A Client-driven Approach for Channel Management in Wireless LANs

Arunesh Mishrd Vladimir Brik? Suman Banerjee Aravind Srinivasah William Arbaugh

15Ccg Dept, University of Maryland, College Park, USArunesh,srin,wg&@cs.umd.edu.
23CS Dept, University of Wisconsin, Madison, USAladimir,suman@cs.wisc.edu.

Abstract—\We propose an efficient client-based approach for a basic design rule, APs within range of each other are set to
channel management (channel assignment and load balancing different “non-overlapping” channels. Network adminggars
in 802.11-based WLANS that lead to better usage of the wiress typically use multiple techniques to assign channels to #®Ps

spectrum. This approach is based on a “conflict set coloringfor- . . .
mulation that jointly performs load balancing along with channel reduce interference between them. First they conductleetai

assignment. Such a formulation has a number of advantages. Radio Frequency (RF) site surveys, often using spectrum
First, it explicitly captures interference effects at cliets. Next, analyzers, prior to setting up APs within the building and
it intrinsically exposes opportunities for better channelre-use. yse this information tananuallyassign specific channels to
Finally, algorithms based on this formulation do not dependon e 4], Beyond such initial assignment, each AP contin-
specific physical RF models and hence can be applied efficiént . . . L

to a wide-range of in-building as well as outdoor scenarios. uously monitors its a;sgned channel for data trarjsmlssmn

We have performed extensive packet-|eve| simulations and by Other APS a.nd the|r C|IentS |f the V0|Ume Of tl‘af'fIC n that

measurements on a deployed wireless testbed of 70 APs tochannel (from other APs or clients of other APSs) is greatanth
validate the performance of our proposed algorithms. We she g threshold, the first AP moves to a less congested channel. We

that in addition to single network scenarios, the conflict s 5| this technique for channel assignmebgast Congested
coloring formulation is well suited for channel assignmentwhere Channel Search (LCCS)

multiple wireless networks share and contend for spectrumn . L
the same physical space. Our results over a wide range of both ~Consider tlhe W'_-AN t0p9|09y shown 'n.F'gure 1. Th'jee_APS
simulated topologies and in-building testbed experimentsdicate and respective clients (client-AP associations) are atdit

that our approach improves application |eV€!J performance athe using directed arrows. Since the Region X shown in the figure
clients by upto three times (and atleast 50%) in comparisond s devoid of clients, APsAP; and AP, can be assigned
current best-known techniques. L
the same channel to maximize spectrum re-use. However,
. INTRODUCTION the same optimization cannot be done wilP, and AP;

since Region Y has clients interfering with each other. This

Wireless LANs have_s_een exploswe growth in reqent Y€&fktinction between the two scenarios is critical to legera
as a last-hop connectivity solution. They operate in the 2.4

. _ .~ .“such channel re-use opportunities. Note that by capturing
gnd 5 Ghz Eands V\r/1here unhEenjec_i spectrum Is vfery I(|jm|t. ngestion information at the ARasone it is very hard to
ue to such growth, network administrators are faced wi stinguish between these two scenarios in an algorithmic
an emerging challenge of efficiently managing bandwid

. . i ) anner.
resources to provide l:_)(_atter service to clients. In .thIS pape Approaches such as LCCS af-centricin nature, that
we focus on the specific problem of channel assignment .

. o > tjgo they capture interference at the APs but do not involve
|rr:1prove apIJ(phcatlonhtrllroughput on a per-user basis and Qlent participation. For the setup shown in Figure 1, LCCS
t eCEetWOT as a whote. her d . h I gill be unable to distinguish between Region X versus Region
annel assignment in ot er domains such as Cceliuir_ precisely because the interference present in Region Y
networks has been modeled traditionally as a vertex ccgon% hidden from the respective APs. We call this thtidden
problem. However, the irregular coverage topologies piesgyiq forence Problemwhich is discussed in detail in Section

in WLANS due to the vagaries of the indoor RF environmeqF_ In this work, we show that AP-centric approaches lack the

mafkfg .the cr;]annel aﬁsgnment aIgonthm; In celllélargemvorgbi“ty to detect various similar interference scenaridsiol
inefficient when applied to WLAN scenarios[1], [2], [3]. can cause serious inefficiencies in the channel utilizamch

observations provide the motivation to innovate clienttde

) L . models and techniques for channel assignment in the context
Each AP operates onsngle administrator-specified chan- ¢ \a ANs.

nel. The mobile client scans the wireless mediuragsociate  tq end goal of this work is to improve application perfor-

with an AP that hqs a strong Sig'_"al' All c;ommunicatio%ance_ While client-based channel assignment solves a part
between an AP and its associated clients (which form a Bagif e problem, load balancing of clients among APs is also
Service Set (BSS)) occur in the channel assigned to the AP. A, jeq for a complete solution. Prior work by Bejerano et.

3Supported in part by NSF Award CNS-0520152. al. [5] prow_des a provably good centralized Ic_>ad balar_10|ng
4pffiliated to CS and UMIACS. Supported in part by NSF Awards RC method _Wh|Ch assumes t_hat the channel aSS|gnment_ '_S per-
0208005 and CNS-0426683. formed independently. It is natural to expect that by jgintl

Existing approaches to assigning channels:
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Fig. 2. Four interference situations and how tia@ge and interferenceset
Fig. 1. Channel assignment should be based on user perfoemdie constructs capture them.
unshaded circles indicate the interference radius of edeh A

considering both channel assignment and the load balanclnterferes with a client (such adP; interfering with Co),

o, Sgnficant improvemens can be schised. In 1 27 PSS 5 P o e feige sl of e et Thi
work, we provide a centralized solution to this joint prahlef b y

. . . .___from the interfering AP. Thus, in Figure 2, the range set of
channel assignment and load balancing to improve appitati .

U . Co containsAP, and AP,. For all other cases, the ARP,
performance. Through application level metrics we show tha

O : L r%)resenting thénk AP, — C, that interferes withAP, — Cj
such a joint solution has significant advantages compared .
becomes a part of the interference set(®f For example,

B e ot e A7 0, treres n AR, at . A7 1
P 9 9 inserted into the interference set@§. Thus, the interference

management s]gt of Cy comprises of APy, AP;, AP, }.

In this paper, we propose a novel client-centric model 0 Th | of ch | t based flict set
capturing the interference constraints in a WLAN. Based on € goal of channel management based on contict se
loring is to assign channels/colors in such a way that each

this model, we develop a centralized technique for addre§$— . ianed to APs (ch ¢ h hich
ing the problem of channel management. Such centraliZE{fNt IS assigned to APs (chosen from the range set) whic

approaches are applicable teanagednetworks in organiza- \s/\l;ffer from minimum Col.nﬂlgt (?r ar.ehconfllcltltgg:i;pqsablzlze)é
tional settings such as airports, hotels, business offized, © propose a centralized algorithm ca ssign-ra

centrally managed hotspots. We also extend our approackﬁ@nds for conflict set color assignment using Randomized

deployments where multiple networks managed by differefyPmPaction) which ad(_jresses the joint problem of chann_el
entities share the same physical spectrum [6]. management. We describe some of the key advantages of using

such an approach for channel management in WLANS:
Our Conflict Set Coloring Model Client-driven approach: We call a channel management
We capture the hidden interference scenarios (similar atgorithm client-driven if it aims to minimize interfereaor
Figure 1) by constructing a set theoretic model cattedflict conflictsat wireless clientapart from the APs. Our proposed
set coloring We use the ternconflict to denote scenarios CFAssign-RaCalgorithm implicitly models the location and
where any two stations (APs or clients) belonging to diffiére distribution of wireless clients with respect to the APs lahi
BSS interfere with each other by the virtue of sharing theesarmaking channel assignment and load balancing decisions in
channel. order to meet the minimization objective. We demonstraa¢ th
Let (X,C) denote a wireless LAN, withX as the set such a client-driven approach leads to more efficient channe
of APs, andC as the set of clients. Each cliente C is management at APs that reduce interference Viireless
represented as a tuple.,i.) consisting of two sets: (i) a clients. We elaborate more on this model in Section IV.
range set r., which consists of all APs in communicationExisting approaches (LCCS) and other potential alteraativ
range, i.e., all APs to which a client can associate to a@gproaches (using the vertex coloring model) capture the
obtain service; and (ii) amterferenceseti., which consists interference at APs instead of the interference at clients
of all APs within one-hop range of tha&P-client link: that and hence perform poorly (see Section Il and IlI). Client-
is all APs that are within range of any station (AP or clientiiriven approaches have been used for various optimizations
that is in direct range of the AP or client under consideratioin WLANSs [8], [9]. However, this the first such approach to
LetT = {t. = (r.,i.)|V clientsc} be the set of tuples for all address the joint problem of channel management.
clients. We call(X,T") a Conflict (CF) Set System Joint channel assignment and load balancingin order
Two entities that seek to communicate data wirelessly cém achieve the best application performance, the problem of
suffer interference at either points[7]. In WLANS, one oésle channel assignment should not be studied in isolation from
entities is an AP and the other a client. Figure 2 presents ttne problem of client-AP association (load balancing). In
concepts of range and interference sets pictorially. Thta daurrent WLAN systems, these two problems are addressed
link of interest is APy — Cy. There are two possible casesndependent of each other as follows. First, APs are asdigne
of interference each at P, and C, as shown. When an AP different channels based on techniques like RF site sumdy a



LCCS. Subsequently, each cliemdependentlyidentifies an [1. EXISTING APPROACHES ANDLIMITATIONS
AP in its vicinity with good signal strength and associatéhw The state-of-the-art method [4] for channel assignment is

it. Or, exi_sting Ioad.balancing techniques such as [5] can Pc()e perform a Least Congested Channel Search (LCCS). There
used to distribute client load among the APs. We show in thé ist approaches for load balancing after a channel assignm

paper that more efficient use of wireless channels is p@ssi s been computed [5]. We first analytically model LCCS and

when we consider the channel assignment problem in tandﬁl@cuss its limitations. Next, we discuss some of the inttere

with the problem of load balancing client-AP assoc'at'on%hortcomings of using any existing load balancing techaiqu

i.e. performing channel management. The conflict set audori . .
approach of theCFAssign-RaCalgorithm implicitly couples after performing a channel assignment.

and simultaneously solves both these problems for reduggghitations of LCCS - The Hidden Interference Problem

interference at wireless clients. o
In LCCS, an AP, on detecting interference from other APs or

Dynamic channel re-use and discovery of hidden-AP<Ef-  clients associated to other APs, searches for a “less-stedje
ficient channel re-use is an important requirement of akpot channel of operation on a periodic basis. We now show that
tial algorithms. Our proposed solutions dynamically id§nt there are many potential scenarios in which an AP using
opportunities for channel reuse when overlap regions amofig LCCS algorithm is unable detect certain scenarios of
APs (such as among P, and AP; in Figure 1) are devoid interference with neighboring APs and clients.

of mobile clients, but quickly revert back to a re-assignmen Figure 3 shows four differentonflict scenarios that can

of channels as the overlap regions become populated Wiffise between two neighboring APs that operate on the same
clients. (We ignore small timescale, transient migratiofis channel. We define the terconflictto denote scenarios where
user populations.) any two stations (APs or clients) belonging to different BSS
Independence from RF propagation models:The conflict interfere with gach other by the virtue Qf sharing the same
set coloring model meets this objective of propagation rhodd'@nnel- In Figure 3, the innermost circle around an AP
independence by using empirical samples of the clientseexﬁnd'cates its communication radius. The circle of radius 2R

rience of interference to make decisions on channel assignm@round an AP indicates the region where transmission from
(instead of using properties of radio propagation to “ihfar clients associated to this AP could potentially interferighw

terference). Such client participation exposes a moreratgeu &1 Station.

view of client interference and enables the algorithms thkena 1€ outermost circle denoted ypss (> 2R) indicates
better channel assignment decisions. the size of an AP’s BSS. This is maximum distance from the

AP upto which transmission from the AP or clients associated

We also present a detailed evaluation of BBAssigN- g this AP would trigger carrier sense at a receiver — however
RaC algorithm based on conflict set coloring, using botghe signal would not be strong enough for data packet to be
extensivepacket-level simulationthat evaluate the impact onyeceived without errors. Optimizations such as [8], [6] can
application level metricas well as measuremenperformed mitigate the effect due to carrier-sense based interferand
on a large testbed consisting of 70 APs distributed over fopan pe used in conjunction with the techniques discussed in
floors of an office building. Our results indicate that thenis paper. Henceforth, the teriterference refers to data
proposed techniques lead to significantly lower interfeeentansmissions unintended for a recipiefitus, a transmission
at wireless clients. Our simulations show that for variougom a nodeX intended forY is labeled as interference to all
topologies (dense and sparse) our approach results in ugiRer nodes that receive the packet.
three times (and atleast 50%) improved throughputs at thep, Figure 3 assume clients; and C, are associated with

application-level. Based on measurements performed aver gos 4p, and AP, respectively. We distinguish between the
in-building wireless network, we observed that BBASsIgN-  {o|lowing scenarios:

RaC algorithm always found the optimal solution in practice
and thus brought about significant reduction in client ifigier
ence over the LCCS approach.

o No conflict: In this scenario (not shown for brevity)
the two APs are separated by a distance greater than
Rpss+ R. This is the minimum distance that allows two

Roadmap: The rest of the paper is structured as follows: We  APs to use the same channel without causing interference

first discuss limitations of existing AP-centric approasbach

as LCCS (Section Il) and vertex coloring when applied to «

WLANS (Section III). We then present our conflict set colgrin
model (Section IV) and discuss tl&FAssign-RaGlgorithm

in detail (Section V). Next, we incorporate load balancing

into the CFAssign-RaCalgorithm (Section VI). We evaluate
our approach through extensive simulations (Section it a

independent of the client distribution

Type-1 conflict: In this case (Figure 3(a)) the two APs
are separated by a distance betw&g s andRpss+R.

This implies that transmissions of client§ andCs will
cause elevated signal levels to trigger carrier sense ht eac
other. However, they will be unable to receive the trans-
missions correctly to determine the source. Techniques

measurements over a deployed in-building wireless network outlined in [8], [6] can be used in conjunction with the
(Section VIII). We discuss related work in Section IX and  model and algorithms presented in this paper to mitigate
summarize in Section X. the interference due to such scenarios.
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(a) Type-1 Conflict (b) Type-2 Conflict (c) Type-3 Conflict (d) Type-4 Conflict

Fig. 3. Figure shows four differertonflict situations that can arise with two APs. Shown for each APsi€iimmunication radius (R) and a region of radius
2R where transmissions from associated clients wouldferer

o Type-2 conflict: In this case (Figure 3(b)) the distance K o
between the two APs is such thaR < D < Rpgg. In o Mawses
this case, the client§; andC, interfere with each other. |
This interference will appear as increased signal level at ; )
the APs. However, they will be unable to determine the ‘,’/
source of such interference. Only the clients themselves 5
can deterministically capture such scenarios of interfer- . M1users
ence which an AP-centric technique such as LCCS will Sl Meusers S
fail to recognize. Mausers

o Type-3 conflict: In this case (Figure 3(c)) the distance (in range of M1 and M3)
between the two APs is betwedh and2R. Depending
on the position ofCy, AP, might or might not be able
to detect this interference. This appliesd@ and AP,
as well. Load Balancing after LCCS

o Type-4 conflict: In this case (Figure 3(d)) the distance
between the two APs is less thdt Such interference .
can be detected at the APs in a deterministic mann
regardless of client positions. This is because each
can receive data packets transmitted by the other and in
this interference.

Fig. 4. Figure shows an example topology where LCCS withnogitiload
balancing produces an unfair solution compare@EAssign-RaC

Once a channel assignment is known, it is possible to
prove user performance by carefully balancing load acros
s. Given a channel assignment, one of the best known
hniques for load balancing is given by Bejerano et. al. in
. It provides a Linear Programming (LP) based centralize
scheme for fairness and load balancing in a WLAN. The
) approach is well suited for scenarios where the channel
Among these four scenarios, the two APs should be gssignment strategy is fixed and static. In our work, we
located the same channel only in the No-conflict case agggress WLAN scenarios where the channel assignment can
possibly the Type-1 Conflict case. In the other three casgy controlled either in a centralized manner. It can be sgen b
the two APs should be assigned to different non-overlappiggnstructing some examples that a joint optimization of the
channels, if possible. Note that AP-centric approaches syg,annel assignment and load balancing will perform better

as LCCS can only detect Type-4 conflicts deterministicalliith regard to end user throughput. We present a detailed
Also the frequency of Type-2 and Type-3 conflicts is expectefiscussion in a technical report [10].
to be quite high. Both simple geometric analysis (72% of all

conflicts assuming a uniform distribution of APs and homo- IlI. AV ERTEX COLORING BASEDAPPROACH AND ITS
geneous transmission radii) as well as real-life measunesne LIMITATIONS
taken on our operational WLAN testbed (in Section VIII)

. Based on the discussion in the previous section, it may
demonstrate this.

appear natural to model the channel assignment problem in

The interference present in Type-2 and Type-3 conflicWLANS as a vertex coloring problem cognizant of client in-
outlined above ividdenfrom the APs. The APs are cognizanterference. Vertex coloring approaches have been sucdigssf
of the presence of clients, however, without client pgptition applied to frequency assignment in cellular networks [11],
they cannot infer the presence of such interference. Hence[12], [13].
parallel with theHidden Terminal Problenof wireless data  In our prior work [14], we have explored specific imple-
networks, we term such a scenario as ltidden Interference mentations of this vertex coloring based channel assighmen
Problemof WLANSs. Thus client feedback is seen to be vitain WLANs [10]. Due to space constraints we do not report
in making channel decisions. on specific details of this approach. Instead we focus on



specific shortcomings of such an approach which form theP; could be assigned color 1 whil@ P,, AP;, AP, could
intuition behind the conflict set formulation that we propos be assigned color 2.

We augment this discussion with a simulation based evalnati Figure 2 shows the four logical ways in which an AP-client
of the vertex coloring approach in Section VII. link can suffer conflicts at either ends. A client is said to

Consider Figure 5(a) which shows four AP4:P(; 4. be conflict-freeif its association with an AP on the assigned
Assume that none of these APs interfere with each othehannel eliminates conflicts at both the AP and the client. If
Clients C, Cy, C3,Cy are in direct communication range ofthere does not exist such an AP, the client then associates to
APs AP,, AP,, AP;, AP, respectively and no other APs.AP such that the AP-client link hagrinimum conflict- where
Therefore,C; associates wittd Py, Cy associates wittdP,, conflict on a particular channel can be measured as the number
and so on. Client’s is in direct communication range of allof APs that share the channel. In Section VI we discuss the
the four APs. Without loss of generality, let us assume thakact method of measuring the total conflict on a channel. The
C5s associates wittd P, . Figure 5(b) shows the correspondingyoal of channel management over this conflict set system is
conflict graph, which is a 4-clique. Note that this graph ig-coto assign channels to APs in such a way that it minimizes the
nizant of interference suffered at the clients. There isdgee conflict for each client. This solution also yields an asatich
between each pair APs since cligdl is in communication mapping of clients to APs, where a client associates to the AP
range of both APs. Therefore, based on the vertex coloritttat has the minimum conflict.
approach, each AP will be assigned a distinct color (channel We formalize this notion of conflict set coloring as follows:
and we will need four different non-overlapping channels tBach client is represented as a tuple of two gets): arange
guarantee conflict freedom. setr and aninterferenceset .

However, in reality only two channels are sufficient t&Range set of a client:For each client we define its range
guarantee conflict freedom in this example. For examplegt as the set of all APs such that the client lies within
we can assigndP; (and its clientsCy, Cs) to one channel the communication range of each such AP, regardless of the
and all other APs to the same second channel. Note tliatrent channel of operation of the APs. In Figure 5, the eang
AP, AP3, AP, and their clients do not interfere with eactset forC; is {AP;, AP,, AP;, AP,}. Note that a client can
other. compute its range set empirically by monitoring APs in its

Such a solution is not realizable in the vertex coloringicinity and has to associate to one of such APs to obtain
approach because the graph model fundamentally lackg cliaptwork service.
representation. We next describe our conflict set coloringterference set of a client:The range set of a client captures
formulation where such an assignment can be achieved. some of the interference experienced by the client, but does

not capture the total interference observed by the clight-A
\ link. A client can suffer additional interference from ciis
@ @ of other APs, if the client is within the transmission rande o
such clients. Note that if the client is within the transridsas
range of such an AP, then the AP will be in the range set. On
the other hand, if the client is outside the transmissiomean
A of such an AP, the latter becomes a part of the interferertce se
@ Also if two APs are within transmission range of each other,
X , clients associated to one such AP would suffer interference

e from the other. Such APs are also a part of the interference

set.

@ () An AP a is a member of thénterference sebf a clientc if
Fig. 5. () A WLAN example and (b) the graph created by theexecbloring (I) als th a.member of the range s_etcoand, (II)_a is within
formulation. communication range of some station(AP or client) andx
is either the client or an AP within range of. That is, the
IV. CONFLICT SET COLORING FORMULATION AP « is within one-hop range of the client-AP link. Figure 2

We formulate the problem of channel management in wirdlustrates these concepts pictorially.
less LANs as aconflict (CF) set coloring problemConsider Scenarios of Interference:Figure 6 shows the various conflict
the example shown in Figure 5. Clierds . .. C4 are assigned scenarios. An edge indicates that the corresponding stadie
to AP; ... AP, respectively. ClientCs is in range of all within communication range of each other. We discuss how
four APs: {AP;, AP,, AP;, AP,}. Given this set, we need the conflict set system captures each of these scenarios:
a coloring of the APs such that this set has at least one APIn Figure 6(A), C; is within range ofAP, and AP,. This
with a uniquecolor, i.e., that color is not used by another ARs captured by the notion of range sets which consists of all
within the set. The client hence, associates to the AP with tAPs that are in communication range of a client. Channel
unigue color. This can be trivially achieved if we selecta@ka assignment algorithms based on this conflict set system will
one AP and assign it a particular color (associate clignto hence assign different channelsAd®, and AP.
it), and then assign different colors to the rest. For examplii) In Figure 6(B), AP, and AP, interfere with each other.



allows other neighboring APs to use the second channel for
improved throughputs. By keeping the model updated on a
periodic yetcoarse-grainedbasis, we will be able to neglect
® fine-grained user migrations, and capture medium and large-
scale variations of client distributions.
Finally, the conflict set coloring formulation captureseeffs
of interference through sets (range and interference sets)
instead of physical RF models, e.g., two-ray pathloss model
Therefore algorithms that provide solutions to this cohfiet
© (©) formulation will be efficientirrespective of the underlying
physical RF properties of the wireless environmemhis
advantage is possible becausesamplethe interference con-

straints directly at the clients rather thiafier such constraints

Such intgrference can b_e _detected. by the APs.themseresuéqhg properties of radio propagation. Thus, such an aphroa
our conflict set model, this inter-AP interference is reprasd

) ) ) . is applicable to indoor environments which are challengng
as interference suffered by clients as this affects thenklie ,,,4el from an RF perspective.
throughput. For example, the interference betwe and  conglict Minimization Objective: A client in conflict can

AP, in Figure 6(B) effects the throughput for cliet and g ter from drastic reduction in throughput — the reduction

hence, AP, is a member of the interference set of clienfacior can be non-linear in the total number of stations (it

Ci. Note that such a client-based representation of inter-42 Aps) in conflict with this client [15]. The objective of
interference is beneficial as (A) it assigns different cl#®In 1o confiict set coloring problem is to minimize the conflict

to the interfering APs (if possible) to reduce the effect@sis g oreq by each client. As a special case, such an objective

interference on clients associated to such APs, and (B)&n iyction also maximizes the number of clients that are ctfl
degenerate case (not shown in figure) that both APs are Raly \when considering application throughput as the erad} go
servingany clients, they are assigned the same channel ({95 jmportant to optimize an objective function which is@e
maximize channel re-use), thus permitting improved chBnng 5irness and load balancing issues while performing obkn
gﬁSlgnm_ents to other neighboring APs. assignment as discussed earlier in Section VI.

(iii) In Figure 6(C), the APs are out of range of each other. por simplicity of presentation, we first consider the ohijet
However, the clients could interfere with each other if theys maximizingthe number of clients that are conflict free.
are associated to the respective APs as shown. This is langig|ow we discuss a formal representation of the conflict set
by making AP, a member of the interference set© and ¢ojoring problem based on conflict-freedom maximization.
vice versa. In order to minimize the conflicts, our formwati \e present the coloring algorithm based on this objective
would thus assign different channels to these APs, if ptEssibynction in Section V. Later in Section VI, we propose a
(iv) In Figure 6(D), AP1 and AP, are in the range set of conflict minimization objective function which incorpoest

CQ. AlSOl APQ is in the.interference set @1. As before, our |oad ba|ancing and fairness issues and adaptﬂﬁﬁssign-
formulation would assign different channels A’ and AP, RaCalgorithm to incorporate this objective function.

if possible.

Some advantages of conflict set coloring formulation; Notations and Definitions

There are multiple advantages of using the conflict set col-Let (X, C) denote a wireless network, whekeis the set of

oring formulation to obtain an efficient channel assignment all APs andC is the set of all clients. For each client C,

WLANS. First, this formulation directly captures the effe¢ we associate a tuple = (r.,i.) wherer. € 2% (2% denotes

interference at the clients using the range and the intfer the power set ofX) is the range set for andi. € 2¥ is the

sets. Thus, algorithms that provide solutions to this m@obl interference set for. Let T = {t. = (r.,i.)|V clientsc}. We

aim to directly reduce the metric of interest — conflict atall (X,7") constructed in the above manner, a conflict set

the wireless clients. Therefore we call thischent-driven system (or simply, a set system) for the netw¢i C). Let

approach. This is a key difference from the vertex colog: X — {1...k} be the color/channel assignment usihg

ing approach (Section Ill) where the vertices to be coloresblors, for a set systerfiX, T').

represent the APs and the edges indirectly account for the

interference on clients due to the assignment of same amloRroperty of Conflict-freedonfor a client represented by =

two neighboring APs. (re,ic) € T, definez; = {z € r. Ui, : 6(z) = j}, then
Next, the conflict set coloring formulation intrinsically3j € {1...k}, such that (i)|z;| = 1 and (i) letz; = {z,},

captures opportunities for channel re-use. In the exampletbhenz; € r.. In other words:

Figure 5, we would need 2 channels for the minimum conflié&tssignment of colorsé) to the APs is in such a way that for

assignment (which made all clients conflict-free). Now ithe client ¢) there is at least one AR:Yin the range set of

client Cs were to become inactive (or moved to a completelyhich is assigned a colof, and no other AP in the range set

different location), all APs could use the same channels Thir interference set of has been assigned to this same color,

Fig. 6. Various interference scenarios.



j. We shall refer to this property as the conflict-free colgrinapplied to any existing color assignment to increase canflic
property, and we say the clientis conflict-free. freedom among clients, and later describe the algorithmgusi
A solution to conflict set coloring also implicitly defines arthis.
association mapping for the client, i.e., the client wikasiate =~ Compaction StepConsider an APap € X. Keeping all
to the AP which holds the conflict-free color in its range sebther color assignments the same, the compaction stepiassig
Thus, the solution provides the following: a color toap which maximizes the number of conflict-free
1) 6 gives the channel assignment for the APs. clients overall for the set systef, 7). Such a color is chosen
2) Fort. € T, definey(c) = z such that color ofz is asthe new assignment fop. Note that the number of conflict-
conflict free int.. (z is the AP that leads to conflict- free clients can be easily computed using the interfereatse s
freedom for this client.) For clients that are not conflictavailable at the central entity. Stépshown in Algorithm 1
free, = is the AP that suffers from minimum conflictcorresponds to this compaction.
out of all APs in the range set af ~(c) provides the  In Step6, we calculate the value of this objective function,
association mapping for all clients. which is the number of conflict free clients. The channel
It has been shown that, in general, the conflict set coloriggsignment for APap is changed only if it improves the
problem is not easier than vertex coloring, and is hard @bjective function value. In Step, if the objective function
approximate [16]. In the next section, we define efficievalue stays the same after applying the compaction step (Ste
strategies that maximize the number of conflict-free ctien6), the algorithm terminates.

in the set system. The CFAssign-RaGlgorithm operates by repeatedly invok-
ing the compaction step for each AP in succession. The order
V. RANDOMIZED COMPACTION of invocation is randomized by using a random permutation of

We describe a randomized algorithm for conflict set cothe APs (Step 2). The entire compaction process (Steps 6-8)
oring with the conflict-freedom as the objective functiomeT is repeated till the objective function (number of confhicte
algorithm, calledCFAssign-RaGCFAssigrusing “randomized clients) stops improving. Note that the objective functisn
compaction”) works in a centralized manner and is partitula @ discrete value, and is lower bounded (by zero). Thus, after
suited for centrally managed wireless networks with migtip2 single executing of the compaction process (Steps 6-8), th
APs, as is typical in most organizations, airports, hotets, algorithm either improves the objective function or terates
By using the ability to detect and capture different typeStep 9). Thus, the algorithm will provably terminate.
of conflicts (Section Il) and by taking advantage of the Because of the hardness of this problem [16], we invoke the
conflict set coloring formulation which captures opportigs CFAssign-RaGlgorithm multiple times with different random
for channel re-use, the centraliz&FAssign-RaCalgorithm permutations and obtained the best solution across these ru
performs better than LCCS and other AP-centric approaché¥lce an AP-permutation is fixed;FAssign-RaCuses the

compaction step to iteratively refine the solution basedhen t

Algorithm 1 CFAssign-RaQq X, T, k) objective function. By invoking this algorithm multiplenties,
X = set of access points, we perform a randoml_ze_d search with iterative refinement ove
T = set of (range,interferendetuples for each client, the squuon_space. This increases the char]ces of congemin
& = number of colors a bette_r optima and possibly the global optimum over mtipl
6:X — {1...k} is the returned channel assignment executions.
1: X’ be a random permutation of. Implementation Issues
2. Let X' = {x1,22,..., 24} The CFAssign-RaCalgorithm needs an accurately con-
3: SetVz € X,0(x) = —1 /* indicates an unassigned AP */structed conflict set coloring formulatigtX, T'). APs can find
4: while true do out the range and interference sets of their clients by =tnee
5 ncf < NumConflictFregT’, 0) the latter to conduct site-reportas specified in IEEE 802.11K
6: fori=1...|X|do drafts [17]. In a site-report, a client scans all channeld an
7 0(z;) < CompactionStep (z;, 0, T k) reports all the APs within its range on the different chaanel
8: end for Such scans can be requested periodically or dynamicallgdbas
9: if Num.ConflictFre€T’, ) = ncf then on mobility. A scan for IEEE 802.11b can be completed in
10: stop around150 mg[18], which is negligible compared to duration
11: end if of a channel re-assignment.
12: end while Channel re-assignment can be done either periodically or

dynamically based on feedback. The feedback based tea@niqu
Conceptually theCFAssign-RaCalgorithm (described in triggers a re-assignment if the quality of the current assignt
Algorithm 1) progressively choses the 'best’ color (chdhneas measured by the objective function degrades below a rela-
for an AP that maximizes the number of clients that amive threshold. We discuss such extensions in our simuilatio
conflict-free. We first describe@mpactiorstep which can be with mobility in Section VII.



Changing the channel for an AP/client is a relatively lowand the corresponding association mappings said to be
cost operation1(— 2 ms) which can be implemented mostlya min-max conflict assignment if its corresponding conflict
as a driver update [9]. The actual operation of changing thector CF = {¢f1,...,cfn}, has the same or lower lexi-
channel can be synchronized with an AP’s beacon. The IEERgraphical value than any other channel assignment. Given
802.11K draft specifies MAC level primitives to achieve thiswo n—tuples of numberg' = {cf1,cfa,...,cf,} andC’ =
goal. {cf1,cfy, ..., cfl}, each in non-increasing order, we say that
C lexicographically dominate€” if C' = C’, or there is some
index j for which cf; > cf andcf; = cf; for all i < j [20].

The goal of a channel assignment scheme is to improvet C’ < C denote that lexicographically dominateS’. We
user perceived throughput and network utilization. Apestf  say thatC' andC’ are equivalent if botl’ < ¢’ andC’ < C.
suffering interference from other APs and clients assedi&h This relation defines a total order on the equivalence caste
other APs, a client shares the medium with clients assatiatgonflict vectors or the corresponding channel assignmers a
to its own AP . TheCFAssign-RaCalgorithm makes clients association mappings. Also, the conflict vectors in the uaiq
associate to APs that are conflict-free i.e., free from #Aer minimal equivalence class (unds) correspond to the fairest
interference. However, if many clients are already assedi®o channel assignments and association mappings. We deeote th
an AP, such clients would experience throughput reductien diexicographical value of this conflict vector (arranged omn
to considerabléntra-AP load. Thus, the channel assignmenihcreasing order of conflict value), the objective function
solution should associate clients to APs that minimize Bhe goal is to minimize the value of this objective function.
combination of both intra-AP load and inter-AP interferenc  To incorporate load balancing, we modify ti@FAssign-

Prior work presented in [5] seeks to provide a min-max faRaC algorithm in the following manner. Step 6 GfFAssign-
assignment of clients to APs. However, as discussed earf@iCin Algorithm 1 uses the number of conflict-free clients
in Section 1, a combined solution to the problem of channgk the objective function. We replace this with theobjec-
assignment and load balancing is essential. Here we augm@m function discussed above. Note that a client decides to
objective function of our conflict set coloring formulatidd associate to an AP that offers minimum total conflict. This
capture load balancing constraints. in turn affects the value of the conflict function Thus,

Given a wireless networkX, C') and a client € C. Letthe because of this feedbacRFAssign-RaGequires more rounds
tuple t. = (r.,i.) denote the range and interference sets f@s converge to a solution where any further changes to the
clientc. Letf : X — {1...k} be a channel/color assignmentoloring would only worsen the value af (Step 6). The
and lety : C — X be the association mapping function (i.e.CFAssign-RaCalgorithm converges provably even with the
the AP to which any client is associated to). kgt:), where new objective function (in practice 6 rounds are sufficient)
x € X, denote the number of clients that are associated to Aftails are available in a technical report [10]. The keyght
x. Now say, the client: is associated to an AR € X. This js the fact that a lower value af is a fairer solution, and is
client would sufferconflict from all APs and clients on the thus bounded (by the fairest solution).
same channel as the client Given an APy on the same Note that the CFAssign-RaCalgorithm (modified to be
channel asz, n(y) + 1 stations (the APy and all clients cognizant of client load) jointly solves both the channeigs-
associated to AR) share the medium with cliert The sum ment and the load balancing problems as follo@sAssign-
> (n(y) + 1), forall y € (r.U i.) such thatd(y) = 6(x) RaCdirectly outputs the channel assignment for each AP. By
captures the totatonflict (intra-AP and inter-AP) that would using the load-aware objective function to address conflict
be suffered by a client associating to APWe denote this by set coloring, theCFAssign-RaCalgorithm implicitly decides

VI. LOAD BALANCING

the quantitycf.. That is, let the association between the clients and APs (each client is
B 1 (1) associated to the AP from its range set which has the minimum
cfe= Z () +1) conflict). This association is a solution to the load balagci

Vae(reU ic)|0(z)=0(v(c)) problem as well.

The quantitycf. captures the totaload suffered byc or
more closely, the number of stations that contend wifior
the medium. The expected throughput over a unit timescaleéWe have evaluated the performance of our proposed conflict
can be represented agcf. (ignoring short term unfairnessset formulation and theCFAssign-RaCalgorithm through
inherent in 802.11 MAC). extensive packet level simulations using the NS2 simulfator

Intuitively, the objective for our channel assignment soke a wide range of scenarios including different densities BEA
is to minimize the total conflict in the system, i.e., minimiz and clients, varying number of available wireless channels
> veec cfe- However, this objective function can cause unfailand varying degree of interference. We study the effect of
ness or imbalance in expected throughput between the lietite algorithms on various metrics such as application level
and thus, we use a min-max conflict optimization functiothroughput for both UDP and TCP flows, the average packet
[19]. Let CF = {cf1, ..., cfic|} denote theconflict vector delays, the MAC level collisions and the fairness in terms
i.e., the total conflict experienced by each client, arrangef the standard deviations of per-flow throughputs. Through
in non-increasing order of value. A channel assignménttwo different scenarios of client mobility, we also studyeth

VII. SIMULATIONS
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Fig. 8. Comparison of application throughput for FTP/TCRvidor the three large file sizes were usec_j o create the T.CP flows. The UD.P
algorithms. flows were generated using a constant bit rate (CBR) traffic
generator with rates high enough to saturate the medium. The

performance and overhead of ti@FAssign-RaCalgorithm packet size for all traffic was set at 1024 bytes and the kst rat
augmented with mechanisms for feedback based channelftg-the medium was set at 11Mbps.
assignment. Various metrics were measured to study the effect of our
Simulation ParametersThe network topologies consist ofchannel management algorithm on different layers of the net
50 APs and 200 clients distributed in a specified region @fork stack. First, we measured the application level threug
coverage. We generated two sets of scenarios: high and lpw for both FTP/TCP and CBR/UDP flows. Second, we
interference. For each scenario, we generated 15 differegnéasured the per-packet delay encountered by the CBR/UDP
network topologies. The interference was controlled biiregt flows at the application layer. This delay includes the gseue
the transmit power of the clients and APs and the receivgr transmitting stations, and the MAC level delay (because
sensitivity thresholds. The mean size of the range setsh@e of collisions and backoffs). This metric is useful in stuttyi
set of APs within range) of clients were 4 and 8 for the lowhe effect on voice applications where a deadline oriented
and high interference topologies respectively. delivery of packets is more important than reliability. fichi

Two sets of experiments were performed, one with TCORe studied the utilization of the spectrum as measured by the
flows and the other with UDP. FTP download applications ovaumber of collisions observed on a per node per second basis.



for the throughput case above.

MAC-level Collisions:Figure 10(a) plots the average num-
ber of collisions encountered per second at the MAC level
on a per client basis normalized by the highest value in the
plot. The rate of MAC level collisions captures the amount
of interference on the channel. Thus, this metric directly

3| CFAssign-RaC: N P

Normalized Instantaneous Throughput

_ y N reflects the quality of a channel assignment scheme in terms
Dynamic —— P H . . . . .
21 eriodic . L of reduction in interference or conflict. Figure 10(a) shows
1 +++ ] that theCFAssign-Ra@lgorithm reduces the rate of collisions
. ‘ _ Perlodic Reassignment—= drastically over LCCS. Also the amount of reduction ince=sas
0 2 40 o 80 100 L with the number of channels because of the lack of ability of
LCCS to detect certain conflicts as discussed earlier.
Fig. 12. Comparison of instantaneous throughput of UDP/@BRs for RaC- Better Fairness:Figure 10(b) plots the standard deviation

Dynamicand RaC-Periodicunder mobility Scenario Two.

of the per-flow throughputs. Th€FAssign-RaCalgorithms

improve the fairness as can be seen from the consistently

This indicates how much of the spectrum was wasted dygyer values of the standard deviation when compared to
to contention and how the algorithms affect this. Finallg W ccs, This is primarily because of the modified(Section
study the fairness properties of the algorithms with reSp®c vy opjective function which incorporates fairess anddoa
the throughput achieved on a per-flow basis by observing tBﬁIancing constraints on a per-user basis.

standard deviation of the various throughputs. We discuss o Mobility Simulations: Earlier studies [21], [22] have shown

key results in detail below: that at any given time a small percentage of the users are
Throughput: Figures 7 and 8 show the aggregate applingbile. Here we evaluate strategies for channel re-assighm
cation level throughput for FTP/TCP and CBR/UDP flowgased on client mobility. First, we study how periodic re-
normalized by the lowest value in each plot. Each plot Sho"&gsignment for th€FAssign-RaGlgorithm performs in a typ-
two subplots: the top/bottom subplot shows the results fpr) in-building WLAN scenario. Second, we study a feedback
the high/low interference topologies respectively. Thedst |z5ed dynamic channel re-assignment strategy and show how
value in each subplot is used to normalize all datapoinjse re-assignment frequency adapts to client mobility.
for that subplot. The number of channels is varied from gcenario OneConsider an in-building wireless LAN, with
3 (802.11b) to 12 (802.11a). TheFAssign-RaCalgorithm 200 clients and 50 APs with a randomly generated topology.
improves the network throughput significantly than LCCSye assume that at a given time atmost 20% of the clients
with the performance gap increasing with greater number gfe mobile. This fraction is based on the earlier measuremen
channels. Increasing the number of available channela/sillogydies [21], [22]. The clients select a location at random
the CFAssign-RaCalgorithm to assign different channels toayng move with a certain speed. As the clients move, the
a proportionately increasing number of Type-2 and Typ&tycture of their range and interference sets gets altased
3 conflicts (see Section Il) which cannot be detected hMey perform handoffs. TheFAssign-RaGigorithm performs
LCCS, thus widening the performance gap. Increasing amohannel re-assignment on a periodic basis. Figure 11 plots
of interference (as measured by the sizes of the range 3Rd instantaneous client throughput against time. The digur
interference sets) also increases the number of such denflighows two subplots, one each for low and high interference
Notably, the UDP flows utilize the network better thamopologies. Each subplot is normalized by the lowest data
TCP(absence of backoffs) and hence the aggregate URRue of that plot. The plots thus show the relative throughp
throughput is higher than the TCP counterpart for the samfiprovements that occur with channel re-assignments. The
network parameters. Also, we have observed that the TGfthulation runs for a period of 120 seconds and the channel re
flows suffer less collisions than UDP. assignments occur every 30 seconds. Although in realigntl
Figure 7 also show the throughput achieved by using vertmovements could be negligible for a 120 second period, the
coloring based approaches [14] (Section IIl). The vertelx calient speeds in our simulations were adjusted to match the
oring based algorithms perform better than LCCS. Howevejuration of the simulation. From tim& = 0 (or just after
the conflict set system captures channel re-use oppodsnithannel re-assignment), as the nodes move, the throughput
better and hence results in improved application throughpubegins to drop until the next re-assignment. Figure 11 also
Per-packet delay:Figure 9 shows two subplots for theshows some opportunistic improvements which happen due to
per-packet delay for the CBR/UDP flows for high and lowavorable changes in client distributions.
interference topologies. The CBR traffic models the voicerov Scenario Two:We study a feedback based re-assignment
IP traffic patterns. Bounded delay jitter is an importantligya strategy for theCFAssign-RaGlgorithm to dynamically trig-
metric for such synchronous multimedia applications. Féguger channel re-assignments based on client mobility. 8peci
9 shows that better channel assignment reduces the avergly, we study two approachesRaC-Periodicas the variant
application level delay. The reduction in delay improvesheess of CFAssign-RaCwith periodic re-assignments anBaC-
number of channels increase for the same reason as discug@thmicwhich triggers re-assignment based on the value of
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Fig. 13. Comparison of the LCCS ar@@FAssign-RaGlgorithm over the in- Just 3 Channels_Wh”e LCCS was unable to resolve certain
building testbed network. conflicts even with greater number of channels.
gopology of the Wireless Testbed:The wireless testbed

the 7 objective function discussed in section VI. We consid ) o
the same wireless network topology discussed in the previdiftWork consists of 70 IEEE 802.11b APs distributed over

scenario. Clients use the following mobility model : (i) Thdour floors of an office building. Half of the APs aoekris

clients are made to move with linearly increasing speed wiffpards (see www.soekris.com) with a IEEE 802.Fism
time during the simulation. (i) The number of clients thas a || Wireless card configured as a host-based AP while the

mobile increases linearly with time. Such a mobility moddithers are based on Cisco Aironet 340 (A_P'34O)' $bek_ris
increases the overall mobility in the system with time, thu¥@sed APs operate at 100mW transmit power, while the

allowing us to evaluate the performance of the two appraacHeSCO AP-340 operates at 30mW transmit power. The channel
under varying levels of client mobility. assignment in use on the network was done by searching for

RaC-Dynamicuses the following re-assignment strateg)}.he least congested channel. Figure 14 shows a visualizatio

Let 7,457 denote the value of theobjective function (section of the topology of the testbed network over two floors (out of

VI) for the last channel re-assignment. Based on currei@l: for clarity), edges have been placed showing overtap i

handoffs reported by APs (using protocols such as |IEEE-IntéPVerage.
AP Protocol 802.11f), the central server calculates theevaf Measurements to compute range and interference sets:
vow. If Tvow —TrasT > TrurEsH, the algorithm triggers The range and interference sets of clients were constrigted
a re-assignment. Hereryresy is an empirical constant the following data-collection process: 40 usage-pointsewe
which can be adjusted to tune the triggering mechanism. identified on each floor. Two test clients based on IBM
Figure 12 compares the instantaneous throughput achieJétinkpad T23 laptops wittPrism Il 802.11b wireless cards
by RaC-Periodicand RaC-Dynamic The vertical dotted lines Were used. To compute the range set (i.e. set of APs in range),
at the bottom of the plot indicate channel re-assignmertsSingle test client was placed at each of these usage-points
for RaC-Periodicwhich happens every 30 seconds. The vefNd a scan of all channels was performed. The interference
tical lines at the top of the plot indicate the dynamic res€t (set of APs whose clients are in range) was identified by
assignments foRaC-Dynamiclnitially, since fewer clients are USing two clients placed at near-by locations and perfogmin
mobile, both approaches trigger re-assignment® at30,60 the necessary scan operations. This gave us the range and
sec. However, as more clients become moliaC-Dynamic interference sets from a total of 160 usage-points.
triggers re-assignment more frequently At=80, 90, 105, Experiment Results: We studied the distribution of the sizes
110, 115 sec. This results in improved throughput as showhthe range and interference sete% of the range sets were
in the figure. Also if very few clients are mobile, the threlsho of size 6; while25% were of size 4 and size 80% of the
condition delays the trigger of a re-assignment thus redyciinterference sets were of size 2; the rest were of size 4 and
the overhead when unnecessary. 6. Figure 13 shows the performance@fAssign-RaGrersus
Some of our other results show that the approach improv&¢€ current channel assignment based on LCCS. The figure
the throughput by upto 40% even if 10% of the clients arghows thalCFAssign-Ra®btained a conflict-free assignment
APs implement theCFAssign-RaGalgorithm thus motivating Of channels by just using 3 channels. LCCS was unable to
incremental deployment. Also we observed that the algmsth find a conflict-free assignment regardless of the number of
degrade gracefully in face of increasing interference.ailet available channels. As discussed in Section Ill, this isabee

of these results are available in a technical report [10].  LCCS cannot capture certain types of interference (Section
.
VIIl. EXPERIMENTS The testbed wireless network considered here is a deployed

In this section, we discuss results from an operationahd fully operational in-building wireless network and our
wireless network with 70 APs spanning four floors of an officenprovements give an indication of the practical applitigbi
building. We observe that in practicEFAssign-RaCalways and usefulness of the channel management methods discussed



in this paper. [2]

IX. RELATED WORK [3]

We discuss some of the existing approaches in Sections [l
and lll. Apart from these, related work broadly falls intoeh
areas: 6]

Channel Assignment in Cellular Networks: Channel
assignment in cellular networks is a well studied problein [2 [
However, the cells in a cellular network are well plannedeyrh
have very regular structures (hexagon is a good approxompati [8]
and coverage areas unlike indoor environments. Because
such differences, channel assignment methods for cellular
networks such as [23], [24] cannot be applied to WLANSs. [10]

Vertex Coloring: Vertex coloring for general graphs is NP-
hard. In fact, it is NP-hard to even find a constant approximgs]
tion. There has been prior work on fully distributed, scidab
and light-weight vertex coloring protocols. In [25], Hatémi
and Jacobs present a distributed fault tolerant algorithm [t.3]
(A + 1) vertex color a general graph. Their algorithm uses
local information and is scalable. In [26], Ko and Rubenstel*
present an algorithm for vertex coloring that can potelytial[15]
apply to channel assignment in wireless ad-hoc networks.
Although such vertex coloring based approaches model
interference constraints well in ad-hoc networks, theyesuf
from the inaccuracies as described earlier in Section hil. [17]
[27], Lee et. al. provide a Linear Programming (LP) based,
formulation of the problem of assigning channels and A
locations using a set afemandpoints in a wireless network. [19]
This and similar approaches [3] are AP-centric in naturachke
suffer from the inefficiencies pointed in Section II. [21]

CF coloring for regular structures: Prior work in [16]
provides centralized approximation algorithms for confliee
coloring but with a different objective function than ours.
Further, their approach assumes regular structures for tA#
transmission ranges (such as axis parallel rectangles,@ibd
disks) and well-defined properties on the conflict sets whigiu]
are unrealistic in WLAN environments.

[12]

[22]

X. SUMMARY (23]

We proposed a client-based model called conflict set c%é]
oring that captures interference at the clients to effityent
utilize spectrum in a wireless LAN. We evaluate a centralizd27]
algorithm calledCFAssign-Raased on conflict set coloring
which jointly performs channel assignment and load balanc-
ing, otherwise called channel management. Through extnsi
simulations and measurements from deployed testbeds we
show the practical usefulness of such an approach to cen-
trally managed networks. We believe that such client-éentr
approaches are the key to improved application performance
in WLANSs and can find wider applicability to newer wireless
technologies.
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