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Abstract- Campus and enterprise wireless networks are in-
creasingly characterized by ubiquitous coverage and rising traffic
demands. Lfficiently assigning channels to access points (APs)
in these networks can significantly affect the performance and
capacity of the WLANs. Ihe state-of-the-art approaches as-
sign channels statically, without considering prevailing traffic
demands. In this paper, we show that the quality of a chan-
nel assignment can be improved significantly by incorporating
observed traffic demands at APs and clients into the assignment
process. We refer to this as traffic-aware channel assignment.
We conduct extensive trace-driven and synthetic simulations and
identify deployment scenarios where tratfic-awareness is likely to
be of great help, and scenarios w~here the benefit is minimal. WXe
address key practical issues in using traffic-awareness, including
measuring an interference graph, handling non-binary interfer-
ence, collecting tratfic demands, and predicting future demands
based on historical information. We present an implementation
of our assignment scheme for a 25-node WLAN testbed. Our
testbed experiments show that traffic-aware assignment offers
superior network pertormance under a wide range ot real
network configurations. On the whole, our approach is simple
yet effective. It can be incorporated into existing WLANs with
little modification to existing wireless nodes and infrastructure.

I. INTRODUCTION
Enterprises and university campuses are deploying WLANs

at a remarkable rate and effectively managing such networks
has become increasingly important. The broadcast nature of
wireless communication makes the task of supporting good
end-user experience very difficult. Emerging trends such as
rapidly growing densities and increasing traffuc volumes only
exacerbate this problem (see [13] for a detailed analysis).
Traditionally, careful channel assignment has provided some
respite to end-users. In the common case, network adminis-
trators conduct detailed site surveys and manually try various
configurattions to determ~ine the right channel anid placemenit
for APs. The state-of-the-art research [1 6] [1 8] also offers
similar static solutions. While there are other solutions for sup-
porting better performance in dense deployments [3], channel
assignment is attractive because it is simple and clients do not
need to~be mo~dified.

Unfortunately, existing approaches to channel assignment
are insufficient for enterprise WLAN deployments and usage
patterns. Indeed, recent work has shown the traffic volumes in
a WLAN can vary significantly both across APs and across
time [13]. In the future, as more devices and newer appli-
cations contend for wireless access, the variability in traffic
will increase further. Due to traffic variability in current and
future networks, the performance of static channel assignment
is bound to suffer.
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Researchers in the wire-line world faced a similar problem
when static routing weights were proven to be insufficient
for achieving robust intra-domain routing. Several researchers
advocated that routing weights be tuned to observed traffic
demands [6]. [7], [28]. Motivated by the vast success of these
approaches in the IP world, our paper asks the following
question: Docs thc qaality of a channel assignmcnt improve
whcn dynamic traffic demands in the WLAN are taken into
accoant?

To answer this question, we develop and systematically
study the notion of traffic-aware channel ass ignnient for
WLANs. Our approach is simple. at regular intervals, collect
traffic demand information and use it to determine the channel
assignment. We espouse traditional channel optimization oh-
jectives and show how they can be modified to incorporate the
WLAN traffic demands. Of course, computing optimal channel
assignments for traffic-aware objectives is NP-Hard. Hence,
we develop simple techniques (based on simulated annealing)
for quickly computing close-to-optimal assignments. We show
these channel assignments can closely track the prevailing
network conditions.

To be effective, we must address a few practical issues.
(1) The effectiveness of a channel assignment depends on the
availability of an accurate interference map for the WLAN.
Since wireless signal propagation and interference patterns are
hard to predict using simple heuristics [I], we directly measure
wireless interference using active probes. This is done at
coarser time-scales than the collection of demand information.
(2) While existing work assumes binary wireless interference,
we find that in real networks interference across links may
not be binary (e.., two senders may carrier sense each other
intermittently due to variation of RSS). We present simple and
effective channel assignment schemes for handling non-binary
interference. (3) Our approach requires timely and accurate
estimation of traffic demands. For this, we simply leverage
the SNMP netw ork usage statistics that most APs expo'rt.
In addition, we develop simple approaches for predicting
upcoming traffic demands using only historical SNMP samples
and extend our traffic-aware channel assignment algorithms
to use these predicted demands. (4) Finally, we address the
issue of the overhead experienced by clients when their APs
switch channels frequently due to fluctuating traffic loads. We
describe and evaluate a suite of simple approaches to minimize
this overhead.
On the whole, the traffic-aware approach we propose re-
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quires few modificauions to exisuing wireless nodes and infras-
tructure. It is effective and simple to use. In our evaluation,
we first conduct extensive simulations over real topologies
and traffic demands (available publicly at [15] and [8]), as
well as over several syntbetic settings. We start by considering
a setting where perfect information about current and future
demands is available. These baseline analyses help establish
the potential benefits of traffic-aware channel assignment
algorithms. Our simulation results show that being traffic-
aware could substantially improve the quality of a channel
assignment in terms of to~tal netwo(rk throughput. The exact
level of improvement from traffic-awareness depends on the
deployment scenario, e.g. the density of wireless nodes, the
traffic volumes, and the spatial distribution of traffic demands.
Our key finding is that traffic-awareness offers the most
benefit wben the demands in a WLAN are higbly skewed.
We investigate tbe quality of traffic-aware assignments that
are computed using predicted demands, and find that their
performance is mostly within 5% of the ones obtained with
access to perfect information. In addition, we also inject
artificial errors into traffic demands, and our evaluation shows
traffic-aware channel assignment is robust against these errors.

Finally, we implement and evaluate the traffic-aware channel
assignment algorithms in a 25-node wireless testbed, deployed
on two floors of an office building. We find that traffic-aware
channel assignment is effective in real wireless networks under
a range of network configurations. It benefits both TCP and
UDP flows. Traffic-aware assignment also interacts well with
multi-rate adaptation by reducing interference and allowing
data communication to use higher data rates. In addition, we
find that traffic-aware cbannel assignment not only improves
average network performance, but also helps avoid highly
inefficient channel assignments that could arise from traffic-
agnostic approaches.

II. RELATED WORK

Assigning channels to APs in WLANs has been a static,
one-time approach [14]. First, network administrators conduct
an "RF site survey" of the campus and determine the loca-
tion and number of APs for adequate coverage, Then, tbe
administrators manually configure the APs with 802 11 's non-
overlapping channels to ensure that close-by APs operate on
different channels when possible. Our work shows that such
static approaches can result in poor performance in the face
of shifting traffic demands.

Tbere are several researcb proposals for channel assignment
in campus WLANs [16], [B8]. Unlike our paper, none of
them consider the benefit of tailoring the channel assignment
to prevailing traffic demands. For example, Lee et. al [16]
advocate identifying "expected bigh-demand points" in a given
WLAN deployment and assigning channels to maximize signal
strength at the demand points. This is still a static approach.
Mishra et. al [18] argue that clients have a better view of inter-
ference (since interference directly impacts their performance),
and therefore channel assignment must take client-side views
of interference into account. However, this approach only takes

client locations into account and assumes that all wireless
nodes exhibit the same level of activity at all times.

Recently, several "spectrum management" products have
been developed to automate channel assignment in WLANs.
Some perform dynamic channel selection based on the current
operating conditions (e.g. AutoCell [5] and AirView [4]).
Others also offer interference mitigation via transmit power
control and load balancing across APs. Due to tbeir proprietary
nature, little is known about the design of tbese products
and the operating conditions they work best under. Our work
pmovides a thorough analysis o~f these issues fo~r traffic-aware
channel assignment.

Next, we briefly review IP traffic engineering approacbes
and discuss how they motivate our work. Traffic demands
have been shown to have tremendous utility for network
provisioning and route optimization in ISP networks [6], [7],
[28]. A wide range of traffic engineering approaches bave
been developed to incorporate traffic demands. At a bigh
level, these approaches maintain a history of observed traffic
demand matrices and optimize routing for the representative
traffic demands extracted from the observed traffic during a
certain history window. Tbey differ in how tbe representative
demands are derived. Inspired by tbese results from the
IP wire-line world, we ask whether being traffic-aware has
similar benefits for managing wireless network spectrum. We
develop a parallel set of approaches for deriving traffic demand
information in WLANs.

III. TRAFFIC-AWARE CHANNEL AsSIGNMENT
Tbe goal of cbannel assignment is to ensure that wireless

nodes belonging to interfering Basic Service Sets (BSSs)
operate on distinct channels whenever possible. A wireless
BSS includes an AP and all clients associated with it. An
entire BSS must operate on a single channel, and only nodes
belonging to different BSSs can interfere.

Given that modern 802.11 wireless technologies offer very
few non-overlapping channels (e.g. both 802.1 lb and 802.1 Ig
offer 3 such channels: 1 6, and 1), channel assignment can
essentially be viewed as an optimization problem- wbat is the
best way to allocate the available channels to BSSs so as to
optimize a given metric or objective?
A good optimiization metric should satisfy two important

conditions. (i) it should be easy and efficient to compute
given a channel assignment, and (ii) it should reflect WLAN
performance. In Section III-A, we present an overview of
metrics commonly used in channel assignment. We argue
that these metrics suffer from key dra"wbacks and, therefore,
fail to satisfy condition (ii) above. In order to address these
drawbacks, the metrics should be traffic-aware, i.e. they should
capture prevailing traffic demands in the WLAN. In Sec-
tion 111-A we show how to construct traffic-aware metrics.

Choosing an appropriate optimization metric is only part
of the problem. Computing the optimal channel assignment,
even for the simplest metrics, is known to be NP-hard [18].
In Section III-B, we develop efficient beuristics for computing
close to optim-al assignments for traffic-aware metrics.
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A practical implementaaion of traffic-aware channel as-
signlment must address a few key challenges such as how
to measure wireless interference, how to cope with realistic
wireless interference patterns, and how to measure and predict
traffic dernands.We discuss and address these challenges in
Section 111-C. Finally, we summarize the traffic-aware channel
assignment approach using a flow-chart in Section 111-D.

A. Optimization Metrics for Channel Assgnmient
It is appealing to directly use wireless network performance,

such as throughput or delay, as optimization metrics. However,
modeling wireless network performance is hard hecause inter-
ference is complicated and difficult to model. In this paper, we
focus on the "channel separation" metric, which maximizes the
difference in the channels of interfering nodes. This metric
is simple to compute and reflects the goal of minimizing
interference. While we apply traffic-awareness to the "channel
separation" metric, we helieve that traffic-awareness can he
equally applicahle to other optimization metrics to provide
more efficient channel assignments.
The channel separation metric is computed as follows:

Let C, denote the channel assigned to AP i.Also, if
APs iand j' are within interference range of each other,
define Separation(i,) minjCi Cj,) otherwise
Scparation(i,j 5. We use 5 as an upper-hound of channel
separation hecause channels f, 6, 1 1 in 802.1 lhb/g are consid-
ered orthogonal. Furthermore, separation values hetween 0 and
5 can he used to support partially-overlapping channels. Our
evaluation focuses on orthogonal channels, and [20] can he
consulted for a primer on partially-overlapping channels. Let
A denote the set of APs. Then the channel separation ohjective
islw'IzetA~ 'eaa Io(,jd). This metric is

easy to compute given the interference graph.
However, this metric fails to reflect the performance of the

network due to two reasons: (1) The metric ignores whether
wireless nodes are active. In fact, the nodes are assumed to
always he active. In practice, some wireless nodes are more ac-
tive than others. Since the numher of availahle non-overlapping
channels is very small (only 3 in 802.1 lhb/g), incorporating the
activity of nodes can result in hetter channel assignments. (2)
Furthermore, the metric ignores clients completely. In practice,
minimizing interference introduced hy client transmissions is
also important. Our analysis of real wireless traces shows that
clients transmit a significant volume of traffic. As we show
later, these two drawhacks result in poor channel assignments
in terms of overall network performance. Due to the ahove two
properties, wye refer to~the traditio~nal metric as traffic-aignostic
client-agnostic.

1) Client-awareness.- When the interference graph induced
hy clients is availahle, client-aware channel assignment he-
comes possihle. The corresponding metric is. Mfaximizc
~AUBB B~~j}ScoaratioTI(i j' Here B denotes

the set of clients in the network. Also, nodes i, jin the sum
must helong to different BSSs. This metric is designed to
capture the channel separation hetween any two interfering
APs, any two interfering clients that are associated with

different APs, and an interfering AP-client pair. Note, however,
that the metric is still traffic-agnostic. Mishra et. al [18]
propose a traffc-agnostic, client-aware metric similar to this.

2) Traffic-awareness.- The previous two metrics do not
take into account the actual traffic volumes or periods of
activity of individual clients and APs. Thus, these metrics
may force interfering hut relatively inactive APs or clients
to operate on non-overlapping channels, whereas a smarter
channel assignment would have re-used these channels to
mitigate interference at other active network locations.

In order to verify ibat traffic varies across BSs we exam-
mned the traffic demands at APs from puhlicly-availahle traces
(circa 2004 [13]). While we omit the details for hrevity, we
found that traffic volumes could vary suhstantially hoth across
APs and across time [26]. We ohserve a similar variation
among client traffic. Such variation prevents traffic-agnostic
metrics from fully exploiting the capacity of the wireless
medium.

Incorporating traffic volumes and the activity of wireless
nodes requires a simple change to the traffic-agnostic metrics.
Before outlining this modification, we define the term demand
informally. The sending demand of a node is the aggregate
amount of data (excluding link-layer ACKs) it wishes to
transmit per unit time. In the case of a client, there is a single
recipient- its AP, in the case of an AP, all of its clients could
he recipients. Similarly, the receiving demand is the amount of
data (excluding link-layer ACKs) the node wishes to receive
from various transmitters.

To incorporate traffic-awareness into channel assignment,
we simply need to ensure that interfering nodes with high
individual demands (specifically the BSSs containing such
nodes) are assigned to non-overlapping channels. However, to
ohtain an effective channel assignment, we must understand
how the send and receive demands of interfering nodes affect
each other. Ohserve that whenever two nodes A and B are in
interference range, the transmissions of one node will affect
not only the transmissions at the other node hut also the
receptions at the other node. The former effect is a mani-
festation of 802. 11's carrier sense and hack off mechanisms.
The latter occurs due to packet collisions that can arise in
hidden-terminal settings.
U sing this insight, we scale the channel separation hetween

A and B with the following 'weight". WA,B =SA X SB
SA xRB +SB BA, where S is the send demand, and R is the
receive demand. Intuitively, if we ahuse notation and let SA
(BA) denote the fraction of time As transmissions (receptions)
acquire the medium, the first term reflects the pro~bability oif A
and B's transmissions interfering with each other. The second
(third) term reflects the prohahility of A's (B's) transmissions
interfering with B's (A's) receptions.

Using the ahove weights, we can define the following traffic-
aware. client-agnostic metric. VlaxiTnize 7EiG,0 WJ X
Separation(m ij)

Similarly, we can define a traffic-aware, client-aware
metric: MIaximizcijAUB,BSS(i BSS(j)WiJX
Separation(i, j
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B. Eeficient Algorithms for Compating Channel Assignments
Since optimizing a channel assignment is NP-hard, we

use simulated annealing (SA) [27] to obtain near-optimal
assignments for each metric. SA is appropriate in this context
since it can iteratively improve the solution while avoiding
being stuck in local optima. To speed up convergence and
achieve good performance, we use an informed initialization
algorithm that is inspired by Chaitin's approach to the register
allocation problem [ 1 1 ].

1) Initialization Algorithms.7 We first describe an initial-
ization algorithm that does not consider traffic demands and
treats every node equally. Then we extend it to account for
different traffic demands at each node. The initialization does
not take clients into account, irrespective of whether the metric
in question is client-aware or client-agnostic. When client-
aware metrics are used, we rely on SA in Section III-B.2 to
effectively incorporate client-side information.

Figure 1 shows the algorithm for the traffic-agnostic case.
The intuition of the algorithm is to defer channel assignment
for APs that have many conflicts with other APs. For such
APs, the choice of the channel is very important and more re-
strictive, as it depends on the channels assigned to neighboring
APs. Also, when an AP has few conflicts, we have a greater
amount of flexibility in assigning channels. For such APs, we
can even assign channels without knowing the channels chosen
for the neighbors. In this algorithm, K refers to the number of
non-overlapping channels.

1) Construct a conflict graph G for APs in the WLAN, where
there is an edge between any two nodes if they interfere.

2) For any vertices in the conflict graph with degrees smaller
than K, choose the one with maximum degree and delete it
and its associated edges from the graph and push it onto a
stack. Repeat until no vertices with degree less than K remain.

3) If the resulting graph is non-empty, choose the vertex with
maximum degree and remove it from the conflict graph and
push it onto the stack. Go to step 2.

4) For all the vertices on the stack, pop one vertex at a time,
add it back to the graph, and assign it with a channel that is
different from all its neighbors up to this point.
If a vertex cannot be assigned, mark it.

5) For the marked vertices, assign them a channel that results in
minimum interference, where interference is calculated as the
number of interfering APs assigned the same channel.

Fig. 1. Initialization algorithm for channel assignment.

To extend the initial assignment to the traffic-aware case, we
do the following: First, we modify the degree used in step #2
and #3 by weighing it with total traffic as follows: degree(')

interfere(i ,j where interfere(i, j)= if i and j
are not in interference range; interffe(re(j) set( )+
recv( otherwise. Note sent( and recvf are sent and
received traffic at node j normalized by the link bandwidth
Second, in step #5, we assign marked vertices with a channel
that results in minimum interference where the interference
at node from node j is defined as raterfererceC(,J)
0 if i and j are on separate channels or not in interference
range, otherwise tnterference(r j sent(j recv(j We
then choose the channel that results in the minimum value of

interference(i,) summed over all j C A and j i.
2) Further Improvement via SA.: We further improve the

initial channel assignment obtained above by using an iterative
search. We have compared several options for the search,
including random walk, SA, and greedy search. We found that
SA offers faster convergence and better assignment.
SA is inspired by the metal annealing process. In each

iteration, we randomly assign one of the APs (and its clients)
to a different channel. If the new assignment is better, we
update the current assignment to the new one. Otherwise, we
update the current assignment to the new one with the proba-
bility ( ) T where T is the current temperature, and
fn, and fc,r, are the values of objective functions under
the new and current channel assignments. The temperature
gradually decreases so initially we are more likely to accept
a worse solution and avoid being stuck at local optima. As
the temperature approaches 0, we progressively move in the
direction of improving the objective function. We set the initial
temperature to 10, and each iteration reduces temperature
to 0.999 of the current value. We use 1000 iterations and
the output is the best solution over all iterations. We note
the execution time of this approach is sufficient for practical
WLAN settings (e.g., for the traces we study, it takes well
under 1 second for SA to compute the optimized metric).

C Practical Issues
We address several practical issues in channel assignment.
1) Measuring the Interference Graph: The effectiveness

of a channel assignment depends on the availability of an
accurate interference map. Four measurement and modeling
techniques [1] [25] [22] [2] have been proposed recently
to estimate wireless interference. The first three schemes
are based on the maximum throughput measurement when
one or two links are active, while the last scheme sends
coordinated probes at specific time instances, which intro-
duces lower traffic overhead but requires fine-grained time
synchronization. The first scheme [1] directly measures link-
based interference using broadcast probes. The second and
third schemes [25] [22] improve the scalability of the first
approach by developing an interference model based on RSSI
measurement. Each sender sends a series of broadcast probes,
and all other nodes measure the received signal strength. Then
a model is used to estimate the sending rate based on received
signal strength and carrier sense threshold, and estimate the
delivery rate based on SNR. In this way, only O(N) broadcast
probes are required for measuring interference in an N node
network. The two schemes differ in the type of interference
they can model - [25] works for pairwise interference and
broadcast transmissions, whereas [22] works for pairwise
and non-pairwise interference and for broadcast and unicast
transmissions. The fourth scheme, proposed by [2], sends
coordinated probes from APs to clients For example APs
Al and A2 estimate the interference on links Al -Cl and
A2 -C2 by sending a probe on Al -Cl and then sending
a probe on A2 -C2 at the same time when Cl sends an
ACK to Al. If Cl's ACK is not received, it indicates the
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