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ABSTRACT
Many wireless channels in different technologies are known to have
partial overlap. However, due to the interference effects among
such partially overlapped channels, their simultaneous use has typically been avoided. In this paper, we present a first attempt to model
partial overlap between channels in a systematic manner. Through
the model, we illustrate that the use of partially overlapped channels is not always harmful. In fact, a careful use of some partially
overlapped channels can often lead to significant improvements in
spectrum utilization and application performance. We demonstrate
this through analysis as well as through detailed application-level
and MAC-level measurements. Additionally, we illustrate the benefits of our developed model by using it to directly enhance the
performance of two previously proposed channel assignment algorithms — one in the context of wireless LANs and the other in the
context of multi-hop wireless mesh networks. Through detailed
simulations, we show that use of partially overlapped channels in
both these cases can improve end-to-end application throughput by
factors between 1.6 and 2.7 in different scenarios, depending on
wireless node density. We conclude by observing that the notion
of partial overlap can be the right model of flexibility to design efficient channel access mechanisms in the emerging software radio
platforms.

Categories and Subject Descriptors
C.4 [Computer Systems Organization]: Performance of Systems;
C.2.1 [Computer Communication Networks]: Network Architecture and Design—Wireless Communication

General Terms
Measurement, Algorithms, Experimentation, Performance.
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1.

INTRODUCTION

Wireless communication mostly uses electromagnetic signals to
transmit information. While a wireless signal occupies a large
∗
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Figure 1: Channels with and without partial overlap.
range of frequencies, the energy is typically concentrated in a relatively narrow range of frequencies. The wireless spectrum is partitioned into ranges of frequencies, referred to as spectral bands,
usually by regulatory bodies such as the Federal Communications
Commission (FCC) in the US. Since different wireless technologies use different signal modulation and access mechanisms, not
all of which are compatible with each other, the FCC and other
such regulatory bodies define spectrum usage policies that dictate
technology usage constraints on these spectral bands.
In order to resolve rights to transmit on the wireless medium
among competing transmitters, many wireless technologies use a
two-tier approach. First, they split the spectral band into sub-ranges
called “channels” and each transmitter (and its corresponding receivers) are required to operate on one of these channels. Clearly,
if there are N potential transmitters and M channels, then the contention problem is reduced by a factor of M . Within a given channel, different technologies use different mechanisms, examples being Time Division Multiple Access (TDMA), Code Division Multiple Access (CDMA), or even random access mechanisms.
We instantiate an example with the IEEE 802.11 (a/b/g)-based
wireless technologies. The 802.11b extension operates in the 2.4
GHz spectral band, which is split into 11 channels. The bandwidth
of each channel is 44 MHz. When operating in the 802.11 Distributed Coordination Function (DCF) mode, all wireless transmitters assigned to this channel use a random access contention mechanism, such as RTS-CTS handshakes. The wireless signal itself is
modulated using a Frequency Hopping Spread Spectrum (FHSS) or
Direct Sequence Spread Spectrum (DSSS) technique that allows it
to potentially co-exist with transmissions from other wireless technologies and ambient noise.
A transmission on a given channel interferes with any other transmission on the same channel within a certain range, called the interference range. The interference range of a transmission depends on
the transmission power used. Therefore, the choice of transmission
power determines the amount of spatial re-use of the same channel,
i.e., the physical separation required for two simultaneous transmitters to co-exist on the same channel. In order to increase spatial
re-use, each wireless technology imposes specific limits on the permissible transmit power on its channels. (FCC in the US also regulates the maximum transmission power permissible in each spectral
band.)
Defining channel boundaries: Let us examine the following question: given that each channel in a specific technology occupies a

fixed bandwidth, how far apart should usable channels be spaced in
the frequency domain?
To answer this question, we first examine the relationship between the energy of a transmitted signal and the information capacity of a wireless channel. While the exact nature of this relationship
depends on the precise choice of physical layer modulation scheme,
other technological characteristics, as well as the noise characteristics in the environment, it is interesting to consider the upper bound
on information capacity of a wireless channel, as defined by Shannon, as given below:
C = B log2 (1 + SN R)
where C is the data capacity, B is the channel bandwidth, and
SN R is the signal to noise ratio. As the signal energy increases, the
value of SN R increases, and so does the channel capacity. Each
wireless technology defines precise limits on the transmitter’s output power for each frequency within its channels. Therefore, to
maximally utilize the capacity of a given channel within the transmit power bound, a transmitter should emit the maximum permissible power in all frequencies of the channel, e.g., Figure 1(a). The
transmit spectrum mask which is used by the transmitter to limit
the output power on different frequencies will then be required to
emulate an ideal band-pass filter. Under such a construction it is
logical to have neighboring channels (A1 , A2 , and A3 ) to be nonoverlapping, i.e., two neighboring channels do not share any frequency. While such a construction of channels can be efficient in
terms of capacity, design of such ideal transmit masks is not possible in practice.
In particular, realistic transmit masks are not ideal band-pass filters and instead are closer to what is shown in Figure 1(b), which
implies that the capacities of such channels are lower than the ideal
ones shown in Figure 1(a).
We now answer our question on how neighboring channels are
constructed in wireless technologies such as 802.11. Neighboring
channels in the 802.11 standards are constructed in two different
ways. Channels in 802.11a standards are constructed similar to
what is shown in Figure 1(b) with no overlap between neighboring
channels 1 . Hence, channels B1 and B2 can be used simultaneously
for transmissions in the same physical vicinity.
In the 802.11b standards, channels are constructed similar to
that shown in Figure 1(c), where neighboring channels (e.g., C1
and C2 ) partially overlap in the frequency domain. The implication of such a construction is that simultaneous transmissions on
channels C1 and C2 within close physical proximity will cause interference. We call such channels, partially overlapped channels.
Hence, in many situations such partially-overlapped channels cannot be used simultaneously. In the example in Figure 1(c) we can
see that only channels C1 , C4 , and C7 have no overlap in the frequency domain. We call them non-overlapped channels. When two
in-range transmitters operate on the same channel, they interfere
with each other. Such interference is known as co-channel interference. When two transmitters operate on adjacent channels that
partially overlap, they cause lesser degree of interference, which is
referred to as adjacent channel interference. Finally, two transmitters operating on non-overlapped channels will not interfere with
each other.
Can partially-overlapped channels be used? Assignment of channels to communicating wireless nodes is an important problem in
any wireless environment. The 802.11b standards define 11 channels that are operational in the US, of which only three are non1

In practice, there is some overlap between neighboring channels in
the IEEE 802.11a standards. However, the energy in the overlapped
part is quite low that we can ignore it for practical purposes.

overlapped channels, namely 1, 6, and 11. However, under current best practices, most users and wireless LAN administrators
configure their wireless interfaces to use one of these three nonoverlapped channels only. This is true even under many dense deployment scenarios, where limiting the choice of channels to only
three alternatives imply that two nearby (and potentially interfering) nodes are actually assigned to the same channel. Such an approach is adopted due to the following reason.
In most typical scenarios, interference on the same channel, i.e.,
co-channel interference, can be directly detected and can be explicitly handled through contention resolution mechanisms, e.g.,
the RTS-CTS handshake in 802.11 networks. In contrast, adjacent
channel interference often contributes to background noise and cannot be handled in an explicit manner by channel contention techniques. Hence, systematic approaches to handle adjacent channel
interference is usually considered difficult. Due to the detrimental
effects of adjacent channel interference, all prior wireless channel
assignment approaches in diverse wireless technological scenarios
(e.g., cellular networks, 802.11 WLANs, etc.) have made use of
non-overlapped channels alone. In fact, in an overwhelming number of recent as well as classic papers, the notion of channel has
come to be defined (and almost rightly so) as a path of information
flow which is perfectly isolated from other paths of information
flow, i.e., other channels. For examples in context of multi-hop
wireless networks, see [1, 2, 3, 4, 5, 6, 7], in the context of singlehop wireless LANs, see [8, 9, 10, 11] and in the context of cellular
networks, see [12, 13, 14, 15, 16, 17] and the references therein.
In this paper, we visit the following questions: (i) is spectrum
used efficiently when only non-overlapped channels are used?, and
(ii) if it is not, how can spectrum utilization be improved?
The answer to the first question is negative. It is fairly easy
to see that the use of only non-overlapped channels (Figure 1(b))
leads to wastage of wireless spectrum capacity. This answer intuitively follows from Shannon’s channel capacity observations.
Non-overlapped channels and the practical limits on the shape of
transmit spectrum masks imply that there are many frequencies
in which the transmitted power is lower than the maximum permissible limit, which degrades the SNR, and hence the maximum
achievable channel capacity. It also follows that use of partiallyoverlapped channels can lead to better utilization of the spectrum.
However, an ad-hoc use of partially overlapped channels can actually degrade performance. Therefore, the focus of this paper is
to examine systematic approaches to exploit partially overlapped
channels efficiently to improve spectrum utilization. In particular, we first describe a model that captures interference effects of
partially-overlapped channels, then illustrate how such a model can
be effectively used in improving design of channel assignment algorithms, and finally conduct a detailed evaluation study to demonstrate how such models and algorithmic approaches lead to improved utilization of the wireless spectrum. Our examples are drawn
from two application scenarios — channel assignment necessary in
wireless LANs (WLANs) and multi-hop wireless mesh networks.
Relationship to physical layer coding techniques: At a first glance
it might seem that better physical layer modulation techniques can
utilize an entire range of spectrum while also allowing for different
transmissions to ‘co-exist’. For example, in the Frequency Hopping Spread Spectrum method, a single transmission is encoded
over different frequencies at different times. The sequence of frequencies selected for transmission is determined a-priori using a
‘hopping’ pattern. Thus, nodes with different hopping patterns can
co-exist in the same frequency domain. However, all nodes using the same physical layer modulation technique have to share the
capacity of the wireless medium as determined by the modulation
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MAC-level and application-level metrics. These experiments were
performed using the IEEE 802.11b standards that operate in the 2.4
(a) UDP throughput at
(b) TCP throughput at
GHz band. As discussed before, the 802.11b standards define 11
11Mbps data rate
11Mbps data rate
channels, each with a bandwidth of 44 MHz, while the center frequency of neighboring channels are placed 5 MHz apart. As a consequence, only three of these channels are non-overlapping, namely
Figure 2: TCP/UDP throughputs versus physical distance.
1, 6, and 11. To quantify the degree of interference between various
method used. Thus, as long as the power dynamics of two transmischannels, we present additional results from experiments which use
sions cause them to interfere, the respective communicating nodes
the following setup:
experience a reduction in capacity. The focus of this paper is to
Setup: Two pairs of communicating wireless nodes built of commanage simultaneous transmissions carefully within the frequency
modity 802.11 hardware (IBM Thinkpad laptops with 802.11 a/b/g
domain in order to improve spectrum utilization — a mechanism
wireless interfaces) were placed as shown in Figure 3. In each pair,
which is complementary to physical layer methods.
the two communicating nodes were placed in close proximity of
Key contributions: The following are the main contributions of
each other. The lower node in each pair sent a flow of traffic to
this work:
the upper node. In order to communicate, in all experiments both
• We present a systematic and detailed model of partially-overlapped nodes in each pair were configured to use the same wireless channel. The physical separation and the channel separation between
channels in wireless communication that is general in nature
the two pairs of nodes was varied. Experiments in [18] used 1 and
and applies to a wide range of communication technologies.
2 Mbps data-rate for the physical layer which uses the Binary Phase
The model is motivated through detailed experimentation.
Shift Keying (BPSK) modulation. Here, we report results using the
Complementary Code Keying (CCK) modulation specified by the
• We use the model to modify two existing algorithms for chan802.11b standard which provides for 11 Mbps of data-rate. Figure
nel assignment and management in different wireless scenar2 shows these results for TCP and UDP traffic at the applicationios and show how the new model allows significant enhancelevel. We note the following salient points of such results:
ment in utilization of the wireless spectrum.
(i) As the physical separation increased, the amount of interferWe believe that the work presented in this paper is a first step and
ence decreased and this led to increase in throughputs. This is evican lead to interesting future directions in more online construction
dent from results in Figure 2.
of partially overlapped channels. In particular this line of research
(ii) However, the same level of throughputs could be achieved
can lead to agile, channel-access mechanisms that complement the
at much lower physical separation by increasing the channel sepaongoing developments of software radio platforms.
ration between the two pairs of nodes. For example, as shown in
Roadmap: The rest of this paper is structured as follows: In SecFigure 2 a channel separation of three (say channel 1 and 4) was
tion 2, we first present a detailed measurement study that quantienough for both nodes to reach maximum possible throughput with
fies possible benefits of using partially overlapped channels. Next
a physical separation of about 10 m. However, operating on the
in Section 3, we discuss our proposed partially-overlapped chansame channel required a physical separation of about 60 m for both
nel model and analysis. In Section 4, we discuss the implications
links to operate without interference.
of using such channels in improving overall utilization of spectral
Thus, partially overlapped channels can provide much greater
resources. In Section 5, we discuss the applications of partiallyspatial re-use if used carefully. In the next section, we model this
overlapped channels in two different environments, namely WLANs
behaviour analytically by studying its impact on the signal-to-noise
and wireless mesh networks. In Section 6, we discuss related work,
ratio and the bit-error probabilities of packet reception. Later, we
and finally we conclude in Section 7.
build mechanisms to utilize partially overlapped channels in wireless LANs and mesh networks.

2. MEASURING PARTIAL OVERLAP

In this section, we measure the benefits of using partially overlapped channels through careful experimentation. In particular, we
demonstrate how using such channels can yield improvement in
throughput and spatial re-use of spectrum. These observations lay
the motivation for building an analytical model (Section 3) that captures partial overlap among adjacent channels.
In our prior work [18], we performed an extensive set of experiments to carefully study the impact of using partially overlapped
channels. Here, we summarize results from this evaluation. We
also supplement these results with additional experiments which
used different physical layer modulation methods. Below, we discuss the salient points of these experiments:
Our experiments in [18] measured the amount of partial overlap between channels by studying the impact of such overlap on

3.

MODEL FOR PARTIAL OVERLAP

A wireless signal has a certain finite bandwidth which corresponds to the range of frequencies in which most of its energy is
concentrated. When a transmitting node emits a wireless signal in
a specific wireless channel, it uses a transmit spectrum mask. The
transmit spectrum mask specifies the upper limit of power that is
permissible for each frequency of the transmitted signal. Figure 4
illustrates the transmit spectrum mask for IEEE 802.11 standards
using DSSS modulation. The channel bandwidth is 44 MHz. At
the center frequency, Fc , the mask limits output power to 0 dB 2 –
the output power is equal to the input power and the signal is passed
unaffected. At frequencies beyond F c + 11Mhz and F c − 11 Mhz,
2

Relative power in dB = 10log(Pout /Pin ).
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Figure 4: The Transmit Spectrum Mask for IEEE 802.11 DSSS
modulation.
Fc − 22

Rel. Freq (MHz)
Rel. Power (dB)

13
0

14
-15

14.4
-20

14.8
-28

22.4
-34

28
-42

56
-52

Table 1: The transmit spectrum mask for a 28 MHz channel of
the WirelessMAN physical layer in the IEEE 802.16 standard.
the power is attenuated down by −30 dB and further to −50 dB
at F c ± 22 MHz, where F c is the center frequency for the channel
c. Similarly, Table 1 tabulates the transmit spectrum mask for the
IEEE 802.16 standards (WiMAX), which has a similar structure.
Note that this transmit spectrum mask is ideal and in reality only
some continuous approximation is achieved.
To receive a given signal, a receiver uses another band-pass filter to selectively receive a certain frequency band. The band-pass
filter ‘allows’ a certain band around the center frequency and eliminates all other frequencies to pass through the radio circuitry at the
receiver. The power with which a signal is received depends on
the amount of overlap between the receiver’s band-pass filter and
the transmitter’s signal distribution (usually limited by the transmit
spectrum mask) in the frequency domain. Therefore, if the center frequency of the receiver’s band-pass filter is not aligned with
the center frequency of the transmitter’s signal distribution, the received power of the signal reduces. In particular, if the center frequency of the receiver’s filter does not overlap with the transmitter’s
spectrum mask, the signal is not perceptible at the receiver.
Based on these observations, it is possible to quantify the notion
of partial overlap between two wireless channels. We illustrate this
with an example shown in Figure 5. Shown is the distribution of
a transmitter’s output power made on a certain channel with center
frequency Fc . For example, if Fc = 2.437 GHz, this corresponds to
channel 6 of IEEE 802.11b standards. The signal occupies a bandwidth of 44 MHz around this center frequency. A receiver with an
ideal band-pass filter is positioned at Fc + 10 MHz. Since 802.11b
channels are separated by 5 MHz, in the example this implies that
the receiver is tuned to channel 8. The signal transmitted on channel 6 is received with a lower received power on channel 8, and
this power is given by the energy in the shaded region in the figure. In addition, if the receiver’s filter is translated continuously
to the right, the received power will decrease in a corresponding
continuous manner.
Developing a model: The first step to developing mechanisms
which take advantage of partial overlap is to build a model that
captures such an overlap in a quantitative fashion. We introduce the
notion of an interference factor (I-factor for short) that captures the
amount of overlap between a transmission on a certain frequency
FT and reception on a certain frequency FR . The amount of overlap is captured quantitatively by calculating the area of intersection
between a signal’s spectrum and a receiver’s band-pass filter. We
first provide a general definition of I-factor as a continuous function
and later derive a discrete version which applies to 802.11 based
transmissions which have a ‘discrete’ concept of channels.
Let a transmitter T be stationed on frequency FT and correspondingly a receiver R is positioned to receive on frequency FR .
Let ST (f ) denote the signal’s power distribution across the fre-

Fc

Fc + 10

Fc + 22

Figure 5: Reduction in power due to decreased overlap between
the receiver’s and the transmitter’s channels.
quency spectrum. Essentially ST (f ) is computed by taking the
Fourier Transform [19] of the output signal. Let BR (f ) denote the
band-pass filter’s frequency response. That is, the amount of power
received at a certain frequency f is given by multiplying the frequency response of the band-pass filter to the incoming signal. Let
τ = FT − FR . Based on these notations, we can define I-factor
function that applies to the transmission of any band-limited signal regardless of their modulation method (such as OFDM, DSSS,
etc.), as:
Z

+∞

ST (F )BR (F − τ ) df

IF(T,R) (τ ) =

(1)

−∞

The parameter τ represents the amount of overlap as a continuous
variable. τ = 0 indicates that both signals have the same center
frequency and a increasing value of |τ | indicates reduction in the
overlap.
The above definition of I-factor captures the overlap between a
transmission and reception on any two frequencies. However, the
current wireless communication standards (802.11, 802.16 etc) define a set of discrete channels for radios to operate on. We devise a discrete version of the I-factor which calculates the overlap
between two discrete channels assuming similar transmission and
reception characteristics (i.e. same modulation technique).
Specifically for transmissions based on IEEE 802.11 standard,
we define an idealized discrete model of the I-factor denoted by
Itheory (i, j) as the amount of overlap between channels i and j. In
this idealized model we assume that the transmitted signal’s power
distribution has the exact form of the transmit spectrum mask (Figure 4). Since it is advantageous for a wireless card designer to use
the same filter for transmitting a signal and band-limiting the reception, we use the receiver filter to be the same as the transmit
spectrum mask.
Then, I-factor in this idealized model can be computed by instantiating τ = 5|i − j| in MHz in Equation 1 (separation in MHz)
and ST (f ) andBR (f ) in the same equation as follows:

 −50dB
−30dB
BR (f ) = ST (f ) =
 0dB

if |f − Fc | > 22MHz
if 11MHz < |f − Fc | ≤ 22MHz
otherwise

where Fc denotes the channel center frequency.
The discrete I-factor can also be obtained empirically through
measurements as follows. If Pi denotes the power received at a
given location of a particular signal on channel i and Pj denotes
the received power for the same signal and at the same location on
channel j then Imeasured (i, j) can be calculated as PPji . This essentially gives the fraction of a signal’s power on channel j that will
be received on channel i and can be empirically obtained through
simple measurements for any given wireless technology.
The plot in Figure 6 shows that the theoretical and measured I-
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RTS-CTS, rely on R0 correctly receiving a frame from T , which is
not the case. In particular, transmissions from T would add to the
noise at R0 , thereby reducing its SNR when receiving data from
another transmitter, T 0 . If as a consequence the SNR falls below
the carrier sense threshold, then such data is not correctly received.
We examine both these scenarios in turn.

Impact of partially overlapped channels on transmission ranges. When R is within the transmission range of T , under the two-ray ground propagation model, the following condition
needs to hold:
Th

<

(2)

where Ct denotes a set of constants capturing various radio properties such as the antenna gains and height, etc. and the path loss
parameter k, is typically between 2 and 4. If N is the ambient noise
at the receiver, then the signal is correctly received at the receiver
if the Signal to Noise Ratio (SNR) exceeds a Carrier Sense Threshold, T h. In this case, R is considered to be within the transmission
range of T . On the other hand, if the SNR falls below this threshold, the signal is not correctly decoded at the receiver. Instead the
received power adds to the noise at the receiver. In this case we
consider R to be in the interference range of T but not within its
transmission range.
Now consider the case where two transmitters, T and T 0 , are attempting to communicate with two receivers R and R0 respectively.
Assume that both receivers are within the transmission ranges of
both transmitters. In such a case, both transmissions cannot happen simultaneously (due to interference effects) thereby reducing
parallelism. However, since both transmitters are in range of the
receivers, the contention to transmit can be resolved using standard
standard MAC level mechanisms, such as RTS-CTS.
When a receiver R0 is in the interference range of one transmitter T , but not in its transmission range, such contention resolution
is not possible. This is because MAC-level mechanisms, such as
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A wireless signal attenuates in strength as it travels from the
transmitter to the receiver. If the transmitter and the receiver are
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Note that this equation implies that a transmission made on any
channel can potentially be correctly received by tuning the receiver
to a neighboring, partially-overlapped channel.
If i = j, i.e., both the transmitter and the receiver are operating
on the same channel,
q then I(i, j) = 1, and the transmission range is
given by dii = k PNtTCht . Otherwise, if the transmitter is on channel
i and the receiver
q on channel j, then the transmission range is is
given by dij =

k

(Pt Ct I(i,j)
.
Na

It follows that

r
dij = I(i, j)1/k dii where, dii =

k

Pt Ct
NT h

(5)

Similar models can be derived for other radio propagation models as well. In Figure 8 we illustrate how the transmission range
varies with channel separation for the two-ray ground propagation
model (normalized against the interference range for channel separation of zero). Note, that y-axis is in a logarithmic scale. We can
observe that the interference range decay is quite fast. For example, channels 1 and 4 (with separation of 3) can be used without
direct interference when separated by a mere distance of about 3

meters (assuming the transmission range on the same channel is
300 meters). This implies that good spatial re-use is possible by
employing a set of partially overlapping channels. We present more
detailed arguments for capacity improvements using partially overlapped channels in Section 4.

Impact of partially overlapped channels on noise and
bit errors. If a signal is received at R with power below the carrier sense threshold, it cannot be correctly decoded at the receiver
and instead adds to the noise. If R is attempting to receive a signal from another transmitter, such a transmission from T lowers its
SNR and may contribute to losses.
t
Let Pii = Pdt C
be the received power on channel i with the
k
transmission made on the same channel. Let Pij denote the power
t
received on channel j. Clearly, Pij = I(i, j) Pdt C
k . Considering
this transmission as noise, we note that the partial overlap has reduced the signal strength by I(i, j). That is 1/I(i, j) concurrent
such transmissions on partially overlapped channels would bring
up the noise to the same level as a single transmission on the same
channel.
For example, consider the case when the receiver is on channel 4
of the 2.4 GHz band and transmitters are on channel 6. To match the
interference effect of a single transmitter on channel 4, we would
need 1/I(6, 4) = 10−1.147 = 14 transmitters in channel 6. Even
in densely deployed wireless environments, such occurrences are
rare. This is because 14 transmitters on the same channel (channel
6, for example) can transmit simultaneously if and only if none of
them are in range of each other. (If two of these transmitters are in
range of each other, then normal channel contention mechanisms,
such as RTS-CTS, will only allow one of the transmissions to proceed at any time.) Given that the receiver R is in interference range
of all 14 transmitters, it is difficult to find a configuration in which
none of these transmitters are in mutual range.
We now study the effect of noise from such interfering transmitters on partially overlapped channels on a given receiver, by
examining its bit error rate.
Bit error rates: In order to model the impact of interfering transmitters on bit error rate, we need to use some model for the modulation scheme in use. Consider an 802.11-based environment where
the modulation scheme used is DSSS based binary phase shift keying (BPSK). For such a modulation scheme, the bit error rate of
the channel is given by pb = erf c(2 ∗ Eb /No ) where pb gives the
probability of a bit being received in error, Eb is the energy per bit
of a transmission and No is the background noise level [19].
Let T be a transmitter in interference range of R, while T 0 be a
transmitter in transmission range of R. The received power of the
interfering transmission from T as received by R is calculated using the two-ray ground propagation model as discussed in the previous section. We assume that both T and T 0 use the same transmission power Pt and have similar radio characteristics (such as
antenna gain, etc.) denoted by the constant Ct . We are interested
in calculating the bit error rate at R, tuned to channel j, for the following scenario: T 0 is transmitting some data to R on channel j,
while a transmission from T on channel i is causing interference.
Based on the two-way ground propagation model, the error model
for BPSK, and the definition of I(i,j), this is given by:
pb = erf c(

dkT 0 R (No

2 ∗ Pt Ct
+ I(i, j) ∗

Pt Ct
)
dk
TR

)

where, dT 0 R and dT R are the distances between T 0 and T from R
respectively.
We show the effect on pb by using realistic values for the var-

ious parameters. We use a transmit power of 100 mW, a carrier
sense threshold of -102 dBm and an indoor ambient noise level of 110 dBm (based on measurements) mimicking typical 802.11 radio
properties [21]. Using a receiver sensitivity of about -87 dBm, this
gives a transmission range of about 30m. We use a maximum value
of 30 m for dT 0 R , the distance between the transmitter T 0 and receiver R. This value reduces the energy per bit Eb to the minimum
possible as per the receiver sensitivity thresholds, thus allowing us
to observe the worst possible impact on the bit error rate. The physical distance between the interferer T and the receiver R is varied
between 10 m to 100 m while maintaining the maximum possible
separation of 30 m between T 0 and R. Figure 9 plots the bit error
probability pb for various configurations, when k = 2. Note that
each plotted line is cut off at the distance for which T ’s transmission is correctly received at R (i.e., R is now in transmission range
of T ). The ’Same Channel’ case shows the effect on the bit error
rate when T is operating on the same channel as R. The ’Ambient Noise Only’ case shows the bit error rate due to the ambient
noise without the presence of any interference on any channel. It is
easy to observe that the bit error rate falls rapidly with increase in
channel separation as well as with increase in distance. (Note that
y-axis is in the log scale.)

4.

CAPACITY IMPROVEMENTS

We now discuss the impact of partial overlapped channels on
total capacity of wireless environments. In particular, we compare
the achieved capacity to the scenario when only non-overlapping
channels are used.
Let us consider that in a given spectral band there are a total of M
channels of which N are non-overlapping. For 802.11b, M = 11
and N = 3. Note, that we are considering the same spectral band
in both scenarios. Hence, the total bandwidth being compared are
the same in both cases.
We first examine non-overlapping channels. Now, consider a
wireless environment where we have a set of nodes V within a
certain specified region which share the set of N non-overlapping
channels. We define a link between any two nodes u, v ∈ V
which are interested in communicating with each other through basic wireless transmissions (without any higher level routing). We
represent this link by a directed edge e = (u, v) as shown in Figure
10.
For simplicity, lets assume that every node has a single radio with
similar radio characteristics such as transmit power, receiver sensitivity thresholds (minimum power required to receive a packet), etc.
Thus, each node has a fixed transmission range R. Let duv denote
the distance between nodes u and v. (u, v) is a wireless link if and
only if duv ≤ R, this implies that the node u can transmit to node
v.
Consider a node u that makes a transmission to node v on a specific channel i as shown in Figure 10. If there are, say, n nodes
contending for the medium along with node u, we would expect
u node to get roughly 1/n share of the capacity of the wireless
medium using standard methods to resolve contention at the link
layer. For example, techniques such as the distributed coordination function (DCF) of 802.11 can be used. The number of nodes
which contend with u is a crucial factor in determining the long
term throughput of node u.
One way of reducing this contention experienced by node u is to
partition the set of contending nodes among the N non-overlapping
channels. For ease of exposition, lets assume that the nodes are
distributed randomly within the specified region of interest. Let φ
denote the node density, that is the number of nodes within a unit
area. Let λ(N ) denote the expected number of nodes that contend
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Algorithm 1 Randomized Compaction (X, T, k)
X = set of access points,
T = set of range sets for each client,
k = number of channels
θ : X → {1 . . . k} is the resultant channel assignment

1: X 0 be a random permutation of X.
2: Let X 0 = {x1 , x2 , . . . , xi }.
3: Set ∀x ∈ X, θ(x) = −1 /* indicates an unassigned AP */
4: while true do
with node u, which is given by calculating the number of nodes
5:
val ← OBJ(T, θ)
within the region of contention:
6:
for i = 1 . . . |X| do
7:
θ(xi ) ← Compaction Step (xi , θ, T, k)
2 φ
λ(N ) = R
= λ(N )
8:
end for
N
9:
if OBJ(T, θ) = val then
We now examine the case where we use the M partially-overlapped
10:
stop
channels. When using partially overlapped channels, a node on
11:
end if
1/2
channel i would contend with nodes within a region given by I(i, j) R 12: end while
on a partially overlapped channel j. Here, I(i, j) is the I-factor
function discussed in Section 3. Using these M channels and the
mesh networks. In both cases, we start with an existing channel
notion of I-factor we can compute expected number of nodes that
assignment algorithm proposed in prior literature — a centralized
contend with node u as λ(M ), given by
greedy-style approach for WLANs [22] and an LP-based formulation for mesh networks. Both of these algorithms use a boolean inX
φ
λ(M ) =
(R(I(i, j))1/2 )2
dicator variable to model presence or absence of interference in the
M
j∈{1...M }
wireless environment. The goal of these algorithms was to increase
overall utilization of the wireless spectrum using non-overlapping
We evaluate the values of λ(N ) and λ(M ) for the channel strucchannels only. Our proposed modifications in both these cases reture present in the 2.4 and 5GHz bands. Here, channels are spaced
quire change in just the definition of this indicator variable to cap5 MHz apart, while each channel has a width of about 20 MHz.
ture the notion of interference due to partially overlapped chanThus, N non-overlapping channels give us M = 5N − 4 partially
nels. Subsequently, by allowing assignment of partially overlapped
λ(M )
overlapped channels. We evaluate the ratio λ(N ) as
channels, we show in this section that significant performance gains
are possible.
X
λ(M )
N
1.2N
We make two additional comments prior to discussing our pro=
I(i, j) =
λ(N )
M
5N − 4
posed modifications. First, when we compare performance of nonj∈{1...M }
overlapping channels to that of partially overlapped channels, we
Now for a reduction in the number of contending nodes using
use the same spectral band. In particular the width of the spectral
partially overlapped channels we would expect λ(M ) < λ(N ),
band is identical in both cases. Second, the choice of a boolean in1.2N
4
that is, 5N
< 1 or N > 3.8
, which is trivially true for partially
−4
dicator variable to indicate interference is not ours, but were made
overlapped channels to exist (as N ≥ 2). For example, in the
by these prior algorithms. We believe a more efficient design of
2.4GHz band there are 3 non-overlapping channels and thus N =
these algorithms is possible by using a more continuous represen3. This gives an expected reduction in the link layer contention by
tation of interference, e.g., using a real number in the [0,1] range.
a factor of 3.05.
However, we intentionally use the same construct as in these prior
In Section 5.1, we discuss modifications to an existing channel
pieces of work in the non-overlapping assignment as well as in the
assignment scheme in the context of wireless LANs. The main difpartially-overlapped assignment cases. Further results (not shown
ference between a wireless LAN and the ad-hoc wireless environin this section) illustrate that the relative performance of the two
ment here is the centralized nature of the links. Clients send wireapproaches remain the same irrespective of use of boolean or conless traffic to designated devices called access points (APs). This
tinuous indicator variables.
makes the links AP-centric in nature. However, such a centralized
link structure is still a special case for the analytic reasoning pre5.1 Channel Assignment In Wireless LANs
sented here. For environments which exhibit high interference due
Wireless LANs have seen significant deployment as the last hop
to higher node densities, our enhancements to the channel assignconnectivity solution in various indoor environments. They operate
ment scheme discussed in Section 5.1 bring improvements in appliin the so called ‘infrastructure’ mode (as opposed to ad-hoc) where
cation level TCP/UDP throughputs by a factor of about 3.0 match5N −4
a centralized entity called an access point (AP) acts as a link level
ing our theoretical result here ( 1.2N ≈ 3.05). This shows that usgateway for a client’s traffic. A wireless client associates to an
ing the partially overlapped channels as modeled by I-factor, wireAP within communication range in order to obtain network service
less nodes can experience less contention at the link level which
from it. An AP together with its associated clients form a basic sertranslates to better throughput for the higher layers of the networkvice set (BSS). All entities belonging to a BSS operate on a single
ing stack.
channel.
The problem of channel assignment in WLANs deals with allo5. APPLICATIONS
cating channels to APs so as to maximize performance by elimiIn this section we discuss how the proposed partially-overlapped
nating interference among neighboring BSSs’. Typically, a wirechannel model can be employed in improving spectrum utilization
less LAN either uses a static channel assignment or the APs use
in two different scenarios: (i) WLANs and (ii) multi-hop wireless
simple heuristics such as searching for the least congested channel
Figure 10: The interference region for node u transmitting to
node v.

AP3

Figure 11: A WLAN example.
[23]. While a careful assignment of channels to APs can improve
performance over heuristics, load balancing of clients among available APs is important for achieving significant gains. Given the
increase in the density of APs in an average neighborhood, careful
assignment of channels and balancing of client load has become an
important problem.
In [22], authors describe a client-driven approach for channel assignment, that uses set-theoretic constructs to model interference.
We refer to this algorithm in this paper as Randomized Compaction.
We first give a brief discussion of the concepts presented therein.
Subsequently, we show the advantages of using partial overlap among
channels by making corresponding enhancements to the techniques.
Background: An AP along with its associated clients that form
a BSS operate on a single channel. Two interfering APs (and associated clients) operating on the same channel can lead to severe
performance penalties. For example, consider the topology shown
in Figure 11 with two clients and three APs. Client Ci is associated
to AP APi , i = 1, 2. Here, clients C1 and C2 could interfere with
each other if operating on the same channel. Thus, a good channel
assignment strategy would assign AP1 and AP2 to different channels.
In [22], authors model this problem as a conflict set coloring
formulation. The term conflict refers to the interference suffered by
a client. For ease of exposition, we discuss a simplified version of
this model here, however, our enhancements using partial overlap
were performed over the original formulation. Let (X, C) denote a
wireless LAN, with X as the set of APs, and C as the set of clients.
Each client c is associated with a range set, say rc . This is the set
of APs within communication range of the client. For example, for
client C1 in Figure 11, {AP1 } comprises its range set.
Channel assignment is performed in a centralized manner using
the Randomized Compaction algorithm presented as Algorithm 1
which optimizes a min-max objective function denoted by OBJ.
This objective function captures the total interference experienced
by each client as a min-max value to address issue of fairness among
clients. The total interference
P or conflict experienced by a client
can be computed as cfc = (η(x) + 1) where η(x) is the total
number of clients associated to AP x. This sum is taken over all
~ =
APs x ∈ rc which operate on the same channel as c. Let CF
{cf1 , . . . , cf|C| } denote a conflict vector, which is the total interference or conflict experienced by each client, arranged in nonincreasing order of value. A given channel assignment is said to
~
be a min-max assignment if its corresponding conflict vector CF
has the same or lower lexicographical value than any other feasible
channel assignment. That is,
~ as the best min-max lexicographiOptimize: OBJ(X, C) = CF
cal value.
The randomized compaction algorithm (Algorithm 1) starts with
a random permutation of APs (Step 1). In Step 5 and 9, the OBJ
is computed to evaluate a specific channel assignment. During the
‘compaction’ step (Step 7), the algorithm progressively chooses the
‘best’ channel among all available channels for an AP according to
this objective function. The algorithm invokes the compaction step
for each AP in succession according to the random permutation
performed in Step 1.
The quantity cfc which captures the total interference suffered
by a client, is the primary place which distinguishes a wired net-
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Figure 12: Results for high interference topologies.
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Figure 13: Results for low interference topologies.
work from a wireless one. This function captures the interference
suffered by clients due to the broadcast nature of wireless transmissions. However, in its current form, it assumes independence
among channels. Next, we discuss how our model of I-factor for
partial overlap enables this algorithm to make full use of them.
Partial Overlap Based Enhancements: We briefly discuss our
enhancements which incorporate the notion of partially overlapped
channels. All our enhancements are confined to the cfc function,
discussed earlier. This function captures the total interference experienced by client c. The randomized compaction algorithm which
uses this objective function requires no modifications.
The basic concept behind the enhancements stems from the observation that the interference function cfc assumes independence
among the available k channels. This is modified to consider interference from clients/APs on partially overlapped channels according to the I-factor model. Let P OV (x, xch , y, ych ) be an indicator
boolean function which denotes if the nodes x and y, operating on
channels xch and ych respectively, interfere with each other. This
function can be computed using the I-factor based model discussed
in Section 3. Based on the P OV function, the client interference
cfc can be computed by summing up η(x) + 1 (the interference
from the BSS x) over all APs x that interfere with client c on any
partially overlapped channel as given by values of the P OV function. With these changes, the randomized compaction algorithm
now performs channel assignment and balancing of client load using all available partially overlapped channels.
The P OV function can also be computed empirically by performing a scan operation (defined in the 802.11 standard) of all
channels to determine which nodes interfere (on which channels).
Such a scan operation is already performed periodically by each
client participating in the randomized compaction algorithm [22]
to maintain the freshness of their range and interference sets. Thus,
modifications to a practical implementation of this technique can
be easily performed.
Simulation Results: Here, we perform a quantitative study of using partially overlapped channels with the randomized compaction

algorithm through packet-level simulations. The simulations were
performed over a modified version of the NS-2 simulator. This
study compares the performance of the randomized compaction algorithm alongside the enhancements discussed earlier.
We performed modifications to the NS-2 simulator to improve
the wireless link behaviors and incorporate realistic channel models. Our modifications include fixing of the binary interference
model present in NS-2, an implementation of a bit error rate model
and an implementation of partially overlapped channels according
to the I-factor model.
The simulation parameters used closely match the configurations
discussed in [22]. Various topologies were generated by varying the
number of clients over a fixed region of coverage while maintaining
a fixed client:AP ratio. For each topology generated, two types of
simulations were performed; one with TCP flows and the other with
UDP. FTP download applications over large file sizes were used
to create the TCP flows. The UDP flows were generated using a
constant bit rate (CBR) traffic generator with rates high enough to
saturate the medium. The packet size for all traffic was set at 1024
bytes and the bit rate for the medium was set at 11Mbps.
We observed that using 11 partially overlapped channels brought
about improvements in TCP/UDP throughputs by a factor between
1.6 to 3.0 depending on the client densities. If all these eleven channels had been non-overlapping we would have expected a best-case
improvement of 11/3 = 3.67. Thus, we find that 11 partially overlapped channels improve the throughputs significantly over using
3 non-overlapped ones in the 2.4 GHz band. We also observe that
with partially overlapped channels, the client throughputs reach to
about 70% of their maximum attainable values as compared to using 11 non-overlapping ones. This gap of about 30% is attributed
to the partial overlap present among the channels.
Throughput Improvements: We first discuss the throughput results over 28 randomly generated topologies with 200 clients and
50 APs. Half of these had ’high’ interference (average of 8 APs
in range for each client), while the others had ’low’ interference (4
APs in range). The interference was controlled by setting the transmit power of the clients/APs and the receiver sensitivity thresholds
(which is the minimum signal power required for packet reception).
Figures 12(a) and 13(a) compare the per-client UDP throughput
in a normalized manner for high and low interference topologies
respectively. Both plots were normalized by the same maximum
data point for comparison. The X-axis shows the topology number.
Both plots show that partially overlapped channels perform consistently better. For example, in Figure 12(a) for topology number
0, randomized compaction using non-overlapping channels gave a
normalized per-client UDP throughput of 0.3, while using partial
overlap a throughput of 0.82 was achieved which gives an improvement factor of 2.73.
Overall, for the high interference topologies (Figure 12(a)), we
observe an average improvement factor of 2.57. Note that the availability of 11 non-overlapping channels could have maximally improved the throughputs by a factor of 11/3 = 3.67. The sparse
topologies observe an improvement by a factor of 1.58. This shows
that the actual factor of improvement depends on the local density
of interference. Such improvements at the application level metrics are brought about by reduced interference or contention at the
link layer. We measure such contention by observing the MAC
level collisions encountered by the TCP/UDP flows. Figures 12(b)
and 13(b) plot the MAC level collisions observed during the same
experiments (normalized by the same constant). These collisions
directly reflect the amount of contention observed by the clients.
As can be observed from Figures 12(b) and 13(b), the number of
collisions reduce in the partial overlap case by an average factor of

2. This reduction shows how partially overlapped channels can reduce such contention thereby improving the application perceived
metrics.
Effect of Client Density: Increased client densities mimic the so
called chaotic network deployments [24] that are beginning to emerge
in the form of hotspots and unmanaged networks. Figures 15 and
14 plot the UDP/TCP throughputs respectively over various topologies with increasing density of clients/APs. The relative improvement brought about by using partially overlapped channels increases
with density. For example, the factor of improvement using partial
overlap grows from 1.25 for 120 clients (Figure 14) to about 1.9
for 360 clients. Similar improvements can be seen for the UDP
throughputs (Figure 15). This is because the effect of reduced contention on application level metrics is magnified as the topologies
become dense. This observation is also evident from Figure 16
which plots the MAC level collisions observed during the UDP
simulations. This figure shows that the number of collisions increase much faster with density when using only non-overlapped
channels. For example, with 120 clients the number of collisions
using partial overlap were about 30% less than the non-overlapped
case. With 360 clients, the number of collisions using partially
overlapped channels were lessened by a factor of 1.8.
The results of our enhancements to an existing channel management approach show the wide applicability of this I-factor model
which captures partial overlap among channels in a quantitative
fashion. These results demonstrate the significant gains that can be
achieved by considering the possibilities that arise from performing
spatial and spectral re-use in a joint manner.

5.1.1

Increasing Capacity of WLANs

The Randomized Compaction algorithm of the previous section
addressed the channel assignment problem given a specific deployment of APs in the environment. In this section we briefly examine
the joint question of deployment strategy and channel assignment
for APs from the viewpoint of increasing total capacity of a WLAN.
We assume that all the APs in a WLAN network (ESS) are connected to a high-speed backbone. Hence capacity achievable for
clients are only limited by the capacity of their wireless environments. We also assume that clients are located randomly in a square
region. Additionally their location can change over time. Under
such assumptions, the APs need to be laid out in a regular pattern.
In this section we study the capacity of two possible regular patterns for AP distribution in a large region, and comparing the impact of using non-overlapping and partially overlapped channels.
In particular we consider the 2.4 GHz band with 3 non-overlapping
channels (1, 6, and 11) and compare its performance to using 4 partially overlapped channels (1, 4, 7, and 11). Our deployment strategy for this scenario had the following two goals: (i) guarantee that
any point on the physical space is covered by at least one AP, and
(ii) to reduce interference on the topology, the minimum separation
of APs using channels i and j be governed by their transmission
ranges as given by dij and dij in Equation 5.
We use 3-clique (based on an equilateral triangle) and 4-clique
(a square with additional diagonal edges) as two regular patterns
to cover the physical space (with an AP on each vertex of these
shapes). These two patterns are optimally colorable with 3 and 4
channels.
It turns out that when 4 partially overlapping channels are used
with the 4-clique pattern, the possible separation between neighboring APs can be made smaller than the 3-clique pattern. This
allows us to deploy more APs in the same physical space using 4
partially-overlapping channels than the 3 non-overlapping channel
case. Note that in both cases we do not violate either of the two
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Figure 17: Greater spatial re-use with overlapped channels in
WLANs.
goals outlined earlier. This is because partially-overlapped channels allow better spatial re-use as discussed in Section 3. Consequently it follows that the aggregate throughput achieved by clients
using the 4 partially-overlapped deployment strategy is much higher.
We show this for TCP and UDP based experiments (conducted
using similar ns simulations) in Figure 17. In these experiments,
the clients were placed at locations chosen uniformly at random
within a square region with the APs laid out as discussed above.
The number of clients were varied for different experiments from
500 to 1000. Using just four partially overlapped channels the improvements in throughputs was about 50 to 80%, as can be observed in the plots. The improvements increase as the number of
partially-overlapped channels were increased from 4 to 11 within
the same spectrum band.
If we used the denser 4-clique pattern and optimally colored
them using 3 non-overlapping channels (so that the number of APs
deployed was the same as used in the 4 partially overlapped channel
scenario), then the aggregate throughput actually falls marginally
below the 3-clique, 3 non-overlapping channel scenario. This is
due to increase in interference between APs and clients in such
a deployment. We also illustrate this performance degradation in
Figure 17.

5.2 Channel Assignment in Mesh Networks
Wireless mesh networks are increasingly becoming popular as an
Internet access technology for enhancing or extending connectivity
to residents and local businesses where wires are a costly solution.
These networks are formed by a collection of access points or mesh
routers which are devices with potentially more than one radio interface. Such multi-hop wireless networks have a few routers designated as Internet gateways and the goal is to route traffic from
clients (associated to other routers) to the ‘best’ gateway. Thus, a
careful assignment of channels to these potentially interfering set
of mesh routers with the goal of creating low interference paths to
the set of gateways is important to realize the full potential of this
technology. Thus, there has been much recent interest in addressing
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the joint problem of channel assignment and routing in the context
of mesh networks [3, 4, 7, 6, 5].
In [6], authors present a mathematical formulation which includes a set of linear programs (LP) to perform joint channel assignment and routing for a mesh network with the objective of
improving client throughput. This problem is divided into three
subproblems, namely that of channel assignment, flow routing and
link flow scheduling. The problem of link flow scheduling deals
with coordinating transmissions among an interfering set of edges
on each channel. Flow routing addresses the problem of maximizing the per-client throughput carried by the network to the gateways. This also addresses client fairness issues. Channel assignment deals with partitioning the flow assignments obtained by solving the flow routing problem into specific channels so as to minimize the overall interference.
Here, we discuss our enhancements which lets their mathematical formulation take advantage of the partially overlapped channels.
Due to space constraints we briefly discuss our enhancements to the
linear program which addresses the problem of scheduling interfering links. The basic idea behind these changes is the key invariant
that has led to similar enhancements to the other subproblems as
well. First, we briefly discuss the concepts behind the modifications
to the link flow scheduling problem. Later we compare the results
from using our full set of enhancements over an experimental mesh
topology which show an average performance improvement factor
of 1.6.
Link Flow Scheduling: A mesh network is modeled as a directed
graph G over the set of mesh routers as the vertices V . Directed
edges comprising the set E indicate wireless links in the mesh
backbone. The problem of link scheduling refers to how a set of interfering links can be scheduled to transmit such that the frequency
of the transmissions that interfere or collide is reduced. This is
achieved by dividing the time into specific slots. The algorithm
that specifies which edge transmits on which slot is called a schedule. The period of a schedule T is the number of slots after which
the slot assignments repeat.
A schedule S specifies if an edge e ∈ E is allowed to transmit
on a channel i in a specific slot τ ∈ {1, 2, . . . T } where T is the
period of the schedule. Let Xe,i,τ , e ∈ E, i ∈ F (e), τ ≥ 1 be the
indicator variable where Xe,i,τ is 1 if and only if link e is active in
slot τ on channel i according to the given schedule S. Here F (e) is
the set of common channels among the end-nodes of the edge e. For
each edge e, let ISET (e) denote the set of edges that interfere with
it. This set can be computed by considering the radio characteristics
such as transmit power and a propagation model much like the set
of contending nodes that was computed in Section 4.
A schedule S is said to be interference free if for any time slot no
two interfering edges (as given by ISET ) are allowed to transmit.
Thus, on a given slot τ , if the edge e transmits, none of the other
edges e0 ∈ ISET (e) can be allowed to transmit. This constraint is

necessary for any schedule to be interference free and is stated as
follows:
Necessary Condition for Link Flow Scheduling: For any slot τ (1 ≤
τ ≤ T ) any valid interference free edge communication schedule
S on a channel i must satisfy
X
Xe,i,τ +
Xe0 ,i,τ ≤ q
(6)
e0 ∈I(e)

The average flow carried by an edge according to this schedule
S can be computed by summing
P up this inequality over all τ ∈
{1 . . . T }, that is f (e(i)) = τ ∈{1...T } Xe,i,τ . Here, f (e(i)) is
the total amount of traffic carried by the edge e on channel i.
In Equation 6, q denotes an upper bound on the number of concurrent transmissions among edges that belong to ISET (e) given
that edge e is not transmitting in a slot τ , that is, Xe,i,τ = 0. The
value of q depends on the geometric properties of the interference
region for an edge e. This is because the concurrent transmissions
are among edges which are ‘close’ to e as given by ISET (e). Note
that this constraint is replicated for each channel as an artifact of the
assumption of independence among channels.
We modify this constraint to contain all indicator variables Xe0 ,j,τ
such that edge e0 on channel j would interfere with edge e on channel i.
X
X
Xe,i,τ +
P OV (e, e0 , i, j) ∗ Xe0 ,j,τ ≤ 1
e0 ∈I(e) j∈{1...M }

In the above equation, P OV (e, e0 , i, j) is an indicator constant
which evaluates to 1 if the edges e on channel i interferes with
the edge e0 on channel j. This can be computed using physical distance between the nodes belonging to edges e and e0 and taking into
account the reductions due to the I-factor function I(i, j). This binary notion of interference is fundamental to linear program based
formulations. Although the I-factor based model provides a more
continuous notion of interference (in terms of the ratio of the received signal strengths), nevertheless we modify it for the purposes
of the LP.
Replacing q = 1 in Equations 5.2 and 6, we obtain the sufficient
condition for link scheduling. This is supported by an approximation algorithm presented in [6] which gives an interference free
schedule. By operating on Equation 5.2, this algorithm will be able
to take advantage of partially overlapped channels to obtain an interference free schedule.
It might appear that our enhancements to the link flow scheduling
constraint could reduce the flow of an edge e by inducing further
terms on the left hand side of the Equation 5.2. This misconception is cleared by observing that the number of partially overlapped
channels M is typically a factor of about 5 times greater than the
number of non-overlapped ones. This gives the linear programs
a greater number of channels which can significantly reduce the
amount of contention suffered by a link e. For example, assuming
the channel structure in the 2.4 and 5 GHz bands, the number of
partially overlapped channels can be computed as M = 5N − 4
where N is the number of non-overlapping ones. An analytic reasoning presented in Section 4 shows that on average the number of
nodes/links contending with a transmitter is reduced by factor of
about 3.
We next present an evaluation of our overall enhancements to the
mathematical modeling presented in [6]. For each vertex v ∈ V ,
let f low(v) denote the amount of flow that was generated on that
node attributing to clients. For each such vertex, the flow routing
problem attempts to route an amount of flow given by γ.f low(v).
The objective function is to maximize γ. The authors in [6] do this
to provide fairness proportional to their traffic demands from the

network. Table 2 shows that normalized throughput achieved by
using N= 3,4 and 5 non-overlapping channels along with the performance of using corresponding M = 5N −4 partially overlapped
channels, which can be compared to the scenario of M = 5N − 4
non-overlapping ones. This acts as an ‘upper bound’ to the improvements given by using M partially overlapped channels. From
the table we can observe that partially overlapped channels improve
the per-client throughput by an average factor of 1.6. We further
note that as N increases, the gap between the ‘upper bound’ values and those achieved by using the partially overlapped channels
reduces. It is also important to realize that, both sets of channels
(partially overlapped and the non-overlapped ones) utilized the exact same frequency space. Thus, the performance gains that we
achieve do not come at the cost of any additional spectrum.

6.

RELATED WORK

A wide range of research literature has addressed the problem of
channel assignment in wireless networks. However, the very notion
of channels has implied independence among them. Thus, not surprisingly much of the prior work on channel assignment for various
wireless technologies including cellular networks, wireless LANs
and mesh networks has inherently utilized a set of non-overlapping
channels. Below, we summarize such research on channel assignment as applied to various different technologies.
Mesh Networks: Channel assignment in wireless mesh networks
is addressed jointly along with the problem of routing and balancing of client load. Proper assignment of channels is crucial to
building low interference topologies which are then exploited by
the routing algorithms. Work in [6, 7] addresses this joint problem by formulating it as a set of linear programming constraints.
In [3, 4], authors build centralized routing and channel assignment
algorithms and evaluate their performance over various topologies.
Wireless LANs: With the significant deployment that wireless LANs
have seen during the recent years, careful utilization of available
channels has become an important problem. In [8], authors model
a wireless LAN as a weighted graph with the set of vertices denoting the access points. They present centralized and distributed
algorithms for performing channel assignment via graph coloring.
Work in [10] also presents graph theoretic algorithms and implementation issues are addressed in [11].
Cellular Networks: Cellular networks are still the most widely
used and commercialized form of the wireless communication technologies. Due to the commercial value of spectrum in addition to
scarcity, there is a large amount of literature [12, 15, 16, 17, 14, 13]
which has addressed the problem of channel assignment for various
cellular technology standards such as GSM, CDMA, etc.
Another topic of related interest is capacity of wireless networks
which has been primarily analyzed for single-radio [25] and multiradio wireless environments [5] specifically using non-overlapping
channels only. Our work in this paper briefly sketches necessary extensions for partially-overlapped channels and uses the same analysis approach as done in [26].

7.

CONCLUSIONS

Channel assignment and management is an important problem
that arises in almost any wireless environments, e.g., WLANs, multihop networks, and cellular networks. Most prior approaches to
channel assignment have restricted solutions to use only non-overlapping
channels. We illustrate in this paper that such a restriction is inefficient since it leads to poor utilization of the wireless spectrum.
Proper utilization of the spectral resources require use of partiallyoverlapped channels. To meet this objective, it is necessary to prop-

Number of
Channels (N, M )
3, 11
4, 16
5, 21

N Channels
No-overlap
0.27
0.36
0.45

M Channels
Partial Overlap
0.42
0.63
0.81

M Channels
No-overlap
0.88
1
1

Table 2: Aggregate throughput achieved (normalized to bestcase scenario within these set of experiments).
erly model interference effects of partially overlapped channels and
then apply such models in systematic design, or in some cases, enhancement of channel assignment algorithms.
In this paper we define appropriate models for partially overlapped channels that are applicable for a number of different wireless technologies. Subsequently we use this model to enhance two
prior published channel assignment algorithms (one in the context
of WLANs and the other in the context of wireless mesh networks)
and quantify their benefits.
We believe that our work is the first attempt to systematically exploit partially overlapped channels in wireless environments. Apart
from future directions in defining more sophisticated models, there
seems to be a large scope for re-visiting a large body of prior literature in channel assignment and management techniques and examining how each such can be enhanced under the partial overlap
model.
Finally, in this paper we only explored a restricted set of partial
overlap, primarily in the context of discrete channels as defined by
common technologies such as 802.11 and 802.16. An interesting
line of future research can be in exploring how partial overlap can
be exploited in designing continuous channels. Such a notion can
possibly be of significant interest in developing algorithmic channel
access mechanisms for software-defined radios.
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