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Abstract—We introduce a measurement-based optimization the standard 802.11 MAC protocol. These topology control
framework for topology control in dense 802.11 networks us- splutions use simplistic interference model assumptisosh
ing sectorized antennas. We first formulate a topology conbf as pairwise interference) and use adaptations of graphetieo

optimization problem, where nodes activate their sectoried lqorith Thev i | tical ideratiand
antenna patterns to minimize network interference and maxi algorithms. €y Ignore several practical consideratian

mize network capacity. In contrast to previous approachespur ~are evaluated only through simulation studies.
formulation is based on a physical interference model that elies On the other hand, recent measurement studies on densely
on Received Signal Strength (RSS) measurements on multiple deployed 802.11 networks [2], [13] have shown that common
antenna patterns of each link. We then introduce a distribued design assumptions such as usage of geographically ppintin
measurement protocol to measure RSS of these antenna patiter ) . S
and a greedy distributed topology control protocol that use this sectors anq secFor |ndepend§nce on multi-sector actvatio
information to achieve topologies of minimal interference The are sub-optimal in reflection-rich dense deployments. &hes
protocols are experimentally evaluated on a dense 802.11meiess studies have also investigated the effect of physical layer
testbed. Extensive measurements show that the protocolsefate  capture on reducing directional hidden terminal problerd an
very close to optimal and yield significant increase in netwk  pae shown that sectorized antennas can provide highéalspat
throughput compared to omni-directional antennas. These esults o .
hold for various traffic scenarios in both wireless LAN and mesh  '€US€ opportun|t|e§. However, these observations ha\)@e_rmt
network configurations. translated to practical protocols that can extract the dapa
gains of antenna sectorization in real-world dense wigeles

|. INTRODUCTION environments.

Recently, 802.11 wireless networks have gained signiﬁcantIn this paper, we introduce an opiimization framework
momentum due to potential high data rate connectivity, ve nd develop a practical and efficient topology control pro-

low deployment cost, and free or low-cost network access col using sectorlzeq antennas that I_eyerages on previous
elxperlmental observations. The main distinction betwean o

users. 802.11 networks, however, suffer from serious -int . .
?opology control approach and earlier proposals is that we

ference problems limiting their capacity due to the broatica ¢ ¢ based h for tonol irol
nature of the wireless medium and their use of the unlicensgd Y OU' @ measurement based approach for topology contro

spectrum band. Sectorized antennas is an attractive ol using low-cost s_ectorized antennas that_ are simple to wesig
reduce wireless interference through higher spatial e and can work with commodity 802.11 wireless hardware.

antennas can concentrate radio signal energy in a particuIaWe first formulate a topology control optimization problem

direction, instead of radiating it in all directions likeeihn as a quhadractjlc |tnteg_er. brogram th”at act;t|vatke§ {‘nufltlpleo&ect d
omni-directional counterpart, on each node to minimize overall network interference an

thereby maximize capacity. We then introduce a technique

to exploit directional communication: directional MAC ppoe ‘to reduce it to an equivalent linear integer program. The
P ' resulting linear integer program can be relaxed to obtain

cols and topology control protocals. Directional MAC prOtObounds on the optimal solution using standard LP solvers.

cols [3], [9] aim to achieve higher spatial reuse by SW'tChE{ur formulation uses a physical interference model based

ing between different sectors to communicate to differen . .
) , on measurements of Received Signal Strength (RSS) values,
neighbors at a very fast (per-packet) time scale. They als0.
. e ich have been observed to capture the performance of
require modifications to the 802.11 MAC protocol to comba. Lo . :
S . X ifferent sector activations well [2], [13]. This formuian also
deafness and directional hidden terminal problem [4]. Gn th = . . .
avoids modeling the detailed operation of the 802.11 MAC
other hand, topology control protocols [5], [6], [10], [14] s o )
. . . . protocol which is hard and cannot be easily incorporated in
activate multiple sectors simultaneously at slower timelesc o
gptimization procedures [8], [12].

(in the order of minutes or more) at the potential expens L
: I We then propose a greedy distributed topology control pro-
of performance, but do not require complex modifications to o
ocol and a distributed measurement protocol. In the tapolo

*This work was undertaken while the first author was interminghomson, control protocol, nodes use a .gre_edy heuristic to itertive
Paris; at that time, he was a PhD student at Stony Brook WsityeNY, USA.  solve the topology control optimization problem based aalo



one-hop measurements of RSS values of the antenna pattamsnna models, assume pair-wise interference modelppeop

on their adjacent links. The measurement protocol ensussdutions based on graph theoretic algorithms, and perform

that the most up to date RSS values on all antenna pattesimaulation-based evaluations.

are measured and provided to the topology control protocol,In contrast to previous work, we take an experimental ap-

by properly coordinating node transmissions and receptipnoach to topology control using multi-sector antennasesd r

on different antenna patterns. Both protocols can be ngaditorld dense deployments. We formulate a topology control

implemented using commodity 802.11 hardware and operaigtimization problem based on insights from experimental

transparently with the 802.11 MAC protocol and network layestudies in current literature [2], [13]. Similar to Sundzar

link selection techniques, such as routing protocols intimulet al. [14], we aim to minimize the overall interference in

hop wireless mesh networks or association mechanismsttie network. On the contrary, our formulation uses physi-

WLANS. cal interference models based on measured received signal
Finally, we perform a detailed experimental evaluation aftrength values, rather than pairwise interference models

our greedy topology control protocol in an indoor 802.1Eurthermore, we do not rely on idealized antenna models with

wireless testbed in a variety of network and traffic scermariperfect radiation patterns. Instead, we adopt a measutemen

and show that it yields a near-optimal solution in all ca3é® based approach for characterizing the antenna sectorslsd/e a

topology control protocol reduces both sender and receivantrast previous work as we do not rely on advanced antennas

side interference and results in significant improvement or digital signal processing, but instead use a simple awd lo

spatial reuse compared to using omni-directional antennasst multi-sector antenna that can be readily used withlaegu

We also evaluate the tradeoff between RSS measuremeffithe-shelf IEEE 802.11a hardware.

complexity of the measurement protocol and throughput gain

achieved by the topology control protocol due to spatial

reuse. We finally show that network density plays a critical In this section, we present our system model and formulate

role in the amount of spatial reuse that can be leveragt topology control problem using multi-sector antenrsa a

using antenna sectorization. The results collectivelywshcombinatorial optimization problem.

that carefully er_lgm.eered_ topology control pro.t_ocolls base A Network Model

antenna sectorization without complex modifications to the

802.11 MAC protocol can provide substantial throughpungai Ve represent the network by a directed graph- (V; E)
in real world dense 802.11 wireless networks. where V" is the set of V' nodes in the network anél C V*

The paper is structured as follows. Section II surve)}§ a set of links between pairs of nodes. More precisely, the

state of the art. Section Ill introduces the formulation dinK (u,v) exists between node pair andv, (u,v) € E if

the topology control optimization problem and Section j\ylata can be delivered fromto v vy|th a delivery ratio above a
provides a Linear Programming (LP) technique to obtain reshold €D Rip.s,) when the link operates at the lowest bit
lower bound of the optimal solution. Section V and Section VRt€ supportedby the underlying physical layer. This ensures
are devoted to the distributed topology control protocad arfhat each I|r_1k in t_he network can carry data using at least one
distributed measurement protocol, respectively. In 8ecdll,  ©f the possible bit rates.

we experimentally evaluate the topology control optinizat e S&y a link(u, v) € E'is active if it is selected to carry

framework composed by these two protocols in a 802, fata traffic. Link selection is performed by a network layer
wireless testbed. Section VIII concludes. protocol, such as the association mechanism between an AP

and client in a WLAN, or a multi-hop routing protocol in a
1. RELATED WORK mesh network (e.g., AODV, DSR). In this paper, we do not

A majority of past work on the use of sectorized anterfonsider the link selection procedure itself, but assunge th
nas and topology control in 802.11 based wireless networR€Sence of such a mechanism. As we show later, our topology
has focused on analytical studies, and protocol design af'trol algorithm does not impact link selections basedrdn |
evaluation through simulations. Kumar et al. [10] uses di‘@lity metrics such as ETX and ETT. L&t C E denote the
antenna model consisting of multiple single-sector arasnrs€t ofactivelinks in the network. Sef” is an input parameter
and propose a centralized algorithm to construct a minimd Our topology control optimization problem.
degree spanning _tree in a mesh network. Huang et aI._[Q_, Antenna Model
[6] propose two different topology control approaches wahic

use transmission power adjustments and multi-sector aagen We assume each node in the network is equipped with a

They assume simplified antenna and network interferen'a-%'It."sector ame””"?‘ cqn3|st|ng sn‘seg:tor;. Arantenna pat-
models, and propose a graph coloring based approach.yEin rnis formed by activating any combination of thessectors. _
Sundaresan et al. [14] consider the problem of determini <e 2tgtall nLuTE(eZOan?tem;{a piatgernsttht%t car: bfe formb?d IS
the (antenna) communication pattern to be used by nodes iﬁ g € =10,1,...,k—1} denote the set of possible

mesh network and formulate it as interference minimizatiofilwntenna patterns available at each node. Here antennanpatte

when usmg ‘smart antennas” (digital adaptive arra:ys)' _A” 1The lowest supported bit rate is 1 Mbps in 802.11b mode and pship
the current approaches for topology control uses idealizegk.11a mode

IIl. PROBLEM FORMULATION



0 denotes the omni-directional mode where akbectors are satisfied.
enabled. An important property of our multi-sector antenna Z RSSyu < CSinres (1)
model is that the maximum gain in omni-directional mode wel(u)

equals the maximum gain in single or multi-sector mode. Th\'/vﬁwereRSS

roperty eliminates the negative effects caused by doeati wa IS the received signal strength at nodérom
property 9 y nodew, I(u) is the set of nodes that can cause interference

hidden terminal problem due to asymmetry in gain [4]. Cutrrent nodew (denoted as thénterference sdtand CSye. is

solutions to eliminate this problem use multi-hop RTS/CT . : :

. ) . . e carrier sense threshold. On the receiver side, a packet

packets, which are hard to implement in commodity 802. . . : X
ransmitted fromw to u is successfully received only if the

hardware. The multi-sector antennas considered in thiempa . L L
L ) . .(followmg condition is satisfied.

thus primarily target interference reduction along theesi
lobes rather than improving the link budget along the main RS Sy >3 @)
lobe. >wer(u) BSSwu + N

Let G denote the gain of antenna (in dBi) when USin%ereN
antenna patterhalong the directio. Under ideal conditions,
in the absence of multi-path reflection, the received signgl
strength (RSS) at a node from a nodeu when nodeu is
using antenna patterirto transmit packets and nodes using
antenna pattern to receive the packets is given by,

is the background noise arttiis the receive threshold.

We define the interference sktu) for a nodeu as follows.

nodew € I(u) iff (u,w) and(w,u) ¢ E". This implies that

all nodes in the network that do not transmit to or receivenfro

nodew according to the links selected by the network layer

protocol are part of the interference set. The interferemice

PG GIbou nodeu thenisy_, /() RS Swu. This affects node: when it
RSSuvi; = T o is either the sender node of a link (Equation 1) or the receive
“ node of a link (Equation 2).
where P! is the transmit power at node 6,,, is the direction ~ The focus of our approach is to minimize the aggregate
from nodeu to v, d,,, is the distance betweenandv, anda interference in the network, which is defined as follows:

is the path loss coefficient. In practice, RSS is an estimhte o
the signal energy level at the receiver during packet rémept Z Z RSSwu = Z RSSuu 3)
and is measured when receiving the PLCP packet header. ueV wel(w) (wu)¢E'

Whenever a new antenna pattern is selected, the antenna gairoptimization Framework
changes with a resulting change in the energy level at the

receiver. RSS is thus the fundamental physical layer qyyantl ize the aggregate interference in the network as defined in

affected by this change. Using commodity wireless cards, t quation (3) by assigning appropriate antenna patternadb e

:)eb(iz:\r/]i% ?;gnmalthsérerl?strr:] ?‘Lo?qnit)grlilgw’hlgagzp %ed:(;retgu)éagﬁde subject to a connectivity constraint. Our connegtivit
P 9 nstraint is defined for each link i (the links that carry

received packet. It has been shown in previous studies [ggta raffic) as followsFor each link(u, v) in the setf’, the

[13] that RSS correlates well with higher layer metrics I'k??SS of that link after the antenna pattern assignment should

packet delivery ratio and data rate of a link. RSS also fohﬁs_tbe comparable (within a threshold of a few dB) to the RSS of

we discuss how to use link RSS to model interferenceome link when both node and nodev use omni-directional

. L : mode.We define the optimization problem formally below.
the network and define the objective function of our topology - .
o Let X,; be a decision variable that denotes whether or not
control optimization problem.

antenna pattern is assigned to node. X,; = 1 if antenna

patterni is assigned to node: and X,; = 0 otherwise.

For each link(u,v) in the setE’, let Cuvij denote whether
The obvious approach to topology control is to maximizassigning antenna patteitio nodeu and; to nodev satisfies

network capacity. However, we are concerned with networkise connectivity constraint.

that use CSMA and in contrast to a TDMA-based network, .

modeling network capacity of such a network is difficult. Cuuvij = { (1)’ Ifté%SS@oo ~ RBSSuvij < Cin

However, recently, several measurement-based capacitly mo , omnerwise

els have been proposed [8], [12]. These models are compleiere RSS,,00 denotes the RSS of linku,v) when both

and are not easily incorporated in optimization frameworksnodes use omni-directional mode afbS,.;; denotes the
Our approach to topology control is to minimize thggre- RSS when node; uses antenna patterinand nodev uses

gate interferencén the network (defined later). This has beeantenna patterp. C;;, is a threshold chosen to be of the order

used [7] as an indirect way to optimize network capacity. lof a few dB. Note that in our antenna model, omni-directional

CSMA based wireless networks, a transmission suffers framode has the largest gain among all antenna patterns.

interference both at the sender and receiver side. ConaideChoosing antenna patternisand j such thatC,.,;; = 1

transmission from node to nodewv. At the sender sidex ensures that the data rate of the liok v) does not suffer

senses the medium free only when the following condition ecause of antenna pattern assignment. This ensures kke lin

Informally, our approach to topology control is to mini-

C. Interference Model and Objective Function



selected by the network layer protocol do not suffer podn the original optimization formulationX,; - X,; = 1 in
performance due to our antenna pattern assignment. In a hilsé objective function when botiX,,; and X,,; are 1 and 0
level, the goal of our topology control approach is to mamtaotherwise. Equation (9) ensures that when h&th) and X, ;
the quality of the active links (links that carry traffic) andare 1, thenY,,;; is forced to be 1. In the remaining cases,
reduces the interference between the active links by eificiet’,,;; can either bed or 1. Since the optimization problem

antenna pattern assignment. aims to minimize the objective, when given a choice of 0 or
1 to the variabl€eY,,;;, O is chosen.
Our topology control problem is defined as follows: Using the above mentioned reductions, the original quadrat
ically constraint quadratic optimization problem transfis
minimize >~ Y RSSuuij - Xuwi - Xuj into the following integer linear program.
(wu)¢E" LIEK
minimize Z Z RSSwuij - Yeuij
> Xui = LVueV (4) (wu)gE' i€k
ieK
S Covig - Xui- Xy > 1,¥(u,0) € B (5) ;{X“ = 1 vueV
i,jEK /
Xu € {0,1},VueV,Vie K (6) ZK Cuvij - Zuvij 2 1, V(u,v) € E
1,j€

Equation (4) ensures that each node in the network is
assigned exactly one antenna pattern. Equation (5) ensures Yuuvij
that the RSS, using the assigned antenna patterns, of each Zuvi
link carrying data traffic is withinCy;, of the RSS when 7
using omni-modes. Finally, Equation 6, ensures fiafs take wor
values 0 or 1. Xui

The above optimization problem is a quadratically con-  Y,,;; {0,1},Vu,v ¢ E/,Vi,j e K
strained quadratic optimization problem and is known to be Zuwi; € {0,1},Vu,ve E, Vi,je K
NP-hard. In the next section, we reduce this problem to a
integer linear program and then relax it to a linear program t We can obtain lower bounds on the optimal solution in

Xui+ Xo; — 1,Vu,v ¢ E Vi, j € K
Xui,Vu,v € E' Vi, je K
X,j,Yu,v € E \Vi,je K
{0,1},Vue VVie K

m m N IN IV

obtain a lower bound on the optimal solution. polynomial time by relaxing the integrality constraintsthre
above integer linear program using standard solvers such as
IV. LINEAR PROGRAM FORMULATION CPLEX [1].

Our goal in this section is to replace the quadratic objectiv. V. GREEDY DISTRIBUTED TOPOLOGY CONTROL
and quadratic constraint in our formulation with a linear PrROTOCOL

objective and constraint. Note that the objectlve function e present a distributed topology control protocol that
only includes links that do not belong to the skt and ajms to solve the topology control optimization problem.
constraint (5) only applies to links only belonging to g6t The protocol works transparently with existing link selent
These two sets of links are disjoint. We replace the produglechanisms (routing protocols such as AODV and DSR in
Xui- Xy by @ new variableZ,,;; in equation (5) and introduce mesh networks or association mechanisms in WLANSs) and
two new constraints, can be implemented on top of the 802.11 MAC protocol using
/ o commodity 802.11 wireless hardware. The protocol uses as
Zuwi S Xuiy Vu,0 € E,’ vi.je K (7) input the active linkst" from the link selection mechanism
Zuvij < Xoj,Vu,ve B, Vi,jeK (8) and the RSS,,; values from a distributed measurement
protocol (Section VI). We first present the algorithm that

In the original optimization formulationX,,; - X,,; = 1 when 8ontains the idea behind the protocol.

both X,; and X,; are 1 and O otherwise. Equations (7) an
(8) ensure thatZ,,;; is less than bothX,; and X,; which A. Distributed Iterative Algorithm

ensures tha,,;; must be0 when eitherX,; or X,; is 0. The topology control optimization problem described in the
When bothX,; and X,; are 1, it can either bé or 1. Since previous section is extremely complex to solve even with
the left side of equation (5) should be greater than 1, at leagntralized information. We present a distributed heigrist
one of theZ,,;; will be forced to bel. This ensures that the that aims to iteratively solve this problem using only local
connectivity constraint is satisfied for every link caryidata. information. Consider an arbitrary assignment wheyec K

We then replace the produst,; - X,,; by the variableY,,,;; denotes the antenna pattern assigned to each nddethe
in the objective function and add the following additionahetwork. For this assignment, the interference at nods

constraints.
/ Y RSSuus,e. (10)
Yu'uij > Xuz + ij - 17vua v ¢ E 7Vi7j €EK (9) (w,u)iE’



This objective function can also be written %: S, where: pattern modification it is BUSY and uses the omni-directlona
uevV antenna pattern, otherwise it is FREE and uses its assigned
antenna pattern;,,. Upon entering the BUSY state, a node

Su = Z RSSwuz,o, + Z RSSuws,e, (11) attempts to modify its antenna pattern assignment. Sinee th

wiwel (u) winel(w) attempts among nodes are not synchronized, multiple nodes
The first term of S, corresponds to the interference othemay attempt to modify their antenna patterns simultangousl
nodesw cause to node: and the second term correspondRecall that each iteration of the distributed algorithmuiegs
to the interference node causes to other nodes. The a node to modify its assignment while its one-hop neighbors
iterative algorithm aims to minimize the objective functio keep their assignments fixed. This issue is addressed using a
by iteratively minimizing eachs,,. distributed locking mechanism described next.

At each iterationn, the algorithm operates as follows. Let We now describe the protocol actions during the attempt of
=\, Yu € V) denote the antenna pattern assignments of &pdeu. In the following description, when we say that a node
nodes at iteration. A nodeu is selected to modify its antennau (or w) becomes BUSNt performs the following actions: it
pattern assignment and all its one-hop neighbars: w ¢ switches to BUSY state, switches to omni-antenna pattern 0,
I(u),u € I(w)} and{v : (u,v) € E'} keep their antenna and sets a timeout equal to BUSVMIMEOUT which is the

pattern assignments!”’ and =" fixed. The node selection Maximum duration nodes participate in each attempt. When a
order can be with respect to different criteria but for siiwipf nodew (or w) aborts it switches to FREE state and returns
we assume it is arbitrary. Nodecomputes the sectar’ that !0 its antenna pattern assignment (or z.,).

minimizes S, (z,) in equation (11) subject to the constraints; Step 1.Nodeu first becomes BUSYThen it minimizessS.,
in Equation (11) based on the, values in its local table and

RSSuwoo = RSS, . pom = Can, (u,v) € E' obtains the minimumS; and corresponding assignmer.
RSSyu00 — RSS .. < Cin, (v,u)€E Then, it sends a broadcast TORREQ packet that contains
vuty Ty S*. It also sets a timeout TOP®EQ TIMEOUT during

This minimization includes (i) selecting all antenna paise which it waits for TOPOREQ ACK responses from all
x,, that satisfy connectivity constraints of links, v) in the neighbors.
setE', i.e., Cuvw,z, = 1, and (ii) for theser,, compute  Step 2.When a nodev receives a TOPCGREQ packet from
and compare the corresponding valuesdgrbased on Equa- v, it returns a TOPOREQ NACK packet tou if it is BUSY or
tion (11). Finally, node: selectse;, as its new antenna patternif S* < S*. Otherwise, if it is FREE and? > S, it becomes
assignment. BUSYand returns a (unicast) TOPREQ ACK packet tou.

It is easy to show that the above algorithm is guarante@the comparison betwee$y: andS, serves both to break ties
to converge to a local minimum of the objective function oénd to implement a greedy iteration where only the node with
Equation (10), after a finite number of iterations, regaslleminimum S* within its one-hop neighborhood modifies its
of initial state. The reason is that during each iteratioa tisector assignment. This results in maximum reduction of the
objective function decreases and there is a finite number gibbal objective within each one-hop neighborhood.

antenna pattern combinations in the network. Step 3.If nodeu receives at least one TOPREQ_NACK
o or its TOPQREQ TIMEOUT expires, it broadcasts a
B. Greedy Distributed Protocol TOPO CANCEL packet and aborts Otherwise, if it

We now provide a distributed protocol that realizes a greedgceives TOPOREQ ACK from all neighbors within
version of the distributed iterative algorithm. The pratbc TOPO REQ TIMEOUT, it broadcasts a TOP@ONFIRM
is executed continuously and asynchronously at each nod@acket. Then, it switches to FREE state and switches to the
and relies only on local computations and one-hop messag®v antenna pattern assignmetjt
exchanges. It operates on top of the 802.11 MAC and itsStep 4. If node w receives a TOPQCONFIRM packet
messages are implemented with broadcast or unicast netwaskignment from, it switches to FREE state and switches
layer packets. All messages are sent using the omni-direditi back to its antenna pattern assignmept
antenna pattern and at the lowest data rate (6 Mbps in ouiAt this point the antenna pattern reassignment at node
802.11a implementation) to increase coverage and retigbilis complete. If during the above steps the BUSYMEOUT
respectively. timer of any BUSY node expires, or a node receives a
Each nodeu maintains a table for each neighboerthat TOPQ CANCEL packet, this nodaborts
contains (i) current antenna pattern and (i) RS Swuz,x,
values for all antenna sectors on lirfke, w), measured by VI. DISTRIBUTED MEASUREMENTPROTOCOL
a separate distributed measurement protocol describduein t We present a distributed measurement protocol that aims
next section. Each node periodically sends a broadcasto measure the RSS valudsSs,,,;,, ;,, for all links (u,v)
packet containing its current antenna pattern assignmgnt in the network, given a pre-specified set bf link antenna
so that neighbors update their tables. patterns.Z = {(im, jm),m = 1,..., M}, wherei,, and j,,
Each nodeu is in two states with respect to its partici-take values if{0, 1, ...,2°—1}. In the special case whefd =
pation to the topology control protocol. During an antenn&? = (2°—1)?2, the measurement protocol seeks to measure all



possible antenna patterns for all links in the network. Befocontention delay. In our MadWiFi implementation we removed
describing the protocol, we first illustrate the idea behiind the queuing delay by prioritizing the broadcast probe picke
using an idealized algorithm. The resulting MAC delay is in the order of a few milli-seconds
. which determines the timestamp accuracy.
A. Algorithm Receiver operation.As receiver, each node must coor-
Time is organized inV cycles, whereV is the number of dinate with the timing and antenna patterns of transmitted
nodes in the network. In each cycle a single node transmitprobes. A protocol parameter known to all nodes is the
broadcast probe packets and all other nadast as receivers. minimum dwell periodl'p, ., which is the minimum required
All nodes are perfectly synchronized and know the transmime to receive probe packets at a specific antenna pattern.
sion times of the probe packets and which antenna patterngi9, . includes (i) the delay for node to switch the antenna
use during each transmission. Each cycle consisig edunds pattern at the driver level, (ii) the packet transmissiorations
where in then-th round node: transmits)/ broadcast packets of two probe packets (one for receiving the probe of another
on antenna patterns, .., 7y, while all other nodes are tunednodewv and one for itself when it acts as transmitter) and (iii)
in antenna pattern,,. Thus, under ideal conditions of perfecthe timestamp accuracy.
coordination and no packet losses, #&S5,.,,;,, Of all links When nodeu receives a probe packet from each node
can be measured iV M2 measurements. v for the first time, it determines the antenna patterns and
Translation of this algorithm to an operational protocadpproximate start times of all future probe packets,dfased
entails several challenges. Since the protocol shouldat@eron M, T, T X SE(Q and the contents of the probe packet. Let
above the 802.11 MAC protocol, no tight synchronization of),, be the start time when nodeenters dwell periodn and
packet transmission and sector activation timings is alégl activates antenna patteyp, for a durationT,,. During this
This imposes limitations on coordinating nodes to send @sobdwell period node. may receive probe packets from multiple
at the right time and on the right antenna patterns. In aditi neighbor nodes. Let i,,(v) be the antenna pattern in the
the protocol should account for maintenance of coordimatiprobe sent by a node during this dwell period. At the end
under packet losses and simultaneous transmissions andofethe dwell period, node acts as follows.
ceptions among different nodes. Step 1: Nodew extracts the RSS of the probe and uses it
to update its moving average estimatefo$.S, . ;.. (v),j. -
Step 2: Nodew adjusts its estimate of the start timg
The measurement protocol is executed continuously at eagfththe next dwell period using the earliest timestamp seen
nodew and aims to measure the RSS values on all antennahe received probe packets. Then, the dwell pefiipd, , ,
patterns.Z = {(im,jm),m = 1,...,M}. It operates on top is determined as the maximum @f,,_ . (to account for the
of the 802.11 MAC and its probes are implemented witimplementation constraints) and the difference of thestate
broadcast network layer packets. All probes are sent at th@estamp and,,,; (to account for all potentially received
lowest data rate (6 Mbps in our 802.11a implementation) frobes).
increase reliability. During the protocol, each nadperforms  Step 3: Due to the global sequence TXSEQ, already
different transmitter and receiver actions, described.nex knows the next antenna patterns ;(v) of the nodeswv.
Transmitter operation. As transmitter, each nodecontin- Node u selects the antenna pattejp, ., = j for its least
uously executes measurement cycles. Each measurement oytently received patter(i,,,+1(v), 7). This selection ensures
consists ofM/ broadcast probe packets, each sent to the MAGat eventually all patterns will be measured.
protocol buffer everyl’,; seconds at a pre-defined antenna Step 4:Nodewv schedules a timer to enter dwell period-1
pattern sequenc& X SEQ = (i1,i2,...,im). This sequence at sectorj,,.1 based on the computeg,; andTp,, ..
is an ordering of the TX antenna patterfis, } of the set  Node u may transmit or receive packets from any other
M = {(im,jm),m =1,...,M}. The parameterd/, T); and nodes during the dwell period. The dwell period should be
TXSEQ are fixed and known to all nodes in the networkshort enough to ensure that the measurement protocol will no
They help remove the timing and antenna pattern uncertaimfyerate using non-optimized sectors for extended peribéds o
at the receivers. time but long enough to ensure that the probes will be redeive
Each probe of node informs neighbor nodes about its ownusing the right sector configuration. In our implementatian
Tx antenna pattern and approximate time of arrival of the nexse 75, ,, =100ms andl'y; = 2s, which corresponds to 5%
probes. More specifically, the:-th probe contains (i) its Tx operation in non-optimized antenna patterns.
antenna pattern,, (ii) its sequence numbem in TXSEQ, ] )
and (iii) a timestampt,, of the time it was buffered at the C- Reducing measurement complexity
MAC queue of nodeu (in an implementation over 802.11 We consider two measurement methods. Method 1 measures
MAC we cannot know when a probe is actually transmitteall antenna patterns for each link and requires a number of
over the air). This timestamp aids the neighbors of nede measurements that grows exponentially with the number of
to coarsely synchronize their clocks with the clock of nodsectors. Method 1 require® = (2° — 1) measurements per
u and estimate when it buffers its probe packets. The 802.liiik. Method 2 provides decreased measurement complexity
MAC delay is random and consists of queuing delay and MA& the potential cost of loss in accuracy. It predicts the

B. Protocol



RSS of multi-sector patterns of each node based only on2) Experiment ConfigurationstWe perform all our exper-
measurements of single-sector patterns. More specifidally iment using channel 52 in the 802.11a 5GHz band during
a given set of sectors, the RSS of their multi-sector pafternnight-time and without external interference. Unless #jgst
approximated by the maximum RSS of the measured singtagherwise, each node uses 1 dBm Tx power, 6 Mbps data rate
sector patterns. This method ignores multi-path reflesteomd and a 3 dBC};, threshold. We use a UDP traffic generator
assumes that sector combinations are superpositions of ithéacklogged mode to generate 1024-byte back-to-back UDP
individual sectors. Method 2 requirédd = s> measurements packets and collect measurement data using Tcpdump. In addi
per link. tion to the above default settings, in some experiments we va
Both methods work with the measurement protocol e Tx power and’y;, threshold, and switch between unicast
replacing M with the appropriate number of measurementnd broadcast data packets to study the impact of different
and having nodes being aware of which sector patterns th@stwork densities, sector assignments, and data traffic.
need to measure. We evaluate the accuracy of these method3ut of the 15 node pairs in our testbed, six have 100%

in the experimental evaluation section that follows. delivery ratio in both directions. These links form part bét
set I in our problem formulation. Most of our experimental
VII. EXPERIMENTAL EVALUATION configurations consist of 'two-link’ topologies. In eachva-

We first d ibe th . | hodol includi link’ topology we select two links from set E that do not
; d'rSt escribe t e ((ejxpenmenta hmet odology, ;tncdlljtdl are a node. We also perform experiments on both WLAN
testbed setup, sectorized antenna characteristics, amdltde , \\ireless mesh network configurations, where each node

experiment configurations. Next, we pre_sent the experi_ahenécts as a client/AP or mesh router, respectively. All nofauale
results that quantify the performance gains of our appramchand additional parameter settings and network configuratio

a real-world dense deployment under different scenarios. are detailed along with the results in the following section

A. Experimental Methodology B. Experimental Results

1) Testbed SetupWe deploy a six-node testbed in an We evaluate and compare three sector assignment schemes.
indoor office environment as shown in Figure 2. This envirodn the ‘Greedy’ scheme, we assign antenna patterns to all
ment is rich in multi-path reflections, typical in dense homthe nodes using our greedy topology control protocol. In
or enterprise WiFi deployments and community wireless metite ‘Omni’ scheme, all nodes use omni-directional mode.
networks. Each node is a Dell D610 laptop running Linukn the ‘Optimal’ scheme, we perform an exhaustive search
(Fedora Core 6) and uses the Madwifi driver (version 0.9.4)5°) to obtain the optimal antenna pattern assignments; the
to control an Atheros IEEE 802.11 a/b/g wireless card. ‘Optimal’ scheme is a useful benchmark for the efficiency of
the 'Greedy’ scheme.

We first study both sender side and receiver side interferenc
reductions. Next, we study aggregate broadcast throughput

B2 ¢

o] MiTdhide [Tl | oo [ performance under varying network density, and then uhicas
o O s . . W throughput. We then investigate the impact of varyiig and
N6 = = different sector measurement schemes. Finally, we iryetsti

- i = 5 ‘ the performance under WLAN and mesh network scenarios.
o I sk @ 1) Sender side interference reductiom:a CSMA network,

Lo | oo o L) "N b N2 a sender node defers when it senses the carrier signal ala lev

above the carrier sense threshold. RSS reduction at theisend
from interfering nodes ultimately leads to increased mediu
Fig. 2. A map of the testbed deployment. Dark squares showndde 2CCESS probability and sending rate for these nodes.
locations and the orientation of their antennas. For each of the 20 two-link topologies, we measure at each
sender node the RSS from the interferer node (the sender of
We equip the wireless card at each node with a Vivaltle other link), using the three sector assignment schemes.
multi-sector antenna [11], shown in Figure 1(a). This anéenFigure 3 shows the RSS value at each sender node for 40
can be used with any commodity IEEE 802.11 wireless cadifferent links (two in each of the 20 topologies). In all eas
operating in the 5 GHz band. Each of the four sectors covele Greedy and Optimal schemes generate less interference
a different quarter of the azimuth plane. The sectors at eatlan the Omni scheme and the Greedy scheme performs
node can be simultaneously activated in any combinatiars, thclose to the Optimal scheme. The carrier sense threshold in
allowing 15 different antenna patterns. Omni-mode is agtde 802.11a mode at 6 Mbps is approximately -85 dBm [13].
by simultaneously activating all four sectors. Figures)1(tWhen the RSS at the sender from the interferer is below
and 1(c) show the radiation patterns in the azimuth planafothis threshold, there is a high probability for the sender to
single sector and omni-mode, respectively. Sector aativas completely eliminate the interferer and achieve highetiapa
controlled by a switch integrated on the antenna systengtwhireuse. In the Greedy scheme 23 out of 40 links (58%) yield
we control through the parallel port of the host computer. RSS less than -85 dBm, in the Optimal scheme 26 links



(a) Four-sector Vivaldi antenna. (b) Radiation pattern in azimuth plane (c) Radiation pattern in azimuth plane
for a single sector. for omni-mode.

Fig. 1. Sectorized antenna used in our study. The concetitdtes in the radiation patterns are 2 dB per division.

(65%) and in the Omni scheme no link. This clearly showsiode. Therefore, it reduces the probability of occurrenice o
that our topology control protocol improves spatial reuge kihe directional hidden terminal problem and can thus leyera
reducing sender side interference. While higher spatiaége on the higher spatial reuse achieved at the sender node, Next
leads to increased sending rates at the sender nodes, itsnayae study the impact of reducing both sender and receiver side
lead to increased directional hidden terminal problemsat tinterference on the aggregate network throughput.

receivers. We therefore proceed to evaluate the receider si

interference reduction due to our topology control protoco _ s T _ 55 o,

g -60 Greedy & & 60 Greedy -8
£ % 65 Optimal e~ % 65 Optimal e~
g Omni —— % e 37 g 7 N
5 e 30 Greedy —&— . 75 75 [eBwlgy - mded
2 75 ggg?ndgi ————— o g 25 Oprﬁsnayl """ - ﬁﬂ' ,% 80 ‘E{fajii e imn‘ "i'i.\ % 80 ° o "3,_ Wi 5I\,. %,
2 8 g 20 9;:# : L v T S 85
£ S 15 n a © g © g
£ g5l S I W LY oF Rt 0 5 10 15 20 0 5 10 15 20
3 : g 5 ’["X [h e e Sample Topologies Sample Topologies
2 <0 . Y I ;&e 2 (a) Objective value at 1 dBm Tgb) Objective value at 4 dBm Tx
@ 95 L - 5 power. power.

o 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 . .

Link Index Link Index 8 4 3 14 . .

o o) .

S s Oomni —<—

) . ) o T S e Greedy ~-a--
Fig. 3. Sender interference reduc-Fig. 4. Receiver interference reduc- 2 (5| . 3 40 Optimal --e-
tion. tion. g . N

E e Y SO

2) Receiver side interference reductiofhe effect of the 5§ 4 g 4
dlrec_t|0nal h|dden terr_mnal problem can I_Je red_uced by im-8 2 0 15 2 & 24 5 1w 15 2
proving the signal to interference and noise ratio (SINR) at Sample topologies Sample topologies
the receiver. When two packets arrive at the same time instde) Aggregate throughput at 1 dBid) Aggregate throughput at 4 dBm
at a receiver node, the packet with a higher signal strersgthx Power. Tx power.

Captured if the difference in 5|gnal strength (SI_NR) Is geea Fig. 5. Objective value (aggregate interference) and aggeethroughput at
than the capture threshold. We evaluate the improvementuin network densities, where nodes use 1 dBm and 4 dBm Tx plawvel.

SINR using our topology control protocol. Note that the ob-
jective function aims to minimize the RSS from the interfesre  3) Objective value and aggregate throughput at different
while maintaining the RSS from the sender at a high level, anétwork densities:Figures 5(a) and 5(b) show the objective
thereby aims to improve the SINR at the receiver. value as defined in Equation (3) in our optimization framekwor
Figure 4 depicts the SINR in each of the 40 links using tHer two network densities. In the first case, all nodes use the
three sector assignment schemes. The SINRs of the Greddfault 1 dBm Tx power. In the second case, all nodes use
and Optimal schemes are higher compared to the SINR odBm Tx power and the network is very dense-all 15 node
the Omni scheme in most cases. The capture thresholdpmrs in our six-node network have 100% delivery ratio intbot
802.11a mode at 6 Mbps is approximately 6 dB [13]. Whetlirections under Omni-mode. In both cases, on the average
the SINR of a link is more than this threshold, the signdhere is approximately 8 dB reduction in the objective value
is captured with high probability. Both Greedy and Optimglaggregate network interference) when using the Greedyeor t
schemes result in 31 out of 40 (78%) with SINR greater thaDptimal scheme compared to the Omni scheme.
6 dB, while the corresponding fraction using the Omni schemeFigure 5(c) and 5(d), depicts the aggregate network through
is 19 out of 40 links (48%). Our topology control schem@ut using broadcast packets in the two network densities.
thus reduces the receiver side interference compared ta-OnWe use broadcast packets rather than unicast packets, to
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(@) Cyp, = 0dB, 1 dBm Tx power. (b) Cy, = 5dB, 1 dBm Tx power.
understand the maximum increase in spatial reuse in the aﬁé. 7. Comparison of aggregate throughput with varyingsholdC, .
sence of MAC level retransmissions and exponential backo
Both Greedy and Optimal schemes result in higher aggre-
gate throughput compared to the Omni scheme. At 1 dB,

Tx power, the Greedy and Optllmal schemes both result Measurement protocol reduce measurement complexity by
two-fold aggregate throughput improvement for half of th5\ipplying a measurement method where multi-sector RSS is
topologies. At 4 dBm Tx power only a few topologies achiev redicted from single sector RSS measurements ('Method 2’
similar improvement. In such highly dense networks, fin ih Section VI). We compare this method with that obtained
sectorization (sectors_with smal_ler width) and joint Tx mow from measuring in all sector combinations (Method 1' in
control may lead to h!gher spaﬂal reu-se. . ) Section VI) and against the Omni scheme. Figure 8 shows
4) Performance using unicast traffidn this section, we the aggregate throughput when using these three different

present throughput results for unicast traffic sent at 6 MbRSLames. We observe that for both the Greedy and Optimal

data rate. Figure 6 depicts the aggregate throughput for 18,6 mes Method 2 results in performance degradation com-
three sector assignment schemes. The Greedy and Opti d to Method 1. However, Method 2 still outperforms the

§Cheme5 outperform the Omni scheme, .though the relat%_?nni scheme for several topologies in both cases.
improvement is less compared to when using broadcast traffic
(cf. Figure 5(c)). There are two main reasons for this reduce g 1 e
improvement. First, unicast traffic has ACK packets sent byz ¢ Prediction Method 2 -—=-—-
the receiver nodes that can reduce spatial reuse. Secoid, ACE
packets can collide with data packets on other links causin
increased directional hidden terminal problems. We olesarv
average throughput improvement of more than 1.5 Mbps (33%
improvement over 5 Mbps) when using the Greedy scheme
compared to the Omni scheme.

5) Impact of varyingCy,: In this section, we study the
performance impact of different values ©f, . Recall that this F19- 8- Comparison of two prediction methods for Greedy anuiral

. . schemes with the Omni scheme.
threshold corresponds to the maximum allowed reduction in

RSS compared to Omni-mode in order to consider a specificin the next two sections, we present results from a a WLAN
sector assignment (i.e., antenna patterns leading to an R&3 a multi-hop wireless mesh network configuration.
reduction greater than this threshold are not considered).  7) WLAN scenario:We consider a WLAN scenario where
Figure 7 shows the aggregate throughput of the three sedtms access points (APs) are equipped with sectorized aamsenn
assignment schemes for two different threshold values;pf to reduce interference, while the clients have only omni-
As Cy, increases from 0 dB to 5 dB, the fraction of linkdirectional antennas. We use eight different topologieshe
that achieve throughput improvements increases from 25%densisting of two APs with two clients each. We uperf to
50%. Among those links, the average throughput improvemesgind downlink backlogged traffic, from APs toward the ckent
is around 60%. The performance when using 3 dB thresholdWe expect the relative improvement of our topology control
(default value in our experiments) is intermediate betwegmotocol to be slightly less than in previous experimentssT
these two cases (See Figure 5(c)). is because APs need to use wider sector selection to com-
This performance improvement is explained as follows. Aunicate with multiple clients. In addition, since the olie
slight increase of the&”,;, leads to considering more sectouse omni-directional antennas they cannot contribute atiap
combinations with fewer sectors (including single sedtorgeuse improvement and, furthermore, they are more exposed
This, in turn, translates into less generated interfereara to directional hidden terminals. Despite these constsaive
thus a higher sending rate at the senders and less dirdctiatserve in Figure 9 that the Greedy scheme results in 15-25%

6) Performance using different prediction schemgsthis
ction, we evaluate the performance impact of letting our
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e 2 LR S

regate Q@oug

e 53

Aggregate Throughput (Mbps)

0 5 10 15 20 0 5 10 15 20
Sample topologies Sample topologies

(a) Greedy scheme. (b) Optimal scheme.



aggregate throughput improvement over the Omni scheméMNe then introduced a greedy distributed topology control
except in topologies 1 and 3. In these cases, both schemestocol and an associated RSS measurement protocol that ca

resulted in the same sector assignments.

omni —=—
13 Greedy o

i

Aggregate Throughput (Mbps)
>
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Sample WLAN topologies

Fig. 9. Aggregate throughput improvement in WLAN scenario.

8) Multi-hop scenario: We now consider a small multi-

be implemented in commodity 802.11 hardware and operate
transparently with the 802.11 MAC and network layer link
selection protocols. Our experimental evaluation on a elens
wireless network testbed showed that our approach achieves
both near-optimal performance and significant throughput i
crease over omni-directional antennas in various netwotk a
traffic scenarios. The results also show that network dgnsit
affects the performance gains due to sectorization. Finak
guantified the tradeoff between RSS measurement complexity
and throughput performance when predicted RSS values are
used for topology control.

We conclude that carefully engineered topology control
protocols based on sectorized antennas without complex mod
ifications to the 802.11 MAC protocol can provide substdntia
throughput gains in real world 802.11 wireless networks. In

hop mesh network configuration. We configure nodes as mé¥f future work, we plan to use finely tunable sectorized

routers and select eight different topologies where baytjdéa

antennas along with dynamic transmit power and data rate

unicast UDP traffic is transmitted simultaneously over a-tw@daptation to achieve maximum spatial reuse in dense wiele
hop path and a single hop path. Mesh configurations pd&gPloyments.
more restrictions to topology control since mesh routesd th REEERENCES
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