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Performance Analysis and Design of CQBT 
Algorithm for a Ring Network with Spatial Reuse 

Izhak Rubin, Fellow, IEEE, and Ho-Ting Wu, Member, IEEE 

Abstract- A full-duplex ring network combined with desti- 
nation removal can achieve a network throughput level much 
higher than the channel’s data rate. However, such a network ex- 
hibits fairness problems, particularly under asymmetric-loading 
conditions. In this paper, we propose and study a local reg- 
ulation protocol, the check-quota-before-transmission (CQBT) 
algorithm, to effectively reduce the unfairness features associated 
with such a network. Under this algorithm, each heavily loaded 
node monitors its local traffic conditions to determine the access 
opportunities provided to its downstream neighboring nodes. 
A procedure to determine the value of regulation parameters 
associated with such an algorithm is also presented. Illustrative 
performance examples are shown to demonstrate the effectiveness 
of this algorithm. In addition, through the use of analytical 
approximations, we present a discrete time vector Markov chain 
model to analyze the queueing behavior of such a full-duplex 
slotted ring. The analytical performance results are shown to be 
close to those obtained by simulations. 

I. INTRODUCTION 

VER the past few years, ring networks with spatial reuse 0 have been attracting wide attention [1]-[4]. Spatial reuse 
allows multiple stations to initiate transmissions across the 
ring at the same time. As a result, concurrent transmissions 
over distinct segments of the ring can take place, leading to 
higher network throughput levels. A spatial reuse mechanism 
can be readily implemented by a ring network employing a 
destination removal technique. Consider a full-duplex ring 
network which employs a spatial reuse mechanism. Such 
a network operation can be governed by an access-control 
scheme based upon a slotted ring network structure [2]-[4] or 
upon a buffer-insertion ring architecture [l]. Under a uniform 
destination address distribution pattern, and using a shortest 
path routing algorithm (utilizing both rings, so that the ring 
with the shortest path to the destination is used), the dual- 
ring architecture using such a spatial-reuse mechanism can 
provide a high network throughput level, approaching the ideal 
limit of an average channel capacity utilization of 400% of 
that attained by a single ring. However, spatial reuse access 
mechanisms can lead to fairness problems in distributing 
the ring’s bandwidth among distinct nodes. A heavy traffic 
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Fig. 1.  The problem of spatial reuse: unfairness. 

node can continuously hog the transmission channel for an 
excessively long time, preventing its downstream neighboring 
nodes from accessing the ring. “Unfairness,” as it relates to 
access abilities of distinct nodes, thus occurs. For example, in 
Fig. 1, if nodes 2 and 9 keep transmitting messages to nodes 10 
and 12, respectively, node 11 needs to wait a long time before 
it has an opportunity to transmit its messages. Hence, in order 
to effectively operate a ring network which uses a destination 
removal technique, a fairness control scheme is required. 

Some networks, such as Orwell [3], ATMR [4], and MetaR- 
ing [ 11, which employ destination removal techniques, have 
implemented cycle-based global control schemes to ensure 
a measure of access fairness among all nodes connected to 
the ring network. Under these schemes, events are defined 
to identify start and termination times of a regulation cycle, 
identified here as a “faimess cycle.” Each node is allowed to 
transmit no more than a prescribed quota of messages, within 
each fairness cycle. Such cyclic fairness regulation mecha- 
nisms may induce delay-throughput performance degradations. 
For example, a cycle restart time period, whose duration 
is dependent upon the ring’s propagation delay, is required 
to provide for the detection and dissemination of the event 
representing the start time of a new faimess cycle. During 
this period, no new transmissions are initiated, leading to 
throughput degradations. The extent of such a throughput 
reduction increases as the transmission rate across the ring’s 
channel is increased. Therefore, in order to maintain high 
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network throughput, the mean cycle duration must be selected 
to be sufficiently long so that the effects of the re-start period 
are reduced. Each node would then be allowed to transmit 
a large quota of messages within each single fairness cycle. 
This, in turn, results in a network which acts slowly to resolve 
local congestion problems, and leads to an increase in message 
wait-times within a cycle. 

In this paper, we propose a distributed local access regula- 
tion algorithm, the check-quota-before-transmission (CQBT) 
[7],  to resolve the above-mentioned drawback associated with 
global fairness schemes. Under this algorithm, each node 
checks the destination address of every passing packet to keep 
an on-going (current) record as to how long its immediate 
downstream node has not been able to access the channel. 
Using this information, each node regulates its own access 
into the network. if necessary, the node will release empty 
slots providing for access into the ring for its congested 
downstream neighbor. A procedure to determine the value 
of regulation parameters associated with such an algorithm 
is also presented. it is noted that the CQBT scheme can 
be applied to a network configuration under the asymmetric 
loading condition and the nonuniform destination distribution. 
The implementation of this algorithm is straightforward and 
it does not lead to increases in the packet’s overhead. Note 
that the CQBT control algorithm considered in this paper is 
a “local” fairness regulation method, which acts dynamically 
and promptly to resolve congestion problems occurred locally 
on the ring. As a result, the bandwidth inefficiency induced by 
a global cycle-based scheme is avoided. In turn, to provide a 
global fair distribution of guaranteed bandwidth among all of 
the network nodes, its implementation could be coupled with a 
proper global fairness scheme such as the FECCA algorithm 
P I .  

The p,-persistent regulation algorithm [8] has been proposed 
for bus networks (without spatial reuse) to improve fairness 
in distributing bandwidth among distinct nodes. Under such a 
scheme, a node with a queued packet flips a coin to decide 
when to let an incoming empty slot pass unoccupied. On the 
other hand, a regulation mechanism based upon a deterministic 
counting scheme (compared to the random coin tossing method 
used in the p,-Persistent algorithm) can be configured as 
follows. A node leaves an incoming empty slot idle after it 
has persisted in transmitting its packets into every incoming 
empty slot for some predefined number of consecutive packets. 
Such an algorithm is denoted here as persistence with break 
(PWB) scheme. Under these two schemes as is the case for 
the CQBT algorithm, nodes are prevented from acting in a 
“greedy” fashion, when they try to capture incoming empty 
slots. Occasionally, a node is required to release empty slots 
to provide access opportunities for its downstream neighbors. 
The difference is that under these two other schemes, a node 
bases its slot release decisions only upon its own current status. 
In Section 111, we compare performance results induced by 
these three schemes, and demonstrate the CQBT scheme to 
exhibit superior performance. 

In this paper, we also present a mathematical model for 
performance analysis of a slotted ring network with spatial 
reuse mechanism. Our analysis involves an approximation 

technique which leads to a three-dimensional (3-D) discrete 
time Markov chain (DTMC) model at each node. We use 
an iterative process to analyze the queueing behavior of such 
a network, under asymmetric-loading conditions and uniform 
destination distributions. The analytic results are shown to be 
close to those obtained by simulations. It is noted that this 
analytical method can be applied to a network architecture 
when the CQBT algorithm is employed as well as when no 
fairness regulation control scheme is applied. Our method thus 
provides an effective analytical procedure for the performance 
evaluation of a slotted ring network with spatial reuse subject 
to asymmetric-loading conditions, 

This paper is organized as follows. In Section 11, we de- 
scribe the CQBT algorithm in detail, and provide a procedure 
to determine the value of the regulation parameters associated 
with this algorithm. In Section 111, examples are presented 
to demonstrate the performance effectiveness of this regula- 
tion method. in Section IV, we present the system queueing 
model and describe the iterative method used to carry out 
its performance analysis. We also compare analytical results 
with simulation results. Finally, conclusions are drawn in 
Section V. 

11. IMPLEMENTATION OF THE CQBT ALGORITHM 

A. Description of the CQBT Algorithm 

For the rest of this paper, we consider a CQBT algorithm 
to be applied to a full-duplex slotted ring. This algorithm can 
also be applied to other network topologies and architectures 
when destination removal is used, such as a buffer-insertion 
ring network [I]. In a full-duplex ring network, two counter 
rotating ring systems are employed, Each node is actively 
inserted (through its ring interface units) into both rings. A 
node selects one of the unidirectional rings for the transmission 
of a packet, in accordance with a routing table (e.g., using 
a shortest distance routing algorithm). The communication 
channel of each ring is partitioned into equal length slots, 
which circulate around the ring. The length of a packet is 
equal to a single slot payload duration. Each slot has a header 
indicating whether the slot is busy or idle. The slot is delayed 
at each ring interface unit (RIU) for sufficient time to allow the 
unit to establish the destination address of its payload, and thus 
decide whether it needs to remove the slot’s packet from the 
ring. Under a destination removal policy, each node removes 
a packet (carried within a busy slot) which is destined to itself, 
and subsequently identifies this slot as an empty slot. Without 
the use of a fairness control scheme, a node which has packets 
to transmit just waits for an available slot, marks it as busy 
and then fills the slot with its packet. Such an available slot 
may be derived from an incoming empty slot or a busy slot 
which has this node as its destination. 

The CQBT algorithm is operated as follows: Each node 
is allocated a quota limit, set equal to q, which is negoti- 
ated at operation initiation time. it can also be dynamicallj 
determined. By reading the destination address embeddec 
in the addressing field of each payload carried by passing 
slots, each node keeps updating the downstream nodal stat( 
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q: quota limit 

Set C = O  S e t C = C + l  

Do nothing 

1 .Transmit this packet 

2. Set C=O 

Do nothing 

Transmit this packet 

Fig. 2. CQBT algorithm. 

variable representing the most recent number of contiguous 
busy slots that its immediate downstream node will detect. 
This state variable is denoted as C. For each node, when this 
variable reaches a state under which C 2 q, the node acts 
to provide an access chance for its downstream neighbor. For 
this purpose, on the first subsequent occasion upon which this 
node detects an available slot, it lets this slot pass unoccupied 
to its downstream node. Following this slot releasing action, 
this node resets its state variable C to zero, and continues in 
updating its value. The detailed algorithm is depicted in Fig. 2. 
Through the use of this CQBT algorithm, every upstream 
node is responsible for regulating the access of its immediate 
downstream node. Through the proper selection of q, it is 
also able to affect the access of other downstream nodes, as 
noted later. By properly selecting the quota limits, we can 
regulate the extent to which nodes capture the ring’s bandwidth 
and thus control the occurrences of access unfairness patterns. 
Furthermore, from an implementation point of view, the only 
additional requirement for the operation of this algorithm at 
each node is a counter which keeps records of C, and a 
decision module which determines whether to let available 

slots pass to downstream neighboring nodes. There is no 
increase in the overhead of the slot. This algorithm is simple, 
economical and efficient. In the following, we describe how 
to select the q parameters. 

B. A Procedure for Selecting the q Parameters 
In this section we consider the CQBT algorithm tQ be 

applied to a fixed networking configuration. A few nodes are 
heavily loaded. These nodes are connected to stations such as 
host computers, file servers, data base and imaging servers. 
The remaining nodes are lightly loaded, being connected to 
terminals which generate lower traffic loads. Without a proper 
fairness (or flow regulation) algorithm, messages generated by 
those nodes which are situated as the downstream neighbors 
of heavily loaded nodes can experience excessively long time 
delays. To overcome this situation, we assume that each node 
determines and requests a target delay window, R, so that it 
is able to transmit at least one packet during each R slots. 
In the following, we provide a procedure for selecting the q 
parameter for a node to satisfy the delay window requests 
from its downstream neighbors. 
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We consider a ring network consisting of N network nodes. 
The destination addresses of packets are deduced from the 
prescribed system's traffic matrix over a range for which the 
maximal travel distance is equal to half of the ring's length. 
To illustrate the procedure for selecting the q parameter, we 
take node k as an example. We assume that P(') is the 
probability that an outgoing slot from node k (i.e., the slot 
in the output link of node k )  is empty. For simplicity, we 
denote its downstream neighbors (counting from its immediate 
downstream neighbor) as nodes k + 1, k + 2, . . . , k + 2. 
Furthermore, the following parameters are assumed. 
T ( ~ + ~ )  A downstream node k+n requests a delay window of 

so that it can receive at least one incoming 
empty slot during each period of R('++") slots. Set 
T ( ~ + ~ )  = &, so that the probability that an 
incoming slot at node k + n is empty should be no 
less than T('+%). 

The probability that a packet carried by a full slot 
in the output link of node i reaches its destination 
before (or at) node j .  
The probability that a packet originated at a node i 
reaches its destination before (or at) node j .  

1)  The Calculation of P(k):  To accommodate the request 

N 

fi,J 

dt, j  

issued by node k + 1, P ( k )  must satisfy 

P@) + f k , k + l ( I  - P( ) > - p + l )  

that is 

and set 

= [A] 
where [.] is the largest integer number less than or equal to the 
real number inside the brackets. Then the desired q parameter 
of node k for CQBT algorithm is thus computed. 

2) The Feasible Region: We now consider the feasible re- 
gion of { d k ) ,  k = 1, . + . , N }  for the above-mentioned pro- 
cedure, under the assumption that each node (say node k )  
requests bandwidth no less than its packet arrival rate (denoted 
as A ( k )  [packetdper slot]). That is, d k )  2 A ( k )  for each node 
k .  Assume the access regulation algorithm to yield available 
slots to node k at an offered rate r ik ) .  Given a loading pattern 
{A(')}, a requested rate configuration {d')} is said to be 
feasible if rLk) 2 dk) ,  each k .  We define Piu;! = P (a slot 
received by node k is busy). Then, it is noted (considering the 
nodal process to be a GUG/l queueing system, with service 
rate equal to 1 - Pfl"li and requested arrival rate d k ) )  that a 
necessary condition for feasibility at node k is given by the 
requirement 

It is noted that f k , k + l ( l  - P('))  is the joint probability that Pi$ + dk)  < 1. (2) 
a slot in the output link of the node k is full and the packet 
carried by this full slot has node k + l  as its destination address. 

incoming slot at node k + 1 is empty. 

A sufficient condition for feasibility at node k follows by 
considering the worse case scenario, under which the node Therefore, '(') + f k , k + l ( '  - p ( k ) )  is the probability that an gives up an idle slot every q ( k )  slots, leading to the relationship 

( 3 )  

It is noted that the probability is computed as the 
corresponding long-time average flow across the incoming link 
into node k ,  which is directly deduced from the prescribed 

1 
Pflfi + T( lC)  < 1 - ~ 

To satisfy the request from node-k + 2, E'(') must satisfy 
1 + 

P ( k )  - T ( k + l ) ( l  - d k + l , k + 2 )  f f k , k + z ( l  - P ( k ) )  2 r(k+2)  

that is 

( T ( k + 2 )  - f k , k + 2 )  + T ( k + l ) ( l  - dk+l,lc+2) d"fF("'2) 
. system's traffic matrix. P(k)  2 - 

1 - f k , k + 2  

We note the following: 1) P ( k )  - dktl)(l - d k + l , k + 2 )  is 
the fraction of slots issued out of node k as empty which 
are received empty at node k + 2, provided that node k + 1 
transmits packets according to its requested bandwidth dk+'), 
2) f k , k + 2 ( 1  - P ( k ) )  is the joint probability that a slot in the 
output link of node k is full and the packet carried by this full 
slot has node k + 1 or node k + 2 as its destination address. 
Therefore, P(') - dk+l)(l - d t + l , k + 2 )  + f k , k + 2 ( 1 -  P('))  is 
the probability that an incoming slot at node k + 2 is empty. 

Similarly, to satisfy the request from node k + n ( 3  I n I 
+), P(') must satisfy 

p ( k )  - T ( k + l ) ( l  - dk+l ,k+n)  - . . . - ++n-C 

x (1 - d k + n - l , k + n )  + f k , k + n  (1 - P @ ) )  2 7 " ( k + n )  

III. NUMERICAL RESULTS 
In this section, we present illustrative simulation results to 

demonstrate the effectiveness of the CQBT algorithm. For 
the underlying full-duplex slotted ring system, we assume 
a shortest routing algorithm such that the maximal travel 
distance for each packet is equal to half of the ring's length. 
Since the queueing behavior exhibited by each ring component 
(each covering flows in a single direction) is statistically 
identical, we only analyze a single unidirectional ring. Node 
( k )  is assumed to be the upstream node of node ( k  + 1). The 
ring network is assumed to connect 48 nodes, and there are 
24 slots rotating across the ring. For each simulation case, 
the simulation time is set to be 800000 slots. In general, we 
observe small 95% confidence intervals for all of our examined 
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test cases. Since the figures are already very busy, for each 
simulation case, only the node which introduces the worst 
confidence interval is indicated. 

To assess the effectiveness of the CQBT algorithm in 
regulating the access of packets offered by heavily loaded 
nodes, we consider networks driven by unbalanced loading 
conditions. That is, the packet arrival rates at different nodes 
can be different. Our studies indicate that the mere control 
of heavily loaded nodes is sufficient to yield a fair access 
scheme. Regulation of access traffic at lightly loaded nodes 
does not lead to noticeable delay improvements at other nodes, 
but may rather increase delays incurred at the regulated node. 
Therefore, in all of our performance cases, we do not regulate 
any access traffic at the lightly loaded nodes. 

A. Comparisons with Other Regulation Algorithms 

In Fig. 3, we consider a ring network configuration where 
node (24) is the only heavy traffic node with message ar- 
rivals in accordance with a Poisson process at a rate of 0.7 
[packets/slot]. It is also noted that node (24) is the only heavy 
sink in such a network. We assume that each of the upstream 
neighbors of node (24) [starting from node (1) and reaching 
to node (23)] is a lightly loaded node, and is loaded by a 
Poisson arrival message process at a rate of 0.04 [packets/slot]. 
Packets generated at each such upstream lightly loaded node 
are destined to node (24) with probability 0.5; with probability 
0.5, the destination addresses of these packets are uniformly 
distributed over a range spanning up to half of the ring’s 
length. The destination addresses of all packets generated by 
node (24) and its downstream neighbors [starting from node 
(25) and reaching to node (48)] follow a uniform distribution. 
Each of these downstream neighboring nodes of node (24) 
is lightly loaded by a Poisson arrival message process at a 
rate of 0.02 [packets/slot]. It is noted that packets which are 
generated at these downstream nodes and are destined to node 
(24) will use the other unidirectional ring as the transmission 
channel (since we assume a shortest routing algorithm). Hence, 
for the underlying unidirectional ring, the packet arrival rate 
at each of these downstream nodes is assumed to be smaller 
(compared to the packet generation rate of an upstream lightly 
loaded node) and a uniform destination address distribution of 
packets generated by these nodes is selected. 

We compare the delay performance incurred at each node 
under various regulation algorithms (presented in the follow- 
ing) as well as with that experienced in a system which 
employs no fairness algorithm. The algorithms considered are 
as follows. 

The PWB algorithm, with B = 19. 
A node lets an incoming empty slot pass unoccupied to 
its downstream node after it has persisted in transmit- 
ting its packets into every incoming empty slot for B 
consecutive packets. 
0.95 persistent algorithm [8]. 
A node with a queued ready packet persists in transmit- 
ting its packet in an incoming empty slot with probability 
0.95; thus, with probability 0.05, it lets an empty slot 
pass unoccupied into its downstream neighbor. 
CQBT with q = 19. 

A ring network with one heavy node, Node(24) with 0.7 packeVslot Poisson rate 
Fairness control employed only at Node(24), with Node(25) as immed. downstream node 

For each simu. case, only the node with worst case confi. inter. is indicated 
* - without faimess control; Node(25) has 95% Con. Int. = 0.56 slots 
+ - 0.95 persistent at Node(24). which has 95% Con. Int.= 1.96 slots 
x - PWB with B=19 at Node(24), which has 95% Con. Int.= 1.32 slots 

- CQBT with q=19 at Node(24), which has 95% Con. I n k  1.12 slots 
X 
+ 

25 I 

-I 10 

A *  

+ * * 
x+ 
** 

** $t* 
**.* I* ** 

*************ff* *****.********ff 
0 1  I I I I I 

0 10 20 30 40 50 
Node Position 

Each of Nodes 1-23 has 0.04 packethlot arrival; 50% data destined for Node(24) 
Each of Nodes 25-48 has 0.02 packet/slot arrival; Uniform destination distri. 

Fig. 3. 
slots: nonuniform desti. distri. 

Mean delay versus node position for a ring with 48 nodes and 24 

Observing the performance results exhibited in Fig. 3, we 
note that since node (25) is the immediate downstream neigh- 
bor of node (24), it experiences the longest packet delay 
among all light traffic nodes. The packet delay incurred at 
the downstream neighbors of node (24) decreases as the 
distance between the underlying downstream node and node 
(24) increases. When a regulation algorithm is employed at 
the heavily loaded node, i.e., node (24), the packet delays 
incurred at its downstream nodes are substantially decreased, 
while delay experienced by packets originated at node (24) 
is increased. Among those downstream nodes, the immediate 
downstram node, node (25), shows the most significant packet 
delay improvement. Comparing performance results induced 
by these three regulation algorithms, the CQBT algorithm is 
shown to most effectively reduce the packet delay at node 
(25), while at the same time introducing least increases in the 
packet delays incurred at node (24). 

To further compare performance results induced by these 
three algorithms, Fig. 4 exhibits the delay performance for the 
same network configuration under various regulation param- 
eter set-up levels. Since the heavily loaded node, node (24), 
and its immediate downstream neighbor, node (25), are most 
affected when a regulation algorithm is employed, we exhibit 
the mean delay incurred by packets originating at node (24) 
vs the mean delay performance of packets generated by node 
(25). These performance results show that, to reduce the packet 
delays incurred at node (25) to a prescribed level, the CQBT 
algorithm always yields lower mean packet delays incurred at 
node (24). 
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A ring network with one heavy node, Node(24) with 0.7 packetlslot Poisson rate 
Fairness control employed only at Node(24) with Node(25) as imme. downstream node 

A ring network with one heavy node, Node(24) with 0.7 packetklot arrival rate 
CQBT algorithm only employed at Node(24) with Node(25) as i n " .  downstream node 

+ - Ave on of node(24)= 5 0  W.C. 95% con. int. Node(24)=1.5, Node(25)=0.59 
x - Ave on of node(24)= 10; W.C. 95% con. int. Node(24)=1.2, Node(25)=0.56 
A - Poisson anival each node; W.C. 95% con.int. Node(24)=1.5. Node(25)=0.58 

+ - P-Pers. algo.; W.C. 95% con. int. Node(24)=2.0, Node(25)=0.56 

x - PWB algo.; W.C. 95% con.int. Node(24)=1.6, Node(25)=0.49 'h 
17S 1 % A -  CQBT algo.; W.C. 95% con.int. Node(24)=1.9, Node(25)=0.57 I 
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Each of Nodes 1-23 has 0.04 packet/slot arrival; 50% data destined for Node(24) 

Each of Nodes 25-48 has 0.02 packetlslot arrival; Uniform destination distri. 

Fig. 4. 
distri.; 48 nodes and 24 slots. 

Mean delay versus node(24) versus node(25); nonuniform desti. Fig. 5. 
distri.; 48 nodes and 24 slots; on-off sources. 

Mean delay versus node(24) versus node(25); nonuniform des& 

1) ON-OFF Arrival Process: In Fig. 5 ,  we consider the 
same network configuration as that in Fig. 4 except that here 
we assume an "ON-OFF" arrival process at each node with the 
same average packet arrival rate as that used to generate the 
results shown in Fig. 4. Only the CQBT algorithm is applied. 
The packet arrival process at each node alternates between ON 
and OFF states. The holding time in each state is geometrically 
distributed. While in the ON state, a single packet is generated 
per slot time. No packets are generated during the OFF state. 
Three different cases are compared: 1) the average duration of 
the ON state at node (24) is 50 slots; the duration of the ON 
state at each lightly loaded node is equal to one slot; 2) the 
average duration of the ON state at node (24) is ten slots; the 
duration of the ON state at each light loaded node is one slot; 
(3) Poisson arrival processes at each node. We exhibit in Fig. 5 
the mean delay performance of packets generated by node (24) 
versus that experienced by packets originating at node (25), 
under these three different arrival processes. We observe the 
best delay performance to be realized under Poisson loading 
streams, noting it to exhibit less burstiness. 

2) Uniform Destination Address Distribution: The perfor- 
mance results shown in Fig. 6 are for a network scenario 
similar to that used for Fig. 3. However, here we assume 
that the destination addresses of packets originating at any 
node follow a uniform distribution. Also, we set here the 
packet arrival rate at the only heavy traffic node, node (24), 
to be 0.7 [packets/slot]. The packet arrival rate at each lightly 
loaded node is 0.02 [packets/slot]. We again compare the delay 

performance induced by three regulation schemes (as used for 
Fig. 3 ) .  The performance results indicate that, under such a 
uniform destination distribution, the CQBT algorithm still 
most effectively reduce the packet delay at node (25), while at 
the same time introducing least increases in the packet delays 
incurred at node (24), as is in the case for Fig. 3. 

B. Effectiveness of the Procedure for Selecting q Parameters 
In the following, we assess the effectiveness of the pro- 

cedure described above for selecting the q parameters. We 
consider a network configuration with four fully loaded nodes. 
We examine the system's operation across a single unidirec- 
tional ring. Busy nodes (2), (12), and (22) are positioned closer 
to each other while busy node (36) is separated at a wider 
distance from them. Each of these fully loaded nodes requests 
a target delay window R = 5. Each of the remaining nodes 
is lightly loaded by a Poisson arrival process at a rate of 0.02 
[packets/slot]; each light node requests a target delay window 
R = 25. We assume that packets generated by each node are 
destined (uniformly distributed) to its downstream fully loaded 
neighbors with probability 0.5; with probability 0.5, these 
packets are destined (uniformly distributed) to its downstream 
lightly loaded nodes. For example, for node (lo), there are 
two fully loaded downstream neighbors [i.e., node (12) and 
node (22)] and 22 lightly loaded downstream neighbors. 
Thus, packets generated by node (10) are destined to each 
of these two fully loaded nodes with probability 0.25; with 
probability 0.0227 (= 0.5/22), packets originating at this node 
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Fig. 6 .  Mean delay versus node position for a ring with 48 nodes and 24 
slots: uniform dest. distri. 

are destined to each of its lightly loaded neighbors. We employ 
the CQBT algorithm at each fully loaded node. Through the 
use of the procedure for determining the q parameters, we 

respectively. 
In Fig. 7, we show for each node the probability that the 

interarrival time of “usable slots” exceeds the nodal requested 
delay window. A “usable slot” for a node is defined as an 
incoming empty slot which this node is allowed to capture 
for its packet transmission, excluding an incoming empty slot 
which this node has to pass unoccupied to its downstream 
neighbor (when the CQBT alogrithm is employed). When 
no faimess control is employed, a usable slot is identical 
to an incoming empty slot. Without any fairness control 
algorithm employed, there are 12 lightly loaded nodes for 
which this probability exceeds 0.15. Among them, we note 
node (13) [the immediate downstream neighbor of the heavily 
loaded node, node (12)] for which this probability is equal to 
0.43. Under the CQBT algorithm with the above-mentioned q 
parameters, this probability at each of the lightly loaded nodes 
is substantially reduced and is smaller than 0.05 at each light 
node. These performance results confirm the effectiveness of 
the q-selection algorithm. As for the heavily loaded nodes, 
employing the CQBT algorithm increases this probability at 
each of these nodes by less than 0.1. In Fig. 8, we show 
the delay performance at lightly loaded nodes for the same 
network configuration and for the same parameter set-up 
levels as those used in Fig. 7. Light nodes are shown to 

obtain q(2)  = 6, q(12)  = 6, q(22) = 4 and q(36) = 4, 
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experience noticeable packet delay reductions under the CQBT 
algorithm, especially for those nodes which are situated as 
the immediate downstream neighbors of heavily loaded nodes, 
such as node (3), node (13) and node (37). Fig. 9 exhibits the 
nodal throughput levels. Since each of the light nodes is able 
to transmit all of its packets, the throughput level achieved at 
each such node is equal to its average packet arrival rate of 
0.02 [packets/slots]. For the heavily loaded nodes, the use of 
the CQBT algorithm leads to a reduction in the achieved nodal 
throughput level at each such node by less than 0.15. 

Iv. QUEUEING MODELING A N D  PERFORMANCE ANALYSIS 
In this section, we present a queueing model for a ring 

network which employs the CQBT algorithm. In general, it is 
very difficult to carry out the exact performance analysis for 
such a network, especially under the asymmetric-loading con- 
ditions. We thus invoke an approximation technique (presented 
in the following section) which leads to a 3-D DTMC model at 
each node of a spatial-reuse ring under the asymmetric-loading 
conditions. The destination addresses of packets generated by 
each node follow a uniform distribution. This 3-D DTMC 
model is applied to a ring which connects an arbitrary number 
of network nodes. An arbitrary number of slots across the ring 
network can also be set. Furthermore, this analytical method 
can also be applied to the same network architecture when no 
fairness regulation control scheme is employed. 

In the following, we assume each pair of neighboring nodes 
to be at the same distance. Since both directions in the full- 
duplex ring show the same queueing behavior, we analyze a 
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single direction without loss of generality. We choose it so 
that data flows are in a direction expressed by the increasing 
order of nodes across the ring. That is, node k is assumed to 
be the upstream node of node k + 1. 

A. The System Model 

For any node in the system, say node k ,  we define time 
index yk )  as the specific time at which node IC detects the 
leading edge of the nth time slot, counting from the starting 
time of the operation of this system. In order to describe the 
queueing behavior of node k ,  we define the following variables 
and parameters: 

A random variable representing the number of 
packets that are generated in the time interval 
( n ( k )  - l , n ( k ) ]  and arrive at node k at time n ( k ) .  

We consider an independent arrival process so that 
{A?), n 2 0 }  are i.i.d. random variables. We set 

System size (number of packets queued) at time n&, 
at node IC (including any arrivals ALk)). 
Quota limit of node k used in the CQBT algorithm. 
Following the time at which node IC detects that 
node IC + 1 cannot access the channel for at least 
q ( k )  contiguous slots (i.e., node 5 + 1 has found 
at least q ( k )  contiguous busy slots), node k will let 
an available slot pass to node IC + 1 at the earliest 
feasible subsequent slot. 

$1 - - P(Aik)  = m),n 2 O,m 2 0. 
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CAk) A random variable of node k (computed by node 
k - l), computed as follows in terms of the number 
of contiguous busy slots that node k finds at time 

CAk' varies over the range extending from zero to 
q("'). We set CAk) = 0, if node IC finds an available 
slot at time ntk) If cAk' = i ,  (0 < i < q( ' - l ) ) ,  
node k has detected i consecutive busy slots since 
its most recently observed available slot. We set 
CAk) = q ( k - l ) ,  if node k has detected at least 
q('"-l) consecutive busy slots since its most recently 
observed available slot. 
Probability that the slot detected by node k at time 
n ( k )  has node k + 1 as its destination, given that this 
slot is detected by node IC to be busy. 

n&). 

( I C )  ( k )  
Pn,more = 1 - Pn,one 

An exact performance analysis of the whole ring network 
becomes mathematically intractable, due to the exponentially 
growing dimensionality of the state space as the number of 
nodes and slots increases. Therefore, in order to develop a 
computationally effective analysis method, we introduce the 
following approximations. We simplify the statistical char- 
acterization of the state process by representing the evolu- 
tion of the state of each node k as a 3-D Markov Chain 
{ (XAk), CAk', CAk+"), n 2 0} and by simplifying the statis- 
tical relationships among network nodes. Thus, the following 
approximations are made. 
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Fig. 10. The state transition diagram of the Markov chain { dk', n 2 0 ) .  

Assumptions: 
For each node k ,  we assume that {CAk),n 2 0} is 
a homogeneous Markov Chain with state space S = 
{0,1,2, I . , q("')}. In analyzing the queueing behavior 
of node k ,  we use the steady state conditional probability 

approximate each conditional probability P(C$!, = j I 
CAk) = i ) ,  i , j  E S, at any time n ( k ) .  This steady state 
conditional probability is computed after we analyze the 
queueing behavior of node k - 1. The state transition 
diagram for the Markov Chain { CAk', n 2 0} is depicted 
in Fig. 10. 
For each node k ,  we assume the probabilities P;:ine, 
P,,,,,, to be time-invariant. Therefore, we define 
PO(:: = PL~L, = P$L, at any time n ( k ) .  
These two probabilities are determined by the input 
traffic rate matrices at all nodes, independently of the 
values of the state variables of the network. 

c:') J = limn+oo P(c,+, (k) = j I ci? = i ) , i 7 j  E s to 

( k )  

Using the approximating computations described above, 
we note that the distribution function of CFsl) can be 
calculated directly in terms of the joint statistics of the 
state variables ( X i k ) ,  CAk), CAk+"). We thus conclude 

for each node IC. 
Thus, to obtain the steady state behavior of the whole ring 

network, we start with any node, say node 1, and initially 
specify a transition probability function for {CA'), n 2 0} 
(denoted by C:,i',O 5 i , j  5 q("), where m is the total 
number of nodes in the ring). We then derive the steady state 
distribution for the Markov Chain { ( Xi1) CA'), CA2)), n 2 0} 
at node 1, and then compute 0 5 i, j 5 q(') ,  the limiting 
transition probability function of {C?),n 2 0} (see [lo] 
for the detailed derivation process). Continuing this process, 
we iteratively obtain the steady state distribution of the state 
processes at nodes 2, 3, till the last node m is reached. 
Using the results for node m, we compute a new transition 
probability function, C:,:', for { C?), n 2 O}. We then use this 
function to start a new iterative cycle. We continue the iterative 
process until a sufficient level of convergence is obtained. It is 
generally difficult to analytically investigate the convergence 
of this iterative process. However, in all of our examined test 
cases, this procedure has converged very rapidly. 

It is noted that, under the CQBT algorithm, if we assign a 
large value for the quota limit to each node in the ring network, 
we equivalently contruct a pure slotted ring network architec- 
ture in which no fairness control mechanism is employed. We 

{ ( X n  ( k )  ,C, ( k )  ,CAk+l)),n 2 0} to be a 3-D Markov Chain 
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thus apply the same analytical method to analyze the queueing 
behavior for such an unregulated slotted ring network, as 
illustrated in our performance studies presented later. 

B. Illustrative Pevormance Results 

In this section, we present illustrative performance results 
using our analytical approach as well as carried out simula- 
tions. Using these results, we are able to evaluate the precision 
of the analytical performance models developed in this paper. 
We assume a Poisson arrival process at each node and we 
select the arrival rates such that the system is operated in a 
stable mode. The ring network connects 48 nodes and there are 
24 slots rotating across the ring. In the following performance 
cases, the destination addresses of packets originated at any 
node follow a uniform distribution. The CQBT algorithm is 
employed at heavily loaded nodes only; we do not regulate any 
access traffic at lightly loaded nodes. Equivalently, this entails 
the assignment of a large quota limit ( 4 )  to each of the lightly 
loaded nodes. Performance results are presented in terms of 
the mean packet delay time [in slots] experienced at different 
nodes under various sets of arrival rates. In conducting our 
analytical performance evaluation procedure, we start with 
node 1 and continue the iterative process until a sufficient 
convergence level is achieved. We calculate the mean queue 
size from the derived steady state distribution, and then use 
Little's formula to obtain the mean packet delay. 

Three Widely-Separate Heavily Loaded Nodes: 
In Fig. 11,  we consider a spatial-reuse ring network with three 
heavy traffic nodes widely and equally separated from each 

Example 1 : 
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other. in this system, node (8), node (24), and node (40) 
are the heavy traffic nodes, with packet arrival rates of 0.3, 
0.6, and 0.4 [packets/slot], respectively. Each of the remaining 
nodes is lightly loaded by a Poisson arrival message process 
at a rate of 0.02 [packets/slot]. Under this configuration, 
the access ability of each light traffic node is dominated 
by the behavior of its nearest upstream heavy traffic node. 
Performance results indicate that packets generated by the 
immediate downstream neighbor of a heavy node experience 
excessively long delays. The packet delay incurred by a 
node’s packets graduately decreases as the distance between 
the underlying node and its immediate upstream heavy node 
increases. At nodes (8), (40) and their nearby downstream 
neighbors, analytical performance results are shown to be very 
close to the corresponding simulation results. At node (24) 
and its nearby downstream neighbors, analytic results provide 
mean delays about 10% lower than those obtained from 
simulations. This deviation is explained by noting that in de- 
riving these analytical approximate results, we have introduced 
regularity features to simplify the statistical relationships held 
among the network nodes. 

Two Closely-Located Heavily Loaded Nodes: 
In Fig. 12, we show the performance of a network in which 
two heavy nodes are positioned very close to each other. in this 
system, nodes (23)  and (26) are the heavy traffic nodes, each 
with a packet arrival rate of 0.2 [packets/slot]. Other nodes 
generate packets at an arrival rate of 0.04 [packet/slot] per 
node. Without use of the CQBT algorithm, the nodes located 
downstream to node (26) suffer excessively high packet delays, 
caused by the heavy loading contributed by both node (23) 
and node (26). Under the CQBT algorithm with q(23) = 
2 ,  q(26) = 8, node (27), the immediate downstream neighbor 
of node (26), experiences the highest packet delay reduction. 
As a consequence, the mean packet delay experienced by 
packets originating at node (27) is slightly lower than that 
experienced at its further downstream nodes. Analytical results 
are again shown to be close to the corresponding simulation 
results at most nodes. At node (26) and its nearby downstream 
neighbors, analytical values are about 15% lower than the 
corresponding simulation results. This is explained by noting 
that the analytical approach neglects to incorporate the strong 
interactive relationships which exist between the two closely 
located heavy-traffic nodes. A more complicated mathematical 
model can improve such accuracies but entails a much more 
complete and computationally demanding numerical proce- 
dure. The technique developed here is numerically efficient 
and should provide performance evaluation guidelines for 
many applications and loading configurations. 

Example 2: 

V. CONCLUSION 

in this paper, we have presented the CQBT algorithm 
as an efficient local flow regulation protocol. It serves to 
reduce the unfairness features inherent in the unregulated 
operation of a full-duplex ring network with spatial reuse. 
Using this algorithm, every heavily loaded node is responsible 
for providing extra access opportunities for its downstream 
neighbors through the use of a quota limit (4). We also 
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present a procedure for determining the appropriate quota ( q )  
parameter. Such a CQBT algorithm and its q-tuning procedure 
can be applied to a network system under the asymmetric 
loading condition and the nonuniform destination distribution. 
Illustrative performance examples confirm the effectiveness 
of such a q-selection procedure in providing network nodes, 
independently of their positions across the ring, with their 
desired level of packet delay performance. 

We then apply analytical approximations to derive a discrete 
time Markov chain model. We introduce an iterative analytical 
procedure for analyzing the queueing behavior of such a 
network system under the asymmetric traffic condition and 
the uniform destination distribution. Performance results show 
the analytical results to be, in general, very close to those ob- 
tained by using simulations. As a special case, our developed 
analytical method can also be used to provide performance 
analysis of a full-duplex spatial-reuse ring network when no 
regulation algorithm is invoked. 

We note that to guarantee long-term nodal (minimum) 
throughput performance levels, a global flow regulation mech- 
anism should also be incorporated. See [9], where both the 
CQBT local regulation method and a global flow control 
mechanism are used in an integrated fashion. 
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