1 - e->-1) and variance 1/(1 -
e->.1 )2. The distribution of server idle period irrespective of customer class is the same 
as that of /1 with >.1 replaced by >.1 + Az. 

6.1.3 Distribution of Server Busy Period With Respect to Class 1 
Customers 

Let B1 be the random variable denoting the length of this busy period in slots. Let T1 
be the time elapsed between two successive slots in which the server does not serve any 
class 1 customer. Then, 

Prob{T1 = 1} = e->-1, 

and for u;::: 2, 

Prob{T1 = u} = Prob{ u- 1 class 1 arrivals in u - 1 consecutive 

slots with at least i arrivals in the 

first i slots together Vi, 1 :5 i :5 u- 1, 

and no class 1 arrivals in the uth slot} 

= P()..lo u- 1)e->.1 

where P(>.l> u-1) is the probability of u-1 Poisson arrivals of rate )..1 in u-1 consecutive 
slots with at least i arrivals in the first i slots together Vi E {1, 2, ... , u- 1}. Thus, for 
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b ~ 1, 
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Prob{BI = b} = Prob{TI = b + 1/TI ~ 2} 
Prob{TI = b + 1} 

Prob{TI ~ 2} = 

= 
P(>.I.b) 

1 
C(N) = E{(a.1 ,a.2 , ... ,a.N): i~E~= 1 a.k~N. i=I,2, ... ,N} ai! az! ... aN!· 

Further, C(N) can be obtained from the recursion 

I 1 N'-I ( -j)N'-iC(j) 
C(N) = N'! - [Ei=I (N'- j)! ], N'>2 - ' 

with C(1) = 1. 

Proof: 

(2) 

Let Ak be the random variable that denotes the number of Poisson arrivals in the interval 
(k-1,k]. LetS={(ai,az, ... ,aN): i::;Ei=Iak::;N, i=1,2, ... ,N}. 

P(>.,N) = Prob{i::;E~=IAk::;N, i=1,2, ... ,N} 

= ~{(a1 ,a2 '" .. ,aN)es}Prob{At = a1,A2 = a2, ... ,AN =aN} 

= E{(a.1 ,a.2 , ••• ,a.N)ES}Prob{AI = ai}Prob{Az = az} ... Prob{AN =aN} 
e->. ;..a.1 e->. >. a.z e->. >. "N 

= ~{(a1,a2, ... ,aN)ES}--,---,- • • • --,-
ai• az. aN. 

e-N>.;..NE 1 = {(a.1 ,a.z, ... ,a.N)ES} ai! az! ... aN! 

From Equation 2, 

Hence, 

E'f:j=IP(>.,N) 

i.e., >.e->.C(1) + >. 2e-2>.C(2) + ... 
= e>. -1, 

).. )..2 )..3 

= if + 2! + 3T + .... 

Equating the coefficient of ;..N' on both sides, 

C(N') 

C(1) 

1 N'-I ( -j)N'-iC(j) 
N'! - [Ei=I (N'- j)! ], 

= 1. 

0 

The distribution of server busy period irrespective of customer class is the same as that 
of BI with AI replaced by AI + Az. 

Since E(II] = 1/(1- e->.1 ) and E[BI]/ E[II] = >.I/(1- >.I), E[BI] = >.I/(1- >.I)(1-
->.1) e . 
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6.2 Request Bus Access 

Requests from node i ( 1 $ i $ M - 1) belong to class M - i and class i requests have 
priority over class i + 1 requests. Let E[W;] be the average request bus access delay of 
a request from node i and E[Q;] be the average number of requests in the local queue 
of node i (this does not include the request in service). The request bus access delay is 
measured in units of slots. 

Since the superposition of a number of independent Poisson processes is a Poisson 
process with rate equal to the sum of rates of the individual processes, the effect of the 
requests from the downstream nodes on the requests from node i is that of a single class 
of Poisson arrivals with arrival rate Ef!;;~1 Aj and with higher priority. 

6.2.1 Request Bus Access Delay 

From the analysis of a slotted M/D/1 non-preemptive priority queue (Section 6.1), the 
average values of the queueing delay of a request from node N; and of the number of 
requests in the queue at node N; are 

1 ~ 
E[W;] = M-1 M-1 and E[Q;] = M-1 M-1 ' 

2(1-Ej=i >.j)(1-Ei=i+l>.i) 2(1-Ej=i+l>.i)(1-Ej=i Aj) 

The average request bus access delay at a node is higher compared to that at any 
downstream node. In the example considered for Table 1, calculations show that though 
the data bus access delay decreases in the upstream direction, it does not compensate for 
the increase in request bus access delay. The z-transform of the total number of requests 
in the local queues of nodes N;, N;+l, ... , NM-1 together is 

M-1 Z -1 
G;(z) = (1- Ei=i Aj)[ M-1 ( ) ]. 

ze-Ei=• >.i z-1 - 1 

6.2.2 Inter-departure Time Distribution of Requests 

Let D;+l be the random variable denoting the inter-departure time of requests from nodes 
N;+l, ... , NM- 1 seen by N;. Then, from the analysis ofa slotted M/ D/1 non-preemptive 
priority queue (Section 6.1), 

Prob{D;+l = 1} 

and ford~ 2, 

Prob{Di+1 = d} 

= 
)., - (1- >..)(1- e->.) 

)., 

6.2.3 Distribution of Idle Period on the Request Bus 

Let I;+l be the random variable denoting the period during which N; does not find 
requests from nodes downstream of it. For a~ 1, 

Prob{I;+l = a} = Prob{D;+l =a+ 1/ Di+1 ~ 2} 
Prob{D;+l =a+ 1} 

= 
Prob{D;+l ~ 2} 

(1- e->.)e-(a.-1)>. 
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where>.= E~i~1 Aj. I;+1 is geometrically distributed with mean 1/(1-e->.) and variance 
1/(1 - e->. )2• 

6.2.4 Distribution of Busy Period on the Request Bus 

Let B;+l be the random variable denoting the length of the period in which N; finds 
requests from nodes downstream of it. From the analysis of a slotted M / D /1 non
preemptive priority queue (Section 2.6.1.3), forb 2:: 1, 

P(>., b) 
Prob{B;+l = b} = -,-

e" - 1 

where >. = E~-;~1 Aj, and P(>., b) can be obtained using Lemma 2. 
Since E[IH1) = 1/(1 - e->.) and E[Bi+1)/ E[I;+I] = >./(1 - >.), E[B;+I] = >./(1 -

>.)(1- e->. ). 

7 CONCLUSION 

A modified distributed queueing MAC protocol is studied in this paper. The access delay 
of a packet at a node consists of two components (i) request bus access delay and (ii) 
data bus access delay. An upper bound on the data bus access delay is obtained that 
is independent of the offered traffic. The data bus access delay bound decreases in the 
upstream direction. Simulations show that the average data bus access delay can be much 
less than the upper bound even for high bus utilisation. At heavy load, by applying a rate 
control similar to the DQDB bandwidth balancing mechanism, it is possible to achieve 
equal throughputs with bounded data bus access delay. This is useful when the network 
has to support different traffic with guaranteed delay and throughput requirements. For 
Poisson offered traffic, an analytical expression is obtained for the expected request bus 
access delay, the value of which increases in the upstream direction. 
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