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Abstract— Multihop wireless mesh networks can provide In-
ternet access over a wide area with minimal infrastructure
expenditure. In this work, we present a measurement driven
deployment strategy and a data-driven model to study the impct
of design and topology decisions on network-wide performace

and cost. We perform extensive measurements in a two-tier

urban scenario to characterize the propagation environmenh
and correlate received signal strength with application Iger
throughput. We find that well-known estimates for pathloss
produce either heavily overprovisioned networks resultig in an
order of magnitude increase in cost for high pathloss estimas
or completely disconnected networks for low pathloss estiates.
Modeling throughput with wireless interface manufacturer speci-
fications similarly results in severely underprovisioned rtworks.
Further, we measure competing, multihop flow traffic matrices
to empirically define achievable throughputs of fully backbgged,
rate limited, and web-emulated traffic. We find that while fully
backlogged flows produce starving nodes, rate-controllindglows
to a fixed value yields fairness and high aggregate throughpu
Likewise, transmission gaps occurring in statistically mitiplexed
web traffic, even under high offered load, remove starvatiorand
yield high performance. In comparison, we find that well-knavn
noncompeting flow models for mesh networks over-estimate
network-wide throughput by a factor of 2. Finally, our placement
study shows that a regular grid topology achieves up to 50 peent
greater throughput than random node placement.

I. INTRODUCTION

trolled such as the traffic matrix, link quality, and pertatibns
from ideal placement locations due to practical constraints.
We also include the impact of traffeontrol strategies such as
rate limiting nodes to improve fairness. All measuremengs a
obtained in a Houston urban network that we are deploying in
partnership with Technology For All (TFA) The goal of the
network is to provide affordable high-speed Internet astes
low-income communities [2].

Our contributions are as follows. First, we use extensive
measurements at various locations and distances to find our
environment’s pathloss exponent = 3.3 and shadowing
oe = 5.9 (variation in signal strength at a known pathloss).
We use linear regression to find the mean throughput as a
piecewise linear function of signal strength (in dBm). We
then empirically validate determination of link reliakbyliat a
given distance for a given minimum throughput threshold by
using a Q-function to calculate the Gaussian tail probgbili
We show that accurate baseline physical layer measurements
are essential for an efficient deployment: Using the maximum
pathloss exponent of 5 for 2.4 GHz urban environments from
[3] would yield networks that have a factor of over 9 times
in overprovisioning (i.e., higher cost due to an increased
number of nodes) whereas the minimum path loss of 2 would
yield a completely disconnected network. Even the average

Mesh networks provide high-bandwidth wireless accegathloss of 3.5 from [3] has an overprovision factor of 55
over large coverage areas with substantially reduced geplpercent and suggested urban pathloss of 4 from [4] has an

ment cost as compared to fiber or wireline alternatives f].

bverprovision factor of over 330 percent. We also show that a

a mesh network, fixechesh nodeare deployed throughout anaccurate throughput-signal-strength characterizatiamifical:

area with a small fraction of the nodes featuriwmged con-

a network planned using the manufacturer’'s reported values

nections. In a two-tier mesh network, an access tier prevideverestimates the link range by approximately three tirhes t
a wireless connection between clients and mesh nodes, argbpropriate value, and would result in a nearly completely
backhaul tier forwards traffic among mesh nodes to the nearéisconnected network. While it is imperative to measure the

wired Internet entry point.

pathloss of the particular propagation environment, we find

In this paper, we present analysis of extensive field me#hat in our case, just 15 random measurement locations yield

surements of physical- and application-layer performdnce

an average pathloss exponent with a standard deviation of 3

access and backhaul links. We also present applicatiar-lagercent about the true value, and 50 measurements reduce the
throughput measurements of contending multihop backhathndard deviation to 1.5 percent.

flows driven by multiple traffic types. Using this data, we Next, we perform a broad set of application-layer through-
develop a measurement-driven deployment methodology fsuit measurements for competing multihop flows. Existing
two-tier mesh access networks: We outline the key measurgeasurements of single (non-contending) flows capture the
ment steps required for mesh access network deployments pagic effect of reduced throughput with increased pathtteng
characterize the impact of design decisions on both netwoRowever, we show that application of such measurements to

wide performance (connectivity, achievable traffic matsic

deployment decisions in a multi-flow environment would giel

etc.) and cost (humber of nodes and wires). We incorporate

inherent variability in factors that cannot be preciselyn-co

Ihttp://www.techforall.org



a large fraction of starving and disconnected nodes. Irrastt Node =
by driving the system with many concurrent, fully backlodge ke - -
flows and concurrent web-emulated flows, we show that | w _f -

starvation occurs for fully backlogged “upload” traffic dtee m Mesh | _ g Mesh N Mesh \ T —
the compounding effects of unequal flow collision probaypili RS b

and equal prioritization of each intermediate node’s incmwm

traffic with all forwarded traffic; (ii) proper limiting of each 4{
mesh node’s maximum rate alleviates starvation and previc

near equal throughputs by masking MAC-layer unfairnes

and (iii) even under modest to high offered loads, web traff —~~ N ]~
leaves sufficient free air time via statistical multiplexiand
low activity factor to overcome the aforementioned staorgt ] ) ] )

even without rate limiting. Thus, we use the achievabléitraf Eldgc'k(leis aﬁﬂ‘ﬁéﬁ%ﬁgg%ﬁgﬁﬁ; g:ié?rf]gztrgfgﬁrggﬁ'm forward
matrices above to drive placement decisions and show that ou

empirical definition of the multihop throughput distribori is

essential in planning high-performance and cost-effestiesh 1 Theaccess tierconnects the client wireless device (e.g., a
networks. wireless laptop in a home or a wireless Ethernet bridge) to a
Finally, we study node and wire placement and corfgnesh node. Théackhaul tierinterconnects the mesh nodes

sponding network topology issues. By using the single link forward traffic to and from wireline Internet entry points
and multihop measurement data, we incorporate effects gfgateway mesh nodes. Thus, the network provides coverage
the physical layer, contention, MAC protocols, the hardaryo || users within range of the mesh nodes. In our single-
etc. We explore system performance as a function of factqegiio deployment, both tiers are realized via the same radio
such as multihop traffic matrices, wire placement and dgnsihang channel, and we employ traffic management techniques

mesh node density, and randomness in mesh node placem@ge limiting) to ensure proper division of resources hestw
Example findings are (i) moderate perturbation of ideal Nno@gcess and backhaul.

locations has minimal impact on performance, (ii) reguldd g
structures have an average throughput up to 50% higher tinHouston Neighborhood

randomly deployed topologies, (iii) adding an additionaled We perform our measurements in a densely populated,

location to our network increases average throughput bysggle family residential, urban neighborhood with heaeget

factor of up to 2.75, and (iv) regular grid deployments havg, erage spanning 4.2 square kilometers. The lot sizesnwith

no performance degradation with node perturbations ug tOthe neighborhood are 510 square meters on avérae

the inter-node spacing. o ‘overwhelming majority of the homes within the neighborhood
Our work contrasts with existing mesh deployments ige gne story with an approximate height of 5 meters while

the following ways. Philadelphia’s planned city-wide mesQysely placed two story homes have an approximate height

deployment depends on exhaustive site surveys [5], and €7 meters, Trees vary in height throughout the neighbaithoo

measurements are devoted exclusively to physical layer mga, heights up to approximately 20 meters. The population
surements of access links. The MIT Roofnet project al$g ihis area is approximately 20,000 residents.
employs multihop mesh forwarding [6]. In contrast to our

network, Roofnet has randomly placed nodes and a sing@- Mesh Hardware Platform

tier architecture, i.e., each node serves one in-buildilptc 5 . hardware platform for both the deployment and our
instead of providing access to a large coverage area. I\/lerﬁo\‘eported measurements is as follows. For each of the mesh
Roofnet’'s propagation environment is characterized by im)des, we use a VIA EPIA TC-Series mini-ITX motherboard
strong Line-of-Sight (LOS) component whereas our links alfith a VIA C3 x86-based processor running at 1 GHz. In the
gener_ally heavily opstructe_zd. A complete discussion cdtesd PCMCIA type Il slot, we use an SMC 2532-B 802.11b card
work is presgnted n Se_ctlon V. . . with 200 mW transmission power. The electrical hardware
The remainder of this paper is organized as follows. li'g housed in a NEMA 4 waterproof enclosure that can be

Sect!on Il, we descnbe_ our e_nwronment_and methOdOIOg@f)‘(ternally mounted on residences, schools, libraries odinelr
Sections lll and IV contain our link and multihop measuremen .-, property.

studies. We present our placement study in Section V. In
Section VI, we contrast our work with the existing literaur
Finally, we conclude in Section VII.

The mesh nodes run a minimal version of the Linux oper-
ating system which fits in the on-board 32 MB memaory chip.
We use an open-source version of the LocustWamesh net-

Il. Two-TIER URBAN MESH SCENARIO working software that uses AODV routing and HostAP drivers.

A. Two-Tier Architecture The client nodes within our network employ Engenius/Senao

In our meas_urement study a_md network_ deployme_znt, Wenttp:/www.har.com, July 2005
employ a two-tier network architecture as illustrated ig.Fi  Shttp://imww.locustworld.com



CB-3 Ethernet bridges which have 200 mW transmissian single neighborhood, shadowing represents the differenc
power and 3 dBi external omnidirectional antennas. between the signal power at different points with the same
estimated pathloss. Prior measurements show that shaglowin
D. Mesh Antenna manifests as a zero-mean Gaussian random variable with
Each mesh node has a 15 dBi omnidirectional antenna witandard deviatiorr. added to the average signal power in
an 8 degree vertical beamwidth. Selecting antenna heigdBm. The presence of shadowing makes any prediction of
represents a tradeoff that is affected by the each regionéseived signal power inherently probabilistic. In thddwling
particular propagation environment. At one extreme, a veeguation, shadowing is representedeogndd, is a reference
high antenna elevation that clears all rooftops and tresshiea distance for which we have a measured power level [4].
advantage of providing strong Line-of-Sight (LOS) links fo
the backhaul tier. However, several problems arise witth hig Pim(d) = Pipm(do) — 10adogro <i> te (1)
antenna elevations in urban scenarios: (i) high attenoadfo do
access links due to tree canopies and buildings, (i) requir |n the absence of scatterers or other attenuating media, the
ment of multiple antennas or antennas with substantialggnefree space pathloss exponentis 2. With reflective and absbrb
focused both downward (access) and horizontally (backhauhaterials in the propagation environment, the pathlos®-exp
and (iii) legal and practical restrictions on maximum heighnent will increase. Pathloss exponents in outdoor envietm
Likewise, while low antenna placement reduces deploymedainge from 2 to 5 with a rough proportionality between the
costs, it yields poor propagation paths for both access apgthloss exponent and the amount of obstruction between
backhaul. After completing experiments to balance these e transmitting and receiving antennas [3]. The expected

sues (not presented here), we selected an antenna height ofdadowing standard deviation,, is approximately 8 dB [3],
meters for the deployed nodes within the neighborhood. [4].

IIl. LINK MEASUREMENTS B. Access Link Measurements

In this section, we present the results of our measurementd.) Methodology:The following measurements characterize
of single-link performance of mesh nodes in our neighbodchocaccess links between clients (residences) and mesh ndaes. T
The measurements represent both access and backhaul lInRksh node antennas are mounted at 10 meters while client
and include received signal strength and throughput ovemades are fixed at a height of 1 meter. For a single fixed
range of distances. We match our data to theoretical modegckbone node installation, we measure throughput andisign
to find a pathloss exponent and shadowing standard deviatifength with the access node at many representative dosati
so that we can accurately determine the range and reliabiflit in the surrounding neighborhood. We ugerf traffic generator
the mesh links. As there are no accepted theoretical moolelsto create a fully backlogged UDP flow by connecting a laptop
throughput, we introduce an empirical mapping betweenaigrio the access node via Ethernet. We record signal strength
power and achievable throughput. In Section V, we discuss tieasurements provided by the wireless interface in the mesh
impact of our measurements on the performance of a larg@de.
system.

It o Measurements

A. Theoretical Predictions lO‘E e

+1 Stdev
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The multiplicative effects of the wireless channel aredidd
into three categories: pathloss, shadowing, and multifzath
ing [4]. In this work, we focus on pathloss and shadowing
because they are the most measurable and predictableseffect
Multipath fading produces dramatic variations in signavpg
but the variations happen on such small scales of time and ol Gé B
space that predicting them is prohibitively complex. ol Pathoss Exp = 36077 s 3"‘%--;-31
Pathloss describes the attenuation experienced by a ssrele Shadowing Std=4.1094
signal as a function of distance. Extensive prior empinicad-

ellng indicates that Slgnal power decays e)(F‘)Onentlally.lWw:ig. 2. Empirical data and theoretical predictions for sigmower received

distance according to pathloss exponerthat is particular to from an access node at 1 meter with a low gain antenna fromnarmitter
the propagation scenario [3]. Pathloss exponents are depéen at 10 meters having a 15 dBi antenna.

on the location and composition of objects in the environtmen

and therefore add site-specificity to channel charactisiza  2) Results:Fig. 2 depicts signal strength measurements as

Pathloss is a very coarse description of a propagation soena function of link distance. Using a set of 138 measurements,

that allows us to generalize between environments that ave calculate an empirical pathloss exponent and shadowing

similar but not identical. standard deviation. The figure shows the theoretical psghlo
Shadowing describes the amount of variation in pathlosarve and curves representing 1 and 2 standard deviations

between similar propagation scenarios. For instance,imwittaround the mean due to shadowing. In addition, we plot
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the theoretical free space (unobstructed) pathloss clwowe below nominal levels, which is likely attributable to mplith
reference. Observe that the measurements taken at undee®€cts.

meters appear to be LOS. Our data shows a pathloss exponetudies such as [7] show that 802.11 systems originally
of approximatelya = 3.7 and shadowing with standarddesigned for use indoors suffer significantly diminished pe

deviationo, = 4.1. formance in the presence of the large multipath delay sgread
of urban environments [3], [8], [4]. When the delay spread is
% ‘ ‘ ‘ ‘ ‘ larger than the tolerances allowed by the system, we enepunt

dard iation = 4. : . . . . . .
Standard beviation =4.109¢ intersymbol interference (1SI) in which a single signallictgs

with a delayed version of itself. Most wireless systems are
designed to tolerate some amount of ISI, but can suffer
extreme packet losses when delay spreads exceed expected
levels [7].
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C. Backhaul Link Measurements

1) Methodology: We study the links among mesh nodes
that form the backhaul network with measurements of links
between a pair of identical 15 dBi antennas, both at 10 meters
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Received Signal Power Deviation From Mean (dBm) elevation. We use several fixed installations while moving a
Fig. 3. Empirical distribution of shadowing effects at ancess node portable installation to numerous locations in the surchog
receiving signal from an elevated mesh node. area. At each location, we generate UDP traffic over the link

and record signal levels reported by the mesh node’s wieles

Fig. 3 shows the distribution of the shadowing randonmmterface. Through initial experiments, we found that sign
variable, ¢, along with a Gaussian random variable of equakrength reached critical levels at link distances of 208-2
mean and variance for comparison. We observe deviation frgieters. We choose a wide variety of measurement locations
the predicted density that may be due to the presence@ile focusing on this critical range.
distinct pathloss exponents. However, because the stndar
deviation remains small, we can confidently predict expkcte of e
signal levels based on our data. -10¢ ——Free Space
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1ooop Fig. 5. Empirical data and theoretical predictions for iese signal power

as a function of distance for backhaul links.
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Fig. 4. Measured UDP throughput (RTS/CTS off) received byaaoess 2) .ReSUIt.S' Flg. 5 shows measured Slgna.l streng'Fh as a
node as a function of signal strength with a piecewise lirgroximation, function of link distance along with the associated theoagt

curves. Our measurements indicate a pathloss exponent of

Since we have no theoretical models to predict throughpgProximatelya = 3.3 and a shadowing standard deviation
performance as a function of environmental parameters, We = 5.9 dBm. For purposes of comparison, note that [4]
measure UDP throughput as a function of signal strength. piedicts a pathloss exponent of 4 and a standard deviation of
Fig. 4, we observe that the throughput can be approximatédBm for urban environments consisting of concrete and stee
as a piecewise linear function that is zero at all signal psweligh-rise buildings, whereas our measurement environment
below —88.7 dBm and reaches a ceiling of approximately eatures small, wood-frame houses and dense foliage. In
Mb/s at—71.3 dBm. The minimum signal power at which wecomparison to our access link measurements, we observe that
attain a mean throughput of 1 Mb/s is approximateB6 dBm the pathloss exponent improves with antenna elevationgtwhi
and corresponds to 802.11b’s 2 Mb/s modulation. Accordifigdicates that antennas at 10 meters are above most roaftops
to the SMC wireless interface datasheet, 2 Mb/s is achievafile measurement neighborhood. In comparison to our access

at —93 dBm# Hence, our data shows a performance 7 dink measurements, we observe that the pathloss exponent
improves with both antennas at the same elevation, which

4www.smc.com indicates that there is greater signal obstruction betwleei 0



meter antenna and the ground-level antenna, namely wooder 99"

house frames and rooftops. We also encounter measuremer
locations at a range of almost 500 meters that were nearly
LOS, but they were highly atypical in our environment.
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Fig. 8. Backhaul link measurements from four fixed locations
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Fig. 6. Empirical distribution of shadowing effects for Bhaul links. rates dramatically. As a result, our mean throughput mea-

_ o _ _ surements fall approximately 11 dB below the nominal level.
Fig. 6 plots the distribution of the shadowing variabte, The multipath effects observed in our access and backhaul

We observe that it conforms well to the predicted Gaussigfiks are similar to those in [9]. This is significant because

distribution which indicates that our average pathlosegmt this means that using a signal-strength-to-throughputainap

value is representative of the neighborhood as a whole. dgtained from the card’s datasheet would result in throughp
other words, we have not measured two different sectiopggictions an order-of-magnitude too high.

of our neighborhood with unique pathloss exponents, which
would have given us a bimodal distribution not conforming
to the theoretical model. Thus, we can safely assert that fhe Discussion: Repeatability

neighborhood is characterized by a single pathloss exgponen i
and we can extrapolate from our measurements to makdn Fig. 8, we plot all of our backhaul measurement locations

predictions for the entire neighborhood. for a total of 235 trials of 60 second intervals around fouedix
mesh nodes. We have biased our measurements slightly by
000 avoiding locations with ranges less than 150 meters to focus

R eorem e e on the outer limit of our mesh nodes’ range. The irregular

I measurement patterns in Fig. 8 arise because we avoided
measurement locations that we deemed highly atypical or un-
realistic in our deployment scenario. Many of these locatio
were either inaccessible or located in large fields or parkin
lots. While the latter often presented good performancetdue

a strong LOS signal, they were not representative of theadens
development and heavy foliage that dominates the deploymen
area, and they would have made our results overly optimistic
We similarly conducted 138 trials of 60 second intervals for
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—](.}00 -90 —86 —76 —66 —56 . .
Received Signal Strength (dBm) the access link measurements at distances of greater than
Fig. 7. Measured UDP throughput (RTS/CTS on) over backtiakslas a 100 meters (not pictured here). Both our access and backhaul
function of signal strength with first order approximation. measurements show high consistency and indicate homogene-

ity of our propagation environment. Further, our paranieter

Fig. 7 shows the relationship between UDP throughput agdtion of the shadowing distribution accurately charaosr
signal strength as well as a piecewise linear approximatfonthe deviation about our expected link performance. When
the data. With this approximation, the throughput in kbps abmbined, our performance functions thoroughly descititee t
signal strengthr is given asmin(5000, max(240x —56.4,0)). important features of each link. Thus, since we found thieslin
We observe noticeable separation between our data and tthébe generally consistent throughout our environment, we
linear approximation, and we find that the standard dewviatican extend our measurements of individual link performance
is approximately 3 dB. The discrepancies are most likely dée describe multiple links in series and parallel. In thetnex
to the wide range of delay spreads in our urban environmetwo sections, we discuss extrapolating our understandfng o
Large delay spreads do not affect the signal power reportgidgle link reliability and throughput performance to cdexp
by the wireless interface, but they can increase packet lansltihop networks.



IV. MULTIHOP BACKHAUL EXPERIMENTS 3) Preliminary Experimentsindependently, we ruiperf

In this section, we empirically determine achievable teaffiS€"ver-client applications from each node to its nearesit avi
matrices within a linear topology of nodes containing confully backlogged queue to find the single hop link capacities
peting multihop flows. We show that (i) with no fairnesdne physical layer rate is set to 11 Mbps on the wireless
mechanism and fully backlogged traffic, nodes with greatg}terface to remove autorate fallback effects. We find that t
hop count starve; (i) the RTS/CTS collision avoidance mecffective link capacity between nodes is 4 Mbps on each link
anism has an overall negative effect on per node through@@ng the chain. We additionally measure multihop, single
despite minimal gains in faimess; (i) a simple staticeratactive flow traffic (not presented here as it is well studiethin
limiting scheme yields a fair multihop throughput distrilan  iterature) to sufficiently plan the parking lot experimeaind
even with heavily loaded traffic patterns; (iv) web traffidave a baseline for comparison within our placement study.
yields sufficient idle times to significantly improve fais® B, Fuylly Backlogged Parking Lot Experiments
and aggregate throughput in comparison to fully backlogged

traffic We now investigate fairness trends of the fully backlogged

parking lot traffic matrix where each node always has a packet
A. Methodology to send along a linear topology (refer to 9). We show the

1) Parking Lot Traffic Matrix: We refer to the linear chain unfairness of the download direction, upload directiond an

of nodes with traffic sourcing and sinking at the gatewa?/Oth directions concurrently and compare each scenario wit

node as the parking lot traffic matrix because it is analogoft8d Without the RTS/CTS mechanism enabled to find its effect

to the unfaimess characteristics of multiple lines of wigw ©n faimess. Then we employ static rate limiting to elimeat
leaving from one exit of a crowded parking lot. In an go2.13tarvation in the unidirectional parking lot traffic mag#
parking lot, simulations indicate severe “spatial biastvinich 1600
nodes closest to the gateway obtain the highest throughput Eggggﬂggg;g:gyg RTSICTS Off
[10]. Ideally, there would be an equal per-node bandwidth 100y ’
distribution, i.e., a bandwidth share independent of locat
relative to the wire.
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Fig. 10. Concurrently active download TCP flows (parking edurced at
the gateway node and destined for each mesh node.
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Fig. 9. Nodes A through E are in a chain topology with A being thired
gateway node. All flows in the parking lot experiments aretped here. 1) Download Traffic: Since the gateway transmits received
packets in first-come-first-serve order, it fairly schedutlee

2) Experimental Set-UpWe construct a parking lot traffic first wireless link among all four flows. However, as illused
matrix consisting of five wireless nodes contending for banth Fig. 10, unfairness occurs due to the forwarding overtodad
width in a single branch of the backhaul tree. We performultinop flows proportional to the hop count from the gateway
the experiments outdoors in the same physical environmé&wen with fully backlogged queues, the last node in the chain
as the measurements in Section Il and using our mesh nadeeives only about 200 kbps with and without RTS/CTS.
hardware (refer to Section Il). To reduce the physical size o 2) Upload Traffic: We expect the upload traffic to have
the parking lot, we opt for low gain (3 dBi) omnidirectionalmuch worse fairness characteristics than download traffic.
antennas mounted at approximately 2 meters. We space Azeflows are forwarded to the gateway, they capture less
mesh nodes to achieve a target signal strength-@ dBm of the share of the upstream links. Each time the flow is
which is typical of a link between deployed mesh nodeforwarded there is a probability of loss due to collision @i
We perform each experimental trial at fixed locations, spaces compounded with increased hop count until finally there is
approximately 100 meters apart. In Fig. 9, we illustrate theedissimilar distribution of the first link shares. Also, thié&C
topology with every traffic flow of the parking lot experimsnt of each intermediate node, gives equal priority to its owaffit
In each test, we ensure that each mesh node will route datal forwarded traffic on the upstream wireless link. Thus, th
to its nearest neighbor only. That is, no node will send taffupload direction has the most exaggerated parking lot teffec
directly to nodes that are two nodes away in the chain. Thaesulting in the greatest degree of spatial bias betweetwihe
is one wired gateway mesh node (node A in Fig. 9) for theaffic matrices. In Fig. 11, we encounter a pronouncedffallo
topology. We uséperf sessions on the gateway and each of thie bandwidth with increased hop count. In fact, the last node
nodes to generate TCP traffic for test intervals of 120 sezoni starved in the scenario with RTS/CTS off.



3000t Econcurrem Flows, RTS/CTS Off C. Rate Limited Parking Lot Experiments

Concurrent Flows, RTS/CTS On
Our objective here is to supply each of the mesh nodes with
an equal distribution of achieved throughput from the gatew

o node using static rate limiting. If we consider each of ting&
hop parts of one direction of the multihop flows pictured in
Fig. 9, we find that there are 9 subflows. Thus, we expect
the static rate limit that achieves our objective to éhef the
effective capacity of our links (approximately 4 Mbps). We
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I use TCP traffic with the RTS/CTS mechanism disabled since

0 ém .§D_—% we have shown this to be optimal for the fully backlogged
Number of Hops from Gateway Node parking lot.

Fig. 11. Concurrently active upload TCP flows (parking latiiced at each

mesh node and destined for the gateway node. Lo0op
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3) Effect of RTS/CTSWe find in the fully backlogged
upload scenario that the starvation of the last node in th@nch
is slightly mitigated — 3% of the bottleneck link as opposed
to 1%. If node E sends an RTS to node D (see Fig. 9), D will
notify E of the upstream channel conditions with or without
a CTS packet in return. Thus, E is more aware of contention
with RTS/CTS enabled. The same effect is not experienced e
within the fully backlogged download scenario as node E (the fo0 200 00 A e e Lo opey 800 900, 1000
node least likely to know channel conditions) simply reesiv Fig. 13. The fully backlogged parking lot traffic matrix dostream with
data packets and does not have to contend for the changagih flow equally rate limited at the source.
In fact, we find that the non-starved nodes within both traffic
matrices receive approximately one-third less bandwidth o 1) Download Traffic: When we statically rate limit all
average due to overhead losses with the RTS/CTS mechanispdes to equal shares of the medium, we find that the
Therefore, we conclude that RTS/CTS overhead losses in ndiownload fully backlogged parking lot scenario to be fair fo
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starved nodes outweigh gains in starved nodes. values less than or equal to our expec@abf the effective
capacity or 450 kbps (refer to Fig. 13). Similar to the fully
1200 backlogged experiment with no rate limiting, we expect this
Il Upload, RTS/CTS Off . .
I Download, RTS/CTS Off to have greater fairness than the upload scenario becacise ea
1000y B o flow is equally shared over the first hop link.
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Fig. 12. Parking lot scenario in both directions with andheiit RTS/CTS
enabled.
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4) B_ldlrectlonal _Trafﬁc: In F.Ig' 12, even in th_e hlg_hly Fig. 14. The fully backlogged parking lot traffic matrix upstm with each
bandwidth constrained scenarios, download traffic maistaisiow equally rate limited at the source.

some of the fairness patterns. However, the upload traffic

obtains the majority of the bandwidth in the first two hops and 2) Upload Traffic: In Fig. 14, we find that the same rate
starves the remaining downstream nodes. Note that thehfouiniting scheme of each flow being equally limited at the
hop node has greater throughput than the third hop node $murce is less effective for upload fully backlogged traffic
download traffic and RTS/CTS disabled. We found that if oreven at 450 kbps, the last node in the chain achieves @hly

of these two flows began first, the other flow would starvgercent of the throughput of the second node in the chain
Thus, we fairly alternate which flow started first, yieldingrom the gateway. While each flow has equal rate at the
unusual results. source, as the flows are forwarded the two aforementioned



effects remain: (i) with each forwarded subflow there is somesers per node, but held constant for the two minute durafion
probability of loss due to collision and (ii) nodes forwargi each trial. We have accounted for emulation processing/dela
traffic give equal priority to their own traffic as all forwad within our measurements to ensure behavior matching Roisso
traffic. Thus, the more times a flow is forwarded the lower theistributed requests of the number of mesh users assota@ted
share that flow will obtain on the first hop link, resulting inreach mesh node. We have chosen to emulate web traffic on
spatial bias even when the rate is equal at the source. nodes B through E because we assume that the wired Internet
is not the bottleneck. Thus, since the access tier bandwsdth

_ e o not accounted for in our multihop experiments (that is, ¢her
While fully backlogged traffic without rate limiting pro- js ng access tier contention), if node A were also emulating

duced dismal results for multi-hop flows, here we study thgep users, the only effect would be an increase in load over

to enable greater fairness due to (i) increased transmigsips

D. Web-emulated Parking Lot Experiments

that can exploited by under-served flows and (ii) statiktica —+ Ist Hop Node
multiplexing gains even with no external rate control. Two B | e
factors will influence the spatial bias within the web patkin ——th Hop Node

IN)
Q
S
=]

lot traffic matrix: the fair share of the bottleneck link arftet
activity factor of flows within a clique.

1) Parking Lot Load:If each link in a linear topology has
equal capacity (and the wired connection to the Internebis n
the bottleneck), the wireless link from the gateway node to
its first neighbor will always be the bottleneck in a parking
lot traffic matrix. Thus, we define the parking lot load, S
as the utilization of each node relative to its fair share of 0 et petop O 0 %
the bo.ttlenec_k. Imk'%’ whereC' is the effective \_Nlreless link Fig. 15. Each mesh node has an equal number of web-emulatesl inshe
capacity and is the total hop count of the chain. ¢fis Iess  same linear topology.
than 1 for each of the nodes, each of the offered loads are

satisfied and fairness is achieved. Converselxﬁ ifslgreater _ 4) Results:From the traffic load on each of the mesh nodes
than 1 for each of the nodes, the system will experienceapatj, 5, experiment (refer to Eqn. 2), we expect spatial bias

bias as nodes closer to the gateway capture greater bahdwigiiy, more than 30 users. Indeed in Fig. 15, we find that
than the fair share of the bottleneck link. We define offered, traffic 10ads of up to 30 web-emulated users per mesh

load in termslof the mean request size in bitghe number_of node (approximately 1 Mbps aggregate throughput) the mesh
users accessing each mesh nadeand the mean inter-arrival ; jes maintain fairness between one another. Howevereas th
time between requests,. We express the .parklngclot load ofyymber of users increases beyond this point, nodes closer to
a node as the offered loady*, over the fair share, the gateway take an increasingly larger share of the availab
Nsi bandwidth from their downstream neighbors.
¢ = TC 2) Surprisingly, the aggregate throughput is more than double
that of the fully backlogged download scenario, and yet has
uch greater fairness (refer to Fig. 10). From Eqgn. (3), we
ow that on average there is less than one flow contending
or the channel in the download direction (upload traffic is
: e _ less than 4 percent of the total bandwidth in our experin)ents
topology. Denoting the round-trip times a;, the total hop for up to 25 users. Thus, we attribute the throughput and

count of the chainm, and the total number of round trips]c . " to th Il web fl iately 20 ket
necessary to fulfill a request aswe define the activity factor, rairness gain to the smatl web Tows (approximately 20 packe

f, as in length) occurring on such small time scales that they
' are essentially singly active and suffer minimal contemtio

1500F

1000F

Download Throughput (kbps)

a
=]
=]

2) Activity Factor: We find the activity factor within a web
parking lot traffic matrix to identify the mean number of flow
that are contending for the channel. We can expect far gre
channel utilization if there are no contending flows withe t

Nmr & from competing flows. However, as the web traffic demand
f= T Zm‘tz‘ (3) increases, the behavior resembles that of the fully bagddg
=1 scenario.

3) Experimental Set-Upin our experiment, we use the ) oS
previously described physical layout of the chain topologf- Multihop Throughput Distribution/j
Each mesh node uses a web-emulation program to downloadive now empirically quantify the falloff of multihop
web pages from a server on the Internet at exponentiatyroughput from the aforementioned parking lot experiraent
distributed inter-arrival times between requests. Eadsisa which we use to develop a placement model in Section V. We
will request a 28 KB web page to download with a mean delalso compare our measurements with simulations.
between requests of 7 seconds, the average think time betweéNe define the multihop throughput distributioﬁ, which
clicks [11]. The number of users will be varied from 5 to 8@ccounts for throughput loss at each hop when forwarding



Fully Backlogged Parking Lot Fully Backlogged Parking Lot Rate Limited Web-Emulated
TCP (Unidirectional) TCP (Bidirectional) Fully Backlogged| Parking Lot
Download Upload Download Upload Parking Lot (30 Users)
RTS RTS RTS RTS
7 Off On Off On Off On Off On Down Up Down
1] 0.237] 0.219| 0.710 | 0.582 | 0.096 | 0.139 | 0.258 | 0.192 | 0.085 | 0.107 0.232
2| 0.139| 0.079 | 0.100 | 0.075| 0.054 | 0.037 | 0.076 | 0.089 | 0.081 | 0.098 0.232
3 | 0.070 | 0.060 | 0.069 | 0.054 | 0.032 | 0.045 | 0.002 | 0.004 | 0.075 | 0.065 0.224
4 | 0.058 | 0.052 | 0.009 | 0.028 | 0.042 | 0.032 | 0.003 | 0.001 | 0.074 | 0.063 0.221

Table L Empirically Defined Multihop Throughput Distributiorsf (bold values used in Section V)

traffic over multiple wireless nodes due the effects of proto study to compare against fully backlogged scenarios withou
overhead, contention, and half-duplex links as follow$:is rate limiting and cases where flows are singly active without
the fraction of end-to-end throughput arhop flow achieves competing flows. B
with respect to the effective capacity of the first wirelesk |  3) Web-Emulated Parking Loin Table I, we uses for web
wherei is the number of hops away from the wired node. traffic at 30 users, the point at which the Parking Lot Load
For example, if a 2-hop flow achieves 400 kbps and tHEQn. 2) is equal to 1. Again, the burstiness of web traffic
effective capacity of the wireless link is 4 Mbps, thén = reduces the number of competing flows within the parking lot
0.1. traffic matrix. Thus, the throughput of the fair shares of web
In IEEE 802.11 CSMA/CA networks? depends on factors traffic is over twice that of the statically rate limited, ful
such as carrier sense range, RTS/CTS usage, the exponeRfigklogged download scenario.
backoff window, and type of traffic. With increased hop cqunt
3 should be monotonically decreasing as each node furthetl_ . . .
from the wired gateway node achieves at most the throughput he m_easure”?e”‘ results in Sections Ill and I.V prowde
of its upstream neighbor. We expect the multihop throughpﬁ[t] empirical basis for our placement study. In thls_§e0t|on,
distribution to more gradually decrease at> 4 because we develop a computational mod.e.l f_or petwork reliabilidan
bandwidth from the gateway has fallen off to the point Wheﬁroughput based on our probabilistic link model and explor

the capacity of a single clique is no longer the bottleneak a e impact of several_ |mpo_rtant factors in mesh _netvv(_)rk
flows can have spatial reuse. deployment. We then investigate mesh node density, wired

1) Fully Backlogged Parking Lot:Table | showsﬁ for node density/s values and random wired entry point location.

upload, download, and bidirectional parking lot scenafas A. Methodology
TCP traffic with and without the RTS/CTS mechanism. Some For our baseline topology scenario, we consider a square

of the (3, values are not monotonically decreasing, whicf\anhattan) grid in an infinite plane. We also examine two
indicates that the flow from the fourth hop receives great@griants: grid placement with random perturbations and un-
bandwidth than the flow from the third hop. This occUrglanned (random) topologies (Fig. 16). Titagio of wired mesh
because when flows from node E begin even slightly beforgdes to wireless mesh nodssgiven byw, wherew = 1 is
flows from node D, node D is temporarily starved (refer tg wireless access network with a wire connecting every mesh
Fig. 9). Conversely, if the flow from node D begins before thgode to the Internet. We study regular wire placements befor
flow from E, often E is starved. In order to avoid an art'f'C'aéproring the effects of random wire placement. Additidy)al
bias in our experiments, in half of the tests, we began th do not consider edge effects in our network which arise
three-hop flow first, and in half, the four-hop flow. due to the use of a finite plane in computation. Therefore,
In [10], upload parking lot traffic matrices are simulated ifve allow the edge nodes to participate in routes but do not
ns-2 with only the immediate neighbor nodes in transmissigficlude their performance results. Our findings in Sectidn |
range, and nodes two hops away are in carrier sense ranggicate that access links are not a limiting factor in bawié
With TCP traffic and RTS/CTS disabled, the reported resul§gployment because the effective range of an access link is
are 51 = 0.382, 52 = 0.200, and 83 = 0.135. Thus, we find comparable to that of a backhaul link. Thus, for an access nod
a more extreme unfairness with our empirical measuremegdshe disconnected our regular grid must also be discondiecte
(b1 = 0.71, B2 = 0.100, B3 = 0.069, and B, = 0.009). Consequently, we do not include the access link in our mesh
indicating that [10] is overly optimistic with respect toeth node placement study.
fairness of 802.11 in parking lot traffic matrices. This ca b The signal strength distribution of the link between two
attributed to the binary carrier sense range within ns-2reée® packbone nodes is given by our empirical model in Section
our measurements indicate fluctuations in and out of carriglr Using our measured parameters, we model the distabuti
sense range due to fading channels. of the signal strength as a Gaussian random variable with a
2) Static Rate Limiting Parking LotWe presentﬁ in the mean determined by link distance. We consider a link usable
table for the upload and download scenario both staticalig r if its signal strength is greater than a certain thresHbld
limited at 450 kbps. We use these values in our placemafft then find an expected link throughput by mapping our

V. PLACEMENT STUDY



MR . o ° o Let M be set of all mesh nodes.
e o o o °© o ° o ° o Let N be the total number of mesh nodes.
e o o o FEC I ° o ° Let L, be the length of route
Let S, be the expected signal strength of likk
¢ o o o ° o * ° Let T be minimum acceptable signal strength

Foreach wireless mesh node; € M
Regular Perturbed Random Find R, the set of all routes fromn; to a gateway
R(m;) = Pr[3r € R such thatr is connectefl
where Pr[r is connectefi= H£7:1 Pr[Sy > Ts]
Foreach wired mesh node; € M
R(mj) =1.0

Fig. 16. Three general topologies considered here areaeguld, regular
grid with perturbation, and random placement.

expected signal strength to the measured mean throughput at | avg Reliability = L {\11 R(my)
each signal level. 7

B. Reliability Table Il. Pseudocode for finding average mesh node reliability.

We definereliability asthe probability that a node has at
least one path to a wired node in which each link satisfies a
minimum signal levell},;,. The value ofT},;, is dependent nodes become completely disconnected. The results suggest
on the physical layer technology and the minimum level ¢ desirable operating point at node spacings of approxiyate
service we wish to provide. In the remainder of this workg00 meters in our scenario.
we use a threshold of 75 dBm which provides an expected

throughput of approximately 2 Mbps based on our empirical 0 f-ﬁﬁe—
measurements (see Fig. 7). ' w=1/25
To calculate the reliability of service at a mesh node, we ;'gzj S|
first evaluate the probability that a route from mesh nade %0'6
to mesh nodeB, R,_ g, exists (i.e. is usable at a desired 20'5
performance level) as the probability that each link alamg t g
multihop path fromA to B exceeds the minimum signal level: ézz
Pr{Ra_p] =[] Pr(Si > Tmin] (4) <oz
Vi 0.1}
whereS; is a random variable representing the signal strength foo 150 20 250 a0 30 400

Distance between mesh nodes (meters)

of link 7 andT,,;, is the minimum acceptable signal strength. o ) ] ]

The reliability of A is defined as the probability that is  £'% - Z¥erage feabilly as & function of the distancevizen nodes in
connected to a wired mesh node. Therefore, reliability & th
probability of having at least one successful route amohg al
of the possible route®; from A to a wired entry point¥ as

given by:

Another important factor affecting network cost is the
density of wires in the network coverage area. Fig. 18 plots
the increase in average reliability as the wire ratio insesa
Pr[A is connectep= Pr U[Ri’A_)W] (5) We observe a tradeoff between mesh node density and wire
Vi density. When the network permits a higher wire density,

Observe thatd may have any number of routes to a wiredN® node density can be relaxed while still achieving high
node and many routes may share individual links. Also, nofgliability. But if the availability of wired connections tightly
that a wired node is connected with probability Table I constrained, then the mesh node density must be high in order

presents a pseudocode description of our algorithm to fiffy /S0 achieve high average reliability. o

average reliability. _ F|g 19 present; the mean and standard deviation of re-
We first consider a regular grid network and examine tHiPility as a function of mesh node spacing. As the node

average reliability of the wireless nodes. Our objective [ensity decreases, the reliability of the mesh nodes in the

to minimize the network cost by finding the minimal nod@gtwork varies S|gn|f|_cantly based on a node’s prOX|m|ty tq a

density at which a threshold of performance is achieved. Fif§ired entry point. This suggests that even as mean relybili

17 depicts average reliability as a function of mesh nodclines, the network will still feature regions of higher

density and indicates three regions in the graph. At higrenofgliability as well as more disconnected regions.

density (low inter-node spacing) the system is not semsitiv

to small changes in density, whereas at inter-node dissan&é Throughput

between 200 and 300 meters the average reliability declinesAs our second performance metric, we defin@ughputas

quickly for all wire ratios. At distances greater than 30the maximum of the expected rates along every path to a wired

meters, the system slowly converges to zero reliability a®de We do not consider multi-path routing in our scenario;



| Let M be the set of all mesh nodes.
_____ --1 Let N be the total number of mesh nodes.
Let Cyucc be the capacity of the access tier

Chooseﬁ according to desired traffic matrix

Foreach wireless mesh node; € M
. 1 Find R, the set of all routes fromn; to a gateway
o Foreach route € R
§ 1 Let L be length in hops of route
! o 31 Let C be smallest capacity link along route
32.65 Nodes/Km Calculate throughput of route as T}, = 81,C,
25 Nodes/Km
K - 0~ 19.75 Nodes/Km? Mesh node throughpuf’(m;) = max (T),Vr € R
01 ‘ ‘ : ‘ Foreach wired mesh node,; € M
0 0.05 0.1 0.15 0.2 0.25
Wire Ratio T(m;) = Cacc
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Fig. 18. Average reliability as a function of wire densitythvthree different

_1 N .
node densities. Avg Throughput =57 ) ;_, T'(m:)

‘ Table Ill. Pseudocode for finding average mesh node throughput.
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Fig. 19. Mean and standard deviation of reliability as a fiomc of node
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Fig. 20. Average throughput as a function of distance betwaesh nodes

lar grid.
throughput is determined by the single best route, which i m g2 regdaran

not necessarily the shortest route.

Usingﬁ introduced in Section IV (see Table I), we defin
the expected achievable rate for a multihop flow across h% t
erogeneous links. We designateas the achievable rate for a
flow of lengthi hops and defing; in terms ofﬁ and the link
capacitiesC; as follows

7. The throughput falls off much faster than reliabilityedu
he harsh penalties reflected fhas mesh nodes begin to
connect via more than one wireless hop.

When the wire ratio approachels : 1, the throughput
becomes less sensitive to increased node spacing due to fewe
po = Cy (6) long, slow flows. This scenario is similar to a cellular netkvo
3; min(C;) @) in which each base station is co_nnected via wir(_ad pack_haul

and there are no longer any multihop flows. In this situation,
whereC; is the capacity of linki andC,, is the capacity of a the capacity of the access tier could potentially become the
wired mesh node. We assume the wired backhaul connectlisitieneck.
does not limit system performance and therefore the cagpacit Fig 21 presents the average throughput for measured values
of the wired mesh node is upper-bounded by the access 9érj associated with different traffic matrices (see Table
capacity. By taking thenin of the link capacities we find the I). Included is the value associated with the commonly
slowest link and scale it by the appropriate throughpubfall accepted single-flow throughput falloff model wherein the
Bi. throughput of ark-hop flow is proportional t(% This does not

We then compute for each wireless node in our topologymodel any contention effects and as a result, the throughput
based on the best path to a wired mesh node (see pseudo@stinates using this choice of are at least twice that of
in Table Ill). By choosing only the best throughput pathour empirical values, which do account for contention. As
we decouple our throughput metric from reliability. Alsoflows in a deployed mesh network will most likely experience
the reliability metric is independent of throughput faflahd significant contention effects, using the commonly acagpte
multi-flow contention. single- flowﬁ can result in an under provisioned network.

Fig. 20 presents the average throughput for different wire Considering the emplrlca{B values, the rate limited flows
ratios using@from the upload parking lot scenario. With thidead to approximately half the average throughput of the
metric, there are two regions unlike the three regions in Figon-rate limited flows. The fairness imposed by rate lingitin

Pi
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— Parking Lot Down || ‘ ‘ ‘ In Section Ill, we observed an 11 dBm shift from the
- - - Parking Lot Up

30001 - - Rate Limited Down 1 nominal throughput levels for the mesh node wireless iaterf
L eb Emsation | due to multipath fading effects within our environment. $hu

250010 1 Falloff

if we model the expected throughput for a given signal
strength from the manufacturer's datasheet, we find that the
network should need onlg.05 nodes perkm? whereas in

actuality, we know that the network needs approximaggly
| ] nodes perkm? to achieve a target rate of 1 Mbps per mesh
500} ] node network-wide. Again, deploying a mesh network based
. ‘ ‘ ‘ ‘ ‘ ‘ on this consideration would lead to a disconnected network.
6 10 20 30 40 50 60 70 We ran similar tests using commonly accepted estimates for

Node Density (nodes/kmz) ) Y. A
. . = o shadowing standard deviation of 8 dB and found this does not
Fig. 21. Several empirical and theoreticdl values and their impact on S . L.
average throughput where — lead to significant error in network provisioning.

25°

= N
a o
= S
=) =]

N
Q
S
=]

Average Mesh Node Throughput

E. Random Perturbations

prevents the one-hop flows from capturing a large fraction ofwe_ next adc_i random pe_rturbatlons to our regular grid while
the channel time. Statistical multiplexing of the web entiola kegplng the wired e'?”Y points r_egular throughout th? nekwo
traffic matrix with 30 users per mesh node allows for fairnesghIS reflects the reallst|.c scenario of havmg only partaitol

and higher performance. These results indicate that given aover deplc_)yment Iocapons. Each node is perturbeq from the
alistic web traffic workload and rate limiting, a mesh netkvorreg_]UIar gr_ld _by (_:hoosmg a random angle and radius from a
can strike a balance between fairness and performance. uniform distribution.

1800 T T

D. Accurate Link Parameters
In Section Il we argued for performing physical layer §”°°’
measurements to determine pathloss exponent, shadowihg, a §160°’
achievable throughputs for the target environment andlesse g 1500
interface. Here we study the sensitivity of mesh network Elm
design to these parameters which demonstrates the impertan 2
of their accurate measurement. To achieve this, we use our g1
placement model and a particular parameter to choose a mesh § 12007
node density leading to an average mesh node throughput of 2 1100/
1 Mbps. 00— @ s 7o

Average Perturbation (meters)

o = 2.0 | Network is disconnected . . ) .
o — 2.5 | Network is disconnected Fig. 22. Random perturbations from regular grid placemeith wode

a = 3.0 | Average throughput is 601Kbps spacing of 225 meters.
40 % lower than desired

a=35 | Network is 1.5 times overprovisione Fig. 22 plots of the average throughput for increasing node
a = 4.0 | Network is 3.39 times overprovisione

i

o =15 | Network is £.86 fimes overpmvisionei perturbations. Surprisingly, small perturbations leadlightly
« =5.0 | Network is 9.42 times overprovisionefl improved average throughput, though with higher standard
Jeviation. In this scenario, the maximum throughput inseea
of approximately 6% occurs with perturbations of one sixth
the distance between mesh nodes. The small increase in
throughput is due to the routing protocol being able to take

Table IV shows the results obtained for a range of pathloggyantage of links that improve due to perturbations anitiavo
exponents,a, between2 and 5, the range predicted for jinks that worsen by using other routes. As we continue to
urban environments from [3]. We find that even slight dencrease the perturbation, coverage gaps begin to appear an

viations from the actual pathloss either severely hindees tthe average throughput decreases and the standard deviatio
connectivity or conversely, overprovisions the network. Ancreases.

pathloss exponents &5 or less, the network is completely

disconnected. Even the average of the range, 3.5, producds &andom Placements

network that has 55% more nodes than necessary to achievéd/e now study the effects of random wire and node place-
the target rate yet has only 7% error in the pathloss exponament in the network because the network designer often does
Most notably, at a pathloss of 5, we find that the netwonkot have control of the wired entry point locations or the mes
would have nearly 10 times the amount of nodes appropriatede locations. For random topologies, we generate a bpatia
for the target rate, and thus, would proportionally incectiee  Poisson process of intensity equal to the node density in the
cost of the network. regular topologies to which we compare.

Table IV. Mesh nodes required for average throughput of 1Mbp
with pathloss exponent estimates. The actual = 3.27.



We display reliability (Fig. 23) and throughput (Fig. 24Y) fo kbps. We have deployed two more virtual wired entry points at
three scenarios: the baseline regular grid placement)aegwooperating institutions, one in the center of the neighbod
grid placement with random wired entry points, and randoand one at the opposite corner, by installing additionaiosd
node and wire placement. We observe at leaXi% improve- connected to directional antennas at the wired node. These
ment in average throughput and reliability with a regularewi directional links are on a separate channel from the resteof t
placement over a random wire placement in a regular grid.network and form point-to-point links that act as additibna

The reliability of the random node placement scenariwired entry points.
improves very little as the number of wires increases, wieere In Fig. 25, we compare the average throughput of the
the reliability continues to improve with the random wirecase study network’s wired node locations with random wire
placement scenario. The throughput flattens out for thelaeguplacements. We find that our wire placement is 2% better
placement for the previously stated reason that our metlic o than the median random placement, although still 12% (130
captures the wireless backhaul throughput and does ndttceadkbps) less than the best placement of three wires. Through
additional nodes becoming wired. Finally, note that theaeg careful placement of our second and third wired locatiores, w
where regular grid placement most outperforms the randmwercome the suboptimal placement of the first wire to aghiev
topologies is at a wire ratio of approximately: 10 which is five times the average throughput of the single-wire cask wit

a likely operating regime. the addition of two wired entry points. In fact, with only the
addition of the second wired gateway near the geographic
L ‘ ‘ ‘ ‘ center of our network, the average throughput increases by

a factor of2.75.

154
©

4
©

1200

o
3
=
o
S
S

o
3]
®
o
S

o
~

Average Mesh Node Reliability
o
(2]

- e - Regular Grid Placement
031 ¢ —e— Random Wire Placement | |
Random Node Placement 4001
0.2 . . T n
0 0.05 0.1 0.15 0.2 0.25
Wire Ratio

Average Mesh Node Throughput (kbps)
(o2}
o
o

2001
Fig. 23. Effect of random wire and node placement on religbivith 20
nodes per square kilometer (225 meter spacing).

0

TFA Min Median Max

Fig. 25. Average throughput in TFA case study network with ¢bnstrained
wire placement and bounds of random placement. The meshspading is
225 meters.

2200

V1. RELATED WORK

Propagation and link-layer studies in the 2.4 GHz ISM band
are generally concerned with indoor environments [12] [13]
[14]. However, based on measurements at other frequencies
in [3] and [4] and the limited literature available on outdoo

Average Mesh Node Throughput (kbps)

= I = = [ N
© o N sy [o2] o] o
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LS Rencom e Pracement 2.4 GHz channels [8], we know that outdoor propagation char-
600 ‘ ‘ Random Node Placement acteristics are very different from indoor scenarios. Assitt,
0 0.05 0.1 0.15 0.2 0.25 . . .
Wire Ratio the nominal performance of hardware designed for indoor use
Fig. 24. Effect of random wire and node placement on throughyith 20 May be severely degraded. In particular, the comparatively
nodes per square kilometer (225 meter spacing). large delay spread values encountered outdoors can cause

significant numbers of dropped packets even while SNR levels
indicate a strong link [7]. In addition, propagation stigie
G. Case Study Network are generally strongly influenced by local topography and
We now examine the specific size and wire placemedévelopment such that even apparently similar locatioms ca
constraints of our case study network. Based on our targetibit very different RF behavior [3]. Thus, it is difficuio
service level, we choose a regular grid with 225 meter sgaciremploy any existing empirical results without first perfamm
The dominant constraint of this network is the wire placeneasurements in order to verify their applicability.
ment. The only existing wired connection is in a corner of the There are several existing measurement studies on mul-
approximately square neighborhood. Topologies with olnily t tihop wireless networks. As in [9], we measure link level
wired entry point indicate an average throughput less tt¥n 2performance, but for a significantly different environmésee



Section I). Other works focus on the evaluation of route
metrics [15], mobility and route repair [16], and buildind a [y
hoc multihop wireless testbeds [17]. We differ from ad hoc
multihop wireless in that our infrastructure is static ahe t 2l
traffic matrix is not arbitrary.

Several simulation and analytical works examine capacit
[18] and fairness in mesh networks [19], [20], [21]. More
specifically, Gambiroza et al. [10] use simulation to show
unfair CSMA/CA parking lot scenarios and validate a mulgho [4]
wireless backhaul fairness model. In contrast, we exploee t 5]
unfairness of 802.11 by performing outdoor experiments on a
parking lot traffic matrix. [6]

Our planned deployment strategy differs from the unplanned
topology in [6]. Further, the authors consider only singbsvi  [7]
active independently whereas we consider contentionebase
measurements to evaluate a mesh topology. [22] formulates
the mesh planning problem in terms of placing wired gatewajgl
nodes within a fixed network and assumes a dense deployment
of wireless mesh nodes while we consider the joint problery,
of placing wireless and wired mesh nodes. Further, theikwor
is purely analytical in nature whereas our model is driven lﬁ'O]
our measurements. Finally, [23] presents an analyticalystu
of ad hoc networks with base stations and finds that the
number of base stations must increase /aswheren is the [11]
number of wireless nodes in order to achieve an appreciable
capacity increase. However, their results are not apgkcalji2]
to our deployment because they analyze a peer-to-peectraffi
matrix. [13]

3]

VIl. CONCLUSIONS [14]

In this work, we develop a measurement driven deploymems]
strategy for a two-tier urban mesh access network. With our
link measurements, we generate a probabilistic model fidr i [16]
throughput and reliability as a function of distance. Wenthe
empirically define the CSMA multihop throughput distrikari
for for competing, multihop flows of different traffic types,
including fully backlogged, rate limited, and web-emuthte
traffic. Using the empirical data gained from our single and
multihop measurements, we compute the performance o
broad class of mesh networks. We show that well-known theasg)
retical and practical assumptions about physical enviemts)
throughput models, and traffic matrices each can lead to m
networks that are either completely disconnected or hgavil
overprovisioned, increasing cost by an order of magnitude.
Further, we find that rate-control mechanisms and web trafic!
eliminate starvation and yield high performance. Finalg
demonstrate that network performance improves up to &8l
percent with respect to both throughput and reliability by
careful placement of both wired and wireless nodes. [23]

In ongoing work, we are using our measurement driven
placement techniques for the Technology For All mesh net-
work deployment in Houston. We will refine our models and
study real traffic as the network expands and evolves to serve
the immediate neighborhood and surrounding areas.

17]
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