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Abstract

We study the throughput of multi-hop routes and stability of forwarding queues in a wireless ad-hoc network with ran-
dom access channel. We focus on a wireless network with static nodes, such as community wireless networks. Our main
result is characterization of stability condition and the end-to-end throughput using the balance rate. We also investigate
the impact of routing on end-to-end throughput and stability of intermediate nodes. We show that (i) as long as the inter-
mediate queues in the network are stable, the end-to-end throughput of a connection does not depend on the load on the
intermediate nodes, (ii) we show that if the weight of a link originating from a node is set to the number of neighbors of this
node, then shortest-path routing maximizes the minimum probability of end-to-end packet delivery in a network of
weighted fair queues. Numerical results are given and support the results of the analysis. Finally, we perform extensive

simulation and verify that the analytical results closely match the results obtained from simulations.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

A multi-hop wireless ad-hoc network is a collec-
tion of nodes that communicate with each other
without any established infrastructure or centralized
control. Each of these nodes is a wireless transceiver
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that transmits and receives at a single frequency
band which is common to all the nodes. These nodes
can communicate with each other, however, they
are limited by their transmitting and receiving capa-
bilities. Therefore, they cannot directly reach all of
the nodes in the network as most of the nodes are
outside of direct range. In such a scenario, one of
the possibilities for the information transmission
between two nodes that are not in position to have
a direct communication is to use other nodes in the
network. To be precise, the source device transmits
its information to one of the devices which is within
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transmission range of the source device. The
network operates in a multi-hop fashion. Nodes
route traffic for each other. Therefore, in a con-
nected ad-hoc network, a packet can travel from
any source to its destination either directly, or
through some set of intermediate packet forwarding
nodes.

Clearly, a judicious choice is required to decide on
the set of devices to be used to assist in the commu-
nication between any two given pair of devices. This
is the standard problem of routing in communica-
tion networks. The problem of optimal routing has
been extensively studied in the context of wire-line
networks where usually a shortest-path routing algo-
rithm is used: Each link in the network has a weight
associated with it and the objective of the routing
algorithm is to find a path that achieves the mini-
mum weight between two given nodes. Clearly, the
outcome of such an algorithm depends on the
assignment of the weights associated to each link in
the network. In the wire-line context, there are many
well-studied criteria to select these weights for links,
such as delays. In the context of wireless ad-hoc net-
works, however, not many attempts have been made
to (1) identify the characteristics of the quantities
that one would like to associate to a link as its
weight, and in particular (ii) to understand the
resulting network performance and resource utiliza-
tion (in particular, the stability region and the
achievable throughput regions). Some simple heuris-
tics have been frequently reported to improve
performance of applications in mobile ad-hoc net-
works (see [12] and reference therein).

To study this problem, we consider in this paper
the framework of random access mechanism for the
wireless channel where the nodes having packets to
transmit in their transmit buffers attempt transmis-
sions by delaying the transmission by a random
amount of time. This mechanism acts as a way to
avoid collisions of transmissions of nearby nodes
in the case where nodes cannot sense the channel
while transmitting (hence, are not aware of other
ongoing transmissions). We assume that time is slot-
ted into fixed length time frames. In any slot, a node
having a packet to be transmitted to one of its
neighboring devices decides with some fixed (possi-
bly node dependent) probability in favor of a trans-
mission attempt. If there is no other transmission by
the other devices whose transmission can interfere
with the node under consideration, the transmission
is successful. As examples of this mechanism, we
find Aloha-type [14] and IEEE 802.11 CSMA/CA-

based mechanism. With these mechanisms, each
node determines its transmission times [2,24].

At any instant in time, a device may have two
kinds of packets to be transmitted:

1. Packets generated by the device itself. This can be
sensed data if we are considering a sensor
network.

2. Packets from other neighboring devices that need
to be forwarded.

Clearly, a device needs to have some scheduling
policy to decide on which of these types it wants to
transmit, given that it decided to transmit. Having
a first come first served scheduling is one simple
option. Yet another option is to have two separate
queues for these two types and do a weighted fair
queueing (WFQ) for these two queues. In this paper
we consider the second option.

Working with the above mentioned system
model, we study the impact of routing, channel
access rates and weights of the weighted fair queue-
ing on throughput, stability and fairness properties
of the network.

It is worth mentioning that the above scenario
may also be studied in the perspective of game theory
in which case the nodes are assumed to be rational
and need some incentive to forward data from other
nodes. Two queues allow to model the selfish behav-
ior or on the contrary to give higher priority to con-
nections that traverse many hops that could
otherwise suffer from large loss rates. Since ad-hoc
networks do not have a centralized base-station that
coordinates between them, an important question
that has been addressed is to know whether we may
indeed expect nodes to collaborate in such forward-
ing. Typically in such scenario, a Nash equilibrium
determines the operating point (routing, channel
access rates and WFQ weights). Thus, the results of
this paper may be helpful in comparing various oper-
ating points based on criteria of throughput, stability
and fairness in the cases where Nash equilibrium is
not unique. Many papers in the literature, have stud-
ied the incentive for cooperation in ad-hoc networks,
see [7-10]. Almost all previous papers, however, only
considered utilities related to successful transmission
of a node’s packet to its neighbor. In practice, the
utility function should depend on the forwarding
behavior of all nodes (see [19]).

The main contribution of this paper is to provide
approximation expressions of stability. Our main
result is concerned with the stability of the forward-
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ing queues at the devices. It states that whether or
not the forwarding queues can be stabilized (by
appropriate choice of WFQ weights) depends only
on the routing and the channel access rates of the
devices. Further, the weights of the WFQs play a
role in determining the tradeoff between the power
allocated for forwarding and the stability of its
queue. The end-to-end throughput achieved by the
nodes are independent of the choice of the WFQ
weight.

1.1. Related literature

Several studies have focused on wireless network
capacity and stability. The network capacity prob-
lem deals with finding the fundamental limits on
achievable communication rates in wireless net-
works. The closure of the set of achievable rates is
the capacity region of the network. In recent year,
there has been a considerable effort on trying to
compute the capacity region and improve the per-
formance of wireless ad-hoc networks since Gupta
and Kumar [6] showed that the capacity of a fixed
wireless network decreases as the number of nodes
increases. Grossglauser and Tse [5] presented a
two-phase packet forwarding technique for mobile
ad-hoc networks, utilizing the multiuser diversity,
in which a source node transmits a packet to the
destination when this destination becomes the clos-
est neighbors of the relay. This scheme was shown
to increase the capacity of the MANET, such that
it remains constant as the number of users in the
MANET increases.

The stability region is the closure of the set of
arrivals rates at which the network can be stabilized.
Stability depends both on the rate of packet arrivals
and the rate of packet departure from the network.
The network stability has been studied extensively
both for networks with centralized scheduling
[15,17] and the Aloha protocol [18,1,20,21]. Among
the most studied stability problems are scheduling
[15,16] as well as for the Aloha protocol [1,13,23].
Tassiulas and Ephremides [15] obtain a scheduling
policy for the nodes that maximizes the stability
region. Their approach inherently avoids collisions
which allows to maximize the throughput. Radu-
novic and Le Boudec [3] suggest that considering
the total throughput as a performance objective
may not be a good objective. Moreover, most of
the related studies do not consider the problem of
forwarding and each flow is treated similarly (except
for [3,11,22]). Our setting is different than the men-

tioned ones in the following: the number of trans-
missions is finite, and therefore, in our setting, the
output and the input rates need not be the same.

1.2. Main contributions

The main contributions of this paper are (i) Pro-
viding a framework for cross-layer study of stabil-
ity—throughput performance of ad-hoc networks.
It has the flexibility for managing at each node for-
warded packets and its own packets differently. (ii)
Design routing in a way that stabilizes the system.
(ii1) The context of the stability that we study is
new as it takes into account the possibility of a lim-
ited number of transmissions of a packet at each
node after which it is dropped.

The paper is structured as follows. In Section 2,
we present the cross-layer network model. In Sec-
tion 3, the network stability and the performance
are characterized by using a balance equation. The
effect of routing and the stability condition of for-
warding queues are introduced in Section 4. The
validation of analytical results is done with a dis-
crete time simulator in Section 5. Some special cases
as linear networks are also studied in Section 6.

2. Network model

In this section, we describe the operation of the
network in detail and introduce various quantities
that determine the overall performance. We provide
also the assumptions underlying this study and
introduce appropriate notations.

2.1. Assumptions and definitions

Consider a wireless ad-hoc network consisting of
N nodes (we allow N = oo to study some simple
symmetric cases without boundary effects). When
N is finite, we number the nodes using integers
I,...,N.

We assume the following:

o Simple channel: nodes use the same frequency for
transmitting with an omni-directional antenna. A
node j receives successfully a packet from a node
i if and only if there is no interference at the node
j due to another transmission. A node cannot
receive and transmit at the same time.

e Two types of queues: two queues are associated
with each node. The first one is the forward
queue F; (proper to the node i), which carries
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all the packets originated from a given source
and destined to a given destination. The second
is O, which carries the proper packets of the node
i (in this case i = s where s designates a source
node). We assume that each node has an infinite
capacity of storage for the two queues. Packets
are served with a first in first served fashion.
When F; has a packet to be sent, the node
chooses to send it from F; with a probability f;.
In other terms, it chooses to send from Q, with
probability 1 — f;. When one of these queues is
empty then we choose to send a packet from
the non empty queue with probability 1. When
node i decides to transmit from the queue Q,, it
sends a packet destined for node d, d # i, with
probability P; .

o Saturated network: each node has always packets
to be sent from queue Q,, whereas F; can be
empty. Consequently, the network is considered
saturated and depends on the channel access
mechanism.

This model allows us to define a neighborhood
relation between any two nodes: node i is neighbor
of node j if node i can receive transmission from
node j. We use the function A(,-):[l,N]x
[1,N] — {0, 1} to denote the neighborhood relation:
A(i,j) =1 if and only if i is neighbor of j. We
assume that the (binary) neighborhood relation is
symmetric, i.e., A(i,j) = A(j,i). Let A"(i) denote
the nodes which are neighbors of node i, i.e.,

NG) = ]+ AG, i) = 1.
2.2. Network layer

The network layer handles the two queues Q,
and F; using the WFQ scheme, as described previ-
ously. Each node acts as a router, it permits to relay
packets originated from a source s to a destination
d. It must carries a routing information which per-
mits sending of packets to a destination via a neigh-
bor. In this paper, we assume that nodes form a
static network where routes between any source s
and destination d are invariant in the saturated net-
work case. Proactive routing protocols as OLSR [4]
(Optimized Link State Routing), construct and
maintain a routing table that carries routes to all
nodes on the network. These kind of protocols
correspond well to our model. We use the notation
R; 4 to denote the set of nodes between a node s and
d (s and d not included). Let R;;, be the set of
nodes Ry, |J1i.

2.3. MAC layer

We assume a channel access mechanism only
based on a probability to access the network, i.e.,
when a node i has a packet to transmit from the
queue Q; or F;, it accesses the channel with a prob-
ability P;. It can be similar to CSMA/CA or any
other mechanism to access the channel. For exam-
ple, in IEEE 802.11 DCF, the transmission proba-
bility or attempt rate is given by [24]

2(1 —2P,)
(1 = 2P)(CW iy + 1) + PeCW iin(1 — (2P.)")
(1)

where P, is the conditional collision probability gi-
ven that a transmission attempt is made, and
CWmax

m= logz(m) is the maximum of backoff stage.

The scheduler of transmission overall the net-
work depends on P;. We assume that each node is
notified about the success or failure of its transmit-
ted packets. A packet is failure only when there is a
collision on the intended receiver. We assume that in
any slot, a node having a packet to be transmitted to
one of its neighboring nodes decides with some fixed
(possibly node dependent) probability in favor of a
transmission attempt. If there is no other transmis-
sion by the other nodes whose transmission can
interfere with the node under consideration, the
transmission is successful. We have considered pre-
viously infinite buffer size, therefore, there is no
packet loss due to overflow at the queues. The only
source of packet loss is due to collisions. For a reli-
able communication, we allow a limited number, of
successive transmissions of a packet, after that it
will be dropped definitively. We denote K, the
maximum number of transmissions allowed for a
packet of connection (s,d) at node i.

P =

2.4. Cross-layer representation of the model

The model of Fig. 1 represents our model in this
paper. The Network layer and MAC layer are
clearly separated. Attempting the channel begins
by choosing the queue from which a packet must
be selected. And then, this packet is moved from
the corresponding queue from the network layer
to the MAC layer where it will be transmitted and
retransmitted, if needed, until its success or drop.
In this manner, when a packet is in the MAC layer,
it is itself attempted successively until it is removed
from the node.
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Network Layer

17,

Q B B =

H

MAC Layer

Fig. 1. Network layer and MAC layer of node i.

In this paper, we define the cycle as number of
slots needed to transmit a single packet until its suc-
cess or drop (see Fig. 2). We distinguish two types of
cycles: The forwarding cycles in which a packet from
queue F; is transmitted during this cycle, and the
source cycles in which a packet from queue Q; is
transmitted during this cycle. Also, each cycle is
affected to a connection. The beginning of each
cycle represents the choice of the queue from which
we choose a packet and the choice of the connection
where to send it. Whereas, the slots that constitute
the cycle represents the attempts of the packet itself
to the channel, including its retransmissions.

We need to define formally the model, so we will
be able to derive some formulas in the next sections.
For that, we consider the following counters:

e C,; is the number of cycles of the node i, till the
tth slot (including the rth slot).

o Cf, (resp. C2) is the number of all forwarding
cycles (resp. source cycles) of the node i, till the
tth slot (including the tth slot).

o Cf , (resp. C2_,) is the number of forwarding
cycles (resp. source cycles) corresponding to the
path R,, of the node i till the ¢th slot (including
the rth slot).

Source Cycles Forwarding Cycles  [§= Succoss
connection (s1.d1) connection (s2,ds) D = Drop

/{\XX\\

[
M{—M{—Hﬁ{—%%ﬂ—»
(\W t
FBeginning of a cycle Cri=5

FTest if F; has a packet Cti.sz.dQ =2

tisads =
T}is0.do At least 2

Choice of queue

FFirst attempt

Fig. 2. Illustrative example of node i with cycles approach.

o T4 1s the number of times we found at the first
slot of a cycle and at the first position in the
queue F; a packet for the path R, of the node
i, till the rth slot (including the rth slot).

e [, 1s the number of cycles corresponding to the
path R, of the node i, and where a cycle ends by
a success of the transmitted packed, till the ¢th
slot (including the rth slot).

® A4,;,4 is the number of arrival packets to node i
on the path R,,, till the rth slot (including the
tth slot).

Fig. 2 shows a simple example with some numer-
ical values of the previous counters for a single node
i

3. Stability properties of the forwarding queues

Our main objective in this section is to derive the
rate balance equations from which some properties
of the forwarding queues can be deduced. For that
we need to write the departure rate from each node
i and the end-to-end throughput between a couple
of node.

From a practical point of view, each node owns
three main parameters P;, K;,, and f;, that can be
managed and set in such a way that each node can
maintain stability, or the end-to-end throughput
on a path can be optimized. In this paper, by fixing
the routing paths (from R, ;) and route choice (from
P; ), we will obtain forwarding queue stability func-
tion of these three main parameters.

For a given routing, let ; denote the probability
that the queue F; has at least one packet to be for-
warded in the beginning of each cycle. n;,, is the
probability that the queue F; has a packet at the first
position ready to be forwarded to the path R, in
the beginning of each cycle. Let n; be the number
of neighboring nodes of node i.
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Given a saturated network case where each node
has a packet on its queue Q, and attempts transmit-
ting all the time to the channel, the forwarding
queue F; of each node will have a n; load when it
tries to forward packets to its neighbors.

3.1. The rate balance equations

The forwarding queue F; is stable if the departure
rate of packets from F; is equal to the arrival rate
into it. This is a simple definition of stability that
can be written with a rate balance equation. In this
paper, we are going to derive this equation for each
node i using the cycle approach. In fact, it is judi-
cious to write the rate balance equation of node i
for each connection and then do the summation
for all others.

For any given nodes 7, s and d, let j; , be the
entry in the set R, just after i. It is possible that
there is no such entry, i.e., node i is the last entry
in the set Ry In that case j;,, =d. Let P4 =
Mej ovG.n(1 —P;) be the probability that a
transmission from node i on route from node s to
node d is successful. Also, let

Kisa
Li,&d = Z l(l - Pi,s,d)lilpi,s,d +Ki,s,d(1 - Pi,&d)Km'd

=1

B 1 _ (1 _ Pi,s,d)KU.d

Pi,x,d (2)

be the expected number of attempts till success or
consecutive K, failures of a packet from node i
on route R ,.

The probability that a packet is removed from a
node i by a successful transmission or a drop (i.e.,
a successive K, 4 failure) is the departure rate from
F;. We denote it by d;. The departure rate concern-
ing only the packets sent on the path R, is
denoted by d;,, which is given by the following
lemma:

Lemma 3.1. For any node i,s and d such that Ps 4 > 0
and i € Ry g4, the long term average rate of departure
of packets from node i on route from node s to node d
is % The total departure rate is given by

i

P;
Z di,s,a' = ﬂiﬁfi. (3)

s,d:i€R 4

Proof. For any node i, s and d such that P;; > 0
and i € R, 4, the long term departure rate of packets
from node i on the route from s to d is

F F
Ct7 s,d Ct,i«,\ud . Tt,i,sd Ctt
d;yq = lim = lim lim - lim
t—00 t t—00 tiwsd t—00 Ct,i t—oo
(4)

Trisd

o lim, ., —#>“ is exactly the probability that F; car-
ried a packet to the path R, in the beginning of

T,
each cycle Therefore, lim,_, g”' = Tisa-

o lim, ., T” =4 ig exactly the probability that we have

chosen a packet from F; to be sent when F; car-
ried a packet to the path R,, in the first position
and in the beginning of a forwarding cycle.

Therefore, lim,_, ?‘—S; = f.

e lim, . L o is the average length in slots of a cycle
of the node i. A cycle length on the path R, is
formed by the attempt slots that does not lead
to a channel access and the transmission and
retransmissions of the same packet until a success
or a drop. Thus an average cycle length for a one
path R, of a node i is given by =< Lisd When a node
transmits to several paths, we need to know the
average cycle length. This is given by & 7 where L;
is the average of L, ; 4s of these paths. L; is given by

L= Z TisafiLisa + Xd:(l

s,d:i€R 4

)P raLija.

(5)

Cyi ;
‘= 2. Consequently, d;,, =

Therefore, lim,_, —*

nz,xﬁdf i

It is clear that the departure rate d;;, on a path
R4 of a node i does not depend on the parameters
of only one path but it is also related to the expected
number of transmissions to all other paths used by
node i. This dependency appears in L;. Moreover, it
is easy to derive the total departure rate d; on all
paths

di: Z is,d — 1fz U (6)

s, d:i€R 4

In the following lemma, we calculate the arrival
rate on an intermediate node in ad-hoc networks.
The probability that a packet arrives to the queue
F; of the node i, is denoted by a;. When this rate
concerns only packets sent on the path R,,, we
denoted it by a; ..

Lemma 3.2. For any fixed choice of nodes i,s and d
such that Pyq > 0 and i € Ry 4, the long term average
rate of arrival of packets into F; for R4 is
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P
am,d - (1 - Tcxfx) : Ps.d f (1 - (1 - Ps,sﬁd)Kx'sYd)
[Ta-a —P>>] ™
kER[.s,d\i

Proof. For any node i, s and d such that P,, > 0
and i € R,,, the long term arrival rate of packets
into F; for R, is

A
aisq = lim Ztlsd (8)
t—00 t
A I c?
. ti,s,d . t.s,s,d . t,5,5,d
= lim - lim -1 )
t—00 It,S«,\'A,d t—00 Cl,&,s, t—00 Ct.s
. C2
Slim =2 - lim =22, 9)

t—oo Cyy 100 f

Q
Crs Cfs

[ llm,_»occ = —a_

probability to get a source cycle, i.e., to send a

packet from the queue Q..

Qo
szvd

1 — m,f;, this is exactly the

e lim, . is the probability to choose the path

R4 to send a packet from Q,. Therefore,

o lim, . = CQ is the probability that a source cycle

tss,d

on the path R, ends with a success, i.e., the packet
sent from Q, is received on the queue F; . There-
fore, lim,_, é’Q“ =(1-01- PS,S,d)K“‘“ ).

tisd

. hmHmf is “the probability that a packet
received on the node Jssa 18 also received on the
queue F; of the node i. For that, this packet needs
to be received by all the nodes in the set R;,,.

There{ore, lim,_ f{:—;;’ = erRM\[(l —(1-
Pk,s,d) lm.d).
Consequently
_ Py K sd
aLx,d _(1 - Tcsjrx) 'Ps,d : Z_ : (1 - (1 _P.Y,S,d) )
[T a-a —P))] (10)
kER; s 4\i

Remark that when the node i is the destination of a
path R,,, then a,,, represents the end-to-end
average throughput of a connection from s to d.
Also, note that the global arrival rate is:

a; = ZS,d:iERJV[/afvS»d' 0

Finally, in the steady state if all the queues in the
network are stable, then for each 7, s and d such that
i € R4 we get d; ;4 = a;54, which is the rate balance
equation on the path R, ,.

Theorem 3.1. In the steady state, if all the queues in
the network are stable, then for each i, s and d such
that i € Rs,d

P, P
nzsd lfl (1 _ nsf;) » Z_b l(l _ (1 _ Ps,s,d)KM'd)
IT a-a —Pkisid)K"‘“’)]- (11)
keR;sa\i
Let y,=1—-mf; and z;,4 = m;,4f;. Thus y, =

1 = > sicr Zisa- Then rate balance equation
becomes

Vs (Zy aZisaLiya+ Zd”yip i«,d”Li,i,d”) Ws.i
E Zisd =
(Zy’,d/ZSuY/,d/L.Y,S’,d/ + Zd”ySPS,d”LX,S,d”>

diieR, g
(12)
where
= 30 BB T (1= (1= Py,
d:i€R; 4 ! kER; 5 4Us\i
(13)

3.2. Interpretation and applications

The relation of Eq. (12) has many interesting
interpretation and applications. Some of these are:

o The effect of f;: At the heart of all the following
points is the observation that the quantities z; 4
and y; are independent of the choice of f;,
1 <j<N. It only depends on the routing and
the value of P;.

e Stability: Since the values of y; are independent of
the values of f;, j=1,...,N, and since we need
7; < 1 for the forwarding queue of node i to be
stable, we see that for any value of f; €
(I =y, 1), the forwarding queue of node i will
be stable. Thus we obtain a lower bound on the
weights given to the forwarding queues at each
node in order to guarantee stability of these
queues. To ensure that these lower bounds are
all feasible, i.e., are less than 1, we need that
0 <y, < 1; y; = 0 corresponds to the case where
F; is unstable. Hence, if the routing, P,, and



1372

P;s are such that all the y; are in the interval
(0, 1], then all the forwarding queues in the net-
work can be made stable by appropriate choice
of f;s. Now, since y;, is determined only by routing
and the probabilities P;s and P,,, we can then
choose f; (thereby also fixing 7;, hence the for-
warding delay) to satisfy some further optimiza-
tion criteria so that this extra degree of freedom
can be exploited effectively.

Throughput: We see that the long term rate at
which node s can serve its own data meant for
destination d is P4P,(1 — n,f;) = Ps4Psy, which
is independent of f;. The throughput, i.e., the rate
at which data from node s reaches their destina-
tion d which is given by a4, turns out to be
independent of the choice of f;,1 < j < N. Simi-
larly, the long term rate at which the packets
from the forwarding queue at any node i are
attempted transmission is P f; = P;(1 —y,),
which is also independent of the choice of
[ 1 <j<N.

Choice of f;: Assume that we restrict ourselves to
the case where f; = f for all the nodes. Then, for
stability of all the nodes we need that

S >1—miny,

Since the length of the interval that f; is allowed
to take is equal to y,, we will also refer to y; as
stability region.

Throughput—delay tradeoff: For a given set of P;s,
P, ; and routing, the throughput obtained by any
route R, ,, is fixed, independent of the forwarding
probabilities f;. Hence there is no throughput—
delay tradeoff that can be obtained by changing
the forwarding probabilities. A real tradeoff is
caused by the maximum number of attempts:
the throughput is ameliorated when reattempting
many times on a path, while the service rate on a
forwarding queue is slowed down causing low
stability region and delay will be increased.
Energy consumption of forwarding packets: Note
that the value =;f;E, represents the energy con-
sumption used by node i to forward the packets
of other connections where E, is the energy spent
for transmission of one packet. This quantity
turns out to be independent of the choice of f.
Hence, the node can use f; to improve the expected
delay without affecting the energy consumption.
Per-route behavior: Note that the above observa-
tions are based on the global rate balance equa-
tion for forwarding queue F; of node i. Similar
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observations can be made when considering the
detailed balance equation for queue F; for some
fixed source destination pair s, d such thati € R 4.

3.3. Special cases

In this part, we discuss some special case when the
system of equation (12) is linear. It can be obtained
when for each node i (0 < i < N), we have that L;
is independent from the unknowns y; and z;,,. In
other terms, we need L; = L;,, for all s,d :i € Ry
and for all 0 < i< N. A symmetric network with
n; =n, P, =P and K;,;, = K is an example of this
case. In asymmetric network, this condition is satis-
fied when each node in the network, uses the same
neighbor as a next hop to forward all its packets or
K. = 1forall0 < i< N. Consequently, the system
from Eq. (12) can be written as

l—y = Zys"_"s,iy (14)

where

_ PsPs,dPs,S,dLiis,d K s.a

Wy = Z - p H (1= (1 =Pysa)™™).
diicR, 4 ! kER;5a\i

(15)

Therefore, the system of equations (14) can be writ-
ten in a matrix form as following and resolved
easily:

I+ ) =1, (16)

where W is an N x N matrix whose (s,i)th entry is
W, (independent on y,) and y is an N-dimensional
row vector.

3.4. Balance equations under unlimited attempts.
Ki,s,d = 00

In this subsection, we consider an extreme case in
which a node attempts forwarding of a packet until
the transmission is successful. This case provides
some further important observations while keeping
the expressions simple. The detailed balance equa-
tion for queue F; on route from node s to node d is

TE,-,Sirdf,-P,-/Z,- = PS,dPs(l — ﬂsf:g)/zs. (17)
By assuming that all nodes have same channel

access rate P; = P, Vi, we have

nfi= > Poa(l = mfi)L;.

s,d:i€Rg 4 LS

(18)
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Observe that if a source has at most one destina-
tion, i.e, Py, € {0, 1}, and if the number of neighbor
is same for all the nodes so that L;;, = L; 4, then
the rate balance equations become

s,d:i€R 4
Thus
—mfi+ Y. (1-mf) =0. (20)
s,d:i€R 4

The above relation has many interesting interpreta-
tions/implications. Some of these are

Stability: if a node s’ which is also a source for
some destination d' does not forward packets of
any other connection, i.e., if 7y = 0 then for any
i € Ry y, the rate balance equation (20) becomes

nfi= Y (I-mfi) (21)

5,d:I€R; 4,575

implying that the forwarding queues of all the nodes
in Ry, are unstable since the above requirement re-
quires ; > 1 as f; is bounded by 1. This implies that
a necessary condition for the forwarding queues in the
network to be stable is that all the sources must also
forward data. This can have serious implications in
case of ad-hoc networks. There is also an advantage
of the above result as it reduces the allowed set of
routes and thus makes the search for the optimal
route easier. From the above rate balance equation
it follows that, for a given P and f, the stability of
the forwarding queue of node i depends in an inverse
manner on the stability of the forwarding queues of
the source nodes of the routes that pass through
node i. Precisely, observe that the value of =; in-
creases with a decrease in value of 7. This implies
that if the routing is such that node i carries traffic
of a source s which does not forward any route’s
packet, i.e., m, = 0, then the value of 7; is more as
compared to the case where, keeping everything else
fixed, now node s forwards traffic from some route.

4. Stability of forwarding queues and routing for some
special cases

In the following we will restrict ourselves to sym-
metric networks, i.e., we will assume that P, = P, Vi
and f; = f,Vi. Hence the balance rate becomes lin-
ear and the solution y, for all i is given by

L=y, =y, (22)

where

PSPS Pss Llls
W=y B T (1= (1= Pyyg) ).

dHi€R g P keR; s q\i
(23)

However, we allow for general source—destination
pair combinations and general routing. We will also
assume that the number of neighbors of all the
nodes are same, i.e., n; = n,Vi. Also, we will be
assuming that K, ;, = 1. Note that assuming a sym-
metric network need not imply that the number of
nodes is infinite. We mention that the restriction to
symmetric case is only to simplify the presentation
and all the following development will work for a gen-
eral network as well.

We give some necessary and some sufficient con-
ditions for stability of the forwarding queues. These
stability conditions can be grouped into two catego-
ries: (i) stability conditions specific to a particular
routing, and (ii) stability conditions independent
of the routing.

Clearly, the stability conditions which account
for routing will give tighter conditions. However,
obtaining stability conditions that do not depend
on the routing is in itself significant simplification
in tuning the network parameters. For example,
suppose that we are deploying a grid (or, mesh) net-
work for which n; = 4. In this case, if we can find a
pair of values P and f such that all the forwarding
queues are guaranteed to be stable, then one can
decouple the problem of finding an optimal route
and that of stability. We will use this decoupling
later in the paper.

Let » 2 (1 — P)". Note that P4 = r. Also, for a
given routing, let d(i,s,d) be the number of ele-
ments in the set R;; 4 \ i.

4.1. Stability conditions

Proposition 4.1. (1) 4 necessary condition for stabil-
ity of F; for a given routing is that

Pf = > (1= f)PyP(1— )"0 (24)

s,d:i€Rs 4
(2) A sufficient condition for stability of F;, irrespec-
tive of routing is that
Pf=(1-pr)".

Proof. (1) For a given routing, the input rate into
the forwarding queue F; is
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> PP (1= ) (25)

s.d:i€R 4

Now, y,=1—mn,f > 1—f. Hence, the mini-
mum rate at which packets can arrive to F; is

> (1= f)PPg(1 — )"t (26)

s, d:i€Ry 4

The maximum rate at which F; can be served is
clearly Pf. The proof is complete for 1.

(2) The maximum arrival rate of packets into the
queue F; is (1 — P)" = r, because in any slot F; can
receive packet only if the node i and (n — 1) of its
neighbors are not transmitting. Similarly, the max-
imum rate at which the queue F; is served is Pf. For
stability we need the service rate to be at least the
arrival rate. The proof is complete. [

4.2. Effect of routing

Assume a symmetric network and assume that
the condition of Proposition 4.1 is satisfied so that
all the forwarding queues are always stable, irre-
spective of the routing of packets.

Under the present situation where stability is
guaranteed irrespective of the routing used, we can
change routing to obtain better throughput for the
various routes while maintaining stability of the for-
warding queues.

The probability that a packet on route R,y
reaches its destination is 7“9 Here, the quantity
d(d,s,d) depends on the routing used. We then have
the following easy result:

Lemma 4.1. Shortest-path routing maximizes the
probability of success of a packet between a source—
destination pair.

Proof. From the expression of probability of suc-
cess of a packet on a route, we need minimum value
of d(d,s,d) to maximize the probability. [

The above result was fairly straightforward to
obtain and is also intuitive. It is similarly easily
shown that

Corollary 4.1. If the number of neighbors is not the
same for all the nodes then a route with shortest
number of interfering nodes achieves maximum prob-
ability of success of packet.

Even though we are able to ensure that the for-
warding queues are stable independent of the rout-
ing used, it is clear that maximizing the

probability of success of a packet on any route does
not necessarily maximize the throughput on that
route. This is because the throughput on a route
R, is y,PrP, @9 so that it is possible that the
probability of success on a route increases but the
forwarding queue of the source itself is loaded so
much that the throughput that the source decreases.

However, we know that the minimum rate at
which queue Q, is served is Py(1 — f;) = P(1 — f),
independent of the load on queue F,. Hence, by
maximizing the probability of success for each
source—destination pair by using shortest-path rout-
ing maximizes the minimum guaranteed throughput
for the source—destination pair. This in itself is
important consequence of Lemma 4.1.

Remark 4.1. The results of this section deal with the
effect of routing on the minimum guaranteed
throughput. We assumed that the system is always
stable, independent of the routing used (we also
gave a sufficient condition for this to happen).
However, we have not answered the question of
maximizing the throughput itself. This is a hard
problem in general as can be seen by the complex
dependence of y, on the routing. Moreover, assum-
ing a shortest-path routing does not always
uniquely determine the routing in a network. This
is because in a network there may be many paths
between a given source—destination pair which
qualify to be shortest path. A simple example is a
Grid network. In our ongoing research work we are
looking at the problem where we restrict ourselves
to the space of shortest-path routing and then aim
at maximizing the throughput obtained by the
routes. This amounts to maximizing y, for each
value of s. This also amounts to minimizing the
value of n, for each s. Clearly, this need not always
be possible since two vectors need not always be
component-wise comparable.

5. Numerical results and simulations

In this section, we present some numerical results
and validate the expressions found in the previous
sections with a discrete time network simulator.
We have implemented this simulator according to
the model of Section 2. Hence, it appears to be a
valuable tool of measurement. We deploy an asym-
metric static wireless network with 11 nodes as
shown in Fig. 3.

Five connections are established a, b, ¢, d and e as
indicated in the same figure (a dashed or complete
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line between two nodes in this figure means that
there is a neighboring relation). These connections
choose the shortest-path in terms of hops to route
their packets. We choose the parameters K;,, = K,
fi = f and P; in a manner of enabling stability, for
all i, s and d. We fix f = 0.8 except contraindication.
Let P2 = 0.3,P3 = 0.3,P4 = 0.4,P5 = 0.5,P7 = 03,
Pg = 0.3, Py = 0.4 be the fixed transmission proba-
bilities for nodes 2, 3, 4, 5, 7, 8 and 10 while P; = P
for all other i. Many nodes need to have fix trans-
mission probabilities so as to get a stable queues
for all nodes.

connectiona: 4-5-7-11 connectiond: 8-5-3- 2
connectionb: 3-2-4-6 connectione: 6-4-5- 7
connectionc: 11-10-8- 6

Fig. 3. Wireless network.
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First, we validate the analysis results via simula-
tion. A simulated ad-hoc network scenario is config-
ured to study our analytical model. In Figs. 4 and 6
(resp. 5 and 7), we plot the throughput computed by
analytical model (resp. simulation) on various routes
and the quantities 7; versus the channel access prob-
ability for K =4. We observe that the analytical
results match closely the simulator result.

In Figs. 8 and 9, we plot the throughput on var-
ious routes and the probability x; versus the trans-
mission probability. The existence of an optimal
channel access rate (or, the transmission probabil-
ity) is evident from the figures. Moreover, as
expected, the optimal transmission probability
increases with K. The Figs. 4-9 show that increasing
the parameter K significantly improves the through-
put but the region of stability decreases. It is, there-
fore, clear, there is a throughput-stability tradeoff
which can be obtained by changing the maximum
number of transmission (K).

From Figs. 11 and 12, we vary the load of the
forwarding queues by changing the forwarding
probability of each node. The parameter of the net-
work are as follow: K =4, P, =0.5,P; =0.3,P, =
0.45,P5 = 0.5,P7 = 0.3,Pg = 0.3,P10 = 0.4 and the
rest of the nodes have P =0.2. We observe that
when f is small the system is not stable, more pre-
cisely nodes 2, 4, 5, 8 and 10 are suffering from a
congestion as shown in Fig. 10. They need to deliver
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Fig. 4. Throughput from analytical model for K =4 and /' = 0.8.
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Fig. 6. m; from analytical model for K =4 and f = 0.8.

more packets from the forwarding queue in a faster
manner. In this unstable case, the throughput of all
connections is sensitive with the f variation. As we
see in Fig. 11, it increases with f until the system

becomes stable around f = 0.4. The y; as shown in
Fig. 12 remains independent of f in the stability
region. Consequently, the throughput that does
depend on y, is also independent of £, thus it is inde-
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Fig. 7. m; from simulation
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Fig. 8. Throughput from simulation for K = 5 and /' = 0.8.

pendent of the load n; of the nodes engaged in a
connection.

All the above analysis and simulations were
done in the saturated case where each node has
always a packet to transmit from its queue Q. We

were wondering if the forwarding probability has
an impact in the unsaturated case. For that, we
consider that packets generated in each node arrive
to the queue Q following a Bernoulli process with
mean A. We show in Fig. 13 the connection a
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Fig. 10. x; from simulation versus the forwarding probability for K = 4.

throughput as function of the forwarding probabil-
ity for different A. It appears that the throughput
reaction is similar to the saturated case. It is inde-
pendent of the weight given to the forwarding
queue when the stability is reached for a given f.

Moreover, it exists an optimal 4 in the interval
[0.01,0.1] as shown in the same figure that maxi-
mizes the throughput. For a very small 1 the suc-
cess probability of packets is very high and for
high A there are many collisions.
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Fig. 11. Throughput from simulation for K = 4

as function of the forwarding probability.

0.9

0.8

0.7 K Mgg x>x< %;K»é&%m%m
- ﬁiﬁ% Pt i it +++t++ﬁtﬁ ﬁ# %M% ++4+ ++a; WF
0.6 % Vw * '

0.5

node 2
node 3
node 4
node 5
node 7
node 8
node 10

0.4

L Il L L

0.3 T I I I
0 0.1 0.2 0.3 0.4

Forwarding

0.5

0.6
Probability

0.7 0.8 0.9

Fig. 12. The quantity y; from simulation as function of the forwarding probability for K = 4.

Now, we use the shortest-path routing (based on
the number of interferers on a path as defined in
Section 4) under the present situation where the sta-
bility of all the forwarding queues in the network
is guaranteed. The routes for all connections

under this shortest-path routing are R =
{2, 3, 7}, Ry3 = {10, 7} and R677 = {8, 10}

In Figs. 14a and b, we compare the throughput of
all connections under the old and new routings. We
observe that the throughput of all connections



1380

A. Kherani et al. | Computer Networks 52 (2008) 1365-1389

0.04 T T
*- 2=0.01
7 +- 1=0.05
e T + + +4 +
P R ke e REL T P ey | — =01
0.035[ - T by E S BTy T A e =0.
© AT R S P SR +*ﬂ‘ir WA 50 il
+ + + S T
: + + o+ CoA=1.0
N
0.03| ]
+
0.025 -+ B =
= + ;
%) B a
9 002 . :
e + <
< v v -
£ S
0.015 1
0.005 .
O I I I I I 1 I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1

Forwarding Probability

Fig. 13. Throughput of connection a from simulation as function of the forwarding probability for different values of A in the unsaturated

case and K = 4.
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Fig. 14. (a) and (b) show the throughput of connections a, ¢, b and e as function of the transmission probability P for K = 1 and (c) shows
the probability of success on a route a and d as function of the transmission probability P for K = 1.

(except that of connection b), is better with new rout-
ing than those obtained under the old routing. The
reason of decreasing the throughput of connection
b is the change in quantity y;. In old routing,
y3 =1 (node 3 with old routing, does not forward
packets of any connections). With the new routing,
node 3 forwards the packets of connection a. How-
ever, the value of y; decreases with new routing,
explaining the decrease of throughput of connection
b (because now the source node of connection b, i.¢.,
node 3 gives some of its resources to forwarding of
packets on route @). In conclusion, the question of

maximizing the throughput uniformly for all nodes
is a hard problem. The complexity of this problem
comes from the dependence of throughput and the
quantity y. In Fig. 14c, we plot the probability of
success of a packet on all connections versus the
transmission probability P. We observe that, as pre-
dicted already in Section 4, the new routing improves
the probability of success of al/l connections.

Remark 5.1. Studying an asymmetric network
numerically requires one to consider all possible
combinations of the network parameters. Since the
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degree of freedom (the parameters to choose) are
usually very large in asymmetric networks, such a
numerical study is not carried out generally. In a
symmetric network we have n; = n for all nodes;
some examples are a grid network, a circular
network or a linear network. Moreover, for the
symmetric networks, we can simplify the expres-
sions in the detailed balance equation (Proposition
3.1) while getting important insights into the work-
ing of the network.

6. Linear networks

We now study the observations made in Section 3
in detail for some symmetric networks. In a sym-
metric network we have n; = n for all nodes; some
examples are a grid network, a circular network or
a linear network. Moreover, for the symmetric net-
works, we can simplify the expressions in the
detailed balance equation (Proposition 3.1) while
getting important insights into the working of the
network.

In this section we will restrict ourselves to the
study of linear networks only. We have chosen lin-
ear network because in these networks there is only
one route between any two given nodes, thus avoid-
ing the issue of routing.

Hence the numerical results for the networks
where there is possibility of multiple routes between
two nodes will be presented in Section 4. Moreover,
studying the linear network is like studying a gen-
eral network with a pre-specified routing.

Consider a symmetric linear network with infi-
nitely many nodes so that » =2 with f; = f and
P; = P. We number the nodes from —oco to +o0
and use the number of a node to refer to that node.
The probability that a node s sends a new packet to
a given destination d, depends only on the distance
between nodes s and d, i.e., P,y = P(|s — d|).

6.1. Unlimited attempts K4 = co

Here, we assume that each node attempts a for-
warding of a packet until the transmission is suc-
cessful. Because of symmetry, and since there is
only one possible routing, it is seen that y;, = y for
all the nodes. Hence the global rate balance equa-
tions becomes

Loy=23"0 S P, (27)

=l h=jt1

so that
1 1
L4235 2 P(h) 1+ E[H]
where E[H] is the expected hop length. Thus
E[H]
T= A BN 29
f(1+ E[H]) (29)

This indicates that as E[H] — oo, m; — 1 and
y — 0, i.e., the forwarding queues become unstable
and the source throughput, P(1 — P)zy—> 0. For
this reason, we focus on the case when the number
of hops between a source and a destination is
bounded. Each node is a source of packets that have
destination which are 4 hops away (left or right)
with the probability P(4)/2, h < B < oo. Here, we
consider two forms of the probability distribution
P(h),1<h<B:

1. The destinations are uniformly distributed, i.e.,
P(h) = 5= This choice is referred to as Fixed
probability (FP).

2. The values P(h) increase with h. We refer to this
case as higher probability for long hops (HPLH).

3. The values P(h) decrease with /. This choice is
referred to as Lower probability for long hops
(LPLH).

P(h) y 7 Throughput
: 1 2 = —P)*
FP: P(h) = 5 B g D
] 2(B—1)  3P(1-P)>
HPLH: P(h) = <4— 25 7B o
LPLH P(h) — B*]’Hkr:ll 3 _B-1_ M
: T BB+]) 2+B  [(B+2) B+2

By comparing these cases, we observe that the
LPLH has larger stability region (lower bound on
the values of f'is smaller) as compared to other sce-
narii. Also, for a given value of P, LPLH achieves
the maximum throughput. Moreover, the optimal
throughput for all cases is obtained when P = 1/3.

Fig. 15 shows the values of the lower bound f™in
on the forwarding probability f for the different
choices of the distribution P(-) studied above. The
parameter that is varied is the bound B on the
lengths of routes. /™" is independent of the choice
of the channel access probabilities P,. The first
observation from this figure is that, irrespective of
the choice of P(-), the forwarding queues tend to
instability as B increases. Also, for a fixed choice
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min
R

Fig. 15. The minimum weight given to the forwarding queues for stability versus B.

of B, the LPHL policy requires less value forward-
ing probability to ensure the stability of forwarding
queues. In Fig. 16 we plot the throughput against
the channel access probabilities for the stable system
(so that the value of f does not matter). The exis-
tence of an optimal choice of the channel access
probability is evident from the figure. As already
observed, the optimal channel access rate is % for
all the choices of distribution P(-). For small values
of P, the number of collision are not significant so
that the throughput increases linearly with P. For
large values of P, however, the collisions become
significant and result in a significant drop in the
throughput.

6.2. Limited attempts

In this subsection we consider the special case
where K, = K for all nodes. Because of symmetry
it is seen that y, = y for all the nodes. Also, P;,, =
(1—P)*and L2 L,,, is given by

1T

L
1-T"

(30)

where T = P(2 — P) is the probability that a trans-
mission attempt is unsuccessful. The global rate bal-
ance becomes

0.12 T T T
—— Fixed probability
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Fig. 16. The throughput of a node versus the channel access probability P.
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L—y=2> y(1-T > P(h),
= 1 h=jt1 (1)
Y= o Ky 1=(1—TK) T
1423 2,P(h)(1 = T%) ————

The long term average rate at which data from node
s reach their destinations is given by

o0

thp = 2P(1 — P)’y Y " P(h)(1 — T)""". (32)

h=1

For a bound B on the maximum number of hops,
we study the effect of parameter B on the stability
of the forwarding queues of the nodes.

Lemma 6.1. If P(h)—p_.,0,Yh, then we have

Nim £ ;i_fgoy =" (33)
Proof
1
y: 00 K 1—(177‘[()}171 (34)
1425 05Ph) (1 =T7) ———
- K 17210(1)l 00 (1-r&)y"-1 " (35)
L (1= 7%) [ 2375 POy =

Since P(h)— 550, Vh, and since 1 — TX < 1, the re-
sult follows. [

Itis easy to see that the limit yy;,, is positive and it is
always less than 1. Also, y;;,,, does not depend on the
distribution P(-) as long as the condition of Lemma
6.1 is satisfied. For any finite value of K, the system
is always stable irrespective of the value of B. How-
ever, when K increases, the value of y decreases, so
that the lower bound on the allowed values of f
increases, implying smaller stability region.

In Fig. 17, we plot the values of y,, versus the
channel access probability for different values of
allowed number of transmission attempts, K =
1,4,20. We observe that, for a fixed value of chan-
nel access probability P < 1, yy, decreases to zero
as the allowed number of attempts K increases.
Also, for a fixed value of K, y;,, decreases with a
decrease in the channel access probability decreases
(see Fig. 17). This indicates that the system will be
more stable (the allowed values of forwarding prob-
ability will be more) when the limit on transmission
attempts K decreases or the channel access probabil-
ity P increases.

6.2.1. The FP distribution for route length

We assume that the probability P(%) is constant,
i.e, P(h) =4 for h <B and zero otherwise. The
quantity y is given by

T7°*B
TKB+1)+ (1 -1 -1

y= (36)
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Fig. 17. y;, as a function of the channel access probability P.
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The rate at which data from node s reaches their
destinations d is given by

pp= PP (=T

From the above relations, the stability region and
throughput depend on three parameters: transmis-
sion probability P, maximum number of hops B
and limited attempts K.

In Figs. 18-21, the throughput and the quantity y
are plotted versus the transmission probability for
the different values of limit attempts K = 1,4,

(37)

10,15 and maximum hops B = 5,10. Both Figs. 18
and 21 show that increasing the bound on attempts
K significantly improves the throughput but the
region of stability deceases as shown in Figs. 19
and 21. It is, therefore, clear, there is a through-
put-stability tradeoff which can be obtained by
changing the limit of attempts.

By comparing the throughput and the quantity y
for two different values of B=15 and B =10, we
observe that the system will be more stable and
the throughput will be better when the bound B
decreases.

0.06 T
— K=1
"""" K=4
—— K=10
0.04 B
=]
Q.
<
(2]
>
o
=
=
0.02 B
0 . . . . . . . . a8
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Transmission probability P

Fig. 18. The throughput of a packet as function of the transmission probability P for B =5 and K = 1,4,10, 15.
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Fig. 19. The region of stability as function of the transmission probability P for B =5 and K = 1,4, 10, 15.
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6.2.2. The HPLH distribution for route length

In this scheme, the throughput #4p is given by
R h A1
thp =2P(1 — P — (1 = T*)". 38
p=2P(1 = PYY gy (=T 3)

In Figs. 22 and 23 we plot the quantity y and
throughput versus the channel access probability
for different values of allowed number of transmis-
sion attempts K = 1,4, 10, 15 and we observe similar
results as shown in (FP) case. An interesting feature
to note is that the optimal transmission probability
in (HPLH) case is more sensitive of limit attempts K

0.03

comparing with (FP) case. In (FP) the optimal
transmission is almost the same for different values
of K.

6.2.3. The LPLH distribution for route length
In this scheme, the throughput is given by

> B—-h+1

h=1

(1 — 715"

In Figs. 24 and 25, the throughput and region of
stability are plotted versus the transmission proba-
bility for the different values of limit attempts K =

0.02 -

Throughput
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Fig. 20. The throughput of a packet as function of the transmission probability P for B =10 and K = 1,4, 10, 15.
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Fig. 21. The region of stability as function of the transmission probability P for B = 10 and K = 1,4, 10, 15.
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Fig. 22. The throughput of a packet as function of the transmission probability P for B =10 and K = 1,4, 10, 15.
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Fig. 23. The region of stability as function of the transmission probability P for B = 10 and K = 1,4, 10, 15.

1,4,10,15 and maximum hops B = 10. Similar
trends are obtained in the (LPLH) case as compar-
ing to other cases (FP) and (HPLH).

By comparing these three cases, we observe that
the LPLH has larger region as compared to other
scenarii. And the throughput obtained in (LPHL)
is better than that of other cases.

7. Conclusion

Considering a simple random access wireless net-
work we obtained important insights into various
tradeoffs that can be achieved by varying certain
network parameters.

Some of the important results are that

. As long as the intermediate queues in the net-

work are stable, the end-to-end throughput of a
connection does not depend on the load on the
intermediate nodes.

. Routing can be crucial in determining the sta-

bility properties of the network nodes. We
showed that if the weight of a link originating
from a node is set to the number of neighbors
of this node, then shortest-path routing maxi-
mizes the minimum probability of end-to-end
packet delivery.
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Fig. 24. The throughput of a packet as function of the transmission probability P for B = 10 and K = 1,4, 10, 15.
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Fig. 25. The region of stability as function of the transmission probability P for B = 10 and K = 1,4, 10, 15.

3. Providing a framework for cross-layer study of
stability—throughput performance of ad-hoc net-
works. It has the flexibility for managing at each
node forwarded packets and its own packets
differently.

4. The results of this paper extended in a straight-
forward manner to systems of weighted fair
queues with coupled servers.

5. The context of the stability that we study is new
as it takes into account the possibility of a limited
number of transmissions of a packet at each node
after which it is dropped.
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