
Research Article
On the Goodness of Using Orthogonal Channels in
WLAN IEEE 802.11 in Realistic Scenarios

Jose Manuel Gimenez-Guzman ,1 Ivan Marsa-Maestre ,1 David Orden ,2

Enrique de la Hoz ,1 and Takayuki Ito3

1Computer Engineering Department, University of Alcala, Spain
2Department of Physics and Mathematics, University of Alcala, Spain
3Department of Computer Science, Nagoya Institute of Technology, Japan

Correspondence should be addressed to Jose Manuel Gimenez-Guzman; josem.gimenez@uah.es

Received 22 June 2018; Revised 29 October 2018; Accepted 12 November 2018; Published 22 November 2018

Academic Editor: Laurie Cuthbert

Copyright © 2018 Jose Manuel Gimenez-Guzman et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Due to the high density of Wi-Fi networks, especially in the unlicensed 2.4 GHz frequency band, channel assignment has become
a critical duty for achieving a satisfactory user experience. Probably, the main peculiarity of Wi-Fi networks is the partial overlap
of the radio channels that can be used by access points. For that reason, a number of works avoid cochannel interferences by using
only channels which are far enough from each other to have no interferences, the so-called orthogonal channels. However, there is
a range of choices between using the whole spectrum and using only orthogonal channels. In this work we evaluate the influence
of the choice of channel set in realistic settings, using both optimization and heuristic approaches. Results show that the optimizer
is not able to achieve better results when using the whole spectrum instead of restricting to only the orthogonal channels. In fact,
the optimizer uses mainly the orthogonal channelswhen they are available, while the heuristics considered lose performance when
more channels are available. We believe this insight will be useful to design new heuristics for Wi-Fi channel assignment.

1. Introduction and State of the Art

Wireless technologies have reached an impressive popularity
in the last years. Probably, the most widespread wireless
technology is the one based in the standard family IEEE
802.11, commercially known as Wi-Fi. However, the radio
spectrum is very limited, and this scarcity is especially
important in unlicensed frequency bands, like the ones where
Wi-Fi operates in. Moreover, in unlicensed frequency bands,
in addition to the Wi-Fi devices we also find other devices
that can cause harmful interferences toWi-Fi, likemicrowave
ovens, Bluetooth devices, or baby monitors. Due to this
high saturation and scarcity of the radio spectrum, it is of
paramount importance for Wi-Fi devices to choose the ade-
quate channel to operate in, from the set of available channels.

One of the prominent peculiarities of Wi-Fi networks is
that the available frequency channels are partially overlapped.
For example, in the most popular 2.4GHz frequency band,

from the 13 available channels (depending on the world
region this number can be different) only a subset of them
do not overlap (orthogonal channels). As the problem of
channel assignment in WLAN environments is a current
and increasingly important problem, it has been extensively
studied by the scientific community. Doubtlessly, the main
work that compiles the most prominent efforts in this area
is the survey [1]. In this work, WLAN channel assignment
techniques are classified into two categories: (i) centrally
managed and (ii) uncoordinated. In addition to the papers
cited in [1] related to channel assignment, since its publication
to the present, some of the most prominent works published
in this category are [2–8].

Although the classification provided in [1] is themost log-
ical when studying the problem ofWi-Fi channel assignment,
there is an additional dimension which is especially relevant
for this work: whether they consider only the orthogonal
channels or the whole spectrum of channels. Note that the
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2 Wireless Communications and Mobile Computing

orthogonal channels are channels 1, 6, and 11 when we have
11 available channels at hand (e.g., in the US) and channels
1, 7, and 13 when we have 13 channels available (e.g., in the
EU).Themain efforts that consider only the three orthogonal
channels are [2, 3, 5, 9–12]. On the other hand, there are
many approaches that consider the whole spectrum, like,
for example, [13–17]. At this point, one could wonder why
there are so many papers that consider only three orthogonal
channels. Probably, the first idea could be that solving the
problemwith three nonoverlapping channels is easier to solve
that its counterpart that considers 13 overlapped channels.
In addition, using three orthogonal channels is easier to
evaluate, especially with simulators, as many of them do not
consider overlaps between channels.

On the other hand, some of the works [18–20] studying
the effect of using partially overlapped channels draw contra-
dictory conclusions. For example, in [18, 19] authors conclude
that using partially overlapped channels in Wi-Fi enables a
performance improvement. However, other approaches like
[20] consider that the gain of using partially overlapped
channels is not guaranteed. We believe the respective biases
of those studies are due to the fact that the comparison is
done using only a heuristic approach, so the results strongly
depend on the heuristic considered.

One of the reasons to use heuristics for these studies is
the high complexity of optimal channel assignments in Wi-
Fi networks, which is already stated in [1, 21]. Some papers
[5, 21] formulate channel assignment as an optimization
problem, but due to its NP-hardness, they propose a heuristic
algorithm to solve it. From the works cited in the survey [1],
only two of them [9, 16] make use of optimization techniques
(in particular, they both use Integer Linear Programming).

In this paper we thoroughly study the effect of varying
the distance betweenWi-Fi channels allowed in assignments,
ranging from 1 (using the whole spectrum) to 6 (using only
orthogonal channels in a 13 channel spectrum), and we
perform this study not only analyzing the usual heuristics, but
also optimal assignments obtained via nonlinear optimizers.
The main contributions of this paper can be summarized as
follows:

(i) We model the problem of Wi-Fi channel assign-
ment as a multilayer weighted geometric digraph
(Section 2.2).

(ii) Wemodel the goodness ofWi-Fi channel assignments
with a nonlinear utility model, which takes into
account the saturation effect occurring when signal
to interference ratio (SIR) is either very high or very
low (Section 2.4).

(iii) We consider channel assignments obtained by a
centralized nonlinear optimizer based on simulated
annealing, apart from the usual channel assignment
heuristics (Section 3).

(iv) We propose a set of realistic Wi-Fi scenarios for
performance evaluation, constructed from real Wi-Fi
maps from University buildings (Section 4.1).

(v) We study the effect of increasing the number of
available channels, either with or without taking

into account cochannel interference (Section 4). We
also compare the overall gain obtained for the most
widespread channel spectrum settings: 11 and 13
channels. We analyze not only the aggregate utility of
the solutions, but also the distribution of channels in
the assignments.

This is, to the best of our knowledge, the first time
that the effect of channel distance and number of channels
on the goodness of channel assignments is studied, using
optimization techniques and in a realistic setting. Since the
publication of [1], the only works (apart from our own [22–
24]) that use optimization techniques to solve the channel
assignment problem in WLANs are [11, 12]. However, nei-
ther of these papers studies the effect of using overlapping
channels instead of using nonoverlapping channels. As the
papers that have study the possibility of using overlapping
channels have contradictory conclusions, we think that this
paper fills a gap in the literature, as it tackles the channel
assignment as an optimization problem. Moreover, another
novelty of the paper consists of considering intermediate
cases in the set of available channels that can be assigned to
access points, i.e., intermediate situations between using only
the three nonoverlapping channels and using all the channels
of the spectrum, as we can have more than three channels
at hand while avoiding the severe interferences that appear
between adjacent channels.

The paper can be structured as follows. In Section 2 we
describe the Wi-Fi architecture under consideration, later
describing accurately the model we propose for such an
architecture. Section 3 is devoted to the description of the
optimization and heuristic algorithms used for assigning
channels inWi-Fi settings. The scenarios under study and the
results of the paper are shown in Section 4. Finally, Section 5
summarizes the paper and the most important conclusions,
proposing some future research lines.

2. Network Model

2.1. Wi-Fi Architecture. IEEE 802.11 technology, commer-
cially known as Wi-Fi, is, without any doubt, the most
widespread WLAN technology currently deployed. We focus
onWi-Fi networks operating in infrastructuremode, so there
are two types of wireless network elements: access points
(APs) and wireless devices (WDs). The goal is to assign a
channel to each AP, which will be the channel used for the
communication between that AP and its associated WDs.
Note that the termWD includes a wide range of devices, such
as laptops, smartphones, ebooks, TVs, or any other device
able to connect to a Wi-Fi network. In infrastructure mode,
direct communication occurs only between WDs and APs,
as communications between WDs are not permitted without
passing through an AP.

Although the frequency band of 5GHz is also used inWi-
Fi, we focus on the most used and congested frequency band
where Wi-Fi can operate, the unlicensed 2.4GHz frequency
band. This band is composed by 11 to 14 frequency channels
where devices can operate. The choice between 11, 13, or 14
channels depends on the world region, with 11 channels used
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Wireless Communications and Mobile Computing 3

(a) Connectivity layer (b) Signal layer

Figure 1: Example of graph layers of a Wi-Fi scenario.

in USA and 13 channels used in Europe. For that reason, we
focus on the scenario where we have 13 channels at hand,
although in the results we compare the differences of having
11 instead of 13 available channels.

The main peculiarity of the Wi-Fi technology is that
those channels partially overlap, which makes the problem
of frequency assignment more complex, as each channel
may interfere its neighboring channels. A first decision when
assigning channels toAPs in aWi-Fi networkwill be to decide
the number of channels to take into consideration. Many
of the algorithms and implementations for Wi-Fi channel
assignment focus on the use of orthogonal channels only (i.e.,
channels that do not interfere with each other). This choice
has the advantage that there are less harmful interferences.

2.2. Graph Modeling. In this work, we model the Wi-Fi
network by means of a multilayer graph [25]. Multilayer
graphs have recently emerged as a powerful tool tomodel and
capture multiple related aspects of complex systems. In our
model, we consider two layers: connectivity layer and signal
layer. Both layers are geometric graphs with two different
kinds of vertices: APs and WDs.

The connectivity layer is a geometric undirected graph,
where the edges represent the logical links between APs and
WDs; i.e., the connectivity layer links each WD to the AP to
which it is attached to. As it is expected that a WD attaches
to the AP that offers the most powerful signal and we assume
that power losses depend on the distance, we have attached
each WD to its closest AP.

On the other hand, the signal layer is a geometric
weighted directed graph (or weighted digraph), whose edges
represent all the signals that are received in each vertex. Note
that each edge will have a weight that represents the power
signal received. We use a directed graph to account for the
higher impact of an interference signal coming from an AP
rather than coming from a WD; i.e., we consider that the
interference produced from an AP is more harmful than
the one produced by a WD. For that reason, we have two

edges between eachWDandAP verticeswhich interfere, with
different weights for the edge representing the interference
from the AP to the WD and the edge representing the
interference from the WD to the AP.

In the signal layer two vertices are connected by an edge
provided that the distance between them is lower than the
coverage area (𝐶𝐴), which is defined as the distance at which
the power signal has decreased enough to be equal than the
sensitivity of the receiver. Section 2.3 defines the propagation
and interference models, and describes how to compute 𝐶𝐴.

Note that in the signal layer we have two types of edges:
interferences and the desired signal. Interferences are those
undesired received signals that can come from other APs
or from WDs that are attached to other APs. Note that two
WDs attached to the same AP do not interfere, as these
communications are coordinated by that AP. On the other
hand, the desired signal is the information signal we want to
receive.

A graphical example of the layers of a Wi-Fi scenario
with 14 APs and 49 WDs is shown in Figure 1. Figure 1(a)
represents the connectivity layer, while Figure 1(b) shows
the signal layer, according to the definitions previously
provided. For practical purposes, note that in the graphical
representation of the undirected graph of the signal layer we
join the two edges between vertices (one for each direction)
into a single one.

2.3. Propagation and Interference Models. The geometric
properties of the multilayer graph allow us consider realistic
propagation effects of the radio signals. Our purpose is to
assign weights to the edges of the signal layer in such a
way that, as mentioned above, each weight represents the
power of the signal represented by each edge. First of all, we
have to define the propagation model used to represent the
power losses that a radio signal suffers from transmission to
reception. We have made use of the model proposed in [26],
which defines that power loss (in dB) as

𝑃𝑙𝑜𝑠𝑠 = 40 log10𝑑 + 20 log10𝑓 − 20 log10 (ℎ𝑡ℎ𝑟) . (1)
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4 Wireless Communications and Mobile Computing

Table 1: Spectral overlap betweenWi-Fi channels [27].

|𝑐𝑖 − 𝑐𝑗| 0 1 2 3 4 5 6 ...
Spectral overlap 1 0.8 0.5 0.2 0.1 0.001 0 0

Equation (1) is defined for situations where transmitting
and receiving antennas are close to the ground (between
1m and 2.5m), being ℎ𝑡 and ℎ𝑟 their height above the floor
expressed in meters. Note that 𝑑 represents the distance
between the transmitter and the receiver (in meters) and 𝑓
is the frequency (in GHz) of the signal. As the frequency for
the different channels whereWi-Fi operates in is very similar,
we have assumed 𝑓 to be constant and equal to 2.4GHz,
obtaining

𝑃𝑙𝑜𝑠𝑠 = 7.6 + 40 log10𝑑 − 20 log10 (ℎ𝑡ℎ𝑟) . (2)

As we want to assign the weights to each edge of the
signal layer, we are going to identify two different cases: (i)
the signal is the one we want to receive, i.e., it contains the
desired information, and (ii) the signal is undesired, i.e., it is
an interference.

As theWi-Fi network is operating in infrastructuremode,
the desired signal is produced always between a WD and the
AP to which theWD is attached to and vice versa.The weight
of the edges that represent the desired signal between vertices
𝑖 and 𝑗 (𝑉𝑖 and 𝑉𝑗) can be computed as

𝑆𝑉𝑖󳨀→𝑉𝑗 = 𝑃𝑡 + 𝐺𝑡 + 𝐺𝑟 − 𝐿 − 𝑃𝑙𝑜𝑠𝑠, (3)

where𝑃𝑡 stands for the transmitting power, expressed in dBm,
𝐺𝑡 and 𝐺𝑟 stand for the transmission and reception antennas
gains, respectively, 𝐿 stands for losses due to obstacles, like
walls, windows, and so on, and is expressed in dB, and P𝑙𝑜𝑠𝑠 is
computed with (2).

To compute the weight of the edges representing interfer-
ences in the signal layer (between 𝑉𝑖 and 𝑉𝑗) we use

𝐼𝑉𝑖󳨀→𝑉𝑗 = 𝑃𝑡 + 𝐺𝑡 + 𝐺𝑟 − 𝐿 − 𝑃𝑙𝑜𝑠𝑠 + Ψ + 𝜂 (
󵄨󵄨󵄨󵄨󵄨𝑐𝑖 − 𝑐𝑗

󵄨󵄨󵄨󵄨󵄨) , (4)

where every value is expressed in logarithmic scale. It is
important to define parameters Ψ and, specially, 𝜂(|𝑐𝑖 − 𝑐𝑗|).
First, we can define Ψ as the activity index that represents
the aforementioned more harmful effect of the interferences
produced by APs (Ψ = 0.5) rather than produced by WDs
(Ψ = 0.2). Second, the 𝜂 function represents the cochan-
nel interference, so it is a paramount parameter for the
purpose of this work. We have considered the effect of
partially overlapped channels, represented by this function
𝜂, empirically measured in [27], although the results are not
very different from those obtained in other works [18, 28,
29]. More specifically, 𝜂(|𝑐𝑖 − 𝑐𝑗|) represents the cochannel
interference between vertices 𝑖 and 𝑗 when they are assigned
channels 𝑐𝑖 and 𝑐𝑗, respectively. Table 1 shows the cochannel
interference defined in [27] and used in this work. As we
can see, the overlap between channels decreases as they are
farther apart in the spectrum.

Finally, once the interferences have been defined, we can
define howwe have computed the coverage area (𝐶𝐴) defined

in Section 2.2. As we stated, 𝐶𝐴 represents the distance at
which the power signal transmitted by a device is equal to
the sensitivity of the receivers (𝜎). From the definitions above
this 𝐶𝐴 can be easily computed as

𝐶𝐴 = 10(𝑃𝑡+𝐺𝑡+𝐺𝑟−𝐿−𝜎−7.6+20 log10(ℎ𝑡ℎ𝑟))/40. (5)

2.4. Utility of the Solutions. Tomeasure the goodness of a par-
ticular channel assignment we use the signal to interference
ratio (𝑆𝐼𝑅). As the edges of the signal layer include the power
of the different signals that appear in the network, 𝑆𝐼𝑅 can be
directly computed from that layer.

The computation of the 𝑆𝐼𝑅 is slightly different depending
on whether the 𝑆𝐼𝑅 is being computed for a WD or an AP, so
we distinguish both cases. For the 𝑖-th WD (vertex 𝑉𝑖 in the
graph), that is attached to 𝑗-th AP (vertex 𝑉𝑗 in the graph),
𝑆𝐼𝑅 can be computed as the quotient between the weight of
the edge of the desired signal and the sum of the weights of
the edges representing interferences (denoted by subindex 𝑘);
i.e.

𝑆𝐼𝑅𝑖 =
𝑆𝑉𝑗󳨀→𝑉𝑖

∑𝑘 𝐼𝑉𝑘󳨀→𝑉𝑖
. (6)

We have distinguished the 𝑆𝐼𝑅 value forWDs and for APs
as, for APs, we have somany desired signals (𝑆𝑉𝑗󳨀→𝑉𝑖) asWDs
it has attached that AP. In that case, we have chosen the worst
case; i.e., for the desired signal we have chosen the one that is
receivedwith less power, resulting in the 𝑆𝐼𝑅 that isminimum
for every WD.

Although the SIR represents a good performance param-
eter to evaluate channel assignments, it can be improved
to represent a more realistic situation. As we know, user
experience depends on the 𝑆𝐼𝑅, but this experience has upper
and lower bounds, as shown in [30]. If 𝑆𝐼𝑅 value for a certain
device is below a certain value (𝑆𝐼𝑅𝑚𝑖𝑛), the signal quality
is very poor and devices cannot keep connected and, thus,
throughput (and hence perceived utility) equals to zero. On
the other hand, when 𝑆𝐼𝑅 is above a certain value 𝑆𝐼𝑅𝑚𝑎𝑥 the
throughput is limited by the technology, so it has no impact
to increase the 𝑆𝐼𝑅 beyond that value. For those reasons we
introduce, as a performance parameter, the utility for device
𝑖, named 𝑈𝑖. Parameter 𝑈𝑖 ranges from 0 to 1, representing 0
the situation where the 𝑆𝐼𝑅 is below 𝑆𝐼𝑅𝑚𝑖𝑛 and 1 when 𝑆𝐼𝑅 is
above 𝑆𝐼𝑅𝑚𝑎𝑥. For the values between 𝑆𝐼𝑅𝑚𝑖𝑛 and 𝑆𝐼𝑅𝑚𝑎𝑥 we
have used a linear function, as shown in Figure 2.

Finally, the utility for a certain channel assignment can be
computed as the sum of the utilities for all the vertices in the
graph:

𝑈 = ∑
∀𝑖

𝑈𝑖. (7)
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Figure 2: Relation between 𝑆𝐼𝑅 and utility for vertex 𝑖.

3. Channel Assignment Approaches Used in
the Comparison

In our study, according to the classification in the afore-
mentioned survey [1], we have chosen for benchmarking
both a centralized and a distributed approach. We have also
made experiments with random assignments, to use them
as a baseline. In the following we briefly describe the three
channel assignment techniques used in the study.

3.1. Baseline: Random Channel Assignment. As a reference,
we have used random channel assignments; that is, we
have measured the utility values obtained when choosing a
random channel for each AP, using a uniform distribution.
This gives us a baseline to compare with other approaches,
and to have a better view of whether they achieve a reasonably
good solution or not. As we will discuss in Section 4, this also
gives us an indication of how the search problem becomes
harder as the number of available channels change.

3.2. Least Congested Channel Search (LCCS). Distributed
heuristics are the de facto standard for Wi-Fi-channel assign-
ment. In particular, Least Congested Channel Search (LCCS)
[31] works by letting each access point to choose its desired
channel autonomously. In order to do so, access points peri-
odically count the number of active wireless devices at each
channel, choosing the least used channel for operation. Since
LCCS is asynchronous by definition and its convergence is
not guaranteed, it is difficult to define a final assignment
to use for comparison. To overcome this difficulty, we have
implemented a LCCS hill-climber, which means that we
conduct a number of iterations, allowing the LCCS algorithm
to run asynchronously once for each of the APs (with the
ordering of the APs randomly changing) at each iteration. If,
at the end of the iteration, the overall utility has increased,
we keep the changes. Otherwise, we revert the channel
assignments before iterating again. We have set the number
of iterations to 3000 in our setting.

3.3. OptimizationUsing SimulatedAnnealing (SA). Simulated
annealing is a centralized nonlinear optimization technique
[32], which we have used successfully in the past in frequency
assignment problems [22]. The idea of simulated annealing
is to search through the solution space at each iteration of
the algorithm by evaluating some neighboring solutions to
the current state, and deciding whether to move to one of
these neighboring solutions with a finite probability, which
depends on the utility variation of the movement (the greater

Figure 3: Layout under study.

the utility loss, the less likely to move) and a parameter called
annealing temperature, with higher probability of moving
when the temperature is high. The temperature is progres-
sively decreasing as the algorithm progresses, guaranteeing
its convergence. In this study we used an implementation of
SA similar to the one used in [22], with only one neighboring
solution evaluated at each iteration (generated by randomly
changing the channel assigned to a randomly chosen AP),
and by using 𝑃𝑎 = 𝑒−Δ𝑢/𝑇 as the probability of movement,
where Δ𝑢 is the utility loss for the movement and the
temperature 𝑇 starts at 1 and decreases linearly down to zero
as the algorithm iterates. We have used the same number of
iterations for SA as the one set for LCCS.

4. Numerical Study

4.1. Scenarios under Study and Parameters Used. We have
made use of realistic settings to evaluate the effect of the use
of orthogonal channels inWi-Fi technology. In particular, we
have considered the real layout of the Wi-Fi campus network
from the ScienceBuilding of theUniversity of Burgos (Spain),
whichwe show as a heat map representation in Figure 3.With
this layout, we have considered a wide range of situations
increasing the density of WDs. More specifically, we have
considered scenarioswith 50, 100, 150, 200, 250 and 300WDs.
This choice originates very different situations regarding
interferences, as it can be seen in Figure 4, where we show
the graph models for some of these scenarios, including
the simplest (with 50 WDs) and the most complex (with
300 WDs). In this figure, we have merged the two layers
of the graph model, showing APs as green circles and WDs
as smaller black squares. Moreover, the edges of the signal
layer are depicted with solid red lines and the edges of the
connectivity layer with black dashed lines.

As mentioned before, our goal will be to assign the
frequency channels to the different devices in the network in
order tomaximize the experience perceived by network users,
i.e., in order to maximize the utility function 𝑈 defined in
Section 2.4. Typically, channel assignment can be recognized
as a graph coloring problem [33], so an example of the result
of applying any of the channel assignment algorithms can be
shown in Figure 5, where we have represented each of the 13
Wi-Fi channels by a color.
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6 Wireless Communications and Mobile Computing

(a) 50 WDs (b) 150 WDs (c) 300WDs

Figure 4: Graph model.

2
3
4
5
6
7
8
9
10
11
12
13

1

Figure 5: Example of coloring with 300WDs.

Table 2: Summary of parameters.

Parameter Value
𝑃𝑡 30mW
𝐺𝑡 0 dB
𝐺𝑟 0 dB
𝐿 40 dB
𝜎 −90 dBm
ℎ𝑡 1.5m
ℎ𝑟 1.5m
Ψ (APs) 0.5
Ψ (WDs) 0.2
𝑆𝐼𝑅𝑚𝑖𝑛 10 dB
𝑆𝐼𝑅𝑚𝑎𝑥 40 dB

As there are many parameters that define the models
proposed in Section 2, we summarize the parameters used in
Table 2, as defined in [22].

4.2. Effect of the Number of Channels. In this section we
evaluate the impact of considering the use of only orthogonal
channels, in comparison with the use of a wider number of
channels up to a maximum of 13 channels. In all cases we
have considered evenly spaced possibilities. For that reason,
the number of channels used in each case, together with the
specific channels considered for each setting, is as shown in

Table 3: Number of channels and channels in use.

Number of
channels Separation Channels in use

3 6 1, 7, 13
4 4 1, 5, 9, 13
5 3 1, 4, 7, 10, 13
7 2 1, 3, 5, 7, 9, 11, 13
13 1 1-13

Table 3. Note that we have considered all the possibilities that
produce evenly spaced channels.

4.2.1.Without Cochannel Interference. First of all, we evaluate
the effect of the number of channels assuming there are no
cochannel interferences, i.e., assuming that all the available
13 channels are orthogonal. Although this situation is not
realistic, this experiment is performed to analyze the effect
that cochannel interference has on performance, because all
the subsequent experiments consider such an interference.
In addition, this first experiment lets us validate the model
and analyze the effect of the number of channels if cochannel
interferences could be avoided.

In this setting, the cochannel interference is 1 for 𝑐𝑖 =
𝑐𝑗 and 0 otherwise. Results are shown in Figure 6. This
figure shows themean and 95% confidence intervals (showed
with the shaded area) obtained as a result of 100 random
assignments, and for the different number of WDs under
study. Comparing the different curves, we conclude that, as
the number of WDs increases, the utility also increases. This
is an expected result, as there are more devices to account
for the utility when the number of WDs increases. Another
identified pattern, also expected, is that the obtained utility
increases as we can make use of more channels. This makes
sense, since the availability of new channels reduces the
amount of “monochromatic edges”, that is, adjacent vertices
in the signal layer using the same channel, so interference
reduces drastically. In the limit, if we had as many available
channels as APs, interference would be zero and utility would
be maximized.

4.2.2. With Cochannel Interference. In spite of the results
shown in the previous section, it is of paramount importance
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Figure 6: Effect of the number of channels without cochannel
interference.

to consider the cochannel interference, as it is probably the
most peculiar feature of Wi-Fi networks. As stated above, for
the cochannel interference we have used the data obtained in
[27].

Now we evaluate the effect that considering orthogonal
channels has in performance, in comparison with using an
increasing number of evenly spaced channels. This experi-
ment has been driven for different scenarios and using dif-
ferent algorithms to assign channels. The behavior is shown
in Figure 7, where we also show the confidence intervals
at 95%. To make confidence intervals narrow enough for
the the results to be statistically significant, we have run
the LCCS and random channel assignment approaches 1000
times, while the SA optimizer has been run for 50 times (the
standard deviation for the SA results is much lower). It is very
remarkable the local minimum that appears at every curve
when we have 4 channels at hand. This effect is due to the
fact that the experiments that consider 4 channels are the
only ones that cannot use channel 7, and, as we will see later,
channel 7 is one of the most widely used in optimal assign-
ments. In particular, having 4 channels available permits us
to use channels 5 and 9, which are not orthogonal either to
each other or to channels 1 and 13, respectively. However,
results show that it is better to use those new channels (and
hence enduring the associated interferences) than to avoid
them (therefore having only the two channels 1 and 13, which
are orthogonal, but being forced to have a number of high-
interference monochromatic edges).

However, themain conclusion fromFigure 7 is that, when
we increase the number of available channels and consider
cochannel interference, the utility achieved does not increase.
This result is counterintuitive, and it probably justifies the
wide number of research studies that only consider three
orthogonal channels in Wi-Fi. In fact, following Figure 7
we could recommend not to use more than 3 channels, as
the complexity of the problem increases with no gain in
performance, probably because the network layout can be
efficiently covered with three colors or, for the scenarios

under study, because the AP placement has been done
considering that only the orthogonal channels were to be
used. In particular, we notice that the optimizer SA is not
able to obtain higher gains in utility when it can use a higher
number of channels. In addition, it must be noted that the
problem complexity of using 13 channels is much higher than
considering 3, as the state space of possible solutions increases
from 3𝑁 to 13𝑁, where𝑁 is the number of APs in the network.

If we compare the performance of the different techniques
under evaluation (Figure 7), we notice that random is the
worst technique, followed by LCCS. As it could be expected,
SA offers the best results. In fact, as SA is an optimizer, we
could consider that the results obtained by SA can be con-
sidered as upper bounds in performance. As SA requires the
complete information about the network, we do not present
SA as a realistic technique to be easily used in real networks (it
could only be used whenwe use a central controller). For that
reason, comparing the performance of Random and LCCS
with SA we can estimate the room for improvement that
widely used techniques have. Moreover, it is very important
to note that, analyzing the utility achieved by Random and
LCCS as the number of available channels increase, this utility
decreases. This conclusion is very important, as it can be
deduced that when using random or LCCS assignments,
it is worth to use 3 nonoverlapping channels, because not
choosing the channel correctly can generate more undesired
interferences.

In addition to the previous comparison, we now inspect
the channels used by the different techniques and for the
different deployments. First, and for the sake of space, it
is important to note that we focus on the scenario with
200 WDs as a reference, but identical conclusions can be
drawn from the rest of scenarios. On one hand, Figure 8
shows the proportion of colors actually used in the channel
assignments obtained by the optimizer for the different
number of available colors. When we use 3 channels, we
note that they are used evenly, as they do not interfere with
each other at all. However, when 4 channels are available,
we note that channels 5 and 9 are less used than 1 and 13, so
the conclusions given before about the utility achieved when
having 4 channels are confirmed. Finally, it is worth to note
that when we have 5 and 7 channels available, the optimizer
only uses the three orthogonal channels (1, 7, and 13), being
the use of other channels negligible. A similar conclusion can
be given when we have 13 available channels, although the
use of other channels different than 1, 7 and 13 is a bit higher.

On the other hand, Figure 9 is the equivalent but for
LCCS. In this case, we can notice that LCCS makes use of
more channels than the three orthogonal ones, but the most
widely used are channels 1 and 13.

4.3. Comparison between the Use of 11 and 13 Channels.
As it has been previously shown, increasing the number
of channels does not increase the performance, when we
consider cochannel interference. For that reason, now we
conduct a study comparing the performance that can be
achieved when using 11 or 13 channels. Although the choice of
having 11 or 13 channels at hand depends on the world region
and cannot be chosen individually, following the results of
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Figure 7: Achieved utility for different number of available channels.

the previous section, it is worth to evaluate the differences
that both possibilities have.Themain results are summarized
in Figure 10, where we show the quotient between the utility
achieved when letting the use of 13 channels and 11 channels.
Results show that, for all the assignment algorithms under
study, the performance of having 13 channels at hand is about
15%-25%better thanhaving only 11 channels.This effect is due
to the fact that, although the best choice is to use a reduced
number of channels, those channels are more spaced when
using 13 channels.

5. Conclusions

Channel assignment is probably the most important con-
figuration issue when deploying Wi-Fi networks. As there
is an increasing number of Wi-Fi networks, together with
other devices like microwaves, baby monitors, and so on
sharing the same spectrum, we must accurately choose in
which frequency channelmust operate each access point.This
frequency planning problem becomes more complex as one
of the most peculiarities of Wi-Fi networks is that frequency
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channels partially overlap between them, raising the problem
of cochannel interference. Many works devoted to channel
assignment in Wi-Fi networks avoid the use of overlapped
channels by using a reduced number of noncolliding chan-
nels, called orthogonal channels. In this paper we evaluate the
goodness of using only the orthogonal channels instead of a
higher number of overlapping channels up to the maximum
number of channels available. Moreover, we evaluate our
proposal in realistic settings. Although we also consider
some usual heuristic channel assignments algorithms, we
also use an optimization algorithm based on the simulated
annealing technique.Due to its complexity, theWi-Fi channel
assignment problem has been very scarcely addressed as an
optimization procedure, beingmost of the proposals heuristic
approaches.

The first study performed in the paper is related to the
impact of the number of channels available when we do
not consider the cochannel interference. Although this situa-
tion is unrealistic, it is included in order to compare its results
to the situations where we consider cochannel interference.
Results show that, increasing the number of nonoverlapping
channels, we improve performance as we have more oppor-
tunities to choose a channel that avoids interferences with the
channels used in other access points.

Secondly and introducing cochannel interference, we
have also studied the effect of the number of channels avail-
able. In this comparisonwehave first determined that the best
performance is obtained by the optimizer based on simulated
annealing, followed by the heuristic LCCS and, finally, the
random assignment, which is useful mainly as a baseline.
Furthermore, we conclude that the optimizer is not able to
achieve better channel assignments when it is permitted to
use more channels than just the orthogonal ones. In fact, it
is shown that the algorithm mainly uses the three orthogonal
channels even when it is allowed to use the whole spectrum.
It is particularly significant the fact that LCCS (the de facto
standard for Wi-Fi channel assignment) degrades as more
channels are available to choose, probably due to the fact that
local interference evaluation avoids channel choices which
would be necessary for the globally optimal solutions (we
could talk of “sacrificing local utility for the global welfare”).
This leads us to think that better heuristics could be designed
taking into account the aggregation of utilities further than at
the access point level (e.g., considering clusters of APs). The
design of such heuristics and the study of the conditions in
which they succeed will be the scope of our most immediate
future work. Finally, we would like to introduce dynamicity
in our model, to see how the different approaches react to
changes during and after convergence and the utility loss
associated with the cost of (re)convergence.

Data Availability

The layout of the scenarios under study can be found on
the following public URL: http://www.ubu.es/servicio-i
de-informatica-y-comunicaciones/catalogo-de-servicios/red-
wifi-vpn/wi-fi/planos-de-cobertura-de-la-red-wifi. Regarding
the reproducibility of the results, the authors have included
in the paper all the information needed to replicate them.
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However, and upon a request, they can send the resulting
channel assignments obtained in the paper, which constitute
the results of the experiments of the paper.
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