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Abstract- We address the problem of identifying high through-
put paths in 802.11 wireless mesh networks. We introduce
an analytical model that accurately captures the 802.11 MAC
protocol operation and predicts both throughput and delay of
multi-hop flows under changing traffic load or routing decisions.
The main idea is to characterize each link by the packet loss
probability and by the fraction of busy time sensed by the
link transmitter, and to capture both intra-flow and inter-flow
interference. Our model reveals that the busy time fraction
experienced by a node, a locally measurable quantity, is essential
in finding maximum throughput paths. Furthermore, metrics that
do not take this quantity into account can yield low throughput
by routing over congested paths or by filtering-out non-congested
paths. Based on our analytical model, we propose a novel routing
metric that can be used to discover high throughput path in a
congested network. Using city-wide mesh network topologies we
demonstrate that our model-based metric can achieve significant
performance gains with respect to existing metrics.

I. INTRODUCTION

Mesh networks offer inexpensive wireless coverage over
large areas via use of wireless multi-hopping to wireline
gateway nodes. Recently, cities are expanding use of mesh
networks from public service and public safety to also in-
clude large-scale public broadband wireless access, potentially
serving millions of users.1 Such deployments will carry high
amounts of traffic that will stress the 802.11 mesh backbone,
thus causing unfairness and starvation, well known problems
of the 802.11 CSMA protocol. Given this limitation, modeling
and understanding 802.11 in conjunction with congestion con-
trol, traffic engineering and routing schemes is of paramount
importance.

In this paper, we address the problem of identifying high
throughput paths in an 802.11 mesh network by introducing a
model that accurately predicts throughput and delay of multi-
hop flows under fixed or changing traffic conditions. Existing
models for 802.11 mesh networks focus on predicting through-
put of a set of single-hop, single-receiver flows [6], [11], [13],
[14]. A recent paper [10] proposes an analytical approach to
estimate the end-to-end throughput over a single path, which
is limited to the case of nodes having a single receiver and
requires a rather complex, centralized computation that cannot
be translated into a routing protocol. In contrast to [10], our
model applies to arbitrary traffic matrices and yields a routing
metric that can be easily incorporated to an efficient routing
protocol to discover the optimal path. In [15] the authors
propose an admission control schemes for flows in a single-
channel, multi-hop network based on knowledge of both local

'See Houston's RFP for example: www.houstontx.gov/it/wirelessrfp.html.

resources at a node and the effect of admitting the new flow
on neighboring nodes. In contrast to [15], our approach is
based on a more precise mathematical model of the behavior
of 802.11, and can efficiently discover the path providing the
largest bandwidth to the new flow.

Our model expresses the throughput and delay of each link
of a multi-hop flow as a function of (i) average input rate, (ii)
the fraction of busy time carrier-sensed by the link transmitter
and (iii) the packet loss probability experienced on the link-
all locally measurable with zero or minimal communication
overhead. To model changing traffic conditions, we introduce
a two-step technique to estimate available path bandwidth,
defined as the maximum additional rate aflow can push before
saturating its path. The first step computes the capacity of each
link in the path using the busy time fraction and packet loss
probability as a summary of the interference caused by other
links outside the path. In the second step, the link capacities
are coupled with a clique-based computation that captures
interference of links within the path. We use the topology of a
city-wide mesh network deployed in Chaska, MN to demon-
strate the effectiveness of our model in accurately predicting
throughput and delay under existing traffic conditions and in
estimating available path bandwidth.
Armed with the ability to estimate available bandwidth over

a single path, we use our model to study the ability of routing
protocols' link-cost metrics to discover high throughput paths.
Several mesh routing metrics have been proposed that take into
account packet loss probability [7], [8], data transmission rates
[4], and multi-channel, multi-radio capabilities [9], [16]. These
metrics have been demonstrated to find higher throughput
paths than minimum-hop metrics. However, their performance
has never been investigated under congested conditions that
naturally arise in gateway-centric mesh networks.

To address this question, we use our model and a series of
experiments that gradually evolve from single-link to full-scale
city-wide topologies. We find that all existing routing metrics
are highly sensitive to traffic load and detect congestion
through the packet loss probability. However, we show that
packet loss does not always provide accurate information
and can result in low-throughput routing decisions, either by
selecting congested paths or by filtering-out non-congested
paths. Instead, the busy time fraction is an additional factor
essential to discover high throughput paths, especially under
congested conditions.
We introduce a new available bandwidth metric that can be

combined with a source-route link-state routing protocol to
directly compute the path providing the highest throughput.
Our metric takes into account intra-flow and inter-flow inter-
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ference using fraction of busy time as well as packet loss. We
compare its performance with existing loss-based metrics in
both the Chaska topology and a regular Manhattan network
topology, under various traffic scenarios. Our experiments
show that our proposed metric based on direct estimation
of available bandwidth can yield high gains, being mostly
effective in planned mesh networks of regular topology that
provide several paths through spatial reuse.

The paper is organized as follows: We introduce the analyti-
cal model in Section II. In Section III, we evaluate the model's
accuracy and introduce and evaluate the available bandwidth
estimation technique. In Section IV, we investigate the ability
of existing routing metrics to discover high throughput paths.
In Section V, we compare model-based metrics for available
bandwidth estimation to existing loss-based metrics. Section
VI concludes this paper.

II. ANALYTICAL MODEL

In [11], [12] we introduced a general decoupling technique
to analyze the behavior of each node in an 802.11 network with
arbitrary topology. One important limitation of our previous
work is that we limited ourselves to the case in which each
source sends traffic to a single neighboring node. Since this
case allows to analyze only particular traffic patterns, we
now extend the analysis to the general case in which a node
transmits to multiple neighbors. Notice that we use the term
'node' to refer to one network interface, i.e., one instance
of the 802.11 MAC protocol which is shared by all flows
passing through the node. We first review in Section I1-A the
modeling framework introduced in [11], [12]. The extension
of the analysis to the case of multiple receivers is described
in Section Il-B.

A. Review of modeling framework
In 802.1 1, the behavior of a node is determined by what

it senses on the channel, i.e., by the occupation of the 'air'
around it in the frequency spectrum used. In a wireless mesh
network, the state of the channel can be perceived differently
by different nodes, because not all of them are in radio range of
each other. As a consequence, existing techniques developed
in the so called 'single cell' case (usually based on the classic
analysis of [5]) are not applicable, and one has to consider the
private channel view of each node.

T, T Tb

Fig. 1. Example of the evolution of the channel state perceived by a node
The evolution of the channel state experienced by a node can

be described as a renewal process with four different states, as
illustrated in the example of Fig. 1. The 4 states are :(i) idle
channel; (ii) channel occupied by a successful transmission of
the node; (iii) channel occupied by a collision of the node; (iv)
busy channel due to activity of neighboring nodes, detected
by means of either physical or virtual carrier sensing (the
NAy). The time intervals during which the station remains
in each of the four states above are denoted by or, T~, T~, and
Tb, respectively. While or is constant, equal to one backoff
slot, the duration of the other intervals can be variable (with
general distribution), depending on the access mechanism
(basic access or RTS/CTS), the frame size, and the sending

rate of the transmitting station(s). Both T5, T,, and Tb include a
deterministic idle slot at the end (see [12] for details). Let FJ1,,
1715, IU1' FIb be, respectively, the occurrence probabilities of the
four states described above. To compute these probabilities, we
need to specify the events that can occur after an idle slot has
elapsed. Let T be the probability that the backoff counter of
the node reaches zero after an idle slot; let e be the probability
that when the backoff counter reaches zero, the transmission
queue is empty; let p be the probability that a transmission of
the station is not successful; at last, let b be the probability that
if the station does not transmit after an idle slot, the channel
becomes busy because of the activity of other nodes. Then we
can express the occurrence probabilities of the four channel
states as follows: rl, T (I1 p)(l e) , r, Tp(I1 e)

~~cT [(1 T)+Te] (1- b) , I-b =[(1 T) +Te] b.
Using standard renewal-reward theory, the throughput of the

node (expressed in packet/s) is given by

T(1 p)(l e)1LsT5 + rIITc + ]II,u + rlbTb (1)

Now, the probability T is a deterministic function of p,
which depends only on backoff parameters such as the window
size, the number of backoff stages, etc. The complete expres-
sion Of T for 802.11 that takes into account the maximum
retransmission limit jointly with the maximum window size,
is given by

2q(l1 pm±l)
q(l1 pm±l)+Wo [I1 p -p(2p)m'(1+pm mr'q)

(2)
where q 1 2p, Wo is the minimum window size, mn is the
maximum retry limit, and mn' is the backoff stage at which the
window size reaches its maximum value, m' < m.

The average durations T, and T, of a successful trans-
mission or of a collision in which the station is involved
can be computed a priori (see [5]), depending only on the
distributions of packet sizes and data rates. It turns out that the
only unknown variables in Equation (1) are: i) the occurrence
probability b of a busy period, and its average duration Tb; ii)
p, the conditional packet loss probability; iii) e, the conditional
probability of empty buffer.

The value of e depends on the traffic load of the node. The
values of b, Tb and p, depend on the interaction of the node
with the rest of the network. In [11I] we described an iterative
technique to compute these quantities, that allows to solve for
the entire network and thus predict analytically the stationary
behavior of each node, including its throughput. In particular,
we introduced a methodology to evaluate the fraction of time
fB during which the channel is sensed busy, as well as the
average duration Tb of a busy period. The value of fB is
related to our model through the following expression

fB~~ + lbTb
IT IICTc + rlTc7 + rlbTb (3)

Moreover, we proposed a technique to compute the packet loss
probability p on thie (single) link used by thie node. In thiis
paper we are not concerned with the analytical computation
Of fB, Tb and p. The interested reader is referred to [11].
Indeed, in this work we assume that fB, Tb and p are directly
measured by each node through a combination of active and
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