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Abstract

Largescale wireless LAN systems based on BBEE 802.11 standards have become the
most successful wirelessetworks deployed in large organizations, such as educational
campuses and corporate warehouses. However, the suite ofSEEEL MAC prdocols,
including DCF, PCF and EDCA mechanism&s unable to meet the challenges to provide
collision freedom and differentiated quality of services. We proposehannel access
scheduling protocol based on Latin squares, c&l€tASS (Distributed Coordiation based
on LAtin SquareS)that provisions a set of highly desirable features to large sgeess
networks with stringent performance demands. DCLAsSSScalable, fair, and eexists with
IEEE 802.11 nodes witlraditional DCF mechanisms. The pmrhance of DCLASS is
evaluated using an IEEE standards compliant simulation toQlk&/Net 4.5, in distributed
WLAN systems. The experimergsults show the neaptimum performance of DCLASS in
contrast to IEEE 802.11 DCF under various scenarios.

Keywords: Wireless network, Channel accessheduling WLAN, Coordination function,
Clustering Latin square
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1. Introduction

Largescale wireless network deployments using commodiitseless devices have
become feasible with wide range slutions,standardized by IEEEL][2][3][4] andETSI
[5]. These technologies provide a ceffective and performancadaptive networking
paradigm to deliver ad hoc and lasiie Internet wireless services in the forms of MANETs
(mobile adhoc networks), WMNs (wirelss mesh networks), VANETwehicular a-hoc
networks).In this paper, we focus otargescale WLAN systems basexh IEEE 802.11
standardq1] because of their low pemit cost, flexibility for reconfigurations and wide
acceptance irboth endusers and the research community, and address the performance
issues with rgard to thechannelccess control functions.

Channel access control functions are mainly categorized into the folloshiagnel
access and packet multiplexing schemes:

1) Random channel access and statistical multiplexing, such as CSMA, CSMA/CA, pure
and slotted ALOHA, which were most extensively used atudied. For instances,
MACA, MACAW [6], IEEE 802.11 DCH1], PAMAS [7]. However, the commonly
used random backoff mechanism along with CSMA/CA has constantly failed the
performance goals in highly demandirepvironments, such as rdahe and
multimediaapplications.

2) The scheduled channel access and fixed multiplexing, using FDMA, TDMA, CDMA
mechanisms in wireless cellular networks, GSM, UMTS and CDMA2§8tm48].
Scheduled channel access problems are commonly modeled as graph coloring
problems,which is a wellknown NRcomplete problenj9]. Polynomial algorithms
exist for graph coloring problems usimgntralized computationglO] or in-band
signaling mechanisms [11]. Several topologyndependent channel access
mechanisms provided constdime dgorithms that combat collisions by repetitions
[12]. NCR[13], SEEDEX[14] and RRMS[15] have been proposed to apply pseudo
random number generators to create node orders for channel access. Although the
scheduled channel access guarantees the transmisability, the waste of unused
resource allocations is a perplexipgblem.

3) The hybrid reservation based packet transmission scheme, in which the channel is
separated in two virtual components, one is for control purpose to allocation channels
using mndom access mechanisms, and the other is for data packet transmissions
[16][17][18][19]. However, in a distributed wireless network, negotiation based
channel resource allocation and channel access often incur overhead and cannot
completely eliminateonficts.

The current WLAN systems are mostly based onl#teE 802.11 standardsvhich have
grown to encompass theost advanced communicatiokechnologies such as FHSS
(frequency hoppingspread spectrum), DSSS (direct sequence spread spec@irD)y
(orthogonal frequency division multiplexing), MIM@muiltiple input multiple otput).
However, theMAC (medium accessontrol) protocols in IEEE 802.11 have seldetmanged
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since their inceptio[1]. In relatively small wireleseetworks, such as WLANS, where nodes
cancarriersenseach ot her 6s t r ans mmul8pleacoess) vio&dvhfost( car r
efficiently. Beside the optional and uncommiomplementation of PCF (point coordination
function), only two coordination functions, DCF (distributed coordinatiomction) and
EDCA (enhanced distributed chanmelcess)are wictly discussed and deployed, both based
on CSMA/CA mechanisms, using RTS, CTS, ACK contr@ssaging, various intérame
spacings (IFSs) and binaexponential backoff (BEB) mechanisms. Unfortunately, BE#
mechanism does not eliminate packet collisidasto its randomness in deriving the backoff
intervals, and thaVLAN network performance is susceptible to throughput &mhess
degradation under various channel conditions, unfegs scheduling mechanisms are
implemented.

New coordination functionthat comprehend the variousquirements of the wireless
applications are long sought afeerd overdug¢20]. To achieve better throughput and fairness
to the DCF function, Baf21] proposed a medium access schéased on Latin squarg22],
called MALS Medium Accesdased on Latin Squares), from which deterministic channel
access schedules are generated for nodes-ho@detworks.In MALS, Latin square is
mapped to channel resourcegaenms of time per node. However, when we apply MALS
WLAN systemsfor channel access control purposes, thierent MALS lacks sufficient
descriptions to address tf@lowing problems:

1 how it handles the hidden terminal interference issues in large scale WLAN systems;
1 how channel resources are shared among differens B&SSic service sets);

1 how it fits into existing IEEE 802.11 systems seamlessly fegxistence purposes;

1

how it handles the channel resource allocations regarding asymmedtiitk Lgnd
downrtlink traffic loads.

We propose the DCLASS (Distributed Coomtion basean LAtin SquareS) protocol in
this paper that address#®e aforementioned problems in MALS for applicationdarge
scale WLAN systems, and provide scalable, fair seamlessly cexisting channel access
scheduling solution®or the WLAN systems. Namely, we apply these advarteetiniques to
improve the capabilities of MALS for su@mvironment® traffic adaptive channel resource
allocation,Latin square scaling, Latin square interleaving and exteD&#d mechanisms for
the coexistence b DCLASS and DCF.The prominent mechanisms and contributions of
DCLASSInclude the following:

1 Latin square applications for distributed and deterministic channel access scheduling.
1 Seamless integration of DCLASS with IEEE 802.11 DCF function.

1 Channel hoppig algorithms for multchannel operations in large scale WLAN
systems.

1 InterBSS coordination functions that are within the same collision domain.

1 BSS clustering algorithm for isolating collision domains in large scale WLAN

3
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systems.

The rest of this papes organized as follows. Sectidhintroduces the Latin square
concept and its application MALS. Section3 presents the protocol details of DCLASS,
including fair channel allocation, Latin square scaling, interleaalggrithms, and DCF
co-existence rmachanisms.Section4 shows the throughput and etwdend delay of our
schemes in contrast to other channel access protocolssisinigtions. Sectiob concludes
our papetr.

2. Latin Squares

A Latin squareof ordernis ann x n square matrix thatonsistsof n symbols {1, 2¢ ,
n}, in which the symbols oéach row and column are also distinct. The number of different
Latin squares beyond even a very small order, such agra@s almost to infinity for
practical applications. For instan¢lee number of htin squares of order 10 is abouf®0

Extending the Latin square conceptk-@limensional Latin hypercube of orderis a
k-dimensional arrayx = [hi1,2.... i in which each row is a permutation of symbb|2,é , n
(Laywine & Mullen, 1998)Latin cubeis a 3dimensional Latin hypercub@lthough we will
apply Latin hypercube when possibbaly Latin squares are disesed in this paper

There are many algorithms to generating Latin squared. atial hypercube$22][23].
The one that we adopt sasedon the modulo multiplication group theory because of its
adaptiveness and simplicity of computations. Supposd is a prime number, and vectdks
=[a] andB =[b] (i = 1, 2,€ , n) are two permutation arrays of symbol §kt2, é , n}, then
a Latin squard_n«xn = [lij] of ordern can be generated by multiplyily and B using the
modulomultiplication operations:

Ln=ATA B

) (1)
I, =a Tb, modn+1),i,jI {12,...n}

in which A" is the transpose @& According to Eq. (1), eachermutation of vectoA or B
creates a different Latin squarEherefore, while the mappings of rows and columns of a
Latin square to different entities in applications remain invariant, ateering of these
entities changes corresponding to diffeqgatmutations of the generator vectétsindB.

Latin squares provide a convenient tool to address vapodems in such fields as
algebra, finite geometries, coditigeory, combinatorial design theory and statistics. Using
Latin Squares for confliefree access to parallel memories wa®posed[23]. In channel
access scheduling problems, Ju and proposed topologyransparent channel access
schedulingapproach based on Latin Squares for WMNs with multiglesmission channels
[24]. The TDMA schedulinglgorithmwhich they proposethaps gxp Latin square onto an
Mxp time divisionmultiple channels, where the number of channeld,iandthe number of
time slots in each frame B Then it assigna unique symbol from the Latin square to each
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node, andhe positions of the symba the Latin square determirie time slot number of
the node. Bao proposed a simpler multiplecess protocol, calleMALS, which applied
Latin square taeplace the backoff interval calculation such that the baokigffvalsdirectly
map to Latin square symbd1]. In MALS, the Latin square is assigned to nodes and time
slots accordingo Latin square rows and columns, respectively.
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(b) Channel Access Scheduling in a WLAN BSS

Figurel: Channel Access Deferral according to Latin Squares.

Fig. 1(a) illustrates the Lt square assignments to nodmsd time slots in a small
WLAN BSS with one APA andthree MSsB, C andD. In Fig. 1(b), MALS structures the
time by periodic time frames, which are further divided ittwe slots. Then MALS assigns
the stations to differembwsof the Latin square, and each Latin square row corresporals to
time slots in the figure. In each time slot, the deferral of gamdte for channel access
(represented by the vyellow hexagons) equal to the Latin square symbol in the
corresponding the slot. Because of the distinctiveness of Latin square synassigned to
the nodes in each time slot, MALS eliminapegential packet collisions from different nodes.
Using this mechanism, MALS can be implemented by simply replading backoff
computéion module in IEEE 802.11 DCF. practice, a time slot can last a few milliseconds,
and theduration of a time frame can be around tens of milliseconds.

One fact worth noticing is that the smaller the Latin sqagnebol of a node is, the more
likely thenode can accesle channel because it defers for a shorter period of Tieefore,
if a WLAN system has fewer nodes than thder of the Latin square, some nodes may get
better chancet® access the channel than the others. The solution toritaisness issue is to
use Eqg. (1) to regenerate Latin squaiessubsequent time frames by creating different
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vectorsA and B in Eg. (1), thus distributing the channel access opporturotres all the
nodeq21].
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As we see, the channel backoff mechanism rslssonizedbased on the end of the
previous busy period. In regulahannel access, if the channel has been idle for a long time,
the node should start accessing the channel by sending aignalyburst first to synchronize
the channel clock.

3. DCLASS: Distributed Coordination based on Latin Squares
3.1 Network Assumptions

For large scale WLAN systems, we assume the comB®8 (extended service set)
concept used by IEEE 802.1idfrastructure WLANS, in which the wireless access points
(APs) are connectetb the infrastructure networks for backemderconnections. Mobile
stations (MSs) are associateih the individual APs that provide the best channel quality.

The multichannel communication capabilities are desirafige large scale WLAN
systems[25]. However, because of thHanited number of IEEE 802.11 channels, we are
eventuallystill faced with the cechannel interference problems as stady in this paper.
Therefore, we further assume that AN systems work on a single wireless channel
throughot the discussions.

When WLAN systems are scaled up to wide areasjmipact of the hidden terminal
problems on the performangeows dramatically, and has to be handled systematically, such
as using clustering approach to isolate WLAN BSSsanttision domains, and schedule the
utilization of the channehmong different collision domains over the time axis. Once the
BSSs are organized into smaller collision domains, the wirétaasmissions within each
domain can be carrier sensbkg all the members ofhe domain, therefore avoiding the
potentially hidden terminal problem effectively. However, thkgorithms to isolating
collision domains and scheduling tldemain channel access amorth another paper of
discussionsand we plan this challenge in outtidre work.

A collision domainis the set of WLAN BSSs in which evestation can carrier sense the
transmissions of other membensthe domain. The number of BSSs in a collision domain is
variable, and the channel access problems in such scenathe freus of this work.

3.2 Asymmetric Bandwidth Assignment

In infrastructure mode WLAN systems, the bandwidthuirements are different for APs
and MSs, respectivelyPrevious MALS solution addressed the channel access control
problems in ad hoc networksndh allocated all stations tteame amount of channel access
resources. However, in WLABystemspecause data packets all go through the ARd,the
Latin square assignment determines the chaaredss priorities, we need to distribute Latin
square resagesasymmetrically to the APs and MSs, so that the APs here chances to
forward the traffic of the MSs.

The asymmetric bandwidth allocation is achieved by assigmioige Latin square rows
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to the APs. Because that tAP is the traffic bottleneck in ea BSS, and that the traffilows
of mobile host applications are dominated by downtmaksmissions in most WLAN system
deployments, we allocatealf of the Latin square entries for each WLAN BSS. Sach
assignment guarantees that the AP gets athe#sbf theWLAN bandwidth when the BSS is
heavily loaded.

To implement this allocation, we increased the numbérmth Square indices assigned
to an AP by the number of statioassociated with the AP. According to IEEE 802.11 BSS
management functionie APs with DCLASS communicatiaapabilities attaches the Latin
square generation function aodannel hopping information in its periodic beacon messages
in order to coordinate channel access using DCLASS. Whemobile station joins the
network, it seds authentication arassociation requests to an AP. Even after a mobile station
already joins the BSS, it can still send reassociation retuélse AP without disruption its
current association statddpon receiving the association or reassociatiomests, theAP
assigns the MS an unused Latin square entry, and attidqiehkatin square entry index to the
response packet befosending it to the station. Thereafter, the MS can computedkoff
value according to the assigned Latin square index.

In addition to assigning a Latin square index to the statio&, AP also assigns an
additional Latin square index to itself #ite same time. With multiple Latin square row
assignmentghe backoff interval of the AP in each time slot is derigedhe minimam Latin
square value of the assignments. Talisws the AP to have more chance to forward the
packetghan any other mobile stations within the BSS.

3.3 Coexistence with 802.11 DCF
There are two reasons why we need to enable the coexistgretality inDCLASS:

1 Because Latin square row assignments are centrally contimflébde APs, mobile
stations have to depend omare flexible DCF channel access mechanism to contact
the AP.

1 In DCLASS, the size of a Latin square is a fixed-B&8S parameter, and datmines
the number of stations that che supported under DCLASS channel access paradigm.
Once the Latin square rows are distributed and assignéldetéd\P and MSs, the
DCLASS does not allow new MSs txcess the channel but to hold till the BSS
disassoateswith existing MSs so as to reassign the released kgtiare rows to the
new MSs.

Therefore, a fallback mechanism is necessary in DCLA&Shat nodes without any
Latin square assignment may stésociate with the BSS and access the channel using
normal IEEE 802.11 DCF mechanisms. In order to clarify the discussafnstations
operating under two channel access corftmottions, we define nodes that access the shared
channel usindpCLASS as DCLASS nodes, and those using DCF as midEes.

We modify the NAV (network allocation vector) mechanism IEEE 802.11 DCF to
achievethe coexistence of DCLAS8hd DCF channel access mechanisms. In IEEE 802.11,
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NAV is a way of communicating stations reserving the channeeidain amount of time in
order toexchange data and contrivthmes, using the Duration field in the MAC header.
Specifically, stations shall update their NAV with the informatimcteived in the Duration
field of a received valid frame, excepe NAV shall not be updated where the RAdief the

framei s equal to the receiving stationbés MAC
DCF access control DCLASS access control
f'—A—\
Sources v, /{RTS | Data || RTS| | Data || I/ RTS|| Data || % /
Destinations m W m m m m
NAV NAV NAV
Others F NAY NAY NAY
DIFS

DCLASS Reservation

Figure2: The NAV Mechanism for DCF/DCLASS Coexistence.

Fig. 2 illustrates the channel access activities for excharigneg data frames between
three pairs of source and destinatimdes,n which both DCF and DCLASS channel access
functions operate. The first frame exchange sequence is catiedith the normal DCF
handshakes, and the last two &@sed on DCLASS. In the normal DCF operations, the
NAVs of overhearing stations are detémed by the duration fields dhe RTS and CTS
frames, which end at the end of acknowledgene in an RTS/CTS/DATA/ACK based
handshake.

Octets: 2 2 6 6 1 4
Frame . Rx Tx
Control Duration Address | Address flagy,y |FCS
) MAC Header -

(a) RTS Frame

Octets: 2 2 6 1 4
Frame . Rx
Control Duration Address flagy., | FCS
) MAC Header

(b) CTS Frame

Figure3: The Extended RTS/CTS Frames with NAV Flags.

Once the DCLASS takes control of the channel as showine seond frame exchange
sequence, the Duration field$ the RTS and CTS frames are modified such that the NAVs
are extended for a number of time slots, equal to the sizbeotatin square used by
DCLASS. In addition, the modifieRTS and CTS frames include an additiofiaday field,
which tells the DCLASS nodes to deduct the extended duratam their NAVs if present.

a
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This way, the DCLASS channatcess mechanisms operate before the declared NAV expires,
and DCLASS nodes achieprioritized channel access oviee DCF nodes.

A\\ Mac roth i “k International Journal of Network Protocols and Algorithms

The prioritized DCLASS channel access continues asdsrbere existother DCLASS
nodes have packets to transn@iince the NAVs determined DCLASS nodes expire, the
channelccess falls back to DCF mechams in the BSS.

In case that the NAVs are not properly set when a @aldCLASS and DCF nodes
communicate or the DCLAS$&ames are corrupted, collisions do occur in DCLASS.
However,because we have assumed WLAN BSS scenarios,sgasions are rare. Inuo
simulation, we discover that tiperformance of our schemes still converges to a stable state
even when the traffic load is heavy and the network hash@t and DCLASSnodes.

3.4 Multiple BSSs withithe Same Collision Domain

So far, we have discus$éhe channel access mechanidrased on DCLASS in a single
BSS, which inherently constitutessingle collision domain. In this section, we expémel
single BSS WLAN system settings so that multiple B%%s deployed within a single

collision domain, anéddresgshe Latin square allocation and channel access fairness issues.

Such dense WLAN system deployment scenario is confioroimproved network coverage
and throughput.

3.4.1Latin Square Scaling

There are two ways to applatin square assignmentsnmulti-BSS scenarios. One way
is to use a single Latin square for controlling the chaaneéss among all the BSSs using
DCLASS. However, such &atin square row assignment mechanism requires a ways of
dividing the Latin square rows between the BSSs, aadrsconstant inte AP coordination
when mobile stations associated disassociate with the BSSs. We discuss a second way of
scaling up the Latin square assignment in B85 scenariosyhich we callLatin square
scaling

The Latin square can be scalgalusingunit matrixwh ose el ement s ar e
Kronecker product. Fanstance, suppose th8t,xm and Unx, are two unit matriceh\mxm =
[a,j] andBnxn = [bij] are two Latin squares, thehe following matrixKmnxmn = [ki;] is still a
Latin square:

Kmn’*mn:[n(An?m-Um?m)AUrﬁn]+Un?mABn3n (2)

in which A is the Kronecker multiplication operatdEach elemenk;; in the resulting
matrix KnnxmnCanalsobedirectly calculated usingq. (3):

ki,j - nC"Qadi d; T 1) + bri,rj (3)

, where

a l
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i, il {12,...mm,
d =(-1/n+1,
d,=(j-D/n+l,

r.=(-1)modn+l
r; =(j - )modn+1.

We call Latin squarémn-m the scaling Latin square, aBgx, the base Latin square in Eq.

).

112[3[4]5]6
A By 2[3[1[5[6 4
22 1123 311/2]6/4]|5
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(a) Two Latin Squares (b) Resulting Latin Square
Figure4: Latin square examples, and the scaling mechanism.

Fig. 4(a) illustrates two Latin squarAs., andBgsx3, by which we generate laatin square
in Fig. 4(b) using Eq. (2).

Using the Latin square scaling algorithm, we can easiBnage the Latin square
assignment problem by mappidgferent BSSs to the rows of the scaling Latin square, and
delegating the Latin square row assignméntithe AP ofeach BSS. For instance in Fig. 5(a),
two BSSSBSS andBSS with APy, AP, MS, MS, MS andMS; arelocated within the same
collision domain, and we assign thegmented Latin square in Fig. 4(b) to the BSSs and
stationsas shown in Fig. 5(bEssentially in Fig. 4(b), the scaling 2katin square handles
the perBSS assignments, and the b&e3 Latin square handles the individual station
assignmentsvithin each BSS. Therefore, such an approach eliminatasettekto coordinate
Latin square rappings between the APs.

3.4.2Latin Squardnterleaving

One problem exists withegard to the channel access latency in Fig. 4(b). Because the
Latin square symbols determines the channel access defeéraplsears that stations BSS
would occupy thehannel intime slotsty, t; andts, while unable to access the channeinme
slotsty, ts andts, which could cause long delays anigh jitter under heavy traffic load in
multimedia applications.
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(b) Augmented Latin Square and the Latin
Square Row and Column Assignment

(c) Interleaving a Latin Square

a) Two Interfering BSSs.
and the Latin Square Assignment

Figure5: Latin square scaling and interleaving mechanisms for fair channel access.

In order to solve the fairness issue in terms of channel adedsgs among stations
within the same collision domain, we propose a Latin square interleaving algorithm that
shuffles andinterleaves the Latin square columns, as shown inSk@Qy which alternates the
channel access opportunities betwdentwo BSSs faster than before, thus further improving
thefairness of the channel access mechanisms.

To describe the Latin squasealing and interleaving algorithmse denote the scaling
Latin square adxm Of orderm, and the base Latin square las, of ordern. Further,
suppose that the BSS associated with a station is assigtiethe k-th row of the scaling
Latin squard_nxm, and thestation is assigned with théh row of the base Latin squaltg.n,
then the Latin square symbol for the station in tsloét is computed according to Algorithm
1.

Algorithm 1 specifies the backoff interval calculation algoritfon a nodei, given the
current time slot number and nodes assi gnments in the scalin
using Eq. (2). Because the Latin squares are applied to coordihatehannel access
according to time frames, we first deritlee current time slot nunep t within time frame
boundaries otine 1. Because Algorithm 1 uses the interleaved Latin scaeaied up from
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