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ABSTRACT

Wireless Mesh Networks are being deployed everywhere as
an alternative to broadband connections. Their ease of setup
and large coverage are attractive attributes. However, there
are very few performance studies of mesh networks espe-
cially in the multiple channel arena. Our objective is to
study the performance and characterize the 802.11b wireless
mesh backbone as a linear topology with respect to multi-
ple channel usage. We look at the relative performances
of single and multiple channels, as well as the number of
hops utilized. We introduce a number of communication
flows into the network to study the interactions. Finally,
we look at the physical placement of the antennas on an ac-
cess point to determine its impact on performance. Several
design decisions for the configuration of wireless mesh net-
work deployments have been inferred from our experimental
testbed.

Categories and Subject Descriptors: C.2.0 [General]:
Wireless Communications

General Terms: Measurement, Performance

Keywords: Multi-Hop Wireless Mesh Network, Performance,

Characterization, 802.11b, Multiple Channel

1. INTRODUCTION

Multi-hop Wireless Mesh Networks (WMN) are becoming
a popular alternative in extending the typical Wireless Local
Area Networks (WLANSs) we use today. Mesh networks con-
sist of heterogeneous wireless clients and stationary wireless
mesh routers. Mesh routers are wirelessly linked to one an-
other to form a large scale wireless network. Mesh networks
can be used in a variety of applications, including enterprise
networking, building automation, extending provider service
coverage, and wireless community networks [1]. These net-
works have the advantage of low-cost incremental deploy-
ment, where wireless routers can be added at any time in
proportion to the number of users. In addition, the lack of
a wired infrastructure lends mesh networking technology to
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“last-mile” solutions for Internet Service Providers (ISP) or
simply to aid in increased coverage area.

The gaining popularity and low cost tetherless deploy-
ment could facilitate widespread adoption of WMNs. Thus
arises the need for the design and efficient configuration of
these networks. Several aspects, such as the number of hops,
number of channels, node/antenna placement, throughput
and delay requirements, and other application demands will
have an impact on the performance and cost of these net-
works. Thus, it is important to have an accurate physical
characterization of wireless mesh networks. As we will detail
below, there has been much work in the simulation of these
types of networks but less work on the analysis of a physical
implementation. Simulations cannot always accurately ac-
count for many physical layer issues such as ground effect,
antenna proximity, and variations in interference and delay.
As we noticed in the process of performing our experiments,
unexpected physical layer issues often arise that are not ad-
dressed in the simulated environment. Our work accounts
for these discrepancies, reporting what can be achieved as
opposed to what can be expected. In addition, measure-
ments taken on existing wireless mesh networks often yield
results affected by background user traffic. Our multi-hop
wireless network was isolated from background traffic and
background interference in order to provide more accurate
numbers. By taking out the background traffic we eliminate
their ability to hide the causes/effects of various parameters
pertinent to our experiment.

In our experiments, we measure the performance of vari-
ous topological decisions and channel assignments in order
to better understand which would yield the best performing
network. There are many aspects to consider in the design of
a wireless mesh network. How large of a performance advan-
tage can be achieved from multi-radio nodes? Which chan-
nel assignment yields optimal performance? How should
multiple antennas be placed for a single node? How does an
increase in users affect aggregate goodput? Our goal is to
understand these questions and to quantify the results. The
conclusions that can be drawn from our work will aid future
design decisions in wireless mesh networks.

The rest of the paper is organized as follows: We will go
over the related work and background concepts in Section 2.
In Section 3, we will describe in detail the experimental
setup and configurations. The results of the experiment are
shown in Section 4. Finally we’ll discuss the impact of the
results in Section 5.



2. RELATED WORK

Wireless networks research can be classified into four main
categories. These are single/multiple channel, single/multiple
hop networks.

2.1 Single Channel, Single Hop networks

Vasan and Shankar [2] characterized the hotspot model
using a wireless sniffer and trace-based analysis. They fo-
cused on instantaneous throughput by sending UDP flows
from a few clients to a single server on the wired side.

2.2 Single Channel, Multiple Hop networks

Gambiroza et al. [3] used a simulation-based linear topol-
ogy model. They placed APs in a straight line configuration
with multiple clients off of each AP. Thus the farthest AP’s
client to the sink gets the least amount of throughput.

Aguayo et al. [4] deployed and studied an actual 802.11b
mesh network. Their study focused on the whole mesh net-
work, whereas ours is a detail study on a single specific path.
By looking at a specific topology, we can infer specific things
with less variation in the environment.

2.3 Multiple Channel, Single Hop networks

With a slight twist to the regular single hop model, there
are now commercial products with two or more wireless ra-
dios. These radios can be tuned to different frequencies
and in-effect give us a multiple channel network. Proxim
Wireless Networks have such an access point [5]. The main
advantage of having multiple radios is diversity in channel
selection.

2.4 Multiple Channel, Multiple Hop networks

Bahl et al. [6] gave a list of standard problems in using
multiple channels over a wireless network and experimen-
tal results on using multiple channels. Baiocchi et al. [7]
simulated a multiple channel wireless network with one con-
trol channel and multiple data channels. Raniwala and Chi-
ueh [8,9] designed an architecture for Mesh networks and
gave some simulation and experimental data on various is-
sues.

2.5 Signal Quality in Wireless Networks

The wireless medium is non-deterministic. Slight varia-
tions of the height, placement or tilt of a wireless antenna
can distort the receiving or transmitting signals. Kotz et
al. [10] studied the signal strength qualities with respect to
wireless networks.

2.6 Wireless Distribution System (WDS)

A Wireless Distribution System is a communications pro-
tocol between access points. It allows two access points to
forward traffic between each other without a wired connec-
tion. By only using WDS, we eliminate the routing proto-
col overheads of a dynamic approach. We limit the impact
of variability by not using routing protocols that introduce
routing discovery and periodic updates. Furthermore, since
we consider non-mobile access points, the routing paths do
not change unlike the mobile ad hoc networks (MANET).

3. EXPERIMENTAL SETUP

We used the dual-radio ORINOCO AP-2000 Access Point
(AP) [5] with the ORINOCO 802.11b Classic Gold PC Card.
Each access point has two of these PC cards, which we will

Figure 1: Photograph of one access point in our
experimental setup. It includes an access point,
two antennas, one inverter, one car battery and a
custom-built wooden stand for the antennas.

refer to as card A and card B. We attached 5.0 dBi gain
antennas to each external connector on the cards. On each
access point, the two antennas were horizontally separated
by four feet and elevated to four feet above the ground.
Figure 1 is a picture of our setup for a single access point.
Each access point was positioned 100 feet from it’s neighbor
in a linear topology. Access points were linearly associated
to one another using WDS links between adjacent neighbors.

To avoid contention for the wireless medium, the experi-
ments were run in an interference-free environment (a park-
ing lot). This location also served to reduce multipath effects
because it was a fairly open space. By limiting the external
effects, we were able to better control our results for later
analysis.

The clients for our experiment were HP /Compaq nc6000
laptops running Fedora Core 3. Each laptop has an In-
tel Pentium M 1.6GHz processor, 512 MB of RAM and an
Atheros AR5212 802.11abg NIC. We ran the experiments
using Linux kernel 2.6.11 and MADWIFI wireless drivers
CVS version from May 27th, 2005. Traffic was generated
and measurements were taken by using the Thrulay [11] soft-
ware package. The wireless interface rate is fixed at 11Mbps
to take out the variability of modulation changes.

3.1 Channel Assignment and Resource Con-
tention

During initial experiments, unfavorable results for non-

overlapping channel assignments brought us to question whether

radio-to-radio packet processing or wireless channel interfer-
ence dominated the performance characteristics of a given
WLAN. In other words, did it cost more to pass a packet
to another radio on the same access point than it did to
reuse the same radio on the same channel? To address this
question, we ran a single communication flow over five, four,
three, and two hop topologies, varying the channel assign-
ment and number of radios used. For each hop test, we



shutdown unused APs to lower equipment interference.

We devised three channel assignments, the first we will
call Two Cards Multiple Channels (TCMC), as seen in Fig-
ure 2(a). In the figure, the two wireless card interfaces are
shown on the top and bottom of the APs. For TCMC,
we used channels 1, 6, and 11 and varied them over the
five hops. Each access point utilized both of it’s radios,
each operating on a separate channel. The second channel
assignment will be referred to as Two Cards One Chan-
nel (TCOC), shown in Figure 2(b). In TCOC, each access
point utilized both radios, but each radio operated on the
same channel. The last channel assignment was One Card
One Channel (OCOC), where each access point used a sin-
gle radio and the entire network ran on the same channel
(Figure 2(c)).

By comparing TCOC and OCOC, we could quantify the
effect of single card resource contention. Finally, we could
compare TCMC to both in order to determine how much
non-overlapping channels can improve network performance.
See Figure 2 for an illustration of each of the basic topolo-
gies.
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Figure 2: Different topologies used in our experi-
ment with channel labeling.

3.2 Effect of Multiple Communication Flows

This experiment was designed to quantify the effects of
multiple communication flows over a multi-hop wireless net-
work. We define a communication flow in this paper as a
TCP bulk data transfer between two laptops over any num-
ber of wireless hops. We used the TCMC channel assign-
ment with non-overlapping channels. Three servers were
positioned at the end of the linear topology (Figure 2(a));
at the other end, three clients communicated with a unique
corresponding server. TCP bulk data transfers were run over
the network using one, two, and three communication flows.
The results of this experiment would help us determine the
effect of multiple flows on aggregate goodput, single station
goodput, and fairness in bandwidth allocation.

3.3 Effect of RTS/CTS

With a congested network as we see in the multiple flow
tests, we questioned whether RT'S/CTS would improve over-
all performance. Using the TCMC channel assignment, we
ran one, two, and three communication flows with RT'S/CTS
turned on for all nodes (access points and laptops). The
goal for this experiment is to quantify the performance drop
when using RTS/CTS as opposed to not using it.

3.4 Antenna Proximity with Non-Overlapping
Channels

As mentioned above, initial experiments using non-overlapping

channels yielded unfavorable results. Our setup at that time
did not include external antennas, but instead relied on the
internal PC card antenna. For the ORINOCO AP-2000,
these PC cards are positioned less than one inch from one
another on the board. In an attempt to account for our
unfavorable results, we attached external antennas to the
closely placed PC cards in order to vary the antenna prox-
imity. We ran a single communication flow over two hops
with the two antennas placed at zero, one, two, three and
four feet from one another. One antenna ran on channel
one while the other antenna utilized channel eleven. Being
that both channels used were non-overlapping, one might
expect goodput to remain constant despite the difference in
space between the antennas. In fact, goodput varied greatly
depending on that distance. These results would help us
determine at what distance the antennas must be separated
in order to avoid this kind of interference.

4. EXPERIMENTAL RESULTS

The experimental setup process also helped us learn and
qualify some obvious and some not-so-obvious issues about
WDMNSs. Initially, the APs were laid on the ground which
yielded dismayingly poor performance because of ground in-
terference. Thus, we used a custom-built wooden stand to
provide elevation to the antennas. Although the improve-
ment in link quality was expected, we were surprised at the
magnitude of the difference. Similarly, the separation of
the antennas, discussed below was also an interesting ob-
servation. In this section we graphically represent the data
obtained for various configurations as outlined in Section 3.

Several experiments were performed and reconfirmed on
separate days. For a given experiment, goodput and round
trip time (RTT) were measured five times by using 20 second
TCP bulk data transfers over the wireless medium. The re-
sults were averaged to get the data we provide in our graphs.
Goodput is defined as the total data successfully transmitted
(not including headers) over time. We chose to use goodput
instead of throughput because it is an accurate measure of
performance consistent with what is perceived by the user.
RTT is defined as the time in between when the packet is
sent and when the acknowledgement is received. We var-
ied the number of radios used, number of hops, the channel
assignment, the number of communication flows, and the
antenna proximity.

4.1 Channel Assignment and Resource Con-
tention

The goal of this experiment was to address whether the
access point would suffer significantly by passing packets to
another radio or if that processing time was negligible in



comparison to the multiple channel advantage. As seen in
Figure 3, our results indicate that utilizing non-overlapping
channels on multiple radios gives us a significant perfor-
mance advantage to a single-radio implementation. Our

TCMC channel assignment, which utilized three non-overlapping

channels, obtained the best results with a five hop goodput
of over 2 Mbps (see Figure 3(a)). In contrast, the good-
put for a single radio implementation (OCOC) was around
1 Mbps, less than half of TCMC.

For fewer hops, the goodput of TCMC is much larger than
that of TCOC or OCOC. For TCMC, there is a significantly
larger drop in goodput seen between hops three and four. As
shown in Figure 2, no channels are reused until the fourth
hop. Once channel one is reintroduced into the network,
goodput is roughly halved. This affect might be less if the
two mesh routers had been in separate collision domains, as
they would be for a real-world network. This pattern can
also be observed in TCOC and OCOC. Between hops two
and three, throughput is significantly reduced due to the
first instance of channel reuse by the second AP.

The average RTT values are shown in Figure 3(b). The
RTT with TCMC is significantly lower than that of TCOC
or OCOC. Furthermore, with the increase in number of
hops, rate of increase in RTT is relatively slower for TCMC
compared to TCOC or OCOC.

To quantify the effect of switching radios, we ran two
tests using the same channel assignment and one or two
radios (TCOC and OCOC respectively). We found that
the processing time to switch between the two cards on the
access point was negligible in comparison to the wireless
medium interference encountered in a single channel assign-
ment. TCOC and OCOC yield roughly the same goodput
and RTT (see Figure 3).

4.2 Effect of Multiple Communication Flows

In this experiment, we tried to identify the effects of multi-
ple communication flows over a multi-hop wireless network.
We questioned whether aggregate goodput might drop on
a more congested network or if all clients would be given
a fair portion of bandwidth. We used the TCMC channel
assignment for this experiment as it yielded optimal good-
put. As seen in Figure 4(a), aggregate goodput for multiple
flows remained roughly the same as a single flow for a more
congested network. In fact, there was even a slight overall
increase in aggregate goodput when more than one com-
munication flow utilized the network. With multiple clients
contending for the channel, the channel will be less idle than
if only one client was using it. The aggregate goodput drops
with the increase in the number of hops because of the in-
crease in likelihood of collision with multiple hops.

The average goodput for a given station was a function
of the number of communication flows, as shown in Fig-
ure 4(b). The rate of drop in average goodput is also pro-
portional to the number of flows.

We wanted to explore the fairness in bandwidth alloca-
tion across multiple flows in multi-hop networks. Figure 5
demonstrates bandwidth allocation across each communica-
tion flow. It can be observed that the bandwidth allocation
across all flows is fair with respect to varying number of hop
counts. We have shown the results for the two and three
flow cases.

4.3 Effect of RTS/CTS
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Figure 3: Results of the varying topologies in Fig-
ure 2 with 1 flow.

With the addition of RTS/CTS into the network, we found
that performance dropped by about 25% (see Figure 6(a)).
RTS/CTS did not affect the network performance any dif-
ferently based on the number of users in the network. In our
experiment, each AP was in the same collision domain, thus
performance did not suffer from hidden and exposed termi-
nal problems. In a highly congested network with widely
spaced mesh routers, one might expect the hidden and ex-
posed terminal issues to affect performance. However, they
would have to be a very significant problem in the network
to warrant the potential 25% drop in goodput that it’s rem-
edy incurs. As we can see in Figure 6(b) and Figure 6(c),
using multiple flows degrades the average goodput and RTT
because of TCP fairness.

4.4 Antenna Proximity with Non-overlapping
Channels

The goal of this experiment was to measure the interfer-
ence between adjacent antennas on non-overlapping chan-
nels. Our results indicate that even though the antennas
operated on non-interfering channels, they still affect each
other when placed too closely. We found that our 5.0 dBi
antennas needed a distance of at least three feet between
them before they no longer affected the performance of the
other (see Figure 7). When separated by one foot or less,
goodput was significantly impacted, dropping from roughly
5.5 Mbps to 1 Mbps.

This result is highly important when considering the de-
sign of a multi-hop wireless network, such as a mesh net-
work. To improve performance, these networks might uti-
lize multiple channels and multi-radio nodes, such as our
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ORiINOCO AP-2000. If the nodes are deployed out-of-box
or if consideration isn’t taken into antenna proximity, the
performance of these networks will be only a fraction of their
potential. System administrators must be aware of the fact
that non-overlapping channels are only non-interfering when
the radios are sufficiently set apart. This may also affect the
performance of wireless sensor networks, where nodes are so
small that multiple antennas may not be able to avoid inter-
fering with one another. Transmission power might need to
be unusuably low in order to combat this problem on very
small nodes.

5. DISCUSSION AND INFERENCES

In this section, we discuss the inferences and design guide-
lines that can be derived from the experimental configura-
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Figure 5: Individual Goodput for Multiple Flows in
TCMC topology.

tions and the measurement data depicted in Sections 3 and 4.
Use multiple non-overlapping channels whenever
possible. By measuring the affects of channel assignment,
multiple radios, and resource contention, we have found that
the processing overhead of multiple PC cards and channel
conversion is negligible in comparison to the doubling of
goodput seen by utilizing non-overlapping channels. Mesh
networks should be designed with multiple channels in mind,
as our results have shown. If limited to single radios, Quality
of Service (QoS) may suffer but a reasonable goodput can
still be obtained with a sufficiently powerful antenna.
Aggregate goodput remains roughly the same even
when the number of users increase. In addition, indi-
vidual user goodput is a function of the number of users in
the network. Bandwidth is divided fairly evenly between
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AP

each user, given equal demands and equal distance from the
source. Thus, network designers must weigh the achievable
goodput with user QoS. Additional access points must be in-
crementally added on non-overlapping channels when user
demands exceed achievable performance in a given location.

RTS/CTS decreases the goodput and increases RT'T

of the network. RTS/CTS severely handicaps any wire-
less network, particularly a mesh network where the wire-
less medium is so extensively used. The introduction of
RTS/CTS into a mesh network must be warranted by a sig-
nificant impact of hidden and exposed terminal issues in
the network. If hidden and exposed terminal issues are not
prevalent, RTS/CTS can degrade network performance up
to 25%.

Multiple hops need to use multiple channels. When
considering using multiple hops, if the adjacent links use
the same wireless medium (channel), goodput will decrease
because of the contention. By using different channels in
adjacent links, we can essentially forward data without con-
tending with the previous hop.

Limit the number of hops needed for each flow in
the wireless network. When most traffic is destined to
the Internet, the number of hops between a client and a
gateway node must be limited. Additionally efficient flow
control techniques could be deployed.

Antenna placement is very very important. Anten-
nas on non-overlapping channels can still significantly im-
pact one another’s performance. With a gain of 5.0 dBi, at
least three feet is needed between two antennas. For lower
gains, smaller distances will likely be sufficient. Mesh net-
work designers will not benefit from non-overlapping chan-
nels if the antennas are too closely placed. Proximity of the
antennas to the ground is very important also. Too close to
the ground, and the signal strength becomes degraded.

Round Trip Time (RTT) generally decreases when
using multiple channels. RTT for the TCMC case is rela-
tively better than the other topologies shown in Figure 3(b).
Its important for RTT to be relatively low so the end-users
can have a better perceived QoS. For mesh networks that
are deployed in residential areas, customers would like near-
instant access to Internet resources rather than wait 1 or 2
seconds for the information to show up on their screen.

TCP fairness does not account for far away clients.
In a mesh network, the advantage was to be able to con-
nect to the Internet or similar backbone through wireless.
However, this advantage may be eclipsed by the fact that
users who need to multi-hop through many mesh routers
see degraded performance. This degradation of performance
comes from the number of hops and the number of compet-
ing flows. With more users in a wireless network, there will
be more contention and the users that are closer to the gate-
way to the Internet get an overall advantage than the users
that are farther away. With this in mind, routes over a
wireless network (linear or otherwise) must be chosen dy-
namically to bypass competing flows or else congestion will
occur. Please refer to our technical report [12] for specific
data regarding this observation.

6. CONCLUSION

In this paper, we have characterized an 802.11b wireless
mesh network. We setup a 4 access point wireless mesh to
gain some insight into its performance. The experiments
included varying number of hops and flows in the network,
as well as the number of channels and configurations. We
quantified the goodput when multiple clients transmit their
data to a single server. We have experimented with antenna
proximity and have some interesting results. The inferences
from our work will help the designers of multi-hop mesh net-
works to set various parameters and deploy nodes in various
configurations.
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