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Figure 7: Physical layout of the 38 Roofnet nodes
which participated in the performance evaluation.

to measure the time required to transfer 1.1 megabytes us-
ing ExOR. The evaluation does not use the combination of
ExOR and traditional routing, so the extra 0.1 megabyte is
to compensate for the 10% of packets which may not have
been delivered ordinarily. The reported throughput is one
megabyte divided by the total time required to transfer the
data. Every twenty minutes, the central server suspends the
experimental runs to recollect the link loss measurements.
During the experiment, existing Roofnet routing and user
tra!c are present.

The ExOR batch size is 100 packets, except for the exper-
iments in Section 5.5 which consider batch sizes of 10 and
250 packets. Each packet contains 1024 byte of payload data
and either a traditional routing header or an ExOR header.
Traditional headers vary between 24 and 48 bytes, depend-
ing on the number of hops. ExOR headers vary between 44
and 114 bytes, depending on the forwarder list size. All the

packets are sent with the 802.11b one megabit/second bit-
rate. It’s likely that a higher bit-rate would provide higher
throughput, but selection of the best rate remains as future
work.

The traditional route is chosen using the ETX metric,
which has been shown to find the best routes [4, 5] when the
link loss measurements are accurate. The traditional routing
tra!c is sent along pre-computed source-routed paths. Each
node in the route sends the entire file to the next node before
the next node starts sending, so that only one node sends
at a time. This is done to make a fair comparison of the
two protocols, since traditional multi-hop tra!c tends to
su"er losses due to collisions between successive hops. Each
traditional routing data packet is sent using 802.11 unicast,
so that 802.11 keeps re-sending a lost packet until the sender
gets an 802.11 acknowledgment from the next hop.

To reduce the e"ect of interference from Roofnet user traf-
fic and other sources, the reported values are the median of
nine experimental runs. The exception is Section 5.7, which
studies the variations between experimental iterations.

In addition to throughput measurements, the nodes col-
lect the received headers and arrival times of all packets of a
single iteration of the experiment. These traces are centrally
processed to reconstruct the state of the wireless channel,
providing the trace data for the case studies in Sections 3.8
and 5.4.

5.3 End-to-End Performance

Figure 8 compares the throughput CDFs of ExOR and
traditional routing for the 65 node pairs. ExOR’s through-
put is 33 KBytes/sec for the median pair, whereas tradi-
tional routing achieved 11 KBytes/sec for the median pair.

5.3.1 The 25 Highest Throughput Pairs

ExOR’s throughput advantage varies with the number of
nodes between the source and destination. Figure 9 com-
pares the 25 highest throughput pairs. The top five pairs and
the pair N13-N7, near the center of the figure, correspond to
single hop traditional routes. For these pairs ExOR provides
higher throughput even though it too sends most packets di-
rectly from source to destination. Traditional routing relies
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Figure 2.1—A simple Click router configuration.

2.1 elements
The element is the most important user-visible abstraction in Click. Every
property of a router configuration is specified either through the choice of ele-
ments or through their arrangement. Device handling, routing table lookups,
queueing, counting, and so forth are all implemented by elements. Inside a
running router, each element is a C++ object that may maintain private state.

Elements have five important properties: element class, ports, configuration
strings, method interfaces, and handlers.

– Element class. An element’s class specifies that element’s data layout and
behavior. For example, the code in an element class determines how many
ports elements of that class will have, what handlers they will support, and
how they will process packets. In C++, each element class corresponds to
a subclass of Element.

– Ports. Each element can have any number of input and output ports. Every
connection links an output port on one element to an input port on another.

Different ports may have different roles; for example, many elements emit
normal packets on their first output port and erroneous packets on their
second. The number of ports provided by an element may be fixed, or it
may depend on the element’s configuration string or how many ports were
used by the configuration. Every port that is provided must be used by at
least one connection, or the configuration is in error. Ports may be push,
pull, or agnostic; these terms are defined in Section 2.4.

– Configuration string. The optional configuration string contains additional
arguments passed to the element at router initialization time. For many
element classes, configuration strings define per-element state and fine-tune
element behavior, much as constructor arguments do for objects.

Lexically, a configuration string is a list of arguments separated by commas.
Most configuration arguments fit into one of a small set of data types: IP
addresses, for example, or integers, or lists of IP addresses.
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Figure 11: The number of transmissions made by each node during a 1000-packet transfer from N5 to
N24. The X axis indicates the sender’s ETX metric to N24. The Y axis indicates the number of packet
transmissions that node performs. Bars higher than 1000 indicate nodes that had to re-send packets due to
losses.
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Figure 12: Distance traveled towards N24 in ETX space by each transmission. The X axis indicates the
di!erence in ETX metric between the sending and receiving nodes; the receiver is the next hop for traditional
routing, and the highest-priority receiving node for ExOR. The Y axis indicates the number of transmissions
that travel the corresponding distance. Packets with zero progress are not received by the next hop (for
traditional routing) or by any higher-priority node (for ExOR).

sured link loss rates as input. When a packet is broadcast
with independent loss, the simulator models each link (each
receiver) with a separate random variable. For dependent
loss, all the links are conditioned on the same random vari-
able. For example, given two links with a 50% and a 75%
loss rate, the first receiver will receive a strict superset of the
packets received by the second receiver. The simulator does
not model contention or any other MAC-related delays, so
it produces an optimistic result.

Figure 14 illustrates the simulation results. For single
hop routes, there is no di!erence between dependent and
independent losses, as there is only a single link. As the
pairs become distant, a performance gap develops, in which
the dependent curve lags the independent curve by 20% for
the median pair.

ExOR forwarder lists contain nodes at various distances
between the source and destination, producing a wide range
of inter-node loss rates. Even if all losses were correlated,
some transmissions would deliver packets farther than oth-

ers, allowing ExOR to exploit the lucky transmissions. Thus,
ExOR does not require independent losses, but does take
advantage of them when available.

5.7 Throughput Variation
A side-e!ect of ExOR’s use of multiple forwarding nodes

is a reduction in variation between per-transfer through-
puts. Table 1 shows the variation among the nine exper-
imental iterations for 20 randomly selected node pairs. The
throughput columns are the median of the nine runs and the
range column is the di!erence between the highest and low-
est throughputs, expressed as a percentage of the median.
Traditional routing throughput tends to vary by eight to ten
times as much as ExOR.

It might seem surprising that the throughputs of succes-
sive transfers should vary substantially, since each transfer
e!ectively averages thousands of individual packet transmis-
sions. The variation is caused by changes in link delivery
rates at time scales comparable to a single transfer. Changes
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Figure 1: Screenshot of the spectrum analyzer showing 20MHz,
10MHz and 5MHz signals.

2. CHANGING CHANNEL WIDTH
We use the following terminology throughout this paper:

Channel width: The width of the spectrum over which the radio
transmits (and receives) its signals; specified in MHz.

Throughput: Number of data bytes transmitted per second, in-
cluding MAC-layer headers; specified in Mbps. We avoid the term
bandwidth in this paper, as this term is frequently used to refer to
both channel width and throughput.

Modulation: The specific modulation used by the radio while
transmitting. We restrict our analysis to 802.11-based OFDM mod-
ulations that give data rates of 6, 9, 12, 18, 24, 36, 48 and 54 Mbps
when the channel width is 20 MHz.

2.1 Methodology
In this section, we describe the details of how we achieved dif-

ferent channel widths. The channel width of a wireless card is
determined by the frequency synthesizer in the Radio Frequency
(RF) front end circuitry. In most wireless systems, the frequency
synthesizer is implemented using a Phase Locked Loop (PLL). A
frequency divider on the PLL feedback path determines the center
frequency of the card, and the reference clock frequency used by
the PLL determines the channel width. Beyond this very high level
description, we refer to [14] for details on the RF front end design
of a wireless card.

We varied the channel width by changing the frequency of the
reference clock that drives the PLL. We implemented this technique
on off-the-shelf Atheros-based NICs. These cards use a clock fre-
quency of 20 MHz to generate a 20 MHz wide signal. The value
of the clock frequency can be configured in multiples of 2 using a
hardware register. We changed the register values to generate sig-
nals on four channel widths of 5, 10, 20, and 40 MHz.1

We note that most Wi-Fi chipset designs, including Atheros, use
a common reference clock for the RF transceiver and the base-
band/MAC processor [4, 13, 19]. The baseband/MAC processor
uses the reference clock to control access to the wireless network by
regulating timing, encryption, encoding/decoding, and data trans-
mission. Therefore, slowing or increasing the clock rate affects
802.11 timing parameters. For example, a 4 µs OFDM symbol in
20 MHz channel width gives symbols of length 2 µs in 40 MHz,
and 16 µs in 5 MHz. Similarly, a 400 ns OFDM guard interval at
1Our 40 MHz channel width implementation is different from
Atheros Turbo/SuperG mode. See Section 8 for a detailed discus-
sion.

5 MHz 10 MHz 20 MHz 40 MHz
Symbol Duration 16 µs 8 µs 4 µs 2 µs
SIFS 40 µs 20 µs 10 µs 5 µs
Slot Duration 20 µs 20 µs 20 µs 20 µs
Guard Interval 3.2 µs 1.6 µs 0.8 µs 0.4 µs

Table 1: A few 802.11 timing parameters across channel
widths.

40 MHz is 3.2 µs at 5 MHz. We list a few important parameters
that have different values at different channel widths in Table 1.
We note that only timing parameters are affected. Therefore, irre-
spective of channel width, modulation 24 OFDM coding (24 Mbps
at 20 MHz using 16-QAM, 1/2 rate encoder) carries the same 96
data bits per symbol. However, since symbol lengths are different
across channel widths, modulation 24 coding scheme gives 6 Mbps
at 5 MHz, 12 Mbps at 10 MHz, 24 Mbps at 20 MHz, and 48 Mbps
at 40 MHz.

2.2 Implementation Details
All our changes are limited to the device driver software. The

most important of these changes are as follows. We added a sepa-
rate rate table with different rates supported by each channel width.
The rate table is loaded by the driver when the channel width is
changed. To ensure fair contention among flows on various chan-
nel widths, we modified the 802.11 slot time to be the same (20 µs)
across all channel widths. The computation for packet durations
were adjusted accordingly for different widths. For interoperabil-
ity with 802.11b stations, 802.11g uses 4 802.11b DSSS rates (1,
2, 5.5 and 11), and 6 OFDM rates (12 to 54 Mbps), and uses a
44 MHz clock frequency. To isolate the impact of channel width,
we modified the driver to use only OFDM rates (6 to 54 Mbps) in
802.11g mode. Also, for ease of exposition, we modified the clock
frequency to 40 MHz so that channel widths scaled in multiples of
2. Finally, we added support to dynamically change the channel
width without breaking 802.11 associations.

Figure 1 shows a spectrum analyzer screenshot on which differ-
ent widths have been overlaid. It can be seen that while the center
frequency for all widths during this measurement was 2412 MHz
(corresponding to Channel 1 of IEEE 802.11 b/g), the channel width
changes.

3. IMPACT OF CHANNEL WIDTH
In this section, we characterize the impact of channel widths on

three of the key metrics of wireless communication: flow through-
put, packet reception range, and power consumption. In all cases,
we explain the underlying reason for the observed behavior and
how it differs from what may be expected. The findings of this
section form the basis of our arguments for dynamic adaptation of
channel width.

Setup: For our experiments, we use two kinds of Atheros cards:
i) Netgear WAG 511 (Atheros chipsets 5211 and 5212) which have
a PCMCIA form factor for insertion into laptops; and ii) Netgear
EnGenius’ EMP-8602 modules, which are based on the Atheros
5213 chipset. These cards have a PCI form factor for insertion into
desktops.

We performed experiments in a controlled emulator setup and in
an indoor office environment. 2 We used CMU’s wireless channel
emulator [9], which has two laptops connected through an FPGA.
The FPGA implements the digital signal processing (DSP) routines

2We also validated our results using an RF attenuator and outdoor
experiments, but do not present results in this paper.
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Figure 2: Impact of channel width on peak throughput of a
UDP flow when packets are sent with different modulations.

Figure 3: Actual throughput and model predictions for UDP
traffic at different modulations for 5 and 40 MHz channels.

that model signal propagation effects, such as small scale fading
and signal attenuation.

3.1 Peak Throughput
We start by understanding the impact of channel width on peak

throughput of the communication. We measure peak throughput
using the emulator to minimize the impact of external interference.
In these experiments the signal is attenuated by only 20 dB. In other
words, the receiver gets packets with good signal strength.

Figure 2 shows the throughput obtained by a UDP flow when
using different channel widths and modulations. As expected, the
throughput increases as the channel width or the modulation rate is
increased.

According to Shannon’s capacity formula the theoretical capac-
ity of a communication channel is proportional to the channel width.
Our measurements on commodity Atheros cards follow this rela-
tionship approximately but not exactly. The increase in throughput
from doubling the channel width is less than a factor of two. For in-
stance, at modulation 24, for 5 and 10 MHz the throughput is 4.04
and 7.65 respectively, which represents a factor of 1.89.

This less-than-doubling behavior is due to overheads in the 802.11
MAC, such as various inter-frame spacings. Since some of these
overheads are fixed in terms of absolute time, e.g., the slot-time is
20 µs, their relative overhead for wider channels is higher. In order
to more accurately capture the peak throughput at different modu-
lations and channel widths, we extend the model presented in [18].

The idea of this model is to predict the time tpacket required for
one single packet transaction. This total transaction time consists
of SIFS, DIFS, and the time to send the data and the 802.11 ac-
knowledgement: t = tDIF S + tdata + tSIF S + tack. The inverse
of this per-packet transmission time multiplied by the number of
bytes per packet exchange then corresponds to the throughput.

According to the 802.11g standard [1], the basic timing param-
eters in ad hoc mode are tSIF S = 10 µs, tslot = 20 µs, and
tDIF S = 2tslot + tSIF S = 50 µs. For the actual data packet,

data is divided into a series of symbols, each encoding a number
of bits. At modulation-R, 4 · R data bits are encoded per symbol.
The transmission time for each symbol is tsymb = 4 µs, and the
data symbols are wrapped by a 20 µs preamble (synchronization
and PLCP header) and a 6 µs signal extension.

To extend this model to adaptive channel width, we need to pro-
portionally scale some of these timings with the width. Let B
and R be the channel width and modulation, respectively, and let
B = 20MHz/B be a scaling ratio. With the exception of the slot-
time tslot, all aforementioned timing parameters are scaled by the
factor B. Moreover, we discovered empirically (by varying tslot

and minimum contention window, CWmin) that the Atheros cards
wait for an additional time of tCW = tslot·CWmin/2 = 8tslot per
packet. Therefore, putting all together, for a packet size of s bits,
the time required for one single packet transaction is therefore

t = tCW + tDIF S + tdata + tSIF S + tack

= 8tslot + (2tslot + B · tSIF S)

+B · (20 + tsymb!sdata/(4R)" + 6)

+B · tSIF S + B · (20 + tsymb!sack/(4Rack)" + 6)

and 1/ttotal exchanges per second can be completed. Multiplying
by the number of user data bits per packet (sdata # 76 bytes=
1460 bytes) yields the expected peak throughput.

In our setup, data and ACK size are sdata = 1536 bytes and
sack = 14 bytes including all headers. Rack is the rate at which
the MAC-layer ACK packet is transmitted. In our setup, Rack = 6
if R = 6, 9, 12, Rack = 12 if R = 18, 24, and Rack = 24 if
R $ 36.

Figure 3 shows how well the model predicts the throughput of the
UDP flow at different configurations. At low data rates, our model
almost exactly predicts the peak throughput for all four channel
width options. The reason for the increasing discrepancy at wider
channels and high modulations is that beacons and background
noise (that are unaccounted for in the model) incur a higher per-
packet overhead in these conditions.

3.2 Transmission Range
Changing the channel width impacts the transmission range of

a wireless signal. This is primarily because of two main reasons:
improved SNR and resilience to delay spread. We investigate the
impact of both these factors on range in this subsection.

3.2.1 Improved SNR
We first investigate the resilience to noise using the emulator

setup but unlike the previous experiment, we attenuate the signal
between the two nodes. The transmission power of the radios is set
to 1 mW, which is the minimum value supported by the chipsets we
used in our experiment.

Figure 4 shows the loss rate as a function of the attenuation for
different channel widths. The modulation is fixed to 6 in this graph.
We see that narrower widths are able to withstand greater attenua-
tion, which implies that they can reach further. We define the range
threshold of the signal as the minimum attenuation at which the
loss rate is less than 10%. Then, we can see this threshold is 74 dB
for 40 MHz and 81 dB for 5 MHz. As we discuss below, this 7 dB
difference is substantial because dB is a logarithmic unit.

The longer range of narrower widths can be explained as follows.
For the same total energy used by a Wi-Fi radio to transmit a signal,
the transmission power depends on the channel width measured in
Hz, and power per unit Hz. Thus, at narrower widths, the radio can
transmit with higher power per unit Hz without changing the total
transmission power. Given equivalent noise per unit Hz across var-
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Figure 1: Screenshot of the spectrum analyzer showing 20MHz,
10MHz and 5MHz signals.

2. CHANGING CHANNEL WIDTH
We use the following terminology throughout this paper:

Channel width: The width of the spectrum over which the radio
transmits (and receives) its signals; specified in MHz.

Throughput: Number of data bytes transmitted per second, in-
cluding MAC-layer headers; specified in Mbps. We avoid the term
bandwidth in this paper, as this term is frequently used to refer to
both channel width and throughput.

Modulation: The specific modulation used by the radio while
transmitting. We restrict our analysis to 802.11-based OFDM mod-
ulations that give data rates of 6, 9, 12, 18, 24, 36, 48 and 54 Mbps
when the channel width is 20 MHz.

2.1 Methodology
In this section, we describe the details of how we achieved dif-

ferent channel widths. The channel width of a wireless card is
determined by the frequency synthesizer in the Radio Frequency
(RF) front end circuitry. In most wireless systems, the frequency
synthesizer is implemented using a Phase Locked Loop (PLL). A
frequency divider on the PLL feedback path determines the center
frequency of the card, and the reference clock frequency used by
the PLL determines the channel width. Beyond this very high level
description, we refer to [14] for details on the RF front end design
of a wireless card.

We varied the channel width by changing the frequency of the
reference clock that drives the PLL. We implemented this technique
on off-the-shelf Atheros-based NICs. These cards use a clock fre-
quency of 20 MHz to generate a 20 MHz wide signal. The value
of the clock frequency can be configured in multiples of 2 using a
hardware register. We changed the register values to generate sig-
nals on four channel widths of 5, 10, 20, and 40 MHz.1

We note that most Wi-Fi chipset designs, including Atheros, use
a common reference clock for the RF transceiver and the base-
band/MAC processor [4, 13, 19]. The baseband/MAC processor
uses the reference clock to control access to the wireless network by
regulating timing, encryption, encoding/decoding, and data trans-
mission. Therefore, slowing or increasing the clock rate affects
802.11 timing parameters. For example, a 4 µs OFDM symbol in
20 MHz channel width gives symbols of length 2 µs in 40 MHz,
and 16 µs in 5 MHz. Similarly, a 400 ns OFDM guard interval at
1Our 40 MHz channel width implementation is different from
Atheros Turbo/SuperG mode. See Section 8 for a detailed discus-
sion.

5 MHz 10 MHz 20 MHz 40 MHz
Symbol Duration 16 µs 8 µs 4 µs 2 µs
SIFS 40 µs 20 µs 10 µs 5 µs
Slot Duration 20 µs 20 µs 20 µs 20 µs
Guard Interval 3.2 µs 1.6 µs 0.8 µs 0.4 µs

Table 1: A few 802.11 timing parameters across channel
widths.

40 MHz is 3.2 µs at 5 MHz. We list a few important parameters
that have different values at different channel widths in Table 1.
We note that only timing parameters are affected. Therefore, irre-
spective of channel width, modulation 24 OFDM coding (24 Mbps
at 20 MHz using 16-QAM, 1/2 rate encoder) carries the same 96
data bits per symbol. However, since symbol lengths are different
across channel widths, modulation 24 coding scheme gives 6 Mbps
at 5 MHz, 12 Mbps at 10 MHz, 24 Mbps at 20 MHz, and 48 Mbps
at 40 MHz.

2.2 Implementation Details
All our changes are limited to the device driver software. The

most important of these changes are as follows. We added a sepa-
rate rate table with different rates supported by each channel width.
The rate table is loaded by the driver when the channel width is
changed. To ensure fair contention among flows on various chan-
nel widths, we modified the 802.11 slot time to be the same (20 µs)
across all channel widths. The computation for packet durations
were adjusted accordingly for different widths. For interoperabil-
ity with 802.11b stations, 802.11g uses 4 802.11b DSSS rates (1,
2, 5.5 and 11), and 6 OFDM rates (12 to 54 Mbps), and uses a
44 MHz clock frequency. To isolate the impact of channel width,
we modified the driver to use only OFDM rates (6 to 54 Mbps) in
802.11g mode. Also, for ease of exposition, we modified the clock
frequency to 40 MHz so that channel widths scaled in multiples of
2. Finally, we added support to dynamically change the channel
width without breaking 802.11 associations.

Figure 1 shows a spectrum analyzer screenshot on which differ-
ent widths have been overlaid. It can be seen that while the center
frequency for all widths during this measurement was 2412 MHz
(corresponding to Channel 1 of IEEE 802.11 b/g), the channel width
changes.

3. IMPACT OF CHANNEL WIDTH
In this section, we characterize the impact of channel widths on

three of the key metrics of wireless communication: flow through-
put, packet reception range, and power consumption. In all cases,
we explain the underlying reason for the observed behavior and
how it differs from what may be expected. The findings of this
section form the basis of our arguments for dynamic adaptation of
channel width.

Setup: For our experiments, we use two kinds of Atheros cards:
i) Netgear WAG 511 (Atheros chipsets 5211 and 5212) which have
a PCMCIA form factor for insertion into laptops; and ii) Netgear
EnGenius’ EMP-8602 modules, which are based on the Atheros
5213 chipset. These cards have a PCI form factor for insertion into
desktops.

We performed experiments in a controlled emulator setup and in
an indoor office environment. 2 We used CMU’s wireless channel
emulator [9], which has two laptops connected through an FPGA.
The FPGA implements the digital signal processing (DSP) routines

2We also validated our results using an RF attenuator and outdoor
experiments, but do not present results in this paper.
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Figure 2: Impact of channel width on peak throughput of a
UDP flow when packets are sent with different modulations.

Figure 3: Actual throughput and model predictions for UDP
traffic at different modulations for 5 and 40 MHz channels.

that model signal propagation effects, such as small scale fading
and signal attenuation.

3.1 Peak Throughput
We start by understanding the impact of channel width on peak

throughput of the communication. We measure peak throughput
using the emulator to minimize the impact of external interference.
In these experiments the signal is attenuated by only 20 dB. In other
words, the receiver gets packets with good signal strength.

Figure 2 shows the throughput obtained by a UDP flow when
using different channel widths and modulations. As expected, the
throughput increases as the channel width or the modulation rate is
increased.

According to Shannon’s capacity formula the theoretical capac-
ity of a communication channel is proportional to the channel width.
Our measurements on commodity Atheros cards follow this rela-
tionship approximately but not exactly. The increase in throughput
from doubling the channel width is less than a factor of two. For in-
stance, at modulation 24, for 5 and 10 MHz the throughput is 4.04
and 7.65 respectively, which represents a factor of 1.89.

This less-than-doubling behavior is due to overheads in the 802.11
MAC, such as various inter-frame spacings. Since some of these
overheads are fixed in terms of absolute time, e.g., the slot-time is
20 µs, their relative overhead for wider channels is higher. In order
to more accurately capture the peak throughput at different modu-
lations and channel widths, we extend the model presented in [18].

The idea of this model is to predict the time tpacket required for
one single packet transaction. This total transaction time consists
of SIFS, DIFS, and the time to send the data and the 802.11 ac-
knowledgement: t = tDIF S + tdata + tSIF S + tack. The inverse
of this per-packet transmission time multiplied by the number of
bytes per packet exchange then corresponds to the throughput.

According to the 802.11g standard [1], the basic timing param-
eters in ad hoc mode are tSIF S = 10 µs, tslot = 20 µs, and
tDIF S = 2tslot + tSIF S = 50 µs. For the actual data packet,

data is divided into a series of symbols, each encoding a number
of bits. At modulation-R, 4 · R data bits are encoded per symbol.
The transmission time for each symbol is tsymb = 4 µs, and the
data symbols are wrapped by a 20 µs preamble (synchronization
and PLCP header) and a 6 µs signal extension.

To extend this model to adaptive channel width, we need to pro-
portionally scale some of these timings with the width. Let B
and R be the channel width and modulation, respectively, and let
B = 20MHz/B be a scaling ratio. With the exception of the slot-
time tslot, all aforementioned timing parameters are scaled by the
factor B. Moreover, we discovered empirically (by varying tslot

and minimum contention window, CWmin) that the Atheros cards
wait for an additional time of tCW = tslot·CWmin/2 = 8tslot per
packet. Therefore, putting all together, for a packet size of s bits,
the time required for one single packet transaction is therefore

t = tCW + tDIF S + tdata + tSIF S + tack

= 8tslot + (2tslot + B · tSIF S)

+B · (20 + tsymb!sdata/(4R)" + 6)

+B · tSIF S + B · (20 + tsymb!sack/(4Rack)" + 6)

and 1/ttotal exchanges per second can be completed. Multiplying
by the number of user data bits per packet (sdata # 76 bytes=
1460 bytes) yields the expected peak throughput.

In our setup, data and ACK size are sdata = 1536 bytes and
sack = 14 bytes including all headers. Rack is the rate at which
the MAC-layer ACK packet is transmitted. In our setup, Rack = 6
if R = 6, 9, 12, Rack = 12 if R = 18, 24, and Rack = 24 if
R $ 36.

Figure 3 shows how well the model predicts the throughput of the
UDP flow at different configurations. At low data rates, our model
almost exactly predicts the peak throughput for all four channel
width options. The reason for the increasing discrepancy at wider
channels and high modulations is that beacons and background
noise (that are unaccounted for in the model) incur a higher per-
packet overhead in these conditions.

3.2 Transmission Range
Changing the channel width impacts the transmission range of

a wireless signal. This is primarily because of two main reasons:
improved SNR and resilience to delay spread. We investigate the
impact of both these factors on range in this subsection.

3.2.1 Improved SNR
We first investigate the resilience to noise using the emulator

setup but unlike the previous experiment, we attenuate the signal
between the two nodes. The transmission power of the radios is set
to 1 mW, which is the minimum value supported by the chipsets we
used in our experiment.

Figure 4 shows the loss rate as a function of the attenuation for
different channel widths. The modulation is fixed to 6 in this graph.
We see that narrower widths are able to withstand greater attenua-
tion, which implies that they can reach further. We define the range
threshold of the signal as the minimum attenuation at which the
loss rate is less than 10%. Then, we can see this threshold is 74 dB
for 40 MHz and 81 dB for 5 MHz. As we discuss below, this 7 dB
difference is substantial because dB is a logarithmic unit.

The longer range of narrower widths can be explained as follows.
For the same total energy used by a Wi-Fi radio to transmit a signal,
the transmission power depends on the channel width measured in
Hz, and power per unit Hz. Thus, at narrower widths, the radio can
transmit with higher power per unit Hz without changing the total
transmission power. Given equivalent noise per unit Hz across var-
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Figure 4: The loss rate as a function of attenuation for different
channel widths at modulation 6.

Figure 5: The range threshold for different channel widths and
modulations. Higher threshold implies longer range.

ious widths, the SNR (signal-to-noise ratio) is higher for narrower
widths, giving them a longer range.

However, the advantage we observe in practice differs from the
maximum possible gain. As per above, halving the channel width
should yield a 3 dB gain, or a 9 dB gain from 40 to 5 MHz. But the
actual gain is only 7 dB across those two widths, which suggests
that our hardware is leaving some potential gains on the table.

We repeated the experiment on an attenuator for different modu-
lations. Figure 5 shows that the range advantage of narrower widths
exists across all modulations. We see that lower modulations pro-
vide a range benefit that is almost equivalent to the emulator. Com-
pared to 40 MHz at modulation 48, one can get a 6 dB range advan-
tage either by reducing the channel width to 5 MHz while keeping
the same modulation or by reducing the modulation to 12 while
keeping the same channel width. One view, thus, of variable chan-
nel widths is that it offers finer scale modulations that otherwise do
not exist.

To illustrate how the 7 dB advantage of 5 MHz over 40 MHz
translates to better range in terms of real distance, we consider the
following simplistic model. Assume that signal power decays as
1/d!, with the distance d and path-loss exponent !, the maxi-
mum range A in dB attenuation corresponds to a maximum dis-
tance dmax as

A = 10 log10

„
Psend
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«
= 10! log10 d.

Therefore, we can estimate the proportional increase in range stem-
ming from a !A dB increase in maximum attenuation (say, from
A1 to A2) as d2

d1
= 10A2/(10!)

10A1/(10!) = 10!A/(10!) .

! 2 3 4
range increase (est.) 123.9% 71.1% 49.6%

Figure 6: Indoor range for two modulations as a function of
channel width.

The table above shows the range improvement as a function of!,
which depends on the exact environment. Its value is 2 in free space
and typically estimated as between 2 and 4 in real settings. The
numbers above are meant as rough guidelines rather than precise
predictions since we ignore multipath effects as well as many other
practically relevant aspects of wireless signal propagation.

Figure 6 shows that the range benefits in reality roughly reflect
the calculations above. In this experiment, we use an office as unit
of distance and define range as the minimum number of offices
crossed at which the loss rate between two nodes is 100%. This unit
is of course very coarse but obstacles and severe multipath effects
imply that exact signal attenuation is hard to quantify indoors. The
offices are of identical size, and there are 8 offices in a straight line.

The graph shows results for modulations 48 and 54. At lower
modulations, we could not reach the edge of communication for
all channel widths. We see that narrower channels significantly
increase range. At modulation 48, for instance, the range advantage
of 5 MHz over 40 MHz is 3 additional offices or a 75% gain.

Finally, because an increase of X in range corresponds to an in-
crease of X2 in area covered, range increases can have significant
practical impact for network coverage. Assuming a plane, for in-
stance, the additional range in our indoor measurement amounts to
over 200% more area.

3.2.2 Resilience to delay spread
At long communication distances, wireless receivers get multi-

ple copies of a signal due to multipath reflections. Delay spread is
the time difference between the arrival of the first and last copies
of the multipath components. Delay spread can hinder correct de-
coding of a transmission at the receiver because a signal begins to
interfere with a time-delayed copy of itself, also known as Inter-
symbol Interference (ISI). Modern radios use a RAKE receiver to
counter delay spread, but their effectiveness depends on the coding
scheme and the extent of delay spread [2].

OFDM specifies a guard interval at the start of every symbol
to counter delay spread. For better packet recovery, a copy of the
tail of the packet is included in the guard interval, called the cyclic
prefix. For 802.11 at 20 MHz channel width, the guard interval is
800 ns, which is one-quarter of the symbol duration. This value
of the guard interval has been shown to tolerate root-mean-square
(r.m.s.) delay spreads of upto 250 ns [7]. Therefore, 20 MHz chan-
nel width provides good resilience to delay spread in most indoor
environments, where the delay spread has been shown to be 50
ns in homes, 100 ns in offices, and 300 ns in industrial environ-
ments [8]. However, the delay spreads are larger in outdoor envi-
ronments, even up to 1 µs, where IEEE 802.11 is known to give
poor performance [2, 6].

As mentioned in Section 2, the guard interval increases by a fac-
tor of two each time the channel width is halved. Therefore, we
expect higher delay spread resilience in narrower channel widths.
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Figure 5: The range threshold for different channel widths and
modulations. Higher threshold implies longer range.

ious widths, the SNR (signal-to-noise ratio) is higher for narrower
widths, giving them a longer range.

However, the advantage we observe in practice differs from the
maximum possible gain. As per above, halving the channel width
should yield a 3 dB gain, or a 9 dB gain from 40 to 5 MHz. But the
actual gain is only 7 dB across those two widths, which suggests
that our hardware is leaving some potential gains on the table.

We repeated the experiment on an attenuator for different modu-
lations. Figure 5 shows that the range advantage of narrower widths
exists across all modulations. We see that lower modulations pro-
vide a range benefit that is almost equivalent to the emulator. Com-
pared to 40 MHz at modulation 48, one can get a 6 dB range advan-
tage either by reducing the channel width to 5 MHz while keeping
the same modulation or by reducing the modulation to 12 while
keeping the same channel width. One view, thus, of variable chan-
nel widths is that it offers finer scale modulations that otherwise do
not exist.

To illustrate how the 7 dB advantage of 5 MHz over 40 MHz
translates to better range in terms of real distance, we consider the
following simplistic model. Assume that signal power decays as
1/d!, with the distance d and path-loss exponent !, the maxi-
mum range A in dB attenuation corresponds to a maximum dis-
tance dmax as

A = 10 log10
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Therefore, we can estimate the proportional increase in range stem-
ming from a !A dB increase in maximum attenuation (say, from
A1 to A2) as d2

d1
= 10A2/(10!)

10A1/(10!) = 10!A/(10!) .

! 2 3 4
range increase (est.) 123.9% 71.1% 49.6%

Figure 6: Indoor range for two modulations as a function of
channel width.

The table above shows the range improvement as a function of!,
which depends on the exact environment. Its value is 2 in free space
and typically estimated as between 2 and 4 in real settings. The
numbers above are meant as rough guidelines rather than precise
predictions since we ignore multipath effects as well as many other
practically relevant aspects of wireless signal propagation.

Figure 6 shows that the range benefits in reality roughly reflect
the calculations above. In this experiment, we use an office as unit
of distance and define range as the minimum number of offices
crossed at which the loss rate between two nodes is 100%. This unit
is of course very coarse but obstacles and severe multipath effects
imply that exact signal attenuation is hard to quantify indoors. The
offices are of identical size, and there are 8 offices in a straight line.

The graph shows results for modulations 48 and 54. At lower
modulations, we could not reach the edge of communication for
all channel widths. We see that narrower channels significantly
increase range. At modulation 48, for instance, the range advantage
of 5 MHz over 40 MHz is 3 additional offices or a 75% gain.

Finally, because an increase of X in range corresponds to an in-
crease of X2 in area covered, range increases can have significant
practical impact for network coverage. Assuming a plane, for in-
stance, the additional range in our indoor measurement amounts to
over 200% more area.

3.2.2 Resilience to delay spread
At long communication distances, wireless receivers get multi-

ple copies of a signal due to multipath reflections. Delay spread is
the time difference between the arrival of the first and last copies
of the multipath components. Delay spread can hinder correct de-
coding of a transmission at the receiver because a signal begins to
interfere with a time-delayed copy of itself, also known as Inter-
symbol Interference (ISI). Modern radios use a RAKE receiver to
counter delay spread, but their effectiveness depends on the coding
scheme and the extent of delay spread [2].

OFDM specifies a guard interval at the start of every symbol
to counter delay spread. For better packet recovery, a copy of the
tail of the packet is included in the guard interval, called the cyclic
prefix. For 802.11 at 20 MHz channel width, the guard interval is
800 ns, which is one-quarter of the symbol duration. This value
of the guard interval has been shown to tolerate root-mean-square
(r.m.s.) delay spreads of upto 250 ns [7]. Therefore, 20 MHz chan-
nel width provides good resilience to delay spread in most indoor
environments, where the delay spread has been shown to be 50
ns in homes, 100 ns in offices, and 300 ns in industrial environ-
ments [8]. However, the delay spreads are larger in outdoor envi-
ronments, even up to 1 µs, where IEEE 802.11 is known to give
poor performance [2, 6].

As mentioned in Section 2, the guard interval increases by a fac-
tor of two each time the channel width is halved. Therefore, we
expect higher delay spread resilience in narrower channel widths.
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Figure 4: The loss rate as a function of attenuation for different
channel widths at modulation 6.

Figure 5: The range threshold for different channel widths and
modulations. Higher threshold implies longer range.

ious widths, the SNR (signal-to-noise ratio) is higher for narrower
widths, giving them a longer range.

However, the advantage we observe in practice differs from the
maximum possible gain. As per above, halving the channel width
should yield a 3 dB gain, or a 9 dB gain from 40 to 5 MHz. But the
actual gain is only 7 dB across those two widths, which suggests
that our hardware is leaving some potential gains on the table.

We repeated the experiment on an attenuator for different modu-
lations. Figure 5 shows that the range advantage of narrower widths
exists across all modulations. We see that lower modulations pro-
vide a range benefit that is almost equivalent to the emulator. Com-
pared to 40 MHz at modulation 48, one can get a 6 dB range advan-
tage either by reducing the channel width to 5 MHz while keeping
the same modulation or by reducing the modulation to 12 while
keeping the same channel width. One view, thus, of variable chan-
nel widths is that it offers finer scale modulations that otherwise do
not exist.

To illustrate how the 7 dB advantage of 5 MHz over 40 MHz
translates to better range in terms of real distance, we consider the
following simplistic model. Assume that signal power decays as
1/d!, with the distance d and path-loss exponent !, the maxi-
mum range A in dB attenuation corresponds to a maximum dis-
tance dmax as

A = 10 log10
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Therefore, we can estimate the proportional increase in range stem-
ming from a !A dB increase in maximum attenuation (say, from
A1 to A2) as d2

d1
= 10A2/(10!)

10A1/(10!) = 10!A/(10!) .

! 2 3 4
range increase (est.) 123.9% 71.1% 49.6%

Figure 6: Indoor range for two modulations as a function of
channel width.

The table above shows the range improvement as a function of!,
which depends on the exact environment. Its value is 2 in free space
and typically estimated as between 2 and 4 in real settings. The
numbers above are meant as rough guidelines rather than precise
predictions since we ignore multipath effects as well as many other
practically relevant aspects of wireless signal propagation.

Figure 6 shows that the range benefits in reality roughly reflect
the calculations above. In this experiment, we use an office as unit
of distance and define range as the minimum number of offices
crossed at which the loss rate between two nodes is 100%. This unit
is of course very coarse but obstacles and severe multipath effects
imply that exact signal attenuation is hard to quantify indoors. The
offices are of identical size, and there are 8 offices in a straight line.

The graph shows results for modulations 48 and 54. At lower
modulations, we could not reach the edge of communication for
all channel widths. We see that narrower channels significantly
increase range. At modulation 48, for instance, the range advantage
of 5 MHz over 40 MHz is 3 additional offices or a 75% gain.

Finally, because an increase of X in range corresponds to an in-
crease of X2 in area covered, range increases can have significant
practical impact for network coverage. Assuming a plane, for in-
stance, the additional range in our indoor measurement amounts to
over 200% more area.

3.2.2 Resilience to delay spread
At long communication distances, wireless receivers get multi-

ple copies of a signal due to multipath reflections. Delay spread is
the time difference between the arrival of the first and last copies
of the multipath components. Delay spread can hinder correct de-
coding of a transmission at the receiver because a signal begins to
interfere with a time-delayed copy of itself, also known as Inter-
symbol Interference (ISI). Modern radios use a RAKE receiver to
counter delay spread, but their effectiveness depends on the coding
scheme and the extent of delay spread [2].

OFDM specifies a guard interval at the start of every symbol
to counter delay spread. For better packet recovery, a copy of the
tail of the packet is included in the guard interval, called the cyclic
prefix. For 802.11 at 20 MHz channel width, the guard interval is
800 ns, which is one-quarter of the symbol duration. This value
of the guard interval has been shown to tolerate root-mean-square
(r.m.s.) delay spreads of upto 250 ns [7]. Therefore, 20 MHz chan-
nel width provides good resilience to delay spread in most indoor
environments, where the delay spread has been shown to be 50
ns in homes, 100 ns in offices, and 300 ns in industrial environ-
ments [8]. However, the delay spreads are larger in outdoor envi-
ronments, even up to 1 µs, where IEEE 802.11 is known to give
poor performance [2, 6].

As mentioned in Section 2, the guard interval increases by a fac-
tor of two each time the channel width is halved. Therefore, we
expect higher delay spread resilience in narrower channel widths.
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Figure 7: The loss rate experienced by different channel widths
as a function of the delay spread configured in the emulator.

Figure 8: Power consumption of different channel widths in
various modes.

To systematically evaluate the resilience of different widths to de-
lay spread, we conducted controlled experiments using a wireless
emulator. The emulator uses a two-ray channel model in which
a delayed copy of the transmitted signal is attenuated and mixed
with the original before arriving at the receiving radio. This em-
ulates one direct line-of-sight signal and one reflected signal that
followed a longer path. The parameters to this model are the de-
lay between the two signals and their relative strengths at the re-
ceiver. In a real world setup, more reflected signals are likely to be
present, but this experiment serves to provide an understanding of
how channel width affects delay spread resilience.

For this experiment, we use the two-ray ground model in which
the attenuation of the reflected ray with respect to the direct ray
was set to 6 dB and the relative delay was input as a parameter.
The direct ray was not attenuated. The delay spread is varied from
50 ns to 1 µs in steps of 50 ns and the broadcast loss rates between
the laptops connected to the emulator is measured. Figure 7 shows
the variation of loss rates with delay spread.

Figure 7 shows that narrower channels are more resilient to higher
delay spreads. It plots as a function of the configured delay spread
the loss rate of different channel widths. We see that 40 MHz is
resilient upto about 150 ns delay spread, whereas 5 MHz can with-
stand about 400 ns. Based on the typical numbers above, we esti-
mate that only 5 MHz is likely to work well outdoors.

3.3 Energy Consumption
We now quantify the effect of channel width on power consump-

tion using a setup similar to the one used in [20]. We connect a 0.1
ohm resistor in series with the wireless card, and measure the cur-
rent drawn through the resistor using a data acquisition system. We
compute the power consumed by the wireless card by multiplying
the current drawn through the resistor with the voltage supply of
the wireless card (5 Volts).

Figure 8 shows the power consumed by different channel widths
while idling, receiving, and sending packets. We present results for
modulation 6, although, for the same channel width, the numbers
were the same across different modulations. The figure indicates a
linear relationship between the channel width and the power con-
sumption. We see that wider channels consume more power. The
additional consumption from 5 to 40 MHz is around 40% while
idling and receiving packets and is 20% while sending packets.
Thus, substantial powers savings can accrue from switching to nar-
rower channels when appropriate.

The above measurements were conducted on the latest Atheros
chipsets, AR5005GS, which have been optimized to consume less
power when using a 20 MHz channel width. We also performed
these experiments with older cards, off-the-shelf Netgear WAG511s,
and the trend across bandwidths was similar, although the absolute
numbers were much higher. For example, the power used to send
was 2.17 W at 40 MHz channel width compared to 1.94 W with the
newer cards. Similarly, the send power for 5 MHz channel width
was 1.92 W instead of 1.61 W. We believe that further improve-
ments in power profiles of Wi-Fi chipsets will lead to lower power
consumption at narrower channel widths.

The decrease in power consumption can be explained by a slower
clock speed that is used at narrower channel widths. In other areas
of computing, energy optimization using clock frequency scaling of
CPUs has of course been investigated for a long time, e.g. [10, 23].
Our results show that reducing the frequency of the clock in a Wi-Fi
chipset also has a significant impact on energy consumption.

3.4 Results Summary
In summary, we showed the following properties:

• At small communication distances, throughput increases with
channel width. The increase in not proportional to the channel
width due to MAC layer overheads.
• Decreasing the channel width increases communication range.
We get a 3 dB improvement by halving the channel width due to
better SNR. Narrower channel widths also have better resilience to
delay spread.
• Narrower channel widths consume less battery power when send-
ing and receiving packets, as well as in the idle states. A 5 MHz
channel width consumes 40% less power when idle, and 20% less
power when sending packets than 40 MHz channel width.

4. BENEFITS OF ADAPTING WIDTH
Having explored the basic capabilities provided by different chan-

nel widths, we now give some examples of how adapting channel
width brings certain unique benefits.
A. Reduce power and increase range simultaneously

Fixed channel width systems face a tough choice between in-
creasing range and reducing power consumption. They can in-
crease range by increasing transmission power or using lower mod-
ulation. Using lower modulations does not change the instanta-
neous power consumption. Increasing transmit power increases
battery power consumption. Adaptive channel width systems can
have both! Narrower channels have both lower power consumption
and longer range. Reducing channel width may come at the cost of
reduced throughput, however, and so the width should be reduced
when the additional throughput of the wider channel is not desired.
Though, as our results below will show, in some cases narrower
channels can improve throughput as well.
B. Improving flow throughput

The key motivation for our work is the following observation:
although the peak throughput of wider channels is higher, the chan-
nel width offering the best throughput in a given setting depends on
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Figure 9: Effective throughout offered by different channel
widths at different attenuations and offices.

the “distance” between the nodes. We demonstrate this effect using
emulator and indoor experiments.

Figure 9 (a) shows the effective throughput achieved between a
sender and a receiver at different attenuations using autorate. Up to
an attenuation of 72 dB, the highest throughput is achieved using
the wide 40 MHz channel. In the ranges between 73–75 dB and
76–78 dB, it is best to use the 20 MHz and 10 MHz channels, re-
spectively. Notice that the 3 dB optimality region for each of the
intermediate channel widths (10 MHz and 20 MHz) exactly corre-
sponds to the 3 dB range benefit predicted in Section 3.2.3 Beyond
79 dB, the 5 MHz channel is the best choice. This throughput ad-
vantage of narrower channels stems from both their longer range
and their ability to use modulations that are proportionally higher
than narrower channels, after taking into account the inherent slow-
down on narrow widths.

Figure 9 (b) shows the results from our indoor measurements.
This experiment is limited by the fact that we do not have more
than 9 offices in a straight line. But even within the extent to which
we could measure, we can clearly see different offices (distances)
have a different optimal channel width. While 40 MHz performs
best up to the sixth office, 20 MHz outperforms all other channel
widths in offices seven and eight. At office nine, 10 MHz is the best
choice.

The crucial point is that there is no single channel width that
serves all needs and hence, there is a strong case for adapting chan-
nel widths based on the current situation. In Section 5, we exploit
these findings by designing a practical channel width adaptation
algorithm that dynamically finds the best possible channel width.
C. Improving fairness and balancing load in WLANs

In today’s 802.11g based WLANs, each AP is assigned a fixed
width 20 MHz channel, and if possible, neighboring APs are placed
on orthogonal frequencies. When the traffic is uniformly distributed

3As we mentioned before, because dB is a logarithmic unit, a 3 dB
interval in which each channel width performs best maps to signif-
icant distance in real terms.

AP3 AP4

AP2AP1

AP3 AP4

AP2AP1

Client A Client A

Scenario AP1 AP2 AP3 AP4 T FI
Case 1: (fixed) 1/6 1 1/3 1 4 0.58
Case 1: (adaptive) 2/6 1/2 1/3 1/2 4 0.97
Case 2: (fixed) 1/6 X 1/3 1/2 3 0.82
Case 2: (adaptive) 2/6 X 1/3 1/2 4 0.97

Figure 10: A network with four mutually interfering APs. With fixed
channel widths are fixed, each AP is allocated a 20 MHz channel. In the
adaptive scheme, AP1 is allocated 40 MHz, AP2 gets 20 MHz, , AP3

and AP4 get 10 MHz each. The tables shows the throughput received
by each client after normalization by 20 MHz

across the network, such a scheme increases capacity and reduces
interference. However, in dynamic conditions, using fixed-width
channels can be problematic and suboptimal. Recent measure-
ments have shown that there exists spatial and temporal disparity
in client distributions [3, 16, 21] in large-scale WLANs. For exam-
ple, a study of IBM’s WLAN with 177 APs [3] showed that 40%
of the APs never had more than 10 active clients, while a few APs
in auditoriums and cafeterias had 30 simultaneous users; the set of
heavily loaded APs also changes over time.

Adapting channel width of the APs offers a natural way to both
improve flow fairness and balance load across APs. Consider Fig-
ure 4, which has four APs within interference range of one another.
In Case 1 (left), AP1 has 6 clients, AP3 has 3 clients, while the
remaining two APs have one client each. In Case 2 (right), client A
moves away from AP2 and associates to AP4. We compare the per-
formance of using fixed-width channels with adaptive-width chan-
nels. In the fixed-width channel case, the spectrum is divided into
4 channels of 20 MHz each. In the adaptive-width channel case,
channels may be 10, 20, or 40 MHz. The table lists the through-
put per client at each AP. Also included is the total throughput
(T), and Jain’s fairness index (FI). The index is calculated using
(
P

ci)
2/n

P
c2
i , where ci is the bandwidth obtained by client i,

and n is the total number of clients.
In Case 1, the fixed-width channelization leads to severe un-

fairness among different clients. A client associated to AP1 re-
ceives 1/6 of bandwidth compared to a client associated to AP2 or
AP4. In contrast, with an allocation of 40 MHz to AP1, 20 MHz
to AP2 and 10 MHz to the remaining APs, per-client fairness im-
proves significantly to 0.97 because APs with many clients (AP1)
receive a wider part of the spectrum to serve its clients. Adaptive
channel width can also help to improve system capacity. In Case 2,
for instance, if client A moves from AP2 to AP4, an adaptive ap-
proach can reallocate the 10 MHz spectrum formerly used by AP2

to AP4, thus giving AP4 a total of 20 MHz.
D. Improving network capacity

Many hardware and software improvements to wireless tech-
nologies are driven by the search for additional capacity. We present
evidence that adapting channel width can provide another opportu-
nity towards that goal. This benefit arises by partitioning conver-
sations that share a wide channel into multiple narrower channels,
which has the potential to increase capacity.

In this experiment, we use two sender-receiver pairs, i.e. four
laptops. All four laptops were in communication range of each
other, and we placed the two receivers close-by – two offices next

)1*1,'2%*54A'45(%#5%)'*+,-.'#-/%D'(%'3'+#%#5%:#'B%'#%0-:#%#$25C@$+C#7%

U-(-\#:%5K%'3'+4(@%D$'((-,%913#$%

87! .-3CD-%+59-2%'(3%1(D2-':-%2'(@-%

!7! J*+25A-%_59%#$25C@$+C#%

<7! J*+25A-%K'12(-::%

b7! J*+25A-%D'+'D1#B%

N)%OP6QR%!%I-02C'2B%!66S% TB,-%&'*1-:5(% <Q%

J*+25A1(@%K'12(-::%'(3%,5'3%0','(D1(@%

N)%OP6QR%!%I-02C'2B%!66S% TB,-%&'*1-:5(% <k%

(a) Emulator

(b) Indoor

Figure 9: Effective throughout offered by different channel
widths at different attenuations and offices.

the “distance” between the nodes. We demonstrate this effect using
emulator and indoor experiments.

Figure 9 (a) shows the effective throughput achieved between a
sender and a receiver at different attenuations using autorate. Up to
an attenuation of 72 dB, the highest throughput is achieved using
the wide 40 MHz channel. In the ranges between 73–75 dB and
76–78 dB, it is best to use the 20 MHz and 10 MHz channels, re-
spectively. Notice that the 3 dB optimality region for each of the
intermediate channel widths (10 MHz and 20 MHz) exactly corre-
sponds to the 3 dB range benefit predicted in Section 3.2.3 Beyond
79 dB, the 5 MHz channel is the best choice. This throughput ad-
vantage of narrower channels stems from both their longer range
and their ability to use modulations that are proportionally higher
than narrower channels, after taking into account the inherent slow-
down on narrow widths.

Figure 9 (b) shows the results from our indoor measurements.
This experiment is limited by the fact that we do not have more
than 9 offices in a straight line. But even within the extent to which
we could measure, we can clearly see different offices (distances)
have a different optimal channel width. While 40 MHz performs
best up to the sixth office, 20 MHz outperforms all other channel
widths in offices seven and eight. At office nine, 10 MHz is the best
choice.

The crucial point is that there is no single channel width that
serves all needs and hence, there is a strong case for adapting chan-
nel widths based on the current situation. In Section 5, we exploit
these findings by designing a practical channel width adaptation
algorithm that dynamically finds the best possible channel width.
C. Improving fairness and balancing load in WLANs

In today’s 802.11g based WLANs, each AP is assigned a fixed
width 20 MHz channel, and if possible, neighboring APs are placed
on orthogonal frequencies. When the traffic is uniformly distributed
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icant distance in real terms.
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Figure 10: A network with four mutually interfering APs. With fixed
channel widths are fixed, each AP is allocated a 20 MHz channel. In the
adaptive scheme, AP1 is allocated 40 MHz, AP2 gets 20 MHz, , AP3

and AP4 get 10 MHz each. The tables shows the throughput received
by each client after normalization by 20 MHz

across the network, such a scheme increases capacity and reduces
interference. However, in dynamic conditions, using fixed-width
channels can be problematic and suboptimal. Recent measure-
ments have shown that there exists spatial and temporal disparity
in client distributions [3, 16, 21] in large-scale WLANs. For exam-
ple, a study of IBM’s WLAN with 177 APs [3] showed that 40%
of the APs never had more than 10 active clients, while a few APs
in auditoriums and cafeterias had 30 simultaneous users; the set of
heavily loaded APs also changes over time.

Adapting channel width of the APs offers a natural way to both
improve flow fairness and balance load across APs. Consider Fig-
ure 4, which has four APs within interference range of one another.
In Case 1 (left), AP1 has 6 clients, AP3 has 3 clients, while the
remaining two APs have one client each. In Case 2 (right), client A
moves away from AP2 and associates to AP4. We compare the per-
formance of using fixed-width channels with adaptive-width chan-
nels. In the fixed-width channel case, the spectrum is divided into
4 channels of 20 MHz each. In the adaptive-width channel case,
channels may be 10, 20, or 40 MHz. The table lists the through-
put per client at each AP. Also included is the total throughput
(T), and Jain’s fairness index (FI). The index is calculated using
(
P

ci)
2/n
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i , where ci is the bandwidth obtained by client i,

and n is the total number of clients.
In Case 1, the fixed-width channelization leads to severe un-

fairness among different clients. A client associated to AP1 re-
ceives 1/6 of bandwidth compared to a client associated to AP2 or
AP4. In contrast, with an allocation of 40 MHz to AP1, 20 MHz
to AP2 and 10 MHz to the remaining APs, per-client fairness im-
proves significantly to 0.97 because APs with many clients (AP1)
receive a wider part of the spectrum to serve its clients. Adaptive
channel width can also help to improve system capacity. In Case 2,
for instance, if client A moves from AP2 to AP4, an adaptive ap-
proach can reallocate the 10 MHz spectrum formerly used by AP2

to AP4, thus giving AP4 a total of 20 MHz.
D. Improving network capacity

Many hardware and software improvements to wireless tech-
nologies are driven by the search for additional capacity. We present
evidence that adapting channel width can provide another opportu-
nity towards that goal. This benefit arises by partitioning conver-
sations that share a wide channel into multiple narrower channels,
which has the potential to increase capacity.

In this experiment, we use two sender-receiver pairs, i.e. four
laptops. All four laptops were in communication range of each
other, and we placed the two receivers close-by – two offices next
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Figure 11: Average combined throughout of two flows when
sharing a 40 MHz channel and when using adjacent 20 MHz
channels.

to each other. We moved the senders to 24 different locations, and
for simplicity present results for corresponding configurations in
three categories. “Near-Near” is when both senders are within 3
offices of their receivers. “Medium-near” is when one sender is 4
or 5 offices away from its receiver, and the other sender is within
3 offices. “Far-near” is one sender is more than 5 offices from its
receiver, while the other is within 3 offices.

Figure 11 shows the average combined throughput of the two
flows when sharing one 40 MHz channel and when they are split
on adjacent 20 MHz channels. We see that the gain is substantial
– from 10% to 50% – in spite of any cross-channel leakage. The
gain is maximum in the Far-near case because sharing the same
channel introduces the rate anomaly problem by which the slower
flow reduces total capacity. Separating the two flows on different
channels lets the faster flow go faster. The other reasons for gain
from splitting stems from reduced contention overhead and from
the fact that narrower channels have a smaller per-packet relative
overhead. We obtained similar results (not shown) when splitting
two 20 MHz flows into adjacent 10 MHz channels.

We note that even though we do not increase total spectrum us-
age by splitting flows, we do increase total transmit power because
narrower channels have higher power (although the same energy).
It is thus an open question if the gain from such division persists in
large-scale systems.

5. THE SampleWidth ALGORITHM
The previous section shows that substantial benefits can be had

by dynamically adapting channel width. But realizing those ben-
efits relies on practical adaptation algorithm. In this section, we
present such an algorithm.

Our algorithm is called SampleWidth and it enables two nodes
to dynamically select a channel width according to their workload
and optimization criterion (e.g., throughput or energy consump-
tion). This scenario forms the base case for channel width adap-
tation. It is of interest by itself in several settings: (i) two personal
mobile devices (e.g., an iPod) sharing media content; (ii) a link in
a multi-hop mesh network where the two nodes have a dedicated
radio to talk to one another; and (iii) in 802.11 infrastructure net-
works where the AP has multiple radios on different widths and
the client dynamically selects the best width. Besides, as we will
show in this section, even this simple case has several intricacies
that must be resolved before addressing the adaptation problem in
more general settings.

5.1 Problem Definition
Consider two nodes, Ns and Nr . They have at their disposal k

different channel widths B1, . . . , Bk. The goal of the algorithm
is to select a channel width for a given objective. We assume that

the two nodes have already decided which center frequency to use,
for instance, based on their configuration or using some channel
selection algorithm (e.g. [25]).

We consider two possible objectives in this paper, maximizing
throughput from Ns to Nr , and minimizing the energy consump-
tion of Ns. Simple extensions can optimize other measures includ-
ing sum of the throughput or power across the two. We first de-
scribe our algorithm with the objective of maximizing throughput,
or equivalently minimizing transmission time for a fixed-size trans-
fer. In Section 5.5, we explain how the algorithm can be adjusted
to minimize energy consumption.

5.2 Approach
One major challenge is the size of the search space. For a fixed

transmission power, the main knob for optimizing transmission has
been rate adaptation, i.e., finding the modulation that yields the best
possible throughput. With the addition of variable channel width,
the search space becomes two-dimensional. Even today, this repre-
sents 32 different options (8 modulations ! 4 widths), and it may
significantly grow in the future as more widths become available.
Clearly, probing this entire search space is inefficient and we need
methods that quickly converge to the optimal point.

However, we observe that the two dimensions can be decoupled.
At any given width, to maximize throughput, the nodes must use
the best possible rate. This problem of finding the best rate has
been addressed by much previous work (e.g. [12, 15, 17]), which
we leverage. SampleWidth uses a state-of-the-art autorate algo-
rithm to find an efficient data rate on a specific width and then
searches across widths. In addition to reducing the dimensional-
ity of the search, this process enables us to search across widths
less frequently and across rates more frequently. This is significant
because in current hardware probing different channel widths in-
curs a coordination overhead, while searching across rates can be
done on a per-packet level. To probe, both nodes are required to be
using the same width.

Another source of overhead is the opportunity cost when prob-
ing suboptimal channel-widths. In the extreme case, if two nodes
switch to a wider channel on which they are no longer within each
other’s range, they will disconnect and the subsequent reconnec-
tion may require significant time. Thus, sampling all widths is not
practical, especially if more widths are available in the future.

To keep the cost of sampling low, SampleWidth is based on sam-
pling only adjacent (i.e., the next narrower or wider) widths. It
samples adjacent widths and switches if the sampled throughput is
higher than the current throughput. Further, it probes the adjacent
wider channel only if the probability of disconnection is low, i.e.,
if the average data rate on the current width is high. In Section 5.4,
we show that this simple search strategy approach converges to the
optimal channel width.

5.3 Algorithm
We now describe our algorithm in detail. In SampleWidth, nodes

use the narrowest channel width when there is no data to send. This
minimizes power consumption and increases the range, which is
useful for mobile devices. Adaptation is triggered when there is
data to send. Algorithm 1 provides a detailed description of the
adaptation process. It proceeds in probing intervals of duration
tS = 1 s. The sender maintains a probing table with one entry for
each available channel width, Bi, containing the average through-
put Ti and average data rate Ri that autorate settled on when us-
ing this width. At the outset, all these entries are blank. During
a probing interval, the sender measures the average throughput bT
and data rate bR on the current channel width Bcur . At the end of


