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Abstract 

Wireless MUlh NN"''Ork (WMN) bM «'eNl!.l" lx.-cn clm.'rgoo as a prOtnl.'iing technology for 

wireleM InterneL lnfrws-I.ruclurc development. bccslL'IC of lUi low COIit, eAS4:' of deploym("nl 

IUld installation facilillt.~ Tht' Incrc8.tSwg uumix"T of uscn; and diwrsified ftppliC8lion 

u.~es ft.'! Wf'JJ as Lht.' uU'orporahou of S('lUIOrs and lnlernf't of Things (loT) dt'vices with 

th~ WM~" haY(> C81tsed exponential growth in lmJUc flow!>. T his increased volume of 

tr,utic ctllL~ cOllg(:stioll in the Ih>twurk aml c.ICp;rMCS applicllLioll throughput, rrliability 

" lid ddtly ~rrOrmflnC(:6. Therefore, providing sat i'jfRClory IIClwork p(.'rronlltllu.~ lItiill& 

ell(' limikcl oolldwich 11 tf'!'IOlIrn~, hM f'ntf'rgf'(lfL"l a r hallt'uginK prohlc'm. 

Ollr (>nCICl\VOUf in thi .. diAAf'l"tntion is 1,0 arldraq hijth-f hrollAhpu t. (Ifttl\ df'1ivM')' C'hnl­

I('n,;~ in WM Ns.. Mnny sl.l\t~(-tht"-1U1 work. 'I nddfffi<! flow pf'rformanN' imJl")\'cm('n~ 

111 WM Ns in mAny WAy!;, rlUlginK from routing, scheduling, chl\nnel 3.IlOCl\liOIl to ral(> 

control. However. none of these Approo.ches merely Rddresses t hf inst3.ntfUJOOUS net\l;'OTk 

COllditions and slldd n surge ofhu.ge dAtA. trAffic from diverse user I'lpp1itlltions, 'ht cause 

uttwork to become eongEfitoo . To opt imi?"c network perfonnMce. a dynAmic traffic engi­

n('t.Tw g mecbitili'lm requires to consider underlying lIetwork topology. available resources 

and trtUfic dem3.ud. Furthermore. tmffic fOr'WlU"ding shou1d 8Ct upon network dYUfWI1CS. 

e.g., link errOr, link failure. neigbborhood inler(crcllce, path t"Ongl'Stion, etc. Cousiderut.g 

the lLfurcmcutiolll-d issues. i ll this tht.!!:'li.s. we flf!!t develop au opt imiUlUoli &Iunework for 

Dytuuuk Truflic Engineering, namtly ()'OTE, W$Sumiug that fixl'ti channels arc a1locatcd 

to different. ljnks, O-OTE tUU1S Co minjmize ueigbborbood inlcrfcn.'uc:e and backlogged 

traffic, and explores the lCft.';l cougesll'C.I ncx .... bop nod~ 80 tbat the uvcmU throughput. of 

tht> lIetwork 15 ttlllXlnuzl'<l The O-OTE bclollp t.o ttlixed. integer lIonlinear programming 
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iii 

(MINlP) Jlroblem and mvolvCfi hol.it oombllUll.onall'Uld contllluous cousLralllllt, "wing 

II. an NP-hard problem. A greedy heuristic ait('f"na~ solution G-DTE i, lhf'n dewlor-".'d 

thaI. produces n('at-optimal results. 

MOl.ivul.t'C.l by the ellhtllleed l~p3City 1IlfetE'<1 by tlYlIll.lILk dUlUDe! nUOCtltiuu ilJ WMN", 

tbt'I'jj'C"cJlld patt uf nllr 1I1i~i.~ rCM'1L'1 ml ""v('l()pilig IljUj1l1 Iink-c-lmllll(') l"oI'h'l:tiuli oml pOwtT 

allocution optimi1,8liOIl rrnm('work (OLeP). whkh ro11ows bop-by-bop tmffir ~phltUlK 

tlppronch twd t"xplolt.s 8inKI~hop juforOlllllon to fOrMird traffic 0\1'\.'1" lrost,..con&t'~tcd and 

mlllimRll) .... nterferL'(). link-du'lTIIlci p..1.irs, which ill turn irnprova; spatIal reuse and thus 

help; to Improvt' ovcrn11 flctv.'Ork throughput. As 611dmg a real-hme IiOlution of OLCP 

'IS IOtractnblc III it typn:al IIIt1;1I ruult'r, W't" dcV('lul' a gret.-dy hcurotJc: ISOlut'oll for th ... 

problem, GLCP, to acbie\'c u sub-ovtilllal solution . 

Rt.'Ccndy. cuguih\t" rtldio (CR) l'tlablcd Ull'Sb rouI£r8 have pro\'CU t.o nutlgate spec­

l.rum IlCarCIt.y by opportunistic UceIlS" .. '(] spectrum utiUUltiou . Tbt1.~, to boose. up ftow 

throughpuL iu Cognitive Radio Wirt:l~ Mesh Nct.work (CR .. \VMNa) , we prt'St.'llt a ~n· 

trali2.ed optim.i.l.Rtion frlUul.'1II!'ork , calh.'d COTE, in the t.hird part of this dissertation . The 

COTE aims at maximizi.ug aggrt.-gat.('() network throughput by sck'Cling WI oplimal S('t of 

link-elliUlud pwn., POWL.'1' aUoclltioll over thQS(' Illid fair traffic splitting after considering 

channel idle prolmblht.y, link IUterfcrCIIL'C WId palh cougestion . FUrther, 8 ccutralizoo 

Suboptimal Trllffic Eugmcering (SOTE) :solution IS proposed by employing Lagrangian 

dual df'COl1lJ>Ol!itlon to the COTE problem. to Clll5ure It reaolution ill polynomial time. 

Finally. I'l DisLribulOO Greedy Traffic EugiuL.'t'J'lrtg (OGTE) method is propa;OO to enllur(> 

rruu convergence to t.he dynAmic changing nct""'OTk behavior and La improve sCIllability 

The eficctivt'nC5& of our propotsOO dYlilUllic "nunc cuginL.'UWK mct.hods arc evaluatoo 

via tIJio-3 liimulBlioU5. The simulation rcsult.s dcmouslrate that. the proposed solutions 

outperfonn the stalt.o.tIf·tl1l. ... W't works iu tcrlW! of throughput , delay. reliabilit.y, (airne;."l 

and t;OUvcrgCllcc C06t.. 
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Chapter 1 
Introduction 

1.1 Introduction 

Wireless Megh Networks (\VMNs) Lypi('fllly MnJ:iist or 1L hu'ge number of wirel('88 Illesh 

nooe;, some of ""hich are callrd gl\tRWftys and ar(' connected with public Internet using 

WIred network f2J . The WMNs gnined high popullvity in the fet('nL yeArS sinc(" it rA~ 

dhlatt'8 c.-MY d 'plOY1llent of wirele5.'3 Int("rneL infT:\Stnlct.ure to f\ ..... ide VRricty of devices 

and applicaLiolls nllmillg on u($ktops, srnlU1.pllollcs. tllblcLS. senSOr nodes, etc 12,31. 11le 

exPOllCIlt.1U1 growth or tmlfic volume. J>hrticularly from wireless deviees. 11M imposed lLl' 

need (or grcater CQpt~ity. However, improving network throughput bitS booomc .. aiticl\l 

rcquircmcllt. in ~(NS, due to limited resources, influence of lll~rere .. ce, Illrge number 

of llliCf'S Ilnd CUlt-..-gCUce of rc&l-tiwe 1JlultilUooiu npplications. 

lIi~h-lhrougbpuL dOl3 delivery cb",Uenges in WMNs have been uddrt.'8Sed by diifcrent. 

operation layer activitiClS of couullurucutioll archit('Cture eitber ulcJ('P<'odcnlly or jointl), 

[ .. , 6, G, 7, 8, 9J , While rorwnrding lrD.ffic; towlU'tl dt'titinotiollil, difff.-'t'f.-'lit routi.ng tiOluUous 

have bf'en crnpJoyoo cwpba.aiziug on computing It'a..'it iutcrfert'ti [10, 111 or high capacity 

112, 131 or delay bound [10, 141 pati15, Again, deploymcnt. of mulli·rsdio routCD in WMN.s 

backbone i15J, alloW'l'lsiwultaut .. 'OU! parallel multi-pat.h traffic uatl8missiou over orthop 

031 cluumel ... T hus, higher incoming traffic can be apportioned ovcr the mulltpk- paths by 

Ininimizing inler-pat.h inl.erfercnce [161 and extending path cllpacit.y 15, 6J Lo award higher 

rdiubilily, }o'lJthennore, dyuamic clUUlUei allocat.ions over ooucurrent. lnulI;lIIitti lig lilt~ 

in u ucigJlborhood fO('Ilnt.'(1 on lI1illimj7.iug illt(-'rrcrcllcc lIlay hnrv.~t. higbt::r link capadliC'S 

117, l~J uucJt1' dlfLlIlIl~llUld I nullr dyufUniNl.. Nrv.-rtlu··Ir-Nl, diU' to wiflf' mug .. of \-arif&Lion." 
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l I I,"TIlOI)t'<:lION 2 

in W~1.N15 traIfic, cbruUlcb are eventually 5I\tural.OO a.ud may bnn~ up (!on,gcstion due to 

OOlltf'ntion caused by concurrent Lransmi.s5ioll5, hll1Tt>r O\'f'rflOM; and limE' varying wirt"--

1e&J channel conditioM. Addrt.'s..'1ing con&t.'filion, traffic engin~ring solution is req\lired to 

tw.ljw,1. A.lIow,wlt> rllleti oy('r (orwarding links dYlIlunktLUy lJy a.pplying til.lier t'ucl·t.o-cud 

(19, 20J tlr In)p-by-hop cOlIg~li(m oontrol trc'huiqllC'S 14 , 21) . Rill .. • 1U.lju~l lll t" l t l lmmgh 

powtr control OVM' trAn.<;mit.ting links fliJtnifit'..ftnlly improvt'8 81J.1tial chanucl reuse.' and 

thus m8Ximi?,{'!II 1l.ggI'egntro flow throughput 122, 23J . To Mti8fy the increasing demand 

for the bandwidth flf t he- evo1vinS nNwork npphC'Ations. cognitive rAdio cuabled mesh 

routm l\rE' :\blf' LO oPPor1.uni1lticlllly shl\N" licen.<>ed cht\nn l~ls 1..0 CtlhA II~ spectrum re-

8OUn.:es [24. 25J . Hen', dynamit' selection of potE'ntiA.1 chl\noels !24, 261 oV\. .... lugh CBpl\Clty 

paths along with pertinent rl\te, notably inmrovtS flow r.crfonuwlccs. 

From the I\oove discussion. It is opparent lha\. tusuring higlHbrougbput dal" delivery 

in WMN& is n grei't wAllcuge- of the- underlying trnffic fo",wding tnt'Chauism. WhilE" 

computing tbe opt-im,,1 resource allocation, tbe traffic forwarding lDt'clllwism s.houJd he 

able lO measure t be network dywu:o.ics in real-ttme IUld react lfUi,uwt)y to SAtisfy 80"Yi' 

d(·wll.lld . T hus, in order t.o enb8J)ce flo\\' pcr(ormwIC'"f8 in a wirclClSS tnultt-hop nct.;ork , 

wc UI,,(.'tl dyullmic Lnllfic cugill1.-'t'rrn& (DTE), lhat uclJ) on i..tuJtwltwu .. 'OUhnctv.uk condit ion 

by optimttlly splitting data. over hjgb t hroughput. paths 

In chis disserl8tion. we mvcsli.gnt.e tile infl ucoc.:e of rWIdom traffic &rnva.b;, fluctu­

otiJlg link behavior, nt'ighhoring interrcrenC(' I\nd l>6th toog('8tiotl, whde 8CCunng higher 

t.hroughput for tr8llic flows in mulli-radio WMNs. To t\C.ldrt&!i uforCWCIILiout-d challenges, 

Ii disLributed coutrol ft8:enL is rt(luired at t'OCIl forwardmg Ult"8b router to dynamiCAlly 

oorupule u\ult.iplt forwtu'ding links toward mult.iple gateways aud dilstribute lraffic over 

thcm in 8 way 1.0 maxinuilly ruJfiU Uov.' dema.ud through mirumizing the affects or inl.er­

rcn:u~ tlud cOIIgC!stiutl . Here, we fir1'lL ProPObC au Optuuw Dyml.Uuc Trnffic Engiueer­

IIIg (()"OTE) fr!1l1lC" 'Urk for routing Wltl cOllgestioll conlrol, that determincs forwnrdiug 

link qunlitiUl nlld :splil. lnt.flk o ...... r llll~lll ill u. way that ctW uulUmi1.(' ol\(!kloAA~'(1 traffit'. 

Next, ... ,.. develop tL joiut Optllilru Lillk-CluLlwc1 Scltyllon IUld Pov.'f'r AllocAtion (OLCP) 

(rllloc'work, whkh Itho (ollc)V."iI hop-by·hop Imftk bplitlillK approlU'h, ('xploiLC; !'inp;lC'-hop 
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1.2 WIRELESS MESII NETWORK 3 

wrorm81iOn to rorwnrd lram.; o\'er ieast-congestoo And mjOlmruly-mler((,(M Imk-cluUlnt>1 

prur:5, which in turn improves spfttial rtuse &nd I hus helps to impro\'(> oV('r&.l1 network 

lhroughput Finally. I) C('nu-aHzed Opurual TrAffic EnginE't'ring (COTE) mt'ChA.Hi.sm l8 

devisat, that. dcplo)'~ Coguitllo'c Enable (CR) rouh.·1''tS \argt'liug to oppurluui3licaJly wid 

dymunknJly ulili7A· lin·II.'M'f1 dllulIlI'l:oIlO \rl(-'-':'fl.'4t.' IIf'l\w)rk biludwidllt lI('re.llu'"ropo:oc-d 

opt.inm1 t(lillk ('lIgim'('rmg problcm,,'i b('long t.o Mi:xoo Inlcg('T Nou hnrar ProgrrunnHrtg 

(MlNlP) elMS nnd they iu\'olve bolh combiMtoriul uud continuous constraints, making 

"lOSt" NP-hf\fd problt.-'tIIs. Therefore, we develop &llt.'n18t.C sub-opthnRI AOhlllons ('mplny­

u,-& greedy hmlristic ApproAches. 

1.2 Wireless Mesh Network 

Win'h~ lIlf'Sh nelwMkill,!l: hJ\.~ ('m('l"8fXi AA Il promi.<ling df'1lign p:vooigm ror tl('Xt g('ncr~ 

tlOft wlrt.'l('$8 lIC't'l.'()rks due to it!< low cost, quif'k deployment, (-'ASY 11II~int(-'nnnce. inSl(lllft­

lion flK:ilitics. high bfalability and reli;\ble servieffl as weU ~ enhanced network tal)aCit)'. 

conuectivity find resilienCt". Wireless me!h netW(lrks consist or mesh dieuls Md olegb 

rout.ers, wht-re the mesb routers form a wireless infrastructure/backbone lUid interwork 

with tbe ",ir(..,j uetworks to 1>t(Jvide multi-hOi) wirel~ Int.eruet coulI(.-'("tivil), to tbe lUt"Sb 

cbents [27, 2 I. In addition. with the usc of adva.oocd r"dio techuoJot,lcs. e .g. multiple rA­

djo intcr(sccs IU1d tsrmu1 8nt.CI.lUM, net.work C81'&c:ity in WMNs i$ in(TC8.I:K.-d toignificQIlt.ly, 

Moreover I the gnu~w&y IUld brid&e runctton&lities in mesh rOU\CI'8 eoable the lIIt.cg:rR­

tion o( wircla;,; mt-'Sh uctworb wilh VlUio\18 existing wircl~ Ilct\\"'orb, such w; win!)css 

5CUl50r w!t.works, Wt-Fi (wirelC8&-fidelity). tuld WiMAX (Worldwide [llleJ'oOpet"ability (or 

Microwave Aec<:so) 1281. 

Sollie of the benefits aud cbatuCltristics or wireless mesh uelworks are lughlig1ttt.'tI as 

(ol lows • 

• Increased reliublUty: [II WMl\s, multiple rec.lundaut. paths cxlist. bcl~'t'Cll the 

I>etldcr-rt'CCiwr P8JnI t.hrough the win'lt'SlS mesh routen;. Thus, tbe syst.cm offers 

higher Cllpucity, clillllllatA'S 3111glt l)oinl. (aUun.'S lUId l)Olclltjru bottJcnl.'ck hllQ, r1l-
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sUring rcllRbiJJLy 

• Low installation cogta: Mesh route1"!i are able to J)rovide C!XU.'uded commllnie&· 

lion rang(> wlocb reduces the n('tworK infrl\."tructure ('061,. . Her.-, (C'w routers are 
ti"quiroo to fully ('m'er a lnt"tro ileNe area. MOTCl'OVt'r, WMNs requin> a ({"W gateway 

1'OUlen\ to get conuttt.cd with the wired network. Hence, 'WlttNs CfUl entlble rapid 

implementation and JKle'iSible moclificatioll.'i of th{' network 8t 1\ rC6S0uable C06l 

• Large coverage area: Currently, wireless local area. network (WLA..,\,) standards 

offer bigher daL'" TAt4'!S (e g. , f..t ~Ibps (or 802.1 III flnd 802. llg), by utilizing tspec· 

traLly efficient moduhltion lUld ('oding 5Chemes (MCS). Ahhough ~he data rates of 

WLA tIS arc im:r('t\..,ins. for It. SIK'<'ific trlUlSUl.issioo po ... 't'r. the' coVCt'age and con· 

lICt.1.ivit)' of WLAr"s .... ,ould decr(>8,.')t 80S dH! end·ul)(·r:!> r(::side fartL(T from the IU'Ct'SS 

poiot Ou the orbl"J' band, ullllti·bop and multi-cltM.lIel colUUJuuications lUOOog 

1U('~b routers in WMNs C811 tuable long dist&nce coulUlUlIjcallOU witbout any 5i.g· 

Illficant. perfonnatlcc d(·grodlll.iOU 

• Multiple types of network acCC88: lo WM:,\s. both b8ckhaul acca-o 1,.0 the 

In\emet. a.ud J}t-er-to-pa.,. (P2P) «)liI.lDWlicAtious tLrC :supported 1291. In addition, 

tbe wtegraclou (If WMNs ..... ith otllcr wireless Iletworks and provid.tug :M:.'r\'iccs to 

eud-u.oscrs of thc:ose networks cau be 8CC01U1)lishoo through WMNIS, 

Wirek'iSS IUtosh n(1;works (WMNs) are classified ill\o three standard ACtivit.ies, namely 

IEEE 802.11 . IEEE 802 15 ..... ~ IEEE 802 16 wool> •• 'worlo; (281. The worklng group 

WIthin dl(' IEEE 802 ll , called IEEE 802.11s, h88 bt't.U fanned to 8t.1lndardb:e tbe ex­

tended SCt'Vlce act (ESS) (301 . The wwn obJ(.'cti\'c is to define the Medium Acce18 Cant.rol 

(MAC) and PhYldcnl (PHY) Inyl.'OS for mes.L ut-tworQ that cxtcnd co ... erft.Kc with no single 

point. of failure. Ou the other band. IEEE 802.15.5 working &roup ha..'1 hren e!itablished 

to investigate the OCCc:elSll.l')' rncchanialllS in the PHY and ~1AC layers that. ('$Il en6blt' 

mesh nf>Lv.'Orkiug Ul tbe ",'U'c1cs.o; pcn;ona.l arca networks (PAN5) [311. Thr IE££ 802 16 

mesh nct"90--orks working group aum At. determining the pO!l6ible mechani.sms in lh(> PHY 
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-

-- .... -
Flgurt' I I W ' IN Rtfh.h"C"'lUrf' 

unl MAC 11\),,,. wlnrl, tau 1'i('1"V(" tht, ~Ibo.nd Wlrt,lt,..,.. 1M'('i~ III Ult'lrtlpnlit,ul UJ'(oa and 

uppon 1)o1II\. to multl-polllL COllu('CLH)O Orl(,Tlt.f'<i Quoltly of &'rvlN' (Qo.,-;) C'OhlniuniC&­

tit)n~ UI)'\\'t-""'l'r, the IEEE 802.16 lII("1;h blAUdlU'tl df"IIWlIlMrRtO' M·Y('mIIIlUlt.8hOt~ :such 

''I' In.c.·k of bN\lnblhLY, II cOIUH.'ChonICSb MAC. tot(' , 1321, 

1.2.1 Wire less Mesh Network Arcll it.ecturc 

A \VM~ L"I rompo8rd of stalle aud mobile nodfll IIIl('rconn{'("Led v", w&relCNJ Links to 

form .. lIIul, ... OOI) IIl't.WOrk Tlu.' Muhc: uoc.h~ kUOWH fI,I( w\O·!t'S.'f UH.,.J, ruul('r,j (~1~) 

wluk' mollile nool1l arc &cucrully t.cnut'd 8011 wlrd~ II1t'lih d'l'Ul.'" (MC.). M WlUWO i..u 

Fig I I 1fM"t', tllf' ,,(nllf UK'Sb routt'no f()rm lilf' .... ,rt·1(%4( iJ.IW"kholw ftnd mf"-h ('liMIts 

~ t.he net.work through nltl!lb routC1'8 111 tlu3 IIllC'p,TAtoo net ... 'Ork IU'<:llItecturc. SOffie 

of the.' lIK2ih roulMll ~ C1\llt'<i gRlc"mya (C" ',,) . which Rr(' SJH"C'"illl wwrlf'"'S routtJ1l wilh 

R 11I~.h-b:\ndWldlh Wlrt'd COllnt."t1JOD to lhfO IlIt4'T1l('t 12J In WMNs. MW"h nOlle OPl'T'8tQ. 

not only fUt II 'Kal but. .w.o M fl rouler. rorWArthn" J)l'Ckets of drltl\ on behl\lr or Otht.T 

nodt th'" mAy not. aM' Within dlrt.'ct "'r~kM lrftllslIlI ... ion mnge.' of lil(:lf deMHlRhOILlr 
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1 2 WIREI.F.SS \ 1F'$U ~I~'ORK Co 

Moreover, thf' mullt-hop PBCkt-t. trans:rnL<iSJon in lUI mfrWitructure W~IN tXleuds tbc.' 

arca uf wireless brOi\dhand ooV('r&.ge withouL wLrln~ the n('lwork IUld lbcrdort' enubll':'l 

t be lULcgTallon of mfflh n("tworks wit h ot h('J' f'.xisting wire>ICM ucLworM 21\1('h a:; ceUular 

Bud nd hoe ut.'twork:! (e.g. l)t"w;or, velticullU") , H02. 11 \VLA N (Wt-Fi) ami ~2. 1 6 l:msed 

brftA.lbtl..ud wm:Ic."S'S (WIMAX ) 12R). 

Single-Radio Single-Chromel Wirc lC8S Mesh Networks - Tht' mnst bf\.'iir tvJW 

of wireless mesh nt..'t\\'ork i8 l' smgl .... rtu.1io. Sin«lf'o-ch!\nn(>l (SRSC) Tle:twork . H('re. ene-h 

node '5 eqmppt.<d Wllb n hingle rndio inwrfl\Ce, WIHCh is t unoo to a fixed frettuene-y chau­

lIel SRSC mesh nCLwork suffers from pt'TforlllOlltt problt'lll8 1331 . due LO the SLrollg 

mLerfM"Ctlcc "mong collununic.:aung mesh r(HILe~ on tllf" SlUllt I'hallnet As, there 1U"t,.' a 

llU'ge numhcr of nodes locn.t(.'d in d06C' proximity in WMN and e;\(h Ilode employs IEEE 

802.11 MAC (Mroium Acmos Control) wllich works OU lhe: principle of CS~tA (Carrier 

SeilSI'" ~Iultiple Access) ; neighboring coulL'ulion ou tbe ~ne chaunel lliCTel\8leS collisions, 

rcl rA.llsmi!i5iom; A.nd Jmckct drop; thaL st'vcrcly d4:grade:s lile overall system pcrfOrmnlioc. 

Multi-Radio Multi-Channel Wireless Mesh Networks ~ Win.oIcss mCbh routcns 

arc inexpct1.<!ivc and due to tbe limited pcrformtWcc of tiing,k ... rodio u.lcsh r()Ule~, t"UCb 

rOuk"" in multl4 t1wio lnulli4 challucI (MR}.1C) WMN is (.'quipped with multiple ra.diOti so 

thilt & l/\rge number of concurrent coDll(."Cuon5 can be maintaiued. Thc.' radio intcrfoces 

nrc typically tUlled to lIou-overiapping channels to uunuDue wt.erfereucc (151 There are 

different IIlcchanwllS availAble for cha.nncl allocatioll.! - static, dyu8Jt1.ic or n combiuatiou 

(If the lwo. In stAtic channel f\'iSI.gUUleUl, the mt.crfucC:!l al aU nodes arc permanently 

I."mod to B fix~t channel using approaches such 88 graph-coloring to minimize IDterferCDC(! 

between th .. routers. Lo cQnlr8.l'iL , dyul'11llic clltLuucl I!.'t"ligument provid('.$ a mochuuilsm 

for dYl1luu)ca.lly !tWitching the interface to a differcut channel 88 tlll.' 1000. oouditio1ll' on 

the oetwork VlJr,C)'. Dytuullic Chllllllcl as:.~'luncut il'I lIIorc l."OUJplcx as it rl."quin.'b tiOut\.! 

uudcrlyillg Ch lllHlcl SWitching, algorillim, n mccllanbtu for b,),udlTOI1WlIg c:huuncl sWitch 

ttud lt wav t tl Ilandl(· t il l:' duuuu' l switC"li latt'uI'Y I:''''J . A hybrid duuutd ","".'dp;UlUt·ul ('I:lU 

aL'IO \)(" u.'W'd whi('h i .. n l'ombinAtion of !'tnlk lUlet dynrunir .. .hallncllw,ignuwnt . In t hf'SC 

M>hllions, somC' ofthC' int.4'rf.'\N"!'I arC' pM'manMllly RAA'~ro to IlXM dmnOl'l!. (nflcoll rC'fcrTNt 
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l 2 WIREl.ESS MESII NFTWOftK 7 

1.088 A control ('hlmnl"l) while other interf6(;et\ C8n dyruunically lSwil.ch chaonf"ls 

1.2.2 Cognitive Radio Wireless M esh Network 

Though the WM Ns Ate promising nel. .. 'Or1cing solutioll& for low to6t, quick dcpluymcn\, 

elt.bC of maintenance. sralahili (y IUId reliable services, the ,.H.-'TforUJ8uC't' of a mesh lIcl.9."Ork 

'" still colI3traint..'<i by 8e'vt'nu limitMions. Tht u\lljor hurdle for tbe network pcrfommuce 

is tbe Umited uuwber of avail8ble ortho«one.1 frequeoC)' chwm~1s. All tbe unliceul500 ISM 

(lndw.tnal, SCientific w)d Ml--dicaJ mdio) buuds W'C 1IIDl'it. commonly used for backhoup 

communicatioJUf in \W;iNs. it. is largely ttift'Ctl-d by aU other devices operating on the 

5I\Ille ISM ba.ud , e .g .• ncarby WLANs and Bluctooth devIces. MoroovE'r, thp IimilM 

bandwidth of thl" unli~uscd channels cannot RCrommodlllf" lilt" inCTea.~ demand of 

lIJ;('rs and applicAt.ions However. obt.ammg Bddit.ionlll bandwirlth ~ .... ~ry dilfU-uh On 

t.hc othcr bnnd , under t.he current. S~\Cln of licensed l'Ip.--'Ctnlm allocat.ion, sp«trmn 

hand .. arC' R.~If..'1lrd to sonte' hC'('lL!I('(1 llM'f'S or fiM'ViN~ 011 a lon~ I('nu hl\."i.", whitb is 

I1IU1('r-tHilbr.cd ill. ru. lihoWII in Fi~. 1.2. FCC (FNll"ml ("'..ouuuunic'ntk..als Conuni."Itiion) 

r l"()C)rtt; illrlirBt,c' that th(' ulilb:ntmn of Ml-tiguro ~prM.rum band" m ngl" from l!',I}{, t.o Rljlj( 

[351 in metropolitan areas. 

Cognitive ra(hos arc prop06Cd as " fellsiblc and promising solution to the frf'qUf'1lcy 

_.-
• 

• 
• 

... _. .. 

... -- -
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reuse problem 125. :\51 in win:l~ networks. Th~ coJtflitiw rRdio d .. "j(,es ArC cnpablf' 

or sensing the ('uvironlJlen~ aud UPPorluuistiCAUy tLnd rlyni\mif'&.Ily ~ tJu' licen.~ 

spectrum n.'SOurcC6. III cogOlli,,(' rsdio (:onmlUniC".3tion I\(chitectuw .... .'irelf'M users Ar(" 

ci83SiIled into twu cutegoriut OO.'jf,:U 011 wh(.'tlu ... 'f t1wy un' Ike u:K.-d lO I..I."it' Ii particular :'Pt."('· 

lrulU brulll (prum~ry u,'\(·n-.) IIr urt' lIlIlk'('II.,'W.'(1 (l'Il.'1.·umliU'y u. .. .; ... ~) 1251 St'('(IIIt1nry 'L~~ 

(SU) (,lllploy opportunbtic IIpc'Clrmn flC't'CS& (OSA), M long 0. .. they do uot ClHL'fC harm· 

rul interrC'rencc to nchVl" pnlllnry U&eT'8 (PU). This is tu,:lIit'\'j,blc ir PU rec;elvt"ri IU'e rnr 

tnough from the SU trnusJllitter (bpatinl cbwlJ)el uvailnbility), or no PU n.'(ei\'cri are n .... 

l't'lV'ing ",hUe the SU trnNilTlittt.'r 1); tr8.lItmlluing (u'lnporal dlllhncl awiIability) When 

I) PU (W'rllpie<l R cl\fumcl, the SU \lSIng \lIe blUlI(' chauncl Ulw;t vacate the clllumc1 1U1U1C­

dh't-ely after sens-illft the M'riwJ or PU .. Thi~ opportunistIc Ilnd dynlUltic communicRtion 

IllJoW'S SUs to Utili7..e white !>1W\C'C8 lJl l.Jccuscd spectruw to retaiu Ingber delivery a. .. well 

as allowing bi.gher spet'1.rum utilizlltion. Thus, in cognitive rAdio nClv.-orks, the key c.bAl­

IClIgt' 1S spcctnlm sharing, which dcfinCfi thl' set of rules fUld I>lratc.gics ttl,,!. regulAtc the 

behavior of SUs regarding spf'<!trum mobilit.y, R1locRtion , IUId I\CCe<l8. In gcnerru, the ~ 

tution strAtegiffl ror lipectrum !>hAring rue clJl. ... >ti.6ro iuto two CRtegOriCfi: cent.fRJizoo aud 

distributed . For th(' C('ntrl\li7-OO ClL-W, R SJ'K"C"tnJm management. entity i.<I refiporu;ible for 

both ISpcct.ntm tLlloCbtion and spectrum ftCCeS8, In 8 di. .. tributed approach, each SU i.'J 

m;ponlilble ror the ch{UlJlelallo('{ltion and RCcess decision.". TIle SU may cake it..'1 decisions 

bused on ita 10Ct\1 O~'l\1 iOl1 of t hI'" nf'1.work n.nd 8pc!Ctrum stahL<I or by COOIlet'1\1 ing with 

other SUs to huve a more g\oOOl obenvation, 

A c:ogruliVl" rn.dio wit"f'lC88 mesh network (CH-WMN) i., a wil"f"l~ IIlcsh network 

(WMN) that dc."Ploys cognitive r00106 to its nodes. tLnd relies on opportunistic wd dy­

ruunic spectrum 8CCC8& for its opcr&tiorl 1361 The typie&! &rchit.ecture of 8. CR·WMN is 

showl! ill Fi.g, 1.3, where tbc priwtu'y Utk:11I Ute co-lowtt.--d wilh the cogmtiv~ lUUi.h routct'lj 

ill the hlUUC rcgwu~ lJere. "be uvailnlJle :s-pc.-.;truw rt.'~()Uf(;UI mitig3le wWlIIcI colltclJtiou 

,lInOll1t tilt' 1JJ('Sb nuU(~ ""hidl hdlJlS t.o UU"Vitlt(' .'(m~I"'lic)ll by e.liwortiuf, tmfJk oVl'r lht· 

(\V1lilablC' IkenS('() duumds, 
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1.2.3 Applications of Wireless Mesh Networks 

Clntinnons «'S<'tu'C'.h And df'Vl"lopmf'nt. o( WMN:'I L'I motivntC'd by mRlly promising "ppli­

CMions [2, 28. 271. th(16e nre disc\L'i.iOO in this ReCtion . 

• Droadbruld wireless aCCC88: To provide broudbaud ACCCSS lo rCliidclltial l1ser~, 

the M!rvu:C providt.-'T8 \.I.l!C vnriou.:s leclJUolo&.1C8, lIucb M optic fiber, twL'iIOO paus, 

coaxial cablcs, Digtt.a1 Sub8cnbc:r Lmc (OSL). sat.clhte communications, and wir~ 

If'S." networto; (371 The u.st.'<l tl'Cbllo1ogy greatly dcp('nds on 6{)f'Cmc serviC'f' providE'f 

and locl\lion of tbe UliCfS . In urbao and liul>urban areas, cable Met OSL "pj}{'tU' M 

dlf' m06t popular technology for broadband ~. OUI., due to their ,·try liltlilt'd 

OOvt1'3gt', the service providers refrain from extrnding . ·ired conncctions in rural 

tu'.~. Aguin , nltw ltTWlS have limitf'lll l.'Owr~« luting wircl~ 1.{'(;llIu,l()gi~ likt, 

sut(>l1il(> t\I1d c~llulltt networks. On lltl' other hllUd, IEEE d02.11 WLANIS exhibit. 

IUhllUll~lK'~ ill "Irl\llU"'~L'I U\'1'r wir,,, ' I'UUlltM'pI\Tt, hUL un ..... hofl ,~olluJl\llikntiuu n" 

~uIL'\ ill ("($tIl' :.olntion. ThIL'i. in ortif't 10 prflvid(' !\ rf'liflbh· bruatlbtlud IlIll·rm ... oC 

iloC«'S8 fi(liution for Mimi ru'f'JI.'i, thl' fil'pJoym(,nL of n multi.hop WMN i8 n prt'IlIllslug 

rhf)irf'. lk1IidP.!l. bf'C:AlL'W or the> 1o,,"' oost de>ploYlllMlf nnd oJ>('1"3.ticms of WMNs, free 

-
'L 

Figun' 1.3: CR· WMN lltchiu.'Clure 
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12 WIRELESS \f[S1I SP.'T'WORJ{ 10 

broadband 8CCt.'S."i t.o city relidentl§ 115 also J'OfS.1lblc, 8b shown in Fig 1 " {a}. 

• Community and neighborhood networking: In Il colUlUUJuly, the means for 

network 0C<'e&<; is bAAed on .. .AblE> or DSL conn€'Cu'<i to th., Internet. Though fl 

mujur porhou of lratfi .. in I he community n(1.~'Ork r{>mf\in~ confined withm nE'igh~ 

borlaood, !.lIe ~ of oonvemional hroadband connt'('tion fo",'ards all trllffi(' t.hrough 

lhe lillcrud. HO'illt:\'Cr,8 WMN rniti.g&tes the ftbove dis6(h'lUltages throug.b flexible 

mesh connectivity bt-t~1I ('oUiRIunity lUesh rQut~l'8, M sbuwn in Fig 1.4 (b) . Also. 

WMN ('oven, tbe LlU'gcr lU'('1l in bNW('("n holbt.:! through lUuhl-hop commUnication 

Moroo\'cr, WMN within U COUHUwlity can rul!Q provid(' lIlany applkaliolllS such 8b 

di.':Itribuh.d file ~loragc , di:.trilmtt.'(1 fil\! w.:t.~, mid vldt.'O :slretulUl1g 

• Building automation: Now & dara, buildiug fuucliollb aud "pplicatiolllS arc COIl­

trollerl ele<'tronicruly IUJd WLTclCSl;ly In order to monitor and control electrical de-­

vices including pov,'Cr, Jjght. wr coudltioner, elewtor, ctc.; the cost Mid cOlllplCXlty 

or deploying IUld mAintaining 8 wucd network in bllliding autoUlation is significant . 

Besides, Wi-Fl nf"tworb Me Mothrr option, which is aI50 unablc to acbicve sal­

isfl\Ctory pcdonllwlcc for cxpcwuvc wirmg or t::;thcnJct. Thl.LlJ, thc w;c or WMNIi 

ulf ... rli disLluctlVC ooW1lluget; It) tilt' lit-'Id of cOlluucrcinl Wid ru;idt-'ulild buildmg au­

iOfnftliOIl IlH}. IIC.TC, the dCI)IOYlJIl'lIt pTfJ4 .. ~ lIS luuch liillll'1I.-'I' alld iU.st"llutiou t.Uil 

i~ 10000t_ 

• HCAIlh-carc: Monitonng and updating paLicnt.s' mfonnation in a. bo.1pltal or med­

iCAl centM' rec:luircs to be online. Patient's hlJ!tory, dh&.guosis dall:l. etc. arc Ilccdl.'<i to 

be p~ and lransuuttA"tJ within tbe prclluSoe for various I)Urpor;c:!'. Smce high 

re,(lhll iun tru .. 'CJicnl lUlUgt."" aud wriol..lh pcritxUcdl lIlouitonug illforumlion produl"C 

u nill!<ollt.llt and hug(' vohum' ur dRtll, drployult'tlt fir wirdallt UlMih llM.work may 

pruvifl .. Ili~llrr ballClwiclth ill low ('(Xo;t .. 

• 'I'r'8JlSportation 5YlJtem~: In orofT lO exlt'nd Internet ~ into hll~, ph,in.'t, 

f(·tries, Il.nd lrtLin. ... WMN If'('lmolog)l can tw Ilc;ffl WMN~ all;o C'xU'nrl !;(,n'i(,es 
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, , • • -- - ..... ~ --
(al Oro.dbAM ',""M ~ (It) ('oolm\U\Uy nt1:WOfk 

• , ., 
I, I .. -,. 'I \ 

1 :1. • 
~ .. - - . ' .. . 

(t') t:nl4'rp:'t1C)' ns~ (d) s..tunt)' IIU"",",ILN_ Q'5C."" 

Figul'(' 1 ·1 WirclNIK MNIh f'L\\'orks RI)phr8lion1t 

• f;mcrgcncy regponse: MeM nt"t .. wiul connect nodes dlrt.''Ctly w t'at"h Olht'T wIth­

out pn.q:ing through Illly centrnl controllrr. willch CMI automMicAlIy rt'OOufigurf' 

th('n~vtIt NXOrdu,& to the IlVJUIAblht.)' Aud proxuUlt)' of rt:l!OurtC8. T11U .... WMNs 

rOlbt.r\lCt.l promisin& ,)ll\lfonn for !iM'Vin& f'fI1M'gC'1l(')' pht.'110UltDIlIUKl m\lurN d~ 

It-r For t'XtUJllllt'. wlJ'tl~ lIetworlot for JUI f'1U(T&l'Ul")' r~.,onliC IC8.lIlftud 6r~ ft&ht~ 

do lIot hllY(' In ""h'tWff knowledge of wlH'l'~ the Ilt"t.work ft.hould be dcployl'd 0)' 

blluply pll\Cln& wudcM mesh roulnS to d('A.U'oo 100001.-1OIlIJ, " WMN eRn bc.. qUickly 

... t"blu~htd All M01Io"ll In FiS 1 4 (c-) 
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• Security s urve illance 8)'l!ite ms: Ar. 8e(.umy i.~ turwng out lO ~ 8 V('TV higb 

concern, security 6urvcllJaucc systems became a necessity ror cutcTprUic bwldulgb, 

shopping mall"!. grocery stores, el.C. Ilobtl.~t.. higb performance. low hltency and 

lIluhi-bop !iCAll\bility of W MNs citable range, cO'o·eragf> aud c:ap!:\ClLy in st.ocurity 

Imrwiliful('(' ,.ystNn. Ardl ilN:tUrl' of such a nctwork is sllo\\'11 in Fig 1.'1 (d) . 

In addition to the ;)boW' npplicRtions, \V~fNs eRn Rlso be Rpplied to ('nterprise net,.­

working, metropolitan Me" II(>(Work. .. , P2P communicAtlOTUJ, f"le' . 

1.3 High Throughput Data Delivery in Mesh Networks 

ClnVf'nltouul l1ucJ~. (, .1( •• c.h .. "klllfl'!;'. la))wrll'i. hnmt-lwld ('OUlPU!4'nt. PV(·kl·1Il Cb, l)huLl(~ 

t"tlllllt'C"tC.-d to wirl'lc.~ ul\~h rouh-n. la61 and dwir c l iV(~ifi('C1 applk.ltiun Ik"'lgJ~, 1m."! hi­

('1'('M('(1 the trn.ftk vohwl(' in WMNs eJq)Orwntially 139J . Intl'rn('t ('onut.'ctivity is now a 

core feature of l hObC devices due to nn increl.lSill& demnnd on My-time J\Ild I\ny-whcre "'eh 

I'LCCe5S cit her for bUbi ll l":Sti or for ent.enairuuem, tUld sociai uN,working pUJ1)05CS. Nel.work 

and finwld,,1 St."'CtOr8 rorecast t hl\t, in t he ooming decadf", I\veragt broadbAnd applic6tiolls 

will COWiume around S· 6 tlll~C8 mor t t han wh&,t,. tul llVertlgC is COll8UUlOO todny [40, 411 

Unhke trRditlomLl nppilcl\tions, such M email llild ftp, thc:"e ne ... 31>Plicntiolls tU"e mudl 

nlore 5eUSltivc to dchlY aud lot!S uf packets T hus, ellsuriu,g n: Li u1JI~ s ud timely dK\.K 

df'liwry in WM Ns hM tDltrgl>d lUI l' bumh" requiremenl . 

1.3.1 Challenges of High-Throughput Data Delivery 

Thuu,g,h, Ho WM N providC!J a COIOt cRt-oct;w wuy of dt.·ployiug; a IIcLwork unci providing 

brol\dbMd Int(>tTIf't ~<i. it rlW'C1'l8 nllmhM- of r.haIlMl,Ke!I. to f'll.'mrf' me!\h rlicnLl'O' IntM'IIf" 

nccc:ss wi th sufficiently high COYerA.gC a lld t hroug-hput . 

1.3,1.1 Interrerence 

Tht.' main f&ctor t hRl lirmts dfl.tll. (orwMding CIl.IWlf'it)' in m~h network. .. is link ill1erferenc(", 

which i:I tht COllsequellce of us-ing a shared communication medium. Abo, the limitt'(l 
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dllf..nnf'1 f'AI)At'llY, lbt' larxc Dum~ uf u",t'f'!oo aud tbt' ~,t'nt't" uf rtaJ-luu(' rnuJlunooiA 

8PI)h(~tK)lUI an ronJUtKltUD Wllb lUlerfereoC"t' WOnt'118 nt'l~vrk lhrOIl~put Ulimg multi-­

pl(' cha.nntla IIL'IlftWl of a amgJc channellA Dlullt-hup ""Irt'it*, net.~"OrlUl hM bt"fon fihown to 

lw jj.blt· lv 1I1I1)row 1h(' Iwtwork lhroug.hpul c1rltlililitttlly 1221 T Il{' IEEE &rl Itt. ll't.(u r 

cliu-.I IUIiI IEEg H02. I I ~I htnucillTd otr('r ~I ft. 11I1 12 IIHlHM: rlllppiug dlRllllt,~ rt .... ')c'.:tlwly. 

lIo. '('\'t'f, rhllllnrllL. ....... AnmMli pr~nL"" f'luiUrnAf' bC't'bUM' ('~IO<'nt.ro w;r<'lt'2llf Drtworb 

IV'(' I. kdy 10 1)f' ltmro to lb('l sa.me chrum~ls 1.121 Agnill . th{' undn-Iyln& C"S MA/CA l.mst'd 

MAC protofOl In WMN!'I, pMforms poorly In IIiKh conlenlwn 1lf'I&hborbood Besides, 

d(1)loyllll multt-rKdio metd'r routers. mMY apprOlV'h~ h'Wf been propo6t'd Lo InCf'U&(" 

tAllftClt.y AAd fleltih.hty or Wlrele;;s SystMlUi by UJil1l8 dlrt"Cllonai Md Mn:vt antenna.-. 121. 
and MIMO eystenlb I43J . HOW'e'ver'. thef;;r> M\'I\J1Cf'd w.rclcfia; rl\(lIo Icchno\ogu.'5 require a 

re,"olutlon&ry deai~1 III higher layer pt"ocO<'ols. t"I'ip('('lftlly in MAC "ud ruutmg 

1.3. 1.2 Cong~tioo 

nle traffic \0 WMN" bM a Wldc rang:e of ,'l'UiallOl18 (l .r band.-idtlt. JIU{'"f, delay jitteT 

M'1l1'it"~ APJ}li(,8110U.1) due'" to lU, we 8.b tbe backbone network (or ~ing Int("n1et.. 

Eventually, lrlLffic Vanftt10n cOlltnbUla to dIMII('I8Rluration and may bnng up couge&­

tion du(' 10 COIIU'lItioll CIlU5l.-d by concurreut tnUlblUWllOllS, buffer oV('"rfiows "nd t.ime 

varyillS wirdCti.'l duulIIeI conditions. As WMN 18 • lunltt-hop IIctwor-k, r(lIISl'fition t.a.kiug 

pI(t,('(' at. l\ t'in&it" noth.' lImy diffuse lo Ihe ... boll' nl..1wurk and d(>grade its p('rformaute 

drASllc-aily. 1~ld~. &.lore nt!ighboring nodes shart'" tbt" WlIelese duu.lIlei. the availllbit 

lranaml.'lJum C&1)ft(.,y fll a nodt' CIUI dcpnld on trllffic bct.",'f'eO IllJ llt'",s.hbon ~fQr(, pr~ 

ellM.·ly. COII&~hVU in wirdetlll lIt'twork!. .. dcfillro 110' WlIIi f"t1j:pt'\·t tu a uud~, bUl "WlW 

r<'!tp<'<1 to trM8nl~"IUI1!; (rom l:\ IIQc:i(' LO iLS u('ighl)t)f' I"J T llUli, lo IIlJl)rvvt' flow pcrfor-

11110111' •• ·fllIjt''l\1I0U ,.bnllld 1)(> ha.ndlt'd llxlllK llIUlurul"OfJpt'fftllt)U w . lbm till' lI('1~lhorhood 

n( ttll' ,·uIIANol.,,", hllk 

WM '" h,\Vt It. n-1"hW'lv stablf' 10pnloa' whfT'f' All 1 hI" lrftlfiC'" Hn'lttll f'lthrr to or frow 

a Kl\lt'WftY AI (be pteways .ttI1' tespoDSlble rOt (onmrding rullht' nf'twork Lraffie toward 

rntmH·t . tilt,), Mt.· likt'ly '0 bt.."("Omf' pOUI11til\I bonl("nf'C'b 1ft W'1~" 'l"l14- II1"h ('otK'f'ntm-
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hQn or lr8lrl(' tll a pl('WB,Y ICMh lO aalurtlltQn wluch dl turn ('an miull tn p8('kt" d.ropb 

Mort'O\'('f. ~M'U~ and ronnl"CtIQ~ lhf' 8atew"a)'1' to tht>: WU-f-d lMdcboof' alJeclli Lbt" Qtlwurk 

lhru\l&hput 10111 ThlUi. \0 mitig$1.f> con&cshon dll~ LO hutilro ("ap8Cit)' or gateways, th ... 

trKilic 10tW lulolj to lJe l>alWI«'tI 0Vt:1" dirferent glt.kWt\)'l<o 

1.3. 1.3 Traffic fh.ct.uation 

Rl'('eot tuudl('!ll of w,""Jes:s network tncte 5how tb8.l1h~ traffic df'mftnd 10 \V\l~s, even 

hMn,; agg~tt'd at. ~ powts. is bi~I'y dVUfU11i<" and bud LO efitlmalf> (36. 39) Such 

ubitrvat.lon" havt" allPufiCfl.Ully ~hall(Ou&ro tb(" prAlllcaballty ur the ex~t.m« uptimiu\lion­

beNd rouLml80lutlon,'~ m wiffless mf"'h nt'\worka. 1nil'k OuctUf~llon L'I rt'(P;Ulal<'d b~ U5t'f 

d\'11I8ud. variation lx'lw('tn inooWld sod outbound tnULit' and 8.b,o llUll' or OK' day/W\1'k; 

A~n. Lh(' typt' of 6pplifnttOrt." nmni.)Jt 1l\'('T \V\I"" vnnM rrom movI(' or mU!'K- 61(' 

dcw.'1\IMdJ or Inf'our-,Mu t'lIu\.i1 or Ii"" tran .... fM1l to nmillmt'din f\f\d plp trllffil"_ Al'K), thfO 

~"tM t rAffiC' 108d at ("8(':b router nl"Y s:a,gufklUltl)' d("ViAtt! fTom othl!'T1i, dn~ to the 

Ullemlty of lhe ('C)nn("C\.td \.ISoeni The load mnfttll)n #at rl)Ul("f1o L~ "Lto &or:"lion dt"pt1ld,..nt 

\.3. \.4 Dynamic link quality 

CmllplU'l 'tt ",II h Hu' wirt'd lutt'mt'l, win,lt'Soj lUi"" IwL~ork IU\If 10 ('('P.' whh l'r1mWOlL" 

"tid dynnmk wlf'fh~ cobN'lK'tM'istiC'S Thl' wil'f'l~ <'IlIunu'" i1' InhM'l'ul ly t>rmr pmm', And 

the 10M rnte ClUI be qUlle high {45J WirdCtiH (')uulIiel qu"hty 1111\y Y1U')' 1Ill;tAJllly and 

gr('''tly dut Co multi-PIllh fAdmg. ob5tl'lCles, mOOll(' obj("'('1$, tnl4'TrM'('nC'rS kf\d environ­

meoruM nOl~_ Thertfort, the ptJ'ttl'\w filgnaJ.to-interrt-'f~n~ rMlO (SrNR) WIll chMgt" 

O\'t'r time thM lfll~ flow pnfonn~ -

I.S .1.5 Scalobillty 

Mult .. hop rommUllkAlion 1I common in \VM Ns In A multi-hop commUOICRIiOfl nM:"'Ork , 

~I.IfIlR(J\nt delAY ()('('\It'S nt et«'.h hop due to qUt"ulI1« df"my. C'Ontnlbon for the Wlrele5l'l dum­

ntl And ehAnncl mor. The delay tS thert'f~" ruft("hon of the numoo I)r rommunlC'fttton 

hopl be\;wt'('11 tilt tou~ And the pt,.. ... ny AJI A tYI)IC'IlI j'JUUnl,If', t''Um''nl tEEI:: t402 II 
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,\1AC pro1ocol and Ill; deriV3.ti\'f'1\ cannot &l'h ie~ a ~nable 1hrou3bput &.If the nwubt:r 

of hop If Inc1"t"W;('8 t.o 4 or lugber (fOf 8O'l11b, 'he TCP throU&bpu1. IS lower lhan 10 Mbp') 

12). Tht.' Tt"ft&()11 (or low sc:AlabihlY i.~ that til«" ('ud-\()oo(llld reLil\bility sharply dro(lfl AS 1li(' 

b('hlt' uf ~lil;l lIl'lwurk IUCfC8b(.'IS Tberefore, culIs&dt..'f"lUg tbe Iibovl' IIICllliouf.-'t1 IiMd {>lI"i, in 

, .. " It' l (u i UlI lroVt' I'IIJW pl'rrlJrlllall('l~ 1M WMNI', f,tIIdf' lIl IUld r,ur 1"I'Mllurn' I\JluCnl iuH il" 

1.4 Traffic Engineering in Wircless Mcsh etworks 

AI'llh(' tuUOUUI ur tI"tu tWtI c'rillnllil y Ilf dn,,, IKOUIg (,fUTh'tl on \VM N" WOw!>, Ulnnl'tftill~ 

Ut't'MJrk r(1,ourct'tl tu l"' l}Jun' rc,Ii1 .. blf' nnel 1\.('('f'plnlJlf' pt'rfonlUUlc'c bt'C'OlUl" UlC'rMtAiIlKly 

unport :tnt . Furthl'TIIIOro, this shollhl bl" J\('('ompH~hcd wbilt' IlIill lllli7.i ng or df'(MTin~ 

("'(le(tly uPIVAd~, Out' or tbe u"C'lmlqu('l" th"! l" b('U)A t'vrutuuf'd I~ Trnffir gll~ nN'rin~ 

(TE) 146, 47) . TrlLffie cllKIIICf!nng ~ infomlallOIl About. Lbe t.mffic ent(''1'in3 Ilnd le:wing: 

Ole nct,. .. ork to ~ellcr"lt' ft roUllllg l'loChemc tlu", oplHllil.C1i neLwork pt.'ffonnl\nc:e. Usual ly, 

'he outpul o£ l"affic: cugUU. .. ·(·1111.1 is an opbuw llCt or pAt h, .. IUld Uuk IONIA thAt produce t he 

lX'bt ~ible pcr-fonnft.n<:(" g)'lell lh~ aVl\lb'iblt' resoun:e8, n~'e\'(T, CXI>hcitly lICtting UJl 

8ueh pAth ... nnd (OpLuIIW!y) RS8i.gniug t ruffle to them, typiCAlly c'nllJl for dtAUget; to both 

the routing protocola IUJd tbe (orwlU"dillg moclmnisUi they rely OIL Thus. the optim,,) 

TE solutlOll , wtuch Ideally should be 51U1plc, rMt. Anti dlbLnbuted , is 1\ pn!l'equis:it.e for 

rcsour('t" IUId flow pcrfonUlwcc optUulZl'llloti III WMNs 19, 231 

1.4.1 Traffic Enginccring Concerns in WMNs 

'fmllle en«iu('('nnlt III \VMNs, enVlSlont..'Cl t.o OI)IIllIlZC Row per(OrlJlIlIIC't'l:l, t~Ulrctl to eon­

l:iider ulldcrtyiIl8 Ih.1.work topo1oto'.I\\"II.Habtt' rC!iOun'C!t (.-.g., rftdi06, cllflIlIlCl8, node bum . .,., 

gftlCWftY!l) Itnd IrRffic dCJnfllld , FUrthennorc-, lrl\ffic: (orwf\1"dillg ~ho\lld DC' upon netYo'Ork 

rlyn ..... IIIC6. "'&; , link t.fTor. linle (rulure, IIE'agbborhood 11I1.t' r (erclU:f>. l ~th coogCbt iOIl l"lC. 

'Thus. in order to d(2liJ;n All effectiV(!, rd.iAblc And ("ir t rl\lfic fOf'"MU"dlllg nlt.'(hAn.llSUi LII 

~INti, the issu~ clitoc"l.LON'Cl ill flub6equ('nt fioN.'tlOn.." I\I'{' rcc,ulr~ to bt' ndclrC!!.sCd 
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1.4.1.1 Exploitation of multiple rout inK palh.q; 

III \vt-lN ... ltt<'Sh routl'OI stt M intt'nllf"dint(> noof'S nnd (nrwurd U~'r tfl"'ic to mesh 

~nl.f"~ {CWIf} in ft muh,i-bop (/\Shion. A WMN with A Ii lOglc GW uliglu. create a 

boulcnedc OOndJliou nud n &.i ngle poin!. o( (flilure ror the nfl\\"Ork 1291. one I.L8C of IImluple 

C W8 In 1\ WM N sud multi-p;\th dl\lA (ol"wlVdln& townrd thcm hl\vt' m't'n prO\'CIl t.o 

provide better throughput per(onuul1ce 1(8) ""hI('(' lhis ItrftLcgy lIlC"reIu.e! the A.ggTCg1lted 

bruldw1<lth for ('('I'\1U1I lmftk flow TIJl.18, tht· TF. 1U("C,' l UUIli-1II Riming Rt illll)roving lllfO now 

pt!rComllUlCf" III WMN" may exl~oll. l..ink-dlSjomt or- t'dgMli.sjoint. or mUlu,..ly inLer(er~l~ 

£ret- or dt'18yflM.udwldlb &'U&IlWtt'('(llnuJt,lplt roulA'lt 1.0 "PhI. lnUli.C. 

1.4.1.2 Dynamic selection of Unk-channel pairs 

The l>Ath (61)3('lt)' Il; d('1(>nnincd by it!; ("()ll$titlU'nl hnk tlUllhtau; GIVCU the 8\'ruJuble 

I't'tiQUret!IJ (e&. r&dio. dumnel , node bufftr, pltwl\Y" etc.), the! link CApoc.,t.y L8 dtopendcut 

Oil the cont.ent.lOn tuld «)ng~tion prf.'ti('Dt tt.t it.lt n(>i~hborhood The lIumber oC ('011('\11"­

rentl,. tNulsuuttin& link! on th~ SfWl(> channel within an im,erfCTen('(' r&&ge, as wcU as 

therr lmffic 1O&d, directly determine& tile n\l.(' ft.Chlt'\1:\ble over tl plU'tlCuW link·channel 

pl\ir Thus, f10W8 Cor'fltU'ded over int("l'fercd links ('xJ)ericncc ooIlUI.IOIl~. r-cLrtUlhUllJilS:ions 

and clrope; grc&tly drgr8din5 d("liwry perrorm4UCO, However, "witching lin"" to least. 

iUh'frt'rW (lUll h ... lUk'tl cllluuu:l"l hel..., to improVf' thl' tdltt.iutlblc link lHwdwld~1I Thus, 

M!l(.'CtJuu or &000 qul:llily chsJlu(!l'l along wilh tbl' (ont.'llrdiu5 Uu..b, I&1J~ OplUUUlU traffic 

J'K'1"ConUI\ IU"C' . 

1.4.1.3 Congestion control over routing paths 

B1Uldwidth KArOty ~ 011(' of the mAjor oMt.N:I(l;, lillllhng hlglHhtoughput. d:tUt dehvery 

in WMN8 (41 . tn order to allocate the hruitA.'d ~ndw1(lth rcsouree among tht" rldmitted 

trnffic floWl an the lIetwork fsurly JUld effiCiently, Ollt.' o( the prilllN'y gOAls of TE in 

WMNI:lIl'l to hUlit the 6U5tl\.m«l CQu,gC!Stlon (2, 41 . A focu.<;ed cong('5tion nu,y rl'5Ult [rom 

UnbNtulced mappll~ of tnlme flOWlJ Ollto the:- Col"WlltdillK pAths . Theil , m('&n8 tau be 
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1.4 TR.t\FF1C' .. ::\:G1SEEIUSG IN WUlEJ.£SS MESII NETWORKS 17 

actiVftwd t.o dL'Slributt' the t.raffic flow tn a bet.ler way While forwurdJUg traffic over the 

5e1ec:ted PBlb..'1, tbt' r"l~ allocation Mould b(> rftiLrict.cd by the bott.lcnl"Ck path capaclty_ 

Ps,h C6plU'ily varies due to ncighboring interfercllce and traffic load, as well as fluctuating 

Uuk CQuditiun 119, d9J. As follow!>, dynAmic rat.(> control mwumi..,m i. .. rt'qnirf'fJ Ilt eAch 

rtlulcr wllil.· splitting trAffiC' oW!' liubi 121, fiOl, 

Couft"rlling: kI mitigatt" thC' adwl"M' r-ff('('t of mngNition, n ~iml'll(' And I'fI1('i('n1 l(l('t.~ 

Ilique lIS ~uired to diSSf'minMI" the fOrwArding cllpatity of el\th rC)ut(-r (considering link 

IUld node congestion) throughout. thf' network . Accordingly, based on the ,Iobal infor-

nlAtion nlld locAl Mnditions, eftCh rout.er require fLU !\CeurnLt· link cnp;~lty 1II(~t.I!IUrt'01Cl1t. 

polley. Finally, the appropriatE' rl\t(!S 1U"f' rf>CJl1Irro to bI' apportioned over the forward­

tng hnkll by nppropriate MCS 191 selection ftJld I>ower allocation. Here, OI)cimuUl power 

allocatlou improves spatial channel reuse in neighborhood and 1\110918 Lllore concurrenL 

triUlsuu:;.')ionl) to improve the l\ggftgst.ed network throughput 122, '23). 

1.4.1.4 Joint resolution 

To maximi7.e flow reliability. whlk: 8CCOtnmodatwg vat)'wg traffic demand and instau­

tMeoU.') network conditiolls UI \vM~8. the traffic cugl.ut't.'rllIg wccluwislU ll5 required to 

sehedule link-chAnllel pl\inl along wi~b rate (or power) aUocaholi over them accoullting the 

neighboring interfercnct.' and path congl':Stlon. Thus, au accurate- measurement technique 

of nf"""'tIrk's link , channel Md load cOlldjtlon; a.nd real-time control mec'.hanisrn, are tht" 

key (ACtOrs that. ensurc high·tbroughpu~ data delivery or an undl'Tltncd TE mcchauWn 

in WMNfi. Here, a c('ntraliwd or dl$lribuloo cOlltrol wt'wnuilun can be realized 127, 28). 

hi the cenLtaJiy.L'<t schemes, 'he rCtfOurcc aUocatiuu is compuk-'d by a (.~uLral controller. 

which c:an introduce" IMgc ovcrht'Ud ill the ud'A'ork III tenus or both wlrclCS8 rCllOurcc~ 

,'ulllmmcd hy lltI" fI~IRlill« IUCtIIUl.gC$ and oorupub\Uollld NUlplcxity of lht' N!uurui7A"C1 

algorithlll,q, Wbr-rf'M in dihtriblllc:"1ll>clI('UI'~, ('1" h lIudr ('-'OUlputcs t rruur fol"'WftJ'c!ing dC-'Ct-­

l!; iOllll in a IN!." C'oominatM fn.. .. hion. through C'01Tlluuuiuling with Ihe nrighooNl.. Though 

dis'tiblltM solutiolL" offer su~optinml m;ohllJorUi. ill latKO scalC! wireless mes11 nCl.works. 

lhey promise scnlJ\ble solutions. 
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1 A rRAFF'lC' E'OC I'OEF;RI/OoiG IN W IRt-:J£'iS MP"sU Nt::TW()llKS 

NOIIrlUltOfllO !IpJI/UIIIJ 

1'"II:,romllQ\.OOII~j ~ 
LI 

c_ , .... --• Sptl1lniflt 

~ 
Nouj\ 

r 
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(lJIk"IfeoCl'l«, ColIIIFStIOllI 

1.4.2 Dissertation Problem and Solution Methodology 

I~ 

The l)roblcRL'I I\ddr~ in this di.sscrt.atiou and their solution mcthodologlt.'h ha .. ·c been 

hril'(Jy introduced in this :st.'Ctlon. 

1.4.2.1 Scope of Lhe work 

IIlgh-throughput datn d('liVf'TY L'I lUi f"U1ffgi llP; rf'quirf'uwnt of lh(· nHUlY nppliC'lltiollR in 

till' Il1tC'm('i. A~ l\ fll1ljnr portion of dAtil fnnmrdNl 0Vf1" the \V1\.iN bN'JebonC' il'l d("'l;tinoo 

toward tht' Int('nwt. f'lIsuring !l.tllblf' )If'rrOnnnnff or thr ('Xponrnliruly growing npplic-J\. 

tlon traffic is n great cilnllc-nge or tlw underlying traffiC' rorwlU'din,g mechtulism 136, :i9J . 

f\lrtht.TlIIOI"C. ~urce scarcity tuld VlU'ying ehlUlgin& network ('onrlition~ JlO5P Additional 

difficult.), to n:lilllJly tml15ft'T dlltn over multi-hoI> wirelC56 links towftrd gl\tcways 12, 271 . 

To optinlize How perrOrl1lMtffl in WMNR, f'l good number or cflkient trAffic f'nginef'ring 

SOlUtlOtl5 nrc studied in the liternture 15, G, 7, 8, 91. HowevM", the problf'm of d~ign~ 

iug R lugh· lhrougllput alld l."IC8JlIble U"ftffic forwlU'fling m('('hI'Lnism to dynI'LmicA.lly Address 

network IWd Oow vnriatiou$ while minimizing interferell~ and ('()ng~tiou in ll\t'ge-SCftlc 
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1.4 TRAFFIC' t:ScaNEERING IN WIRELESS MESII NETWORJ(S 

mesh o('Lworu, dra\lfflliu lc attention III order to eruuUlC<" How per(utL08Jlces in 8 wirel~ 

multi-hop nrtwork, we need IL dynamic LrAffic eDgillttnnK that acts Ull iJUtanta.rtt.'OUIi net­

work C'ondil ion by optimally splitting dala (wer high throU&hpul patru.. In t.hh lbClWS, we 

develop u (rwneWQrk for dymunil: tnull ... (,f1~nt't'rillg in WMNH, Wit b collhideratiou of flow 

dClllulld alld 1I(1;work ~hflrattcri,.,tiNL MorC' ~pi·dfically. Wi' in\'{'Stigntc' Oil routiujl\, duuJnf'1 

allOCAlion (lnd ('ong<'Stion r.onlml for traffiC' forwn.rrling ovpr multiplf' fW'thl" to cti!';triblltC' 

load ruul ft('hiew higher throughput where the- mitigation fnttor:6 fU't" link interfereufi" 

and P',th t.'(mgel.uion. The developed fnlllf'work Mllploys ho~by-hop dis1ribuloo trn(fic 

forwardi ng IIlt~IIU'b.UI . where thp uJlIiLN!lun How is Rplit 0Yt.."1' the dYlIIunic::nlly M'lectOO 

optimal stt of dOwru)treams thAt nuucimi.1.f! How throughput . Here, the fOJ'WfU'ding routers 

explOIt. ou~hop neighboring infonnMion to compute link intRrference And oonge8'ion, and 

controls tbe weighLed-fair r~eption of dl\Ul trflffic from its upstream nodes to a.void 000-

gesLion while mlliuta.ining flow fl\imess AS sho'\\'ll in Fig. 1.5. The det&iI di.sclk'CSiou on the 

devclopment of dyusmic tmffie engineering solutions through routing &nd rote control at" 

detailed In Ch3J}lt-'1' 3 To further enhAnce flow optimiution through intelligent Wll.uncl 

allocution . dynamic Uuk-channel seloction along with rate control solution is designed iu 

Chap&er 4 and 8.11 effitient TE m«hanism exploiting: while spact" is det8.iled in C li&I)IA"'r 

; . 

1.4.2.2 Design goaa 

The design gol\J.os of Lbe propo&ed Dynamic Ttallic Engineeri.ng (OTE) mecbauwu arc M 

follows 

Olstribut.ed control. Tht' Row throughput in WMNs grel\Lly varies with neLwork size, 

node deusi1Y Md network dynamics (i.E'. link error, interference, load) . ThlL';, trNYie' 

clIgiuceri.ng mecllau.i.sm driven by Il centro.!i7.ed ('Qotroller in 8. WMN. would increase 

~h(.'duliug deltl)'s, CtllW' (\ single point of fAilurt" IUld might Icoo to wrong scheduling d<'-" 

d,giou$ dm" w ()~It"l' illfurtllatij,n lL'I~'·' To t'ount('rlU:'l 1111' aJin('TlII'1I1joltr.c 1 d('fil-il·ltd.~ . 

1\ distrlbul('(l Mlllrol tLAt'1l1 i~ rMluirm at f'nrh forwl\fding rolllt'r to cl('{rnninf' ml1goin~ 
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1.11 rllAffl(' E~GINEEIUNG IN WIREI.E.'i.1i Mf<::SII NF."rWORKS 20 

lank fluahtle5 and aphl traffic 0\'& lhcQJ til a W8.y '''ft.t c'"n IUI'JUIJl~ uf'lwork perror­

U.WI~,· Our- protMlM'd DTE IIOlul1oWi rUll Iluwnl.lInol.L'Jy al ",'6Ch rorwlU'ding rouler lUld 

~.xpIOIl, mnglt"'-bOj) neighborhood inronnlltion only to Wf' !.rank rurwi'U'tJing d",'<'is.iouS wd 

110 uuUtt.' j" M',Wllblt', 

HOl>by-hop multi-pulh trnfHc rorwardlng, In W~L'I'K. m<'tth roUll''''' "et. as intM'­

III :<h&l(' Ilt)d.~ WJd rurwani Ul!iCT lnulic 1.0 IIIl~h IP't('W"~ (CW:;) UI ullIlt-i-bop rtLSbion. 

A WMN with fa ~illgl",' GW utigbt 0'\.""1"" Ii IXl\tl\."II('("Jt C'Ouditlou llud , ~ t.ingll' l)Oilit or 

f(uilln' fHr dh' IIrt ..... ,ork 12!.1 111t' U:;(' of lIIultllll.-, CW" in a \\~IN aud 1l1ll1t .. palh data 

fonwmhug towards thcw h~wt" bec-II 1)f'tA'cn to provide better throughput pMffJnm'\.n~ 

148131llet: this !lttatA'gy IUCrt'3SCS 'he uggn.'Y'lcd hmldWldth ror Cf'r',un trBffic Aow. Again, 

cnd-l()-end trrufic fOTWRrdmg poht,y ITI " l11g111y dYlIIlluic Ilctwnrk environmf'lll enn', of­

ten AC.llcve good throughput.. Hcm,'c, our l)ruJ)QI,(.-d DTE mtdll\Hit;rn rollows hop-by­

hop trsJlic 2Iphttillg II.pproach to forwN'd its up6trm.m tm.ffi(' ovt'f 1f>)\st.-oollg~tt'd II.nd 

muuumlly-mLt. .... feroo hnk-duuUlc1 prurs to IIJIJ)row 0\'(TII.1I network throushput 

Simple and efficient congestion and interrerence measurement techuIques. 

The trAffic in WMNti hM fL wide rfutge or vnrifttiOIl8 (i ,t'. bandwidth, jith.·r , dell'Y jit­

ter sensith-e f'ppliC'fltion,'l) due to its tUi(' IUS the' blW'.kbonc 1IN..'ork for ftcCC'&5ill& intCTnct. 

Evcm,uAlly, trAffiC' vtu'ill.tlon C'ont.rihutts to chann('1 8fttUt'fttiou Ilnd may hnug up con­

sest10n due to contention (,.A1.l$ed by concunenL tnulJuolssion, buffer ovcrO<rt't'8 and lime 

V2U')"in& ",·jrdcss duulOel oondition. AA WMN is n multi-hol' n4'twork , the IWI)8d. of In­

Ler'fcrenC(' aud ('ougC6tion WillS place at a Plinglt" uode mn)' dUrt.l8e 10 the wbol(" uc.'t: ... 'Otk 

and degrade it.. .. pcrfonnMC'e dra.'JUcally. nUL". lh .. ftceurll~ And "m~l)' UlefMUJ't':fUt'uL of 

inuorr('ff'IICC and oon&e,tioll i~ rt>quirf'<l '0 ,aiel' optiml\1 trlUtie rorwarding decillsloua so as 

to llChi~'e lM"tler network throughput. lI('oCt" • • <e devise ft simple bAclc-prC:8l/lurc based 

U)('ciUUlism that. I.raoswits colll.rol ult:\5Sa8(' to ooe--bop neighbors l.tCriodiCl\lly to diHtLW 

node And link cong('t)hon status in 'he nC\\I,'Ork The OTE &Iso Icarus u{'i.t~hborhood 

illlCrf(>fcnee iLUt! ch&,ullcl qUality Lhrough local ulOujtoflOg and nne-hop C'OummniCfttioll 
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Conge8tioll and lut.crfcreuw aware traffic forwarding. To RChi4'\,(, high­

throughput. dala dcll\-"'Cf)', traffic e:ngWCl'nnK In WM"5 (Vi reqturt'<l hll\Ct upon intt"l'f<.'f­

enct' ft.lld congl'!ilion Our propascd DTE ('nllbb roulens, ft l each hnpi to 5('1~' omgoiog 

hub offerlllg lultbt·' datA rater. and roo ur.ro intf"rl('renCl~, While ouUJpuhng ft'Wun:C ulIQ­

(,fl t \Utl (or HOM;, priutity ill KiwlI to v;ood C'JlI.lllilY rUrWlU'tIlIl,Jl; 1i1lk6 tlln' H'quin' h_~ f>O"'t'r 

nlloc..l.uion 10 IU'hif'W' III,. rrquirt"d rntf', minirni1ill~ IlIl('rlM'~nN' KI4 9;T1J M c'onge-otion. 

ThUl. lhe OTI:: MnpllMiUfi improving sptl.dl\l r("\1JI(> In nclghborhood I hrou.gh reduced 

power ftllocnhon oyer ('fl("h rf'Aqible OUl&om3 hnks Md henct' It. routnbut.cs LO boosting 

the O\·erall 11M-work throughput. 

Weighted reir taLc control To AVOid oollg(';l.-1. IOIl coll.apAC In nel90'0rk due to c.J'hausu\'t: 

lrRffic dCIIlfUl<I , the proposed OTE pohcy fl('('('SSltlllai dynAmic Bdj~tnlClil o( tlie datA 

rAtes over the dC1iIK11-Illt.-d dawl1slrea.t1l hnb often tum& into BcrOunl the downstream 

nodec forwardlltK cllpabilitteS. Here, e'Kh roUlt'T trUces lht> responsibility of rtgUIII.lUlI 

UJ)Sl.rOOm lmffi(' n.tes 10 proponion to Ullfilrc.1UJl'. dMJUlud "ud Its (orwl\Cdwg ('"DpRClt.y 

1.4.2 .3 Formulation of optimization framework 

TrRific engineering ill WMX posett chAlleng('6 Lhllt ncct'Mi("u~ novel modcling IUld OJ>" 

t imizRtlon COII('t'J)LlJ to account for : (i) tr1lIL'Unisl;.ion 8C'lleduliug 01) !mQ rCII1J1.(.'(1 by t be 

MAC ~ lL'Ji08 CSMA , (ii) need of a dynluni~ eho.nnel U"li.gn mcnt mt'Chl1llwn UllUulLi­

dlllO ne-! W!\I Ns, (iii) transmisc-.ion po'IIIt'r control for Interftrenre lDJllgetJOU, (iv) rille 

control on trlWSlJllt.tini li nks consKlerin.s tbe- interfereltee and loAd ('onditions, and (v) 

uoctTt.llio lralfie demMd to be routed bet-wecn W~(N routers aud gal-4!W8YII. In lhis 

thesis, we propotlC': WlXed-integer oou-li llC8t programming (MINLP) opluuizaHon (rl.m.f­

work Md ,,!gon tbms for dynt\J):Uc "r&{tk engineering in WMNI\ wllh lht· tUUI to n1aximiu 

!low throughput wblle Iwwmiz.mg congC!il lOu aud IIlk rfert" tlC'e m the net\\'Ork , 'Miog iflW 

OCCOUllt roUllng, ('hAnDt-! Lvisnmt·n\. and rRl(' (or I)(WI .. -r) ronlrol. 
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1.5 TIIESIS ('ONTRlIll'TIONS 

l.4.2.4 Oevelopnumt. of scalable HOlutlotls 

The traffi(' f'n,Rln('('ring nplimi7.Alion frnmcwork. .. in WMN" f'lrf' utt.a.bJr to prnVldf' an 

optimum solution within polynomiftllimc due to !.he ~P-hlU'dncs. .. nAture of the ~fTNt~P 

problellis. Thus. to 1nslantAn('OulJly and t>fficiently ffllCt on flow And nftwork dyn:unir:tl. 

we devised greedy heuristic suboptimA.l lrRffic engint'E'ring solutions thA.t I\ft' prl\Clk.Ally 

employable III WMNs. 

1.5 Thesis Contributions 

In this thesis, Wf' Address th .. dynAmic tmffic: f'ngincering problems in WMNs, especialJy 

for hU'gc networks with multi radio and multi clllu1n€'1 environment, for hi~h·thro\l.ghp\lt 

datil delivery under lbret" different n('twork architecture; - wilh fixed ch9nllell'l.~igned 

oV'('r radio interfACeS. employing dynamic channel A.llocAtion ovpr radio intf'rf:\('(!9 Md 

6un1ly, exploitin&: cognitive rAdio interfACes to opportunistiCAlly I\lld dylU\micully ut.i1iu­

t he licensed spectrum reqoUTCf'!' 

] .!t.l ROHting and Rate Control in Fixed Channel Wireless Me!lh Net­

works 

The first contribution of this di&,cTt3tion is to develop an optimlulioll framework for 

DynAmic Ttaffic Engineering (~DTE) UI WMNs ,bat tUU15 to wiuuuize tbe interference 

and conge!\tlon al e&cb hop thruugh joint. (>OWer aud rate COlltrol 80 as to acldevc hi&h­

throughput dBu\ de:tivery. Due to NP-bardn~ of the o.OTE framework, we then develop 

a ~ecdy heuristic Alt.ernate solution (G-OTE) I.hal ClIablos routers, at each bop, to aclect. 

outgoing: links offering higher data ratt!a and rt.'ducc..'<i interferences, Thws. 'he J)roposOO 

G-DTE prutluCCtl near optilllal rt.,;ull" by twug lUulti-puth data forwarding dccif;.ions in 

a dil,1 ributA-d fAShion: it. exploits lS"i~1t ... hol' lwigbburbuotl inronnlltiull only sJlrl t IIn.'I it ilt 

~ntahlf" . Th(" simulBt.ion ro. .. nlt.. .. , ramc:-IJ out III n~:l1511 . dClnOlUltratC' thBt th(" pro~ 

0-01't: RignifirAutly outpC'rfunn., th" lrtat('-(Jf-thC'-lut work. .. in terms of throughput. d€'lny, 

rcli"bility And (nirlleAA JX"rformnllccs .. 
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1.5.2 Dynan1.ic Link-Channel Selection and Rate Control 

The' kl")' ('".haU{'uga; of high~lhrougbput. datA deLi\"Crv in lUulti-rndio nlulti..(>hrulnC'1 WMN!l 

art' fluctllRtmg duumcl conditions, dyntunic truffle flows, c-o-chllnnel im.erfM'en~ Bud 

congcstion . ThUll, our second cOlllnbulioll of thll~ dlSS<..Tt.lllion t8 to fornmllll.<' " MINLP 

op'lmi7:ation framework 'hu!. chooses, I\t e&c:'h router, A number of out&olng link-rhBnnel 

puln> And Allocates powcr(ti) on thOt;(.' so dlBt. the romerS total oU'golllg Oow rate is 

maxitnized .... 'hi!€' thr interfcrcncc IU1d the oongl.."titioll are kt-pt at minimum Ic\,t!, Due to 

the NP·hnrdnCS'i of this OIKlnta! solution, v.-c thclI develop R greedy hcurisdc IUt'thod tbAt. 

scparot~ tit ... joint prohl(>m mto t.wo 6ul>-problems, greedily choCl6Ctt the hlgh·pt.Tfomung 

huk.chAnnel J)l\iffl ftnd heuristicAlly goes either for increasing power levcls on the best 

link-duu.lliel pltirs nr utili:l!ing more- plUta at minimum power. Finally, our SUl1ulatlon 

rcsuJ~ show that. thp propcw;ed system outpcrfonn. .. the state-of~thc--1U1. works m terms 

of throughput, delay ft\imess IUld ('()nVt'l'gen ce. 

1.5.3 Dynamic Traffic Eugiut.'c.ring in Cognitive Radio Mesh Net.works 

The third contribution i. .. to invcstigate traffic eng:mt.'Cring: methods in CR-WMNs through 

Joint !:icl.ection of link·chA..llUf'1 pain! At rncll (o",'ardang router And IllloCft.Lin.g powers on 

those :so lIS to bOO6t up ovcmU network throughput. We first present an optimization 

&l\lTtework, Centralized OptimnJ TrAffic Engineering (COTE), ruming At uu\ximizing A.g­

gregatcd network throughput b)' JJelecting optimfll sct of link~chruUlcl pairs, power 1\1-

location over tbose and fair tnUDe splining F\u1hf'r, 1\ ~tn\lized Suboptiml\l1iAffir 

Engineering (SOTE) solution Is proporsed by Mnploying LagrangilUl dual decomJ>08ition 

on the COTE probieul. to t llsure a ~lutioD in polynomia.l time. FinaJly, a. Distributed 

Creedy 'n-affic Engillccnng (DGTE) method is propo6{'d to en$ure (Ml ('()nVffg(>noo to 

the dynamic changing network bebovior and t.o improve scalolJility. Exten.sh'e simulation 

t{~ults are prN;Cutcd to demonstrale the effcctlwne&l of OUT l)roJ)OS('d TE lUcduw.isJ.us 

comll3rcd to the bLak .... o[-lhc-urt worlcb. 
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1.6 TllF .. \j IS ORGA .... 1ZAI ION 24 

1.6 Thesis Organization 

The outline of thl" thesis IS IllS rouoW21. In ChaptC'r 2, we overview stlltc-or-the-art. tmllk 

engineering 8OlutiollS tn wirclcs:s mesh aet\\'Orka and discUli'l on the motivation or thill 

work In Cha.pt.er :1, W(' d(>\'('lop f\ traffic enginf!!M'ing solut ion exploit-ing rate oontrol O\'Cr 

rout.iu.g The joint path 5£'lection, channel all()Cl\tion and congestion control framework lit 

presented ill Cbal)'~r 4, f'llrther, impro\'cm('nt in Lre.ffic throughput. is explored through 

l'Xpioiting wl.itl' S"pat'C' uPJlClrtllni.·.tiC"ltlly ill C'lmptM' r., Jo""innlly. \\'1' ('oHducll' tlu' lht~iIl iu 

ChRptt'T 6 by 8unUlu\ti'lill& Th ... filJdingii in th(> t b(ofliR and df8tribing UV('UUC5 or ~iblt' 

txtMlslon~ to thi~ work, 
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Chapter 2 
State-of-the-art Works 

2.1 Introd uction 

Wil'f'l('N\ Mt'!'lh NI1wurb ('VMN~) i\T(' MlVl.-.n,grd tu 11Ct('Ud Intc'fllt·t "'-"t't'M And olllCf' urt­

worlunl, WTVlC'f1t in Ilf'TM'Inru, hnm('. Ion\l. rfUIlJ"lIL. .. , nml IIItlMpuhllUl lU'l'''''' Rf'C'rntlv. 

lh('fl' hM lH-M1 All f"Xplof.ton or wiN'lf'S" df~, And trrum- mlulnf" hl\"! bn-n Itfown f!X­

ponenlllllly due to 'hf> awUll\bilit)· of 11Igh sJlC('d networks. fOl)r~ pmt.mul mobll~ dcvlces 

(aR'llU1. phones, tablCU). l'flltrginS Apphrntiofls nd networks. Tht' lIurnlxT of wireless 

drvlf."e8 and lrl\fh(' 'i ~ to klf'.lP'Jl UOWi"3 rapidly III the rOlnlng YI'IU'8 !31. unpos-. 

mg th{' need fot I"Cnlt..,. Cl\P3City and lhroughput In the network In order t.o ehliUrf> 

high lbrou~III)Ul dntft dehv("l)' ofWMN tmftk. ditr('fent. filrAtC'git'li in the Iill"Olturt" hR.w 

f'1IlC'rgNl l\\. durm'nt ope-mt iouallAyers of lh(' net'NOrk arthil('ClUte. mnging (rom chrutnel 

"'MiguTU{'Ul rU;. 17,52, 53llUld ronge'llioll ('QlltroI14, 19,21 ,541, to routing 110, 13, 48, 55J. 

The pAth selection in uet'a't)rk l"yeT is moth'l\lOO to improve flow l~rform.Nlce corr 

lJdtf'UI~ Imk/path q\U\bty (10, 14, 561. dynamiC' link roUd,llOllll flO, 11 , 57J "'Id pMb 

eap8Clt)' 112, 131 To sHow more coneurrt'm. How tl1UWJlassaOI'lb over forwardm,; hnb, dy­

namac chAnnel AlJocotlOn ItrslA"git$ At'e employed to nlAXirntu network ('onnoctivily ($8J. 

nunlllUl(" hnk/pCH.b IIllerferenct 117, 18. 52) And etlhlUl('~ path throtlghl)uc. liS, :';2, 591. 

bet"' either trelfil"lUdt'p(':Ddent [15. 58' or Lraffio-SWBn:' 160. 611 , FUrther. ill order to 

nUlXIl'(Il1A.' now throu-KhpUL over lbt fon,win.g lX\ltUJ, congM-lLion lit lnllll\:f\t.ed through 

uK'OrJ)()t'(\tu\3 many bo..,..by-bop 14. 21, roland ('Dd-Lo-t'nd ron,;CfttIOU C'ODlroll'l.wroacber; 

(19, 20, 621. by 1Dt'l\I)unUK erft"Cll\'(! hnk/Pftlh lJ8.ndwldth ('oruJdt'Tins IlIlk qUAII,y, inter-
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1.2 I'TRonU~IIOS 26 

r(oI'('IK'I'. load and traffic dcwand 

Nl:'x~, corwdermg lllt> Wltt-dept'1ldf'ocy among roUllllS, cbAlluel 1lI1octl.tiQU and 000· 

I'ICtition contralto ('nhlU1l."(, tiar Bow perrornllUICt"8 in WMNs, r~hm t'nv~oDed Cro8$o­

ht.,)'t.'r .,Iulivub. r\tI III" dJW"tk:l.l·rih~it,;lj ur It wirl'it.'t)b liuk grc~l.ly d4..'lX'ut.is VII llie clJOM!u 

lnUl.:;llIlNiJIJII mh', rlllllill':; luul ('ollltn;tioll (."(lI1tl'(l1 pr.>blt:'lIlIS 1U'f' IIOIVt-d joiutly III hlcra­

tUN' IS, 6, 631· 1I0Vo'f'\'('r, rlffi)litf' or aU thNll' joint f'frOrt3, higlH hroughpuL dotu d('lh'M)' 

18 still" dml1ttlge in WMNs support-ins lnr~f' ntlml)('T or nodes 10 dOflC proximity due 

to bAndw1dth 8eftlt'lty "nis probll'm ("All I:w.> ,,1I('vi,.tt'd by Iht" cogrl1hv(' rndl0 pru"Rdigm 

that relics 00 opportunistic And dynlunir- n.ttti8 to rrequeuciel other dum lh06P in thf. 

2.4GHz ISM band 124, 25) Mtt.ny I\ppro~hes in the IjtAte-or.t, IIe-I~ works put. directions 

on efficient OI)portunlsttc spectrum 8l1()('1\lion (OSA) u.'cbniquCll '0 nummlle interference 

over 1iccn84.-d dlluUlcls .wd ClllSurC certain eff(!(,li\'c Lmk CRpIl('hy (64 , 65, 661 
tn this Chnpter, the ~t"l.(H)r·tbe-fir' works Oil 80w pcrrOnUJU1CC imprm't"ment. in 

WMNs i.J1lvt' \)(.-eu 8Crutwi:wd as being CClltJ"llhzcd or du;;tributeC'l , employing J\inglf"-pftlh 

or mulli~ pn'h (orwardlll.g wC!cluu:tism, applymg eud·lo-cnd or hop .. by·llop fIOlutiou I\ud 

luoorporatlllg dynamk Bow bt-havior or not; and loot"d In Table 2 I. Table 2.2, Table 2.3 

I\n<l Ttlhle 24 

The orpmzotioll of thc ISUb;cqUl'tlt sect.OllolS III llus Ch8pt.cr art' orK3nized 1\5 rollows. 

In St'(:t IOI) 2,2, Vo~ d,*=~ 011 diffl.'f'Cllt l'Uulmt; elgorithllls. $e(oUOII 23 CXlUnill4'6 state-­

of .. tht"-art C"On«t'8t;Oll control rucchamslI15 to l'uhl\nC't' network Ihrough!)ut t1ndl'T highCt" 

lraffic dCt'lUlUd To ruUy caPIt.aliU 'be bandwIdth offered by MRMC WM:':s, 8 good 

number 0,( dy.uunk: channel allocat.lOn rnochB.uUims are hlghlishted ill Section 24. Tv 

OS)lim.be tbe Row perrormance tbf'OUgb optm)aJ resource 811ocftti0Il8. c~layer tnUllc 

rorwardiug 5OIutiOlUl arc brought IUlo hg,ht III Section 25. Implementation or oognjlive 

rlMliOlS ill 1 ,II~h lIodl2l provldt.':!t the opportwuty 1.0 aLtwu higher lJlUldWldth ror SppliC3liuu 

lmflie III WMN", Srchull 2.6 dl.'Picts Ute prmnil4ing (,rrOrlb t il"" bt\ll lx.'Ct) prt.lJ')OtM..ocJ iu 

IIlf'f'ntun' lO utdwt' wlutA, lifm4'" to i.K>ool up 11r",,' 1){'duOJUUlC'I'S d.I'1~ .. IIC'-d!ly III en· \VMN~ 

Finally, 1Io'f" MlImnArl7.(' this Clmptcr 10 Src-licm 2_7 
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2.2 Routing in Wireless Mesh Networks 

Gi~u n wide rlUlgc of 8C("ntui05 wh~ \V~t Ns can be dt'1'loyed , & 101 of ~ couin. 

bUiioos have ~n msdp to study I).Od design ('fficient routi ng algoritluruJ for WMNs_ 

There are 5C'\'eraJ liu.k·qunlity b8.sed rout ing mtlncs proposed iu tbe 8ia1A!'-of-tbl"-"llJ't 

work.s The metric Exp~'ed ThtUlsrni.ss.ioo Count. ETX 1561, cowputd the expt.'Cl-l.'ti 

number or lrawsutiss.ious (including rctr&usuU&sion.s) Ilet'(kd to IM!tld a packet over a hnk, 

by 1UNlSUriUg lbt' fOrlVlud and rt'"\'t'~' rut~kl't Ot'liwt)' nl'ti(Jti (rOn) lH.,twC('u a pwr of 

neighboring nod(-'S, Thc' Ex}>('('t.oo Ttuu.!mission Tim(' metriC, ETT 1101, of n glvt'li link 

i~ dMinro NO tit(' L"XPt"CtCd. Wilt:' to M'ud n 15OI).byt.e packct. at lht' rat.' tbat )'1I'lds tht' 

highest throughput 011 thai lmk. T he IUclnc Ex-pt'Ct(.'<i Number of Tmn .. 'Unission. .. On R­

PAth , ,,:TOP 11"J. ACcounts for the filUt~ ltulTlb(.'f of rclransllliS!lion 8llcmpts I\t. lhC' link 

I.Y'" 

2.2.1 Single-path Routing 

A good routiu.g wdm: l!IhouJd fiud paths cou.stitutlUg luw that bave low IOI>S ratio, 

high dltt" nllt' nlll.l CX)X'r!('uC'(' I('MI iu1A."f('rl'un· . St.·vl'ral rt'tICUfl'h propotllliK JIlc'orponlh' 

varying iut.t'ff('TCIlt"l~ cxperwun'fl by l\ bilk iuto (.11(-' fOutillg uwlrk to fiud ~oud quality 

paths. t\uthons iu (101. propose a path metric, called Wcigitt(.-d CUUluln.tiV\' Expl'Ctro 

TrR-nRmi.'lSion Time (WCETT). willch txplidtly I'fcouuts for t.b(' mt.crfercuoo among Iiuks 

using the SI\01C channel. The Metric of Intcrft.'Tt'nce Rnd Chrumc1 switching. MtC (571 . 

l1Ioorporat~ both mte:rflow and mlm-Oow Ull(.'ffcrcnc(S m path metnc . 

Works on (131 fWd (12J focus on computing the achie\'8ble oond .. 'idth when both int.er 

IUld inuR-Row intf.'rr(.'f'Cllces arc present. Expccl(.'<i End .. tcH:nd DeIIlY (EEO) proposed 

in 1131. monitors the trll.llsmiMion rR-ilure probability to estimR-te t.he trsw.'ODliMion deh,y, 

"ud callnla the number of pl\ckcts wlUllng in tbe buffer to estimate th(' queuing delll.y. 

EEO i, then integrRted with R- path metric cAlled M111ti .. rR-dio AchicV1I.ble BRUdwidcb 

(MRAB) to accurl\tely cRpture the impACt of inler lU1d iutrR-Row interference hlong a 

I). ... th 167) I)ro~ 3 new rouling metric EFT (Ex-pe'cted FOI'WtU'ding t ime) for HWMP 
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12 nOIl"l'II'.;(; IN \\IIU~lESs MEsIi NETWORKS 211 

(lIybnd Wlrel~ \tt'!'ob Pro\ocul)(J£EE M2 II, Ta:Jc Group. lOCPl). whL'tf' • forwartl~ 

noel., n~ to alit.UUfttt ILl qutwng dt'la)" lIunl.l.M-r of rrtrAnlllllL."bIOIlb, ~.xpt'Ctt"d duration 

ofidlt' NO~ dUring b8dwlf InlCf'\1U&, ddcr tlm(' du(' to oont('nhou .... Ith hi~h priority traffic 

IUld 1It't.gliboriug ('Oudillow; (c,g_. dCWi.lly, I~b, In\usllliStl,u,HJ r"" .. tLlHI pu.('kt't Ifjz~~ of 

IU'ig,hlxlrinr, IUlClf~) 

2.2.2 MulLi-paLb Routing 

LImited and HU('lualmg bandwidtb of wlmt'!S8 hub, nt'tgbborinl IlIterf....,.t'DCt'. rougO!'­

hOIl and rf'luWihl)' i.''I8U~ due to Jjuk tTror~ arf' dlf' k<"y dsall€'llIe3 a WMN f8t'e5 .... ltik­

forwNdin,; trtJfk . Multi-path rouuug CM ftddre& th~ chtt.Ut'I1At".8 and pnMdt'M'Vt:raI 

OOIt6I~ ftuch "'" bMdwidth a,:,gregalion, 1O&d ba1MCIOIt. 0IXuna] rt':80un::~ ulihutlon Md 

hlAh fawt-tok-rtU)('(" Ibrotl&b forwarding lrftffiC' owr rwMtd pnlMtowtud dcatmations 

In t.lW ~tll)ll . Wl' Ii.'tl the existing nluth-path routiug aigorlthullt for WMNII 

III I"jot] ""ud I!''''''~. trallip 1.' fOl'Wl\rfif'(t 0W1" D(KIt' or link th."JulUl tIIuhlph· paLlll1 wllhout 

c'U!lI'idt"lill., putl! ("tIIUhtlOI1 (illlM'fM'MlN', t"OlltMllluu rtf ,) lUll I f'W'1 b n'Pl..rlty (aVBJ..labl(· 

b.lUld ... 'idth) . MlI1tl·ptt.th Rf'finf'mf'nt Alltnrithm. 'InA I<1Rj. if,: " tlu.lrlbutni Rpprooch thal 

1\,lIl1S 1.0 fiud multlplt· mututtlly non illt..-r-rerins pl\lh~ betWCf!1I {'I\CI! lIOurcc dCltll1at.ion pair 

explOIti ng sillile hop IIlfon n:\tiOIl , Ilere. tL pAth grAph, ('onSI!l.tllls of II *~ of I\vnih\ble paltL" 

bct.~n each 8OurcMJefiUnation pair. is compuled Wllng I\I1Y of the cxistmg multi-path 

MUtlll& "Igoruhms From this Uaph. 11.11 IItlffic-r£'n('(' grtlpb UI ohtlunt-d thAt hM rut roge 

between n()d~, where t'"3Cb node represf'llUI " pnth in lhe J)"t.h gTl\ph, If they mteriew 

wnh etdJ other by &luuiu& & common cd&£' or lUI intcrferll13 ros:~. FmAlI)', the uU\ximum 

wighted Illdepelldrot sets frow the In~fcreoce grAph IS obt&intd whicll holds the de5ued 

M't of leMl mtnfcrM paths bet.,ttn 111t~ &OWC.-..df'lltllUltlOD pNr Ilo-"C!'Vt'r, when number 

of lIoo(» III A WMN mCTt'~. tbe Dumber of IIIUh11,14' l>Rths Vi AOO lIlen~Rbf'd So. finding: 

m&xu.uuUlllld<"JX'udent ertII Crow wtmerCtK'(, graph hn-omftl infeuiblf' 8ml tlHut mcreAAf"8 

COU11)Ut.8lionaJ O\'t'1'hr-atJ Abo, mutual nOD 1I11(>tft'nn~ l>lllh ... do 1101 n~lY' leed to 

leM lII1.(.ner«1 Aud C'OtIgtstcd paths. Agam. traffic 5phulUS OWl' lltt' compuwd paLhs dl) 

nol n'1\('1 to dynlUOlC' rongC'StJon IWd C'ondlt..I(HI or thf> u('twork aud lhUII dll7Mmg 80'" 
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2.3 Congestion Control in Wireless Mesh Networks 

WMN l5 a promislus: wireless technology ror numerous appliul iOllS, e.g ., bro&dband 

intM"nt'l f\tteSS . couurmllily and neiglJoorhood Ile!w.vks. ("oterpn&e Ill1.workin&, building 

automation, etc 121 " The traffic in WMNs hM a wide range of \'W1.8UOIb (i.t: bandwidth , 

jitter'. delay Jlt.ter ISCUSJli\'c applicatious) duc 1.0 its usc u.s lbe backbone network for 

accessing Il1lCnll!t. E\'clllually. 'rafiic VllflUliuu conlnbutol to duuwC'1 Mtutadon IUId 

lIlAy hrin,; lIJl c'OnRt'tllioll dut' t.o rOllh'utiou t'JlUMocl by t"Oue'urn'ut lrlUl.!!lUi""ioll, buffM' 

(Iwrflo~ aud tiut(' YlU)'mg wtn'lc~ dllumt'l ronditiou , A,; WMN j,; 1:\ multi-hop nrtwork , 

C'on~('!;-tion tAking ploct' I\l ft l'I.iUAlc node' IIIBy diffusc to th(' "'holf' nC'l"",'Ork I\nd dl"'grMf' 

h~ pf'rfonnlU"lC'f' dn~tiC'aJly. Tllen>for(', C'on"C'Stioll ('OIuml Vi II. M11C'iAI i.. ..... Uf' for WMNR. 

Congestion control mechanisDl i5 fa;pouslblc for preventing the occurrcncf' of congestion , 

I\S ..... ('11 M for allevil\ting the imlmct of congestion 011 network if it occurs. Also, congestion 

control scheme sbould cw;ure a fair distribution of fl'50urCCS aJUong conlending nodes. 

In the Illlcmd. congc.'stion hM been resolvc.-d by applylUg cnd-t<>-cnd congestion con­

trol A130rithm, i.e TrRlIIsmistiion Control Protocol (TCP). However, it hM been reported 

th"! TCP docs not perform well in 1\ multI hop wlI"clt"58 CU\'U"OlllUcnt {68] , "'hldl usul\Uy 

results in inefficient and unfair b81ldwidth .utocfttion IUtlong dlffercllt flows. One of Llu.> 

well known reasons for TCP ~'TrormlWcc dcgradation is t.hat trl\chtionru TCP 1\S6ume8 

Ibl\t the p1U.'1cet IOISS happens only due to tile congestion in tbe network . J-IO\\'t"Vef, thi~ 

MSu.mption may 1I0t be 'rue m wireless networu, smce the packe' 10&."1 also hAppens dup 

to erroneou.'\ wireleM chlV8Cteristic:s, MAC contention.'S, unstable netWOrk conditions Md 

ulobilit.y of nodes. As TCP B.~lUnC2S FLlllosses illdical .. congeo;tion, when non conge6tion 

packet Ios.~ ooeur in wireless network.'1, beside; retran .. '1mitting the l06t packe1 , ,'CP also 

nxluces it$ tnul .. ;mi&otion rate 8."1 a result the network throughput drops Quiekly. Mot'COver 

ollce wireless chtulll(,ls fU"e hac.k to the nomlN OIM'1'3lion, the cl8.~ical 'l'C):) cannot be 

r«'4)v\'rc.'tI quitkly_ Also An t'nd-t()-('nd rongenion hnd ritU' conI rol 13 inappropriate ror 

Dhaka University Institutional Repository
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wif(~le;s mOlb netwurks, becAuse it suITers from llu~ t\dverse E'(fPCLS of mu lli-hop wireless 

environmcnLs, such M variable Round Trip T illlC8 (JnT). hig.h Bil Error !lilt.f' (BER) 

Md r(W:lio inlt...,.rcreUt:~. lIere hop-by-bop lSChemes resu lt in beu.er perromu,J1ce !.hM 8-

curr ...... ",llOnding eud-t..o-i;ud 6CllcUlc by rca.cLtug lu ul.1.work cUllgt'titiou rttbll'r lbwl ('ud-,~ 

cud lIu.,-htutuml.'1. D~ld(,.. TCr, IIII\JlY applicatJoll~ III illu''Tllct ~uch u.s umlio bud vidl''ll 

streaming U~ UM'r O"tagrlull Protocol (UDP) llS " transport protocol, SlUC" they rt'-" 

quire ti lll('ly deliwry o( datB rather t lulH reliable tnuuHnission . As UDP protocol injccta 

trrunc lll t(l the nE'twork wit hout Iie(~klllg nuy rttdback rc.gnrdiug che capACity of t hc net.­

work, more p."\('lcf'l$ gN collided And congestion situation get. .. v,;·orse. Coexirotena- o( rt"al 

tunc i\ud lion-teAl t unc trnftk may (hrttt "be siluntion cvcn won;c. Thcre·rorc, to Avoid 

cougCti&ioli . WMN requires I\n effective' congestion control protocol which lS (,I'lTJ.able o( 

Ilvoidillg/cOlltrolling congcstion, while R.t;.o;-igning mlcs to flows. 

In r('''C(,llt pub1ictltions. flCVE'rAl I'lpproRC'.hE1l (or congestion control in wireleAA multi­

bop nC1,"'Orks luwc bet"n propo!)e(t So fN', there Are two different typeR of RPllTOI\Ches 

(or cOll.gl..'tiliou control in the exi8ti ng literature: end-t,&.eud conge;1ion and hOl>'by·holl 

congestion control. 

2.3.1 End-tCH!nd Approadl 

A CotLSld(.'rable &fnount. of rcse1lrch hAS lw>en performed on improving t he throughput of 

TC"P for wirct~ environment . These works :At.tempt. to impro\'(' wirelC!lS 'rep throughput 

by dislmgwshillg: the l>litket 1058 duf' to congestion IUId link lAilure. We hll\'e RrticulA.ted 

the pr08 tUld cuns of the abm'c ment.ioned tccltniqu(" in thc following: A lot of work hM 

bt.'Cu done focusing the lU'eA of TCP enhancement where TCP resPOIld. .. to special wi.r~ 

1t'M dnlrILCt __ -....itltiQli. To di<lct>nl ix>t'M!en congestion nod non c:ongCfltKm loeacs in multiholl 

wtrcless ncLworks sevetiLl vruiAnt.s of TCP J;uch AS TCP ELFN (Explicit Link Fllilure No­

tification) 168], TCP f'ccdb3elc 169) and Tcp· Bus [70] W('f~ proposed . Upon d~tec'tion of 

"route failure l"VCllt by the network lnyM'. cb('S(" l)rotO<'ols CC3SCS furt.lu!T p&dcet lr3.1\smi~ 

<lion \lUtil lbe rouLe rtrcoVCfY, In 162). & TCP enhB.ncement called Congestion Cob{''1'euce 

for WMN, bM been prop()S('(l which Wsti l)gujgbcs congl'$t ion 10SS(.'g from trtllcUuillSioo 
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trrOf1f and muhl·pftlh reordering t)A.SOO OD £eN (ExI'Ii(,lt Con&~(ioll NOlifit"alion) ffiu-k-

111& b)' mLermooi&\.(> routers ~d Lbus rooucClf (else r('t.nuUl.UUSSIOn, (irnoou\.l;, WUltOCe8Sar)' 

coDgo;t.wn window reduC'lioM, Mel 'hus provirlf'll improwmen1.S lbfUl cxtsting " 'treleE;8 

TCP cnliWlcclUClllIj, 

1\ ~l)f)(1 ltutIlL"f ur "IIlI~Lv-"fIIl mh' 11.1 ..... ..-1 1'lIl1gt'l'otl.,,, t"(tlllrfJl proto(,(ll~ h,,,,, 1.H't'u dis.­

C'lllo."1IC<l in Iit~llture. wb('l"(' lbt rilL<' of the soouJ'N' node Is rcgulntC'd by lLt; cicslinntion. 

n~ ClIoch int(!TJ1I4xhntc node In tilt' lI('1.work ~LlIlll\t(':8 the fIIvNl"hlc bandWidth flit the 

node and I\tll\Ch~ the mfonnu,ioll 91101 All fMwl\tding p!\('kcts Upon r1'CE'ivin.g these 

PACkelS. die rt."Ct'IY('T cll1cuJSltS the allOW8bl~ bandWidth on the pAth Md nohfi~ thfo 

lOC)Urff through dllowledgCUlt"lIt . 111 Explitlt Link FRllure NotlRCRtion , LRTP (201. each 

mtennOOII\\.(" node nH..'1l.SurC$ the effecltve bRndwidth of cach of Its WIreless link , fnirly 

nJlocl\~ it. I\Inon~ the OUMl gOtul throllgh it "Jld lht'sender MJUSts th('ir S<'lldmg TAles 

bR5l'd on tIll' nuuwlwu aUocRtJOn acroM Rli lhe hO)lfl. Since, WMN nooPfl in thfO pr~ 

J>Of7f'd 1U"('hllf'Clure run tbe LRTP prolocol alld lhe eTld U5('r mobile Iloor.& IWd the nooes 

m tht' wiroo ueL-work naus TCP, in LRTP eAch ingrald/er;ress WMN nodp ha.'I to C1nI)loy 

ft TCf'-LRTP proxy, LRTP protocol also suffl!f& froUl unfllir C'.bfUlUt'i fihfU'ing problem 

tL.~ when fUI illwnnedialc node aUocalCli cllfUUlcl bandwidth among Ih(' illJlut Haws. it 

does 1101. oolll!idcr tite interference rclalioJlshlp among the neighboring nodcs Md I.he 

lIumber or llow8 going ovcr them. \VCP (\Vircl(lll6 Control Protocol) {191 is IUl AI.MD 

(AddhiVf' hlm'Mf' Multiplicatiw DccrcaM') bMed r8.l~eontrol protorol which t'Xplidtly 

r~llCt.s to congestion wi,bln Il neighborhood On l.'ongeslion At a link , WCP signals aU 

nOW!' tt'1l.\'(·,";,uI8 lile neighborhood or that link, (0 muILiplK:AtiveJ., nodu~ ..... I1\tt' by hAir 

The main dllTt.",,·nct' Wllh TCP us that congtl5t.lon IS 6ignaJoo to all flo.", lrll~ns lb(' 

neighborhood or a rongCfltoo link . In EWCCP (Explicit Wireles& COIJ~C)I;lion Control 

Prvtucol) 1491. the UlLerlll\. .. diate routt'fb ca1culaLu lh~ oollgt'ljtioll reWl)Ik;k ~;j uu llac 

I!.iz,' or till' IIci.ghhorhoot.l queue 011 cnch win')(:J08 link tmd tldds fcc:dback ill the c:uug(1StiuQ 

hf'RdtT of lilt' pun(l'1 \Vh('ll lhl~ packf't 1m",,,, ttl lll!' r" I'lVt'r, llll' rC"t'(II);u:k ti, 'lti ill th,' 

N:mgN>hOIi hrMN" holdll thf' Rum or rul r('('(l1~ ~VM"I by R.ll wiN'l~ 1mb Rlong Lb(' 

pilI It Th(' tijUtf(~(\tN f"Clul(Nllion f('('(fIlMk lq ('('hONI bMk to tbe- Sf'lIdN" _'itt! nil fU'kno,"" .. l-
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tdgE"Ulcnt. froUl t.he rt'(',ti\'er (711 in\rodllC'('$l\fesh Adaptive f-t8C'ing, ~I AP, which op(."ral~ 

at. 1 h .. wirelCSlf TCP l§Oun:e as \1(('11 us at the mesh gatcwuy, aud lransmi\.8 Tel' p&ckC1..i 

by MRpting the trftll.'lnlllSlllOU rete accorumg to lhe current. uClWQrk 1St.8lt. MAP idtnll p 

Ut~ tht> turn·ut loRd ill the neighborhood by Ult.'MtlTillJ( the current level u! f.:uuh.'uliun 

by 111(' 1\111'0 or the ('OCffi('i('llt (If '1\rIl\(ioll lIf n'('f,'lltly lII l·i~'Surcd. round tnp tiuwt\ aud all'\lll 

I\(count. .. (or {he' 8PBtU1J rclJS('-' eOI1.Stra.int or iEEE 802. 11 mesh UM.\\'orks by UI(,Murinr. 

OUL--of·lmerfercncc DeJay (oro) M the time clnptK.'t1 bct.Wt.'Cu LralUlUlhting a TCP pncket 

by the TCP source nodf' nnd recctviug the packet. ilL a hidden tenmnru. tn (621, when B 

router's qut'"ue length ex~s B thTftihoJd, &-be rout.cr stamps every incoming pncket with 

a ECN (EM'ly Congestion Notifit'lllion) bit. sct. Wllh ECN, when Il PftCket. is dmpJX'd by 

a congCt.1,ed router, the EC~ congestion s.ignAl cA.rned by thA.t pRoCkel. l'i 100, hut p"'-Ckel.$ 

before fWd after thf' l05t Jmcl<et mBintnin coherent congCfition infomtl\lion. A pN'Jeet Joss 

lS cousidcrod as a congestion loss if My pACket. in its cohcrenC'f' context i$ mN"ked. In 

lbh C:llSe, the rea-i\'er re;ponds "\\tllh duplicAtf' ACK.s l(I trigger IUt end-t~elld retrftn.<unis­

sian and wiudov.' reduction At tlte ~\lrcc , 172J devi3e a ncurt\! network l)A..,.oo ool1.gestion 

control Lecl1nlque, where competing flows atf' treRtoo independently IUld fairne!\.'i i!\ noL 

addr....:<l. 

2.3.2 HOJrby-hop Approach 

tn hop-by-hop congestion control mechanism, local feedback on the ~t15t.hi""b l t'" Cl\p3City 

at. each node is transmitted to the respective 1I1lstrerun nodt', in orner t.o e5t.l\hli. .. h some 

kmd of backprt:$ure t.owlU'ds thf> source. Simple Md Effectiw Con,;estion Control, SECC 

ISOJ I Ubtosloc.a1 informAtion ~V&i1able At. nodes t.O dl't(lCt conge6t.ion. computes tFU'get rfate 

for the con&t'tit~-d Bows. notifies upstream nodes the t.RJ'gct rates and finally upstreAm 

nodes modifies 802.11e ch8.Jlocl ac:cC'58 J)tU'awet.ers to 3d,iust the their MAC trnusmissioll 

r:lU'fl. SECC outpcrfonus TCP ill wireless networks clue t(I rC8(.1.ing t<I dyulUnic wirckilS 

oonditions e.nd neighborhood cOll&~tiotl ilisttUitly. Howc\'(~r . congestion control iu one 

part. of lh., ud:work may CIlum) cOII&t"8~iou U) other parts or tile network , Additlonolly, th.is 

apprON.h lL'le'I explicit. feedback to the ul''lStrcaru noot."& lhat. imposf,''S r('(-dbuck t.raffle on 
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the nf'twork, In Adaptive a mi RCflpow;h'c 1'hu~port Protocol , AR·TP 1731. llJt' router 

calculau>f; tht" rates for the {Iow5 pa ... 'oUng through It bMcd on two differcnt thrl'2lhold 

levels of routE'r buffcr and cmploys a tmck·prf'Slillre mt"ChanlSIR to nOllfy the upstreams 

rcgardillg; tAl.<' adaplBtiou Bnd abo KSk.'I thE' downstrt'"1Un ... to allow lhe ooll,gesl('ti nodf' 

to jm"'(~ lh(> 1;('l1llin~ rMf' t hrol1~h 1\ forward lhrf':!lholrl lVla)llAtion (('C'hniqllf'. In onl ... r 

to mill,Vw' rongl"Stion in onf' pltTL of t.hf' nrtwork, AR-TP mAy incroonN" (,('lnj(ffition on 

the otht-r pnrl$ of (he network. By usin& the fotwJ\td t hreshold JltiftptRtion mec::tuUlisrn, u. 

nodc tnl\y release its own congffltion , but introduce col)gt$t ion in its dowu:;treruu nodes. 

Link Layer Adt'PtiV(' P:\r'ing scheme. I..I.AP 1211. scheme tn es fA) reduce tlH~ MA C eon­

tentic)tl in thc network by prop<'rly ~hedulillg lIle p&ckets at the source I\()«C. 111 LLAP, 

t.he four hop tnulSUlISSIOn delAy in u path is (.'Sti nmted by mc.asuTing the queuing a.nd 

trlUlsmissioll delay UlCutTOO ilt the bou lcucdc node in 1\ distributed lU8Jlilcr and accord­

ingly Jl3Ckets Art' pBC.:tt for trlU~.tU.istilOU:; to reduce self contention . tn Congestion Aware 

FAir RA.lc Control. CFRC 1741. " Imk is cousldcrt.-d to be oougcst4.-d when t he a\'erage 

qUf>\IC sire of the huk CXct··~.·(h, " predefined threshold . LUlU that route tllclT traffic via 

lhf' s:,une bottlcncclc link SyUChroUlZC thm rate upda\(.'IS, which are enfon.-ro through rate­

boundNi hackpressurc seut by the uottlcnL"Ck node to all liuM tbat usc the bottleneck 

link to forward their packets. Ho'N't'\'cr. if the Uub obtain the rates ba.s<.-d on thcir resJM.'('­

tiV(' do",..nsueam bottleneck hulas, flows wnng dUlcrcnt bottleneck regions migbt achieve 

di fferent throughput. To "void congestion , NICe (Neigbborhood-Aware And Overhead­

F'tct Congffltion Control) (41 scheme "ddresses neighborhood congest ion IlJld proJlOfjeS 3 

I)V('rll e3d rre(" congestion control mechanism Lh at aims at renJizing an efficient IUld fair 

baud width allocation in WMNs. NICC anticipated congestion by predicting the (utur(l 

queue lengt h through tut&1yz.ing its evolution using 1\ fuzzy-oosed conlroller. The severity 

or (,(,Illgt'!<liuli lev('1 L~ uotilit.-d to the ueigbboriug nod.s by umlti-hit I:ollgestion f~ILttck 

u:siug ulld('r~'X1)loi1cd liclcL .. in the 802. 11 (nunc. header. Finally, the raie control is pc~ 

£uruwd It( !oOurC'(' 1I00II!!( tL"i n,g lUI (,lIluult'.'<1 A1MD alstoritlulI , wllt'rf' thl" d,'StJ1"(· of mu' 

«.'<luetion is proporfional (0 thf' C'onKcstion Sf'VM'itv 1f'\'('1 rrporlM by thl" r:(:mg~tion II ..... 

liflrl'l.lion . IMI di!OC' IL"'~ t hf' rolf' or buffrr 1I.j:1.fS in N'duC'inp; qUf'lIf'ing cif'IR~ in wirl"lf'l'.."1 
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m~h nel","'Orks, Tht· propoM.'d work Ilum to dUlnbutl' tbe nctghborhood buffer lUflon,lt 

t he.> bottlf'neck conl.e-nLlOn neighborhood LO maximu:f' ooulenf'('k IItili7.11.tion In 17f1J , I\U· 

tbor'S proP<*" a gfttl'way controlled cf'ntraliU'd sc.ht'duling m('('JuUlism for mlUlAging flow 

ratffi to ,wold COIt.g:e.tlun amI lIupro .. 'e rlUnltNi betw(>(>11 network flows, 

2.4 Dynamic Channel Allocation in Mesh Networks 

At the early age, mesh nodC5 LU WMNs (oLlo"''t--d com-cutional ""1ff'J~ nrtwork sUUldlU'd~ 

thrQugh \l('iug t.'qwpIX'tl with ouly OtiC fMho per node Lhll.l oP(.'rfttoo ovcr coit.hcr " "h(U't-d 

I'hann!'1 <If h SM. of ort hC)ftOl1ru dmuul'L.; III thl'l dn;i~, c'nd-t<H'Tld dat n Itow r.xpMil"lll'fS 

!oIub"tA.lIlill1 illtrnl'T('nrc from ungoiug 'nulJuujs~mm or both cwarby "icnUItRllf'Ol1S flows 101ft 

nrru'by hops or lh(' AAm(, flow. Thcrrforf', a n(Ow architN"tuf"(' cxploitinp; Illultiplr rndiOR 

on .. Arh nodI', hRving multlplr nvrulnblr rhannrle;. hAA romp to lighl. Thle; Af('llitf'C'tlirr 

is commonly temlf'd NO multi-radio WMNs. It 1\1I~';ntes the inlerlerenre proble"lll, whieh 

exists in the single-rAdio I\fchitecture. to a grCl\t extent through the intrexiuC'tion of mul~ 

til)le dll'lHnele; over the rooi06 RvailRble on R single m~h node, ~Ioreo ... er, it extends its 

llSt\bility by cuRbling aimuitAfI(.'OUS trlLlL'imission Md reception exploiting tht' multiple 

rndi06 from 1\ Single mesh node, Therefore, the multi-radio I\fchileCture becomes R t>O~ 

ulM nf'tworking parAdigm in recent. times, I-Im\'ever', the dl1mnel assignment techniques. 

which "''ere originRlly proposed for 5ingle-rR(lio WMNs, CIUlnot be directly Rdopted in the 

umlti·radio C.l\,$f'S dup to interference, cluulIlel diversity, clllumelswit.ehing etc. Tht>T('rorc. 

1\ number of different chl\Jlnf'1 l\.'\Signmf'llt techniq\les (or multi-rfldio WMNs blwe b<."C" 

PI'OI)()6«) in tbe liter3ture 

There have been many studies on how to 8.8Sign limited cbanneli to network iuterrtJ.Cet 

W 8 mulli-r&dio wul\.i-clI8Iwel ""i~less mesh network so as tc) miniuuzc tukrft--rcncc aud 

maximize tilrOu&hput . T",'O b3Sic ch6Unel allocation 8trt\tC'gi(!$ have been ~tudJ('<l : 1) 

stalic channcJ alJoc8t.ion, where int.erfl\CC3 arc M:sigocd CblLlUICi& pCTUl811cl1li)' and 2) 

dynauuc channel allocallotl, where llltffrt\Ce6 are 8110wed Let 8Wltch to di(rcreol. ChIUlUcl8, 

~iu. coo:;idcrmg the di ... ersilled applictllion rUllning over WMNs. c1uumc1 aUocallou 
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uvt'r Lhr- fOfW'fU"dmg bub might l)(- loed mdl-pt:1ItIt'nl (lr fl,wve, wblch W(' UlVCSlJgl1le 10 

fullO'NlIl& S«lIOIUt 

2.4.1 Traffic--indcpc.ndent Allocation 

In WMNs, 4'8C'h rC)ul<"f iI; shown t.o oonLrun 11 tilable l\\'('rlL3(" traffic lol\d O\"er tiu)(! (581 . 

Sa A.Stmmh,g known t.mffic proSI(' in thto network, authors II) (581 propodt'S a ct'lll.rnlized 

d18.Unel1UbljplUH'ul 8U"Rlt'8)' b/u;(>d on Tabu search tC'danlque tbllt pr~"r'VC the on&mal 

network lOPOiosY They ROO propa;ed I'l dUiLributcd quasi AtAllC ('bH.nn~) s.wgnJllt'1ll t«b. 

ClIque ba.k-d olilile gn'tdy IlI)JlrOXimfl.tion aLgonthm for the Max K~Ul problem in graphs 

The crtltraJized Rud lraffic-indepc-ndcnL aLRl lC duuul4'l 8&U.snment appr08Ch, Ccnll'tLltted 

Channel AssignmNlt. Algorithm, CLICA 1171. AT('f'(lily 6&llgwJ channeLs to rugher priority 

liob ",ming 10 forn. "ronn('('lil'd topology following the protocol anlcrferellc~ model ~bat 

(")Chibi18 lUiuunum ul.'t&hbuf'boocJ iuU'ricrentt. lIov.'Cvt'r. CLICA baa u lunituhou of only 

.-rnL. ... wt • .,;UK 1111" prnl);,hlt· IIlh.,.f,'fihg- f"c1ltf'S . uot till' l\c'ulIll iUlr'rft'rlll~ l>dg(.'JII Ot,udl.'2I., It 

dV4."lI not 1U00tl,", nllll\'a.illlvlt, nwli( __ l'llt,~,·tllI'r III ",lditloll, ilK lund gTt't.'t.iy dlUIH' dunJig 

,h(' C"hAnnt"1 8."Signm('nt mAY 10)1) A tOC"/\) oJ)timl\. Mor('(')\'Cf. I, LOwly ignor~ cxtcrual 

Im,crfen.':n<"e, lr8.ffic 10l\d, queuin& d('iflY, J\nd enviromnen,,,1 effcct8.. 

NSCA.f( (Nol),"<lomiMtoo Sortill& Genetic Algorithm) It81 is II. ttll t.rnhu.od channel 

1\.II00000I\LI011 ru&orilluu, "IAL tUlempt.s to nllucimlZf' nelwork connectivity whIle IIUlllIUizUlK 

l\eLwork IIItcrferenc:t', 'l.1)i8 technique OOOp18 II. genetic N.:prak':lItttlIOn III which t.'fU:h &cue 

reprer.t"nu Jt. dllumclstalc . The proposed algorithm utiliU'S ft. NLIIkln&4ba1W.'d 6tncss fUlle­

tlon ,,"d 11SC"C I'l elf'c,°tdlU" tW&-point ~ with" deletion opentor as tb~ rrcowbtnl'ltion 

op<':mtor. For mutation , it. exploits inversion \'J\lialion bft8cd method', NSGA·U basc.-d 

chftnnell\8b.igJlmcnt tcclmiques ensure connl"divity white exhibitinl'l Wf)' fMt convergence 

rftte. Ilowc\·cr. t.hl- tcchn ique i~norc tXt(nl,,1 interfereuce, lramC lond, nnd cuvtronmcnlru 

l"frcclt' 

TopolOl)'-<'ontroUcd Intml'«'uet"-awvc Chsnncl· MbignmL'1tt Alg:oril hm, TICA 152J, i.~ 

t\ C'f'lllrllliud lcchnJqu~ that builds a uetwork rouueellVlty gTi\ph by lit~&vctm& th(' 11(>J:\Telit 

ndghbor for Ct\Ch lIod(' 1U the network , corwd("rul.g I lit' 110'ioll of po"('r rollW'olw mint· 
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miu Inlt'rferenct' amon& mob nodca NrxL, a Shorle:.L Path net' (SPT) 15 bUlIl ba:ocd on 

Lb~ conoet'tlYlty graph, considering thf' minimum po'lll"t"r to be ,h(' pAth I'It'If'ction marK­

Next. the g:tLlCway c:akullll6'i the TAnk of ~ Imk In the MmjmuTn Power SPT (MP­

SPT) ~'() 011 tlit' munlH"r of nOth~ Llull \.1 .. ..-. n plU'Licu1tlt' lillk to n'&;h till' Sl\\A!'N6Y. III 

ttll' M'C'om1 vim .. ",·, TICA lu... .. ip;ni> 1\ dlfUlOc·1 In m('h Iiuk uf til(' MPSPT Ut:l'ort1lIlg til It.~ 

rAnk An Impro~1 \'M\iOll of TIC A, EnhlUlC'rd TICA «('-TICA) Is l\l&o prOJ)08('d ht"1'C to 

~nC"Ount~ th(' hiddt'1l link I)robh-"m, teiUllin3 in 1\ mON! nccurnle And fft.IT ChlUllId IlUlSlg.n­

merit Itowt'\'tt", I!IO\lnbihty rt'tl\ains n mAjor issue lUI both the gRph colanng and MST 

problernll tu'(' NP·('omplct(' 1521· ~Ide&. irl both l1CA And iu Improved \'el'5tons, ex­

lcrow lnu.'ncrt1K't'. t",ffk 10M, queUIng dC'lAy, JUld t'1lV'u'OnmenlAl elTl'C~ RrC cornplrtcly 

l.gIIorcd. 

2.4.2 Tr-afnc-nware AUoC3tion 

Cnu."ld(,ntll1. t1l1' (>L~ltc" tUnt bUlbLY lrn.flit- ol~1 Uff' of WMNZ'. h{'V('1"t.l n~"tUdt{'f~ upl Lo 

l')IUll'llh'T lraitn-.dt,x' IItI(·ul duul11cl n.'IlII(lUlliulI , Su"Urt> ill l l!',1 w..ulII('C1 !otaL&I\lkfti tnilii" 

profll(' pUlling MnphMI7.(' 011 floWl' orlJtiM'-ln~ from lVlt(,WAY If') UIIM'8. 111 dl('lr proposrd 

t(l('llIuquc. I1rat n lo"d .. balunood rou'ing Iret' ls constructed from the ori~lUt.l network 

1U'CllIlt.'CtutC, and then lL dllStributed lond·nwllrc Algonthm tl.8SlgtlA chRnnels Lo the links 

on the tf'(.'(' In 160}, lIodt'S orgnniYA.' their irnffi(' tnnuunissloll in different lime 81oL'I through 

IlrIk layer tlynchrOmtnLlon wIllet. .... mlb1t·~ ,h('1n 1.0 lrliU&nut ..... lthouL any OOntculion. Here 

chRnnclH fU't' reA1locl'I.lt.'C1 RlId Hili art' r~hcduJcd &ccording Lo eblUlging trAffic dem1\ud 

In GNOC 153), " ruay ('ontrol module monitorS traffit': 1000IWd IntA!l'fCfttlCC! on chfUUlcls 

to deduce ft. dynkillic: 'hrcJbold value fot cbwlOel ~witcbi.ng. The GNOC procedure iI; 

rcspoMible for findJlIg ,be appropriftt.e eblUlIIcI to 1>(' Swlt<'JIOO tAl. The pro(>OSt'<l bMMced 

wmrolUng modc1ls \1bCd to wAke tbe decltiion or the iSwiteh and the ('UJlIUICLod touling 

agent i!\ UN.'d ror tbe channcl tiwilch 8cheduler AUlbor& in 1611 prOSHlSOO 1\ heuristic:­

CllL .. tt"ft'd Channel At'lUgwncut Sclll"1Ue (CCAS) (or fulfilling dynauuc:aUy clUU1&lIl,l!; traffir 

demand while mlUumzin& Unk/t.raffic dW'UpLJon lIere, 8 centralized ,,«fOnt coll{'(ts the 

trnffic profiles fTom m~.b nodca to compute tb.· channel l'e&S!li(tulIK'ut "ud hnk ij('1Ic-duling. 
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whieh in turn incurs" great voiumf' or c:onlrollnillic in the nM.work ThtL'J, lht" inC'retL<w>t1 

oJ>4!'raUoIJft.1 overht"tW or CCAS. IimitR the Row ')(,I"rorman~ in WMNR. 

A traffiC'-"$w3Tt duum~1 tL..~gnmf'nt t\pproaeh propo6ed in 176J, aiffii to re-oonfiptre tbe 

cLwlUCL, un It sul~l or radi~ to minimi:>:f' the di. .. Tuption in tbe uetv.-ork oJ)("ra.tioM. In 

tilt' firlfl 1\11\8""\ rC!lOtIr('("-JIIinimi1.('(1 tmtti('-incl('pCUtlf'llt (TT) dlflllll{>itt.'(.'(igJllIU'1I1 pttlvic l .~ 

basic "rot-work ('OnnN"livily with limilf'(t intM"rNl'nc'(' by lL~ing minilmuu Ulunbcr or radlOfi 

In the iK'COnd Slfl.g<' 1\ trnffic--rlrivf'll (TD) ;I\,~ignmf'nl is de:vb;t.-d, where t h ... cotUICrvcd 

radios arc dynA lllically l\5Signed m response to traffic demand to IUIUIIIUZC How rAlC!!. 

As traffic conditions chft.nge, Ih~ TO AS8.igtlJn'·lItS Me.' rl.""'OptllfllZcd ror current. traffic 

condittotls while the TI eOUlpo"ent remailHng unchuugt'« A "tAtlC chlUtuel nJlOCfttion 

technique proposed ill MCCA (Mul\,·rooio C~ntraJizOO Challnel AUocR1.ion) 159! Attemp~ 
to lnCrel\SC uc1.'NOrk throughput. by minimizing iutl'Tfcr~cc muoug Uuks CRIT)'lng higher 

trAffic lORd. flo .. -c:ver, tbe channcl 8.SSlgUlJlcnL following thc priontiUltion rnAY R(l\'ersely 

Mf'cct the network lhrougbput. Ik-sidcs. It d04!S not consider external intmerence fWd 

f'oviroruneutAi cfJOC'ls. 

2.5 Cross Layer Design Optimization 

To optimize the perronuiUlces of 1\ Wireles.'3 Mesh NCL"'ork, MAC, routing. find t.nuusport 

prot.ocols need to work colh'lborativcly 1UU0ng thern.qelves 12J . SUcJI int.erac:lioD8 deuuwd 

" cr()t;800i8.yt1' design ll.mon.g different protocols. 

2.5.1 Routing and Congestion Control 

Recent ly WMNs 11 8\1{" emerged I\S 1L I)romising networkmg solution mostly due LO i18 low 

cost. or dcploytn~llt Md mainteu3.1lce. To provide a low cost solution, WMNs Wiu1l11y 

dt'Ploy routtrS bl\Sed on the IEEE 802.11 stl\OdfU'd . The'8t devices allow multiple t~ 

IIUl56ioo rah.'ti. varyinK rroUl I Mbps to 54 Mbps . Tht.,crorc. scit'Ctiug tbe tnOb"t liuitllbte 

trtullSllt iMion rHoLt-" nvtT " IlIIk is Cb..'W'lltiru , !Si nn' th("r(" It' " tnlll('ooff bctwl"f"n link capac­

Ity IUld mw:slni.ss.ion raU!. "nle I\('hi('vnble link Ct'IJi~ity dl."]>ends on the SINn (SlgnaJ 
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to 11I'M'r~1lC1'" and Nol5(O Ratto) eondltaoo o( "bnk AAaln. oousldmo4 lbt" ~tne link 

colldJtlun . Ped":,, Error RalA' (PER) lOa~ WIth tht' L~nl.Mlon raLt", M Io.w falC!!> 

If''nd to U5t' IDOft' robust moouiatioll.lIIA.Od codf" rAl~ MorOO\·f1'. to 8\'Oad congC21tiou, raU" 

IIdt'l'\lon "huuid IlibCJ (·uu.tudcr tbe (orwllttliug Cflll~'lttt" or tilt' ('ofn'topomliuK t.IoWII.!ilr('8111 

!II)(II74. n .,O\iI II '8, lu adtln· . ..:. 1 .. ' lwork dVUlU"li.,. «(',f,. lillk l'Ul1ditiulI~, nillp,PMiulI), \VMN 

ncwlrs .!lhould IIlIplt"ltItl1t " dYlllulli(" MUV' il('ltrtlon nwdll\IlL~m . It 1M IlllportAnt LO notiN' 

Ihft' thClr "l'U probleJlls • l\utoUll\li<- "'tto It(lflPlfttioll IUld pRlh 8f'1t"("tioll , IU'(" &tfOll&ly 

",IAtro. 1Im.'t'\'tT, duto to this :,Lrong: dllM"utl("ncy. mechnn!.SUUI ba.'W'd on )OInt I\f>f>f'OOdl 

(,II' l\oII.Jvm't thftto(' two Ihlportaut probkmll HI WMSs., hft\? ~ W1dely Ii,udii.'d In the 

hUTAlurr thR'.'C d~ "("Xt 

2.5.1.1 Singlt. ... path forwarding 

.771. bas two IIlAJ(lr compon",~ (i) rOUlulA - wlurh rmlUMt'II And 

lin"', N,d (u) rat(' twiapt4tion - which chOOlel the m06t IUILa.b~ lflUbUllMlOU ratC!' (or 

t'l\Cb lillie TbN' t90V componf"llt.fj: shatl" iU(Qrmat.on and mue' t'oonhUBtro dl'<"lblOOS. 

MARA large" to ('()mputf' the nue that minimizC8 the link trft.1lllOiABion d(')ay (ETX 

ISO)) , rollslderms the Iwefage n\lmber or trftllSmi&iion8, To know tht, \'Wut' of ETX (or 

link III ("\'t'f')' available lransmi.ssion r&te, th4' I).\'erage SNR o( tht'! link 1lI cat-llunted using 

t he U1(ormtUKIn providtd by probe ptu:kMs_ U8111& the hisLoncal dftLa, the' ~llmat.ed 

a\'tr&ge S~R \ItlJu{' IS mapped into equivalf'OL link su~ probAbility whlCb In turn can 

compul(' ETX (or mch rate' Here:, ooJy cOllSidM'in& bnk IIlLerrt~nC't' .... hilC' oompUlln.& 

lIuk t't*L hUIit. MAnA w retK'\. w dynamic n("'work OOIl&t.ilIOU 

ETM (ExPl-"Cll'tl1hw:;mistJoli C"06t in MuJti·r8te wirel~ uli.\\'Orb) (Ill routUIg II~ 

rit' r-J'I,"ur("l' hop f"lJunl . Imk ral~.l\lWc"{~" llrohahility lUlel bnk 1}OfoIltiuII t\lnuR tllt' mUliu~ 

l\alli Con.!oldtTlII~ f'IW'kct drops rl~ tAJ llll' ,1.""U,,(.1I1II fU"(' MC'J'H11Jo,1\'j' in If'tllls \If r~ 

trt\nl'olnUlPoion rMt. f-:rM·ba...'I('(1 rnlf' MI\(ltt\1 ian AJ~onlhm tun~ Lhf' rAIt' dvulUllirally that 

1~"re8 It'M ~\'t rate IIlC1"e38e on thC)6i(" hub, 
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2.5.1.2 Mult.i-pat.h forwarding 

In (f~IJ, tt.j<lint Routing and Admi.'Is.inn Control Proto('nl (MRAC) distributi\,f'ly MPlPllf..f'S 

pMnllel, node-duiJoint, high-capACity multiplf' paths tOwnrds destination . lIeff', e&ch 

node COlllputes link 1l\'f\ill\ble bandwidth thnngh IIloosuring packet. t rru18miMion delllY, 

which ftCoounts t\ueue waiting limf', MAC conltnti()n Md chtuluel error 11m3, sharing 

the 1ll1k bandwidth infomu\tion wit h 2-hop lI('ighool'$, <\llow c<Ioch node to campUle the 

effective link cl'p3('ity considering the 'lcigltboting cou\.t'1ttion Md COtt.gartlon . While 

Jlfttb compulatiou, :>O\lrcc nooe br()"dcRS~ R Route Rt.'qucst (RREQ) pACket Mong with 

its traffic demaud Eftch uocJc (exc(.,,'" the dt.'6tinatioD) appends tbe current lOAd fmd 

the bandwidth mforlUatiou to the partillll)8tb in the RREQ ~.ket IUld rebroAdcl\Sts it. 

Finally, destination select.!; paths WIth lugbl-'1' capacities and notifies source tL'iing Route 

Reply (RREP ) message. How~. as MRAC considers flow demA.nd to he 5tablf' 3Jld 

known , this 85Bumption bi unTl'shstic. Al<oo, the aforem£'ntionoo work does not reMt 

dynamically to auy chau..gCll m network condition. There(ore, a control mecil3nis.m is 

required co adjust the traffic forwarding deci8ions following the dyn8lDie behavior o f the 

nt>t'O.'Ork. 

Thf' joint CeUUNi7.oo Muhi-)lftth Routin.g IUId Ratt" AllOCAtion , MRRA 1781 W\eS two 

etficit'nl heuristic path dISCo\'cry ulgorithms - Iterative Patb Discovery (JPO) And Par­

allel Patll Discovery (PPD) , tu C."OUIPUt.c c.'tIgu-djgjoiut. parallel paUL .. toward cJflbtinMion 

that experience minimum imerfcrencc and WCETT PO). Aft.crwards," joint Max-Min 

Linctu' PrO!o'TRlllluiug (LP) problem as runHulah.'tI to 8(.·lccl.s ch()I;C pl\dlti that maximizt;: 

the l.'apaC'ity or tile:' boulclIt.u link Cur luiuimv..e tile u.ctwork conget>tiun) . In orli('r to 

obtBin a Milition in polYllmninJ tiUll', later it L'I lrlUll'rormoo to 1\ I1;l.'nl"'",' LP problelll 

whkh ilt "llproximl\tM by A binary SC'rut'h t.ochnique-. Aft the- WMN hM fixMIU'('hitf'(". 

tnr ... ; rollU"r position, f"hrulne-)l\l1oc:ntion cu' . 1m" known to aU noof'S in the' nC'tW<lrk and 

periodic UpdAte6 of A~ilAble link bandwidt h in (ormAtion helPil eACh router to compute 

path OOndwidth . However, due to arrh'l\ls of rA.ndQm lrA.ffic bursts. infOJ'lllfltio n regl1rdi llg 

1>6,h bMdwidth soon bet-Oniefl obsolete. degrading congestion Agnin, it. CIU.1.8('$ t!XtX'SSivc 

ti ignAllingov('rheA<1 ror (liSS('mitll\tinK link infomlluion A.nd it doe, nOl r~polld tocblUigo 
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TJ.\ble 2 . 1: A compari:sou or routing and rale cOlll rol lt.'Cbniqu('S iu W MNs. 

11 11 .., .c Co 1l 
.., ~ - - 0 ~ 
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MARA Inl " ~ ~ " ~ " ~ " E:rM 1111 " ~ ~ " " ~ ~ " MRAC 1631 " ~ " ~ " ~ ~ " MRRA 1781 ~ " " ~ " ~ ~ " 
MAT lSi ~ }t }t ~ }t ~ }t " CI.C..oCS 161 ~ }t }t ~ ~ " " ~ 

ill lIu" network environment. 

Tbe t~ntrrili2ec:1 apprcw:h , Mrudmum Multi-path Rautiop; Throughput, MRT 15J, rum." 
at I'IIl\xhni1i ng the end-t~end throughput. bct"''reIlliOur~dcstinatiol1 pairs ill WMNs by 

.scheduling collision fTlX" trlUlSmis6ion over Ilmlhple paths. To add multiple pl\lbs. MIlT 

I.I.'K-'S cxbausl ive *lU'Ch ~tith intelligent. pruning technique, as long ft.'I tbe aggregat.ed path 

I.broughput. is maxi mized . T he data mle on each path is determined by the bottlenf'Ck 

link's cffcc!.ivt csp8Cir.y on th{' pftlh . Here, stRtic traffic splitting i5 unAble to findoptim R.l 

rosoUTCC scheduling under dyn{lmic- WlriRl.ions in traffic denuUld I\Jld pat.h cApllC'itie6. 

Again , MlIT ils highly unr&ir ror newly Nlmilted flows when the network is highly IOAdoo 

In order I.<l ball\Jl(:c l rMlic toward multip le gateways, fl joint LNLffic splitting. rn~ 

cout rul, routi ug Blld ~lulllu1i1l1J. nlgori1hm (CLC.DGS) L" (ll 'wlopHl in 16J . Hf'rt'llI'twork 

IIciliLy is IIl:Qtiru i1.1'f'1 whil!" p rioritizing drlny fU'nl)ltivr trl;Lffir. F..I)ch rnut.C'r optimRlly a~ 

portKm~ l it(- IraJfk or n flow fM'T mnltiplf' path!'! I!".nding UtwMd mnltipl!" 1«:'\."11 oong~too 

gat.ewnys, Hen', 8 cl'ntrnlitOO c::ontroll(>f !oICherlulcs (!o llision fr('(' tmusmi. ... ..-ionfl (or links 

haVi ng nH\XlIllutn differ-eULia l batkloggcd trllffic. T he f>Ulp loyment of 1\ ('('ntr~Ii1A"d ron-
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lroll(>f CAn mC'retllOe the acht'duling dcl.a)· aud Lhe d('('L"IUIl:l oCl .. n """Y he lrucen bA.'K'd on 

ob80lt'iA:!' dt\tA I't'I"ttti 10 udiC' ROV!"'2!. a.nd qUt>Uf' occ:uJ)I.\ncy :tl.3lUS. 

2.5.2 Routing and Channel Allocation 

Wilh tbe dC"(-'lof)l11enl of M\'t.UWOO rAdio t.Clthnologielll, multi.roolo lUulll~dllw1t.C1 rune-­

lionaJitu!ti tt.I e&c'h node is able to enlU,\n~ neLwork Pf-TfonntUlc~ III WMNa. In MRMC 

WMNa. f!6Ch node bM multiple rAdio im.erfMt'8. where ('SCh mdto int4'Tfft(.'CS on nodes rna)' 

trtulN.1lil 5iroult.aneously wltb other ocighborillluOtics, if tbt')' arc aUocated ortbogonR.l 

frequency c:h.8.unrb. In SRSC WMN,;, rnalllll'1 ~gnUI~utlS I.\lmp).: and routins does noc. 

11«:.'00 to COJl8;idtr the cbannel swte ~u..."<" aJl nodCfl use the SlLllIe channel. tloWC\'er in 

MRMC WMN8, t. IJe dUlIlDel nssignmel\l ftlgOril tUtl oet'C:ls to a.lluenlc dlffcrt'nl CblUlllf>1s to 

the mdi08 ol A nooe Slid additiunu.lJy IlIwsL I!I(" ll"C\ <"I18J11I('1 for each lillk in the l)8th throusth 

It ... rouLhi& I)r~ TIuo-Tcl'ore. Lhe protfJC.'Ohf 1II MRMC WMNl't ut.'t.uruurchOphistic8.tiou 

1.0 rl",,13It· llrt, &plttiw n"!!otmn't~ twd oplimilA-' lll'tw.>rk PfVOrutlUW.· OHIITWl'l(>, WMNs 

I1l1lY fW'Tfnnll poorly ,lue to IfIclfict4'tlt. utlli,,,uuJU "f lilt' IIII1It 11)ll' slvHilahli' duulIlI'l-i. :\fl\IIY 

jomt f':fforU on rouh og and cnwtncl tts ... igrult('1\t in MRMC WMNA hAW bN-n N'pOrlM 

111 tilt li\.('Tl.L\.ure. winch "':e discus.. In this SecUOII III tt,>rU\8 or the control tlUI\t.egy they 

employ· ('t'ntrllli7,cd or dlbtrlbulcd. 

2.G.2.1 Centralized cont.rol 

Authors 10 142J I'rOJ)Ol'o(' C'.t1lulLl.ized TrRltie-lndepcnd('llt CllI'Lnuel selt'Ction Algorithlll 

(TIC) to oompulC! rOltl08 between the ptr",1\Y RJld IlK'Sb rout('1'8 Md allocates dU\D· 

nels to links on LheM! rOllt~. lIere," ChIUlIH.·1 Assignment Ser\'('f (CAS) periodictilly 

dM.cnnin~ thc f'lu\JUlcl A.SSi~mc:nt. 0\'t'I' thi.' trRIL.o;mlo;siou Hub! 10 the oM.'ork "-lid u ... 

ronllS a ll nodes TIlt' CAS caUcet... .. 1Iltcrfc:renCf' ~llllll\l C'IJ from till mcsll uod4:'2J and WM'a 

tilt' I)rococol 1II1('rr('fCII(,(' 1l)(H.1e1 to 8Ei8i~n C'tuu.mf"l'i lo rlldiOlf.. CAS gCIIL'I'8LCIi a Mull ... 

rlU.lio Conft iM Grsllh (MeG) Md USt'5 a DFS-based channel M'li~IllC'lIt algorithm ovcr 

ltat' MCG 1f0Wf'VCf. it TIC incurs transmission of hu.ge beacon III~('I bctWret1 CAS 

and the- roul,('rtI, Ttm,. th~ I't'ttuir('u)('nt of 'rAnsmi.'tsion~ of \hto llf'1V'01i IIIt!l'iSagNi hmjlJt 
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the scalahlJJty or lW:s 14.'chujquc 

The work in I79J, prop<:llSa> B dividt> and conquer spprolU'--h to deoomposoe t il(' joint 

cha,nn('J a''',l;ignm('ltt and routing algorithm in AI MRMC WMN into AI number or loc&.llLl> 

(ulh.'gcr Lim.:ttt PrtJj(l'lUIIIUil1g) liub-JlroLll·U~. clL!Il'~J G-PuMcLA (Gt!lIl'mlizl:tl PW'LilioUlU 

" ' l'lSl! Iwfwnrk trllffic an.1 illt(.nM'l'm"l' hWIlff dllulII(·L A""iglUllctlt). All I,plitliUll'oOhlliun 

ror ('act. sub-problt"1U i~ fonnd by 'L~ifl1t a brnnrh-and-('u\ lut'Lhod ThWl, 11ll' cxt'Cution 

time of C.PAMI'LA is relntiwly low, ... hieb I1 I8.kcs it fct\8iblc for an operational WM:-;. 

On the ocher hl\.nd , ASSuming prior knoll'looge of 'raffle matrix flud channel condit,on.~ , 

prt'VClI\3 this solution to c:ncch up WM~'s dynrunics. which degroot'S the dchvcry and 

dela)' pcrforflll\nc::tS of tr;\!tk 

2.6.2.2 Distributed control 

Routing over Multl-nuho ACCC5S, ROMA [HOJ, is A distrib\lt.«l ('.blUm('1 MSignmrllt and 

routing protocol tlml targets to find pntM b('tw('Cn fiOurce And gAtewAY~ dUll. re<luces 

intra-path interrerence by MlUgning orthogonal chlUlnt>L~ owr individul\l palbs. E8ch 

g3t.eWay associates a channel 5('(lucnce with ('ft.C» or its radi05. Every non-gateway node 

in the nel' ..... ork participate; in a distributed routing protocol to disco\'er 1Jest.. galea'oy 

ptlth tllat yields good throughput by asses."iing the propoeed link metric. Here, the Unk 

meuic incorporate; the E'TI' [101 or A Iiok., which i3 OOmllUtro oonsidf>ring link \Matiou 

through measuring 8\11!rRgC and mean deviation of th .. link delivery rAtio and extenH\l 

load . How(>vrr, rouull.g paLb sclt'Clion here is load independent. 

Authors in [81J, propo6f!l!l a distributed mechanicnn for Channel and Routing AAii.gn­

menl with Flow Traffic (CRAFT) that joillt..ly optimizes routing I\ud ciu'UUlel R8Sigrum.:ut 

W tuaximi7-C flow throughput . While Iiclcct.ing Iink-cha.nnel pair, CRAFT prioriLizeIf Iiuks 

hf\vinp; h~b(>r lnull;.mi. ... .uOU NU{,{'~ prol"»,hility wbkll Li computed u. .. iug til(.' C'.xpc:rieoc4..'<i 

S INR. Th ... roUtil1K ;u)(l f'hfUltwlnllof'Jdlon tllhl~ flf (~I\('h nud.· it'! lm .. u-Icu.:~t. pI'Tiudkll.lly. 

Thu.", Ih(' !VIllltioll inrllf'" h l~hM' ovrrh(wt in IArJtf' SC'nlf' nc,'t\\'ork . 

182) proposes 11. routing find chfUln<:'1 ;\11()('ation solution for ft hybrid mult .. cl18l1l1cl 

mllhi-mdio wirt>l~ mesh nC'twork I\fChitf'Ct.lIN". Ut"Tf, ('fi('h m~" node hiUJ both ht9tic 
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IUld dyn8JOJc anl(!r[SC('.8 . \\'bl1c allt>Callltg chauncb over the SULUe- Ull('rfN't"!'I, a hcurL"U(, 

ai&QI'ilhm ~ employed lb&1. flUllIl al. maxurUl,lI'Ii lhe lhrOUShpul. (rom \134"1'8 h) Stllewsys. In 

tbe tlIgorilhm. a 1000d balanC't"d tree is roMtruc:i.fd for eacb galtway I.() AlIocl\lf' blUldwidth 

frudy t.o CI:'CJ, Ubt~ After the t.opola,:y Ita. .. b."'-'lI (;olLl'llnu.;I.l'lI . cliCh liuk l:t ~tgf14." c.:bwlUcls 

.... Iu··f(· liub dt~'r ~l Ih,. W\tf"Wtlyl'l 1UT' ~wn hlAll{'r priorlt.y to Ul' o.lItx·iltl.,1 .... lth lt~ 

ffln~n'ltM l'IlIulIlpl". F\lrlhrT, an Arlaptivr OYllfl.mir C illumd AIIQruLlon protoc-'ol (ADCA) 

ill tUl(od for AS6igninS chl\llu,.l'l 1.0 dynamic inlI('Tfl\Cf'lt, ll~. All nOO~ IIcsotlAte on A defAult 

chAnnel for tllt' I,'I.\,"'" rongfflt-ed dAlA ehrumrl an the IlMghborhood Next. to mAXlmlU' 

lh~ LOtru throughput in tilt' hybrid netwof'k with both SlALle links Nld dynrunic hnkfl, An 

lnt.crf("r(':liCt' lind C.olJg~tion Awnr(' Routin,g prou)('ol (leAR) IS employed. In order io 

find higher throughput pl\lhs. higher 9o~ight4.'d links "long each .. mlh 1U'e eh(ltl.en , where lhe 

COI!It metric of cncb link incorpOt81.~ hnk's ETX. lOAd lI tl\tUS fWd Inl.erfercnce probability 

wllh lhe UC1Ji;hoon. 

hltcrfcrclltt Aw~ Routlll, tMtrie, !AWARE (3-11 . u.~ E1"T (J0I .... '{'i~hled .... ith nOOf' 

int('nerelu:c rAtiO, wblch IS tbe (,MIO or SlNR IUId SNH at lbe t('Cci\'{'f uoo(' This fII('triC 

I\IUl"l to chOOM' the route that \.l.SeiS the fe ..... er co-chanuel hub in 'hft ('nd-1o--Mld path , 

which hnl>lit .. lusher chlUloel wWf8ity and hi&her lXTfontUUI("t". Uc.wevcr, higher channel 

ruV'l'1'8ity "lolIC 18 unable 1.0 ('nsure pcrfonua.uC(' bnprovemcuts on di&uUlt roUleli. 

In ord~ to 84.'cure end-to-end I.ltroughpu1. &lId milluOIzc dcl3.y. Jomt Optimization of 

&.ndwidtb tuld Oclfty, JOaO 183). computes ""'"'0 diajomt PftlM (dt'lfty minimized Md 

bandwidth guarM~) along .. -ilb channel allocatioo bct"1lllt'en fUly aourCt'-destinaliou 

pall' JOBD protocol ofTcnJ t.'DhWIC't':llIcpt ova- Ad hoc On-demand Multi-path DilJt8lltt' 

v.."wr (AOMDV) protocol 1841 to d"""o .. bandWIdth &\lor ... ...! pa.h AOMDV rom­

puted lrunimwn hOP-OOWll ba&OO multiple loop-free t\nd link-di!JjoinL JWLtM wi\b Hooding 

Wh\ ..... ·M. ,1000 CUlllluYlI link'lS dft.'CLh'e lm.udwldth ItS touting IIlcl.ric (:onlPderiug inlt. ..... 

How ami intm·f1uw mtcrfcrcnct', Agll.lU. dehlY millullizc:od p"tlt OOOII)ututIUU ~ tll'lcrlll1l1cd 

I.hruuJ!,h., lloatb II l1'tfil" thaI iUt'H'l)()rlll4'" MAC c'Oult'utiulI tultl QU(,\lIU~ dc·I,\v, 1I1·ft', oU(T' 

'"th.·, 1Vt' f':'\tl\bli~hM . traffic IS forwardm 0'V('1' I hMll wit hout fOosidrrinp, llll' link trnd 

traffie- dynruniMl A!'I A ('0II.<lCqUM1('('. vuiAtion in ('hannt'l renditions, Inl4'TfM't'n('(' a.Dd 
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2.5 CROSS LAYER DEStG~ OPTIMIZATIO:-: 

Table 2.2: A compMoou of routing and channrl allocation techniqllC!'t in \VMNs. 

v 

'§ ] .., 0. ." u t .., 
'!l ~ ~ 0 0 

" " '" w :; • 0. 0. , g ~ Tf'C'hniqllr .0 ,- E ." ~ '0 ~ 
~ .. .g .,; Il s 0 ~ 6. u •• 0 ;;; 0 0 .~ " U 0 in '" • '" "" ;=; 

TIC [421 ", 1 ", 1 1 ", ", 1 

G-P.MeLA [791 ", 1 ", 1 1 ", ", 1 

ROMA [801 1 ,/ ", 1 }t ", }t }t 

CRAFT 181] 1 ", ", }t }t ,/ ", }t 

ADCA, ICAR [821 }t ,/ If ", }t ", ", If 

iAWARE 13·1J 1 ,/ ", 1 ,/ 1 1 1 

JOBD [831 }t ", 1 ", }t ", ", }t 

RCL (851 ", 1 ", 1 }t ", ", 1 

traffic mntrix Ulny refra.i n JOBD tc) atLlli1l the dCZSlr('d level of l)crforullUlcc. 

Joint Routing, Cluumel and Link scheduling (RCL) proposcd iu [85J utllizCli 1\ new 

represent.Ation of t.he network connectivity g:n\pb cAlled R flow graph. A flow grl\ph con­

tfl.ins 1\ univerml source node IUld R universal sink node. The universal source node h"", 

directed edges to fill nodes with outgoing How. Ench gat..cwRy node, which is ,u;ed to com­

Inunicatc with" wired routA!r. hM WI iufinjty capacity tlirt.'Clt.-d t.-dgc lU the uuiverSll15iuk 

node. The How grapb is obtruned "fter the routing decisioWi . CbwlUcl ASIlignment takeR 

a flow graph, interrACe constraint, and link capacity constrai nt &'1 its input..'I. Chann('1 

bSSignmC'llt t.ech oiquefi minimixe the potenLtai mtencrrnce o\'Cf the network , IllBinwns 

the intmace constraint and link capacit.y constraint . improves chann .. 1 diwrsit)' by con-

31dcrmg ell or t h~ avail3ble channel!; in the network. Th.is technique ensures connectivity 

liod considers the effective traffic load of each link while minimizing: inter[crcucc. 
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2.5.3 Channel Allocation and Congestiou Control 

Con-.I'l'tlon ('outrol N'f("rl'i 1.0 Ih(' IIU\XlmtUlLmn of ~~8tro throughput l\cr(1h/i All nodo. 

10 the network btlbJ('('t to lmk cnpncll.y cOllSLrrunt. The channel MlUgruUcnt problem III 

tum r<'fena to tlac lIuuClnUzI\lion of the f\ggff!1;nted link capacities. tn this 6ub M.'Ction, 

we study lhe exisllllS I:IOlutiof\..\ in Ih~ lileratur .. focused on controlling i.raffle through 

dytllUnic cluumel "Uoc;n.llon 0\'\.1' ,rl\IllSlnlulng links. 

Minimum Vru;ft,lon Chtuwel "nd HAW Rt'I'-'5Signment Algorithm, MVCRA·R 1861. is l\ 

centralized henrlSli<" llflprooch tbnt takes the current ('hannel3Sti:iguUl('11t and the n('w set 

of flow rRtm mto ACcount And o.ttculPt.s In UluiUli~ throuSLI>ut in ('seh (·olli.8.ion donuun 

through opllmRl cluulllt'l rcRlJocnuolJ fUld rl\t.e tWljust lU{,lIt . Here. colhsiou dotn"iu of K 

transmiumg link , COlliloU.lS of I!rl of linb thtll lShan:- ool.ldwkh.h with 'he IlIlk . Ilud t.la t· 

lOlld utiliZAtion of a collwon d01D1'I.1.lI IJ!I defined 3h the !Suw of tbe flow LO c:apaclty ralt05 

over thl! Unks 011 It MVCRA· R pnonhZC6 ba.ghly ull.bZl.'tl Unks to SWItch to hIgher c: .. 

pacity duulncli and adju.5t ralU 10 8S to uuruuuze mtcrfcrcncc 111 cOrTt'bpoudlUg collision 

domains and t.o imf)rove the overa.llnelwork t.hroughput. , l1o .. "t!\"(!f. thas approach UlCun. 

Rddltiol1ru (Jvrrilt'M. u cha.nnel re&llocntiuu O\'cr 8 Unk may rt"qlllfC olh(:1 nciKlloorillK 

lIodett to r~igll ('hMllels III order to miuimize lUt.erfercoa-. 

Aut.hoN! ill 1871. employ both ccnt.ralizro &nd dLs,ributcd channel allocation Slrutcgy 

to mlUlffil1.(' Row congestion m t.he nc\work (n tbe dls"trihut.OO approach. C*l!h noo(" 

o;elec:t.8 channel allocation wilb UI\' hl'lp of periodically broadcastcd chlUlnl!l '1SI\f:" infor· 

1I13tl01i IUUUltg m.:ighoorilijt node. Ikrc, l.he ohJt'Ctiv(' IS to ntirumlll'.c intcrfcr(.'llcc lhrough 

Ullflillli)lirl3 c.:ollg<$liorJ . Tlli.. .. lcclllltqUl' ('oIL'iidcna Lhe BctunJly r('('('h~'rd POVt'M' to captur(' 

iUUTff'rt·II('1.' III lilt' tu·t.work . lIuwvypr, lhi" l('('JUlletll(' dOt'S nul ('on. .. idcr mnllN'"1 ivily in IL ... 

objM'"tlW' flmf"t ion TlIN'f'rorf', oonnN'livlIY L'l not gluU1U1lN"rlA.ftt"'r t.h .. finl\l ('JlI'lOn(' Il\.~ 

!li,Klllllf'nL. Work III IRAJ. d('('OmJlOl"o!~ the Joint pmblc'tll of cOIJ..KC"'l .. titm rontrollUld ('..bnn"f'1 

A.llorJ\llon into bCPRrl\te ~ubprobletn5. which fV"1" 5Oh'ed 1ICquentiA.lly Md itl"rftt.ivcly. 1I£,1"(>, 

A. ccntraliU'd c.:ofllrollf'r COlnl)UWt) cnd-t(H!lId pAths for tmffie ROM;, that. mf\Y cx--perience 

ins"mtMoous rongftl'ion and inLerferen('(' dC'gTMing flow throughput pf'rforrrllul(,f', 
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Tablr 23- A COUlpa.ri50n of muting. chft.nnf'1 IllIC'M:3hOn and rate t'OlIuol l('('hniquf~ LU 

II'MN. 

v 

'li ] Co ." 
y 

~ -" "" I;j ~ 

.f 
0 • •• m :r OJ ~ 

" • Co 
i- b f!: T('('h ll l(llI~ ~ .- u 

" • - a 8 1 
~ , 'li ... '3 0. ." 

::< 0 • ~ • Q ., :r '" ... • l; 
JR(,RA IH~J ./ }t. ./ }t. }t. ./ ./ }t. 

seA (221 ./ }t. ./ }t. }t. ./ ./ }t. 

JML 171 ./ }t. ./ }t. }t. ./ ./ }t. 

ROI'IM 181 ./ }t. }t. ./ }t. ./ ./ }t. 
-

LDA 19J ./ }t. }t. ./ }t. ./ }t. ./ 

2.5.4 Routing, Channel Allocation and Congestion Control 

The' kl'Y (Uo.p<'('tlllUfhlC'ncmg the pcrfonnlU1(,(, or I1mlti·rRdio muhi-('hl\'In('1 WMN" mC'iud(' 

rOlllltlR. chnnnd Mb-ig1llJl('1)L (CA) I\nd rfll.(· allo.c-ation (RA); nnd rcquirt> findin3 thf" 

hest rouLe for ench trnffic How, the best chnllll('1 (or Irnn~lIlIS"UOII 1)11 i'1",h wlrt'lC68 hnk, 

Bud sel«tmg t he bc8l ratt· for each lrnffic- now, rC81)('cti\'~ly. TII($(' i~ucs hft\·t bf'f'n 

~t(msJVely btudicd HI lhc pASl, but. with least focus on 1n.'tUUIltlll('O\I$ u'sflk conditions 

(Ie. c-urnmt lot' o( 80"".) IUld ncl .... 'OOt dyul\uUQi Anolher irnl)(Wt"J1t ~ut' ~ (!I(' need 

(or highly rCipousiw contro] of th('SC ~ In real :oICenlU'icl8. Therefore, in thb SectioD 

\\If' ft.nlllyze the .!JtAtc-o(·tht.'-/lrt. cr~lAyer fnu llcworic:8 thftt coU!Jdcr tOutlU~ rwd chlUmel 

Rllocfttion, Nong with COnltC5tton conlrol U1 MRMC WMXs. 

A "(,if'ntrruized MINLP bAsed joint. routing, chltnl1ef ftod rRte " lIocHtioli RJlJ'lrOft('h pro­

{>06C<1 in 1891 =um" lO optimize the pcrfomuwce of till' traffiC' Hows in leTms of tluou&hl)ut. 

8.nd ftum('S8. For 8. IO\-''CD &ct of 8O"rt-s, Df't1mrk cons&rain16 (i.e .• topolo!y. link intcrfer· 

mcc t numbn of "-V3ilable channels and radiOl'l, ('ff4'('tiW link Cl\J)l\Cily ('l(" ) 81'(' lRken IOlO 

a.c;count to 6nd lx'1it route for each flow Illoog wlt.h ciUUUlCI8.lIoc&lIOD ruul OOW' rate ~'C,. 
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lbe links, to b!l.ls.ncf' lhE" inSlfUttlUloous traffic in the n('(work . Du(' to the hflJ'dness or 

tbe Joint problem, l\ rast heuri.'.itk solution, JHCRA (Joiu" Itouting, Chaunel 80d Rotc 

Allocution) is propost'd ltlM ('omputts sboru:st ruute with ru&X.imuul etlp&city. After 

deterlluuiug the flow ruUk'tl, clnuluel &SIIiguUll'lIt algorithm OpllS to adju:.t chaullcb uf 

tltfM' liuk!' lilllt tlmL , .. urry IIInn.' ltn.fJk \\~hill' luuklllK ror 11 m1,t.cr dllulIwl to rt.-plocc 

thl' old .. .halmC'l without \'I(1Iotlll& nooe Im.('r(utt (-ollf'llrrunls, the CA IlIR0rithm ('alMllIllA':!'I 

reduction or in(crfcrt."fIcc with rcsptX"t to links current ly ~igllcd to the srune channel AA 

'he old ehnnnci And IncreASC of IUtcrfCTtllce WiLh rt.'Spcct to hnks culTently l\."t'Iigned W 

the n~' chrome!. JoTom the candldnte channels, the best one is selectOO IUld only ir thf' 

rtduction in inLl"rfcrcncc is below A threshold Vl\luc. Filll\tly, when tht' How routes Il.nd 

channel assi~unf'nt IVf' known and fixed , the dynrunic Tl\te control nlochlUl.ism adjust tbe 

link rate. Here. thE' effective C3PI\Cily computRtion of ft link only con.'l.idenl the number 

of 80"''8 trlwe-Uing t hf" link lIIhilp ignoring intcrflow intf'rff'Tf'nC'e, ~IAC contcn\ion, uode 

congestion etc. Till.." JRCRA rrul'i to Cftpture the ACtul\l Iink·dHmncl CAPflCity. AgAin , 

floW'S l:U"e routed along: psLths th"'t has minimum bottlen(!(;k 10M. wherel\8 lightly loaded 

regions in tL lletWOrk rnA)' provide- lov.-er throughput due to poor dllmn(>1 qu8lity a.nd 

c:ong(''l:Jtoo neighborhood. 

SplltiuJ·rcUMble Channel AllOCAtion strAtegy. SCA 1221. comj:idm bot h cluulOel di­

vtnsity aud 81J3tial reUSllbility t.o reduce ~channel interference by joint adjll5tUlc ut of 

channel , trtLn.8missiotl pOW'l'T (Uld routing. To miti9'1(~ {he co-mannel int('rferl"lIC(' twd 

improve cap6City, hlUlsmission power is controlled o\'er the transmitting links. The pr()o 

potK'd. heuristic, ftnlt OOIl'lpUt.es routC8 ror n OM}; And 1h"n determineoJ the load (rVL-r ellCb 

link ou the path E:lighly loaded links are 3S6igncd higher raLeS by intclliseut l>Ower e.U~ 

calion . Jlowcvcr, oolllJidcraliou of protocol model to find interference. limits the practical 

applicalllltty of SCA. 

tu 17\. lbe lluLiJul'iI propObC a joint dlttllucl (t.'t;igumullt, routing wul rate allOC:Uliou, 

.• M.L, \.m'lt-'d 011 1111' knowH trnJtk prutil., fnr lUltlti-r,.tt- WMN. Tl~c' .I~lL nm:.Uscs uf lhn't' 

Ktl\gnl - purgf', ~m'dl inu-rf('f('J)('(" rong<" (SIR) I\l\d routin~ flnd rhn.nn('lllS!signlllf'UI On 

purge' 8lag~. th(, JML optimi?·~ thf' ori~ina1 Il('twork tof)l)logy by n.' lIu)vlng the tlllWlIlIll'tl 
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links from logical tOS><>logy based ou knowlI !.raflk proWt' On next. stAKe, the LUterftrf'.Jlct' 

",n3(' for ("ach link I.S oompuu"C:1 W th:\l, the Cal)l\('ilY of individulLllink an the nenrork i. .. 

maxinm:ed TlIeu, It tI."Io."' lgJ'!S tbe higb~ ratC' for e&('h link in suc-Ji a WAy that l ht' links 

IlIl.etfcrcUl. ..... mug" du~ 001. t,":xct.'t"t1lht· d\-'bltetl rtwge. l-'''luIJ.U)', JMl wl~ IUt:' routillg 

IUld dum III" iWU';UlIll'lIt n·", MINPI. )lI"l.J"'1"tll lNl.'IC,1 Uti tht· liuk "' .... ,,1I'"",l\;ulI inf(lnlUll iOIl 

'XlIII PUll' I III SIR ISt~l' . 

Both the OI)fimfll Md 8uboptllnal IOlulwns proposed In ROPIM (ROOml OUlRgt' 

Probabihty lm8td Int l"l"fl'l'l'nC'f" Morg;n) (8). 8phl trftffic over Dlultlple pllths by !lClcctlllJ( 

'ht' cluutncls over thi': Iink8 80 thnt 1mb (!Xpcrll~lIce minimum lIIlcrf .. -rcncc and corre­

IJpond m,g hnk·rftt.c In IIICrt:1L!i'-'<l. Here, cons1derfttioll of fixed tud-t(H-'luJ routmg l)ath 

along with known tmffic delliand luuits tbe pcrfonnfUlcc or the proposed t;Olution in a 

dynamic eUVlrOlll1l(-"lIt, All tb(' afuremelltioned JOint bQlulioUS d(-"~ud 011 Q central con­

troller. which rt'qulI'~ " complc'e VICW of til(' network dYlUUnlOi In order to 5Oh-c the joint 

problem. Thus, tbe reqUlred oonW'l'g('l1CC tunc can make thao.c :;oiUlioM unsultabll! for 

highly <iylillmi(' 6C('JlfU'i~ . 

A gcnc'Tic: MJP framework to cblU'6ct.cnzc lht' capacit.y achiew.blc over trruwllitting 

links in MRMC \VMNlIlS propo8(,<i In IDI , lhRt Allmw; umlllpic Lransmission pm.'cr5 Rnd 

MCS 0\'('1" the hub aud RC'COUJllS ror Lmk IICbcduling, channel a.saignmt'1lt and mtoe control 

At. first, a\leho", propose" Max-Mm Flow (M~(F) optmdzatiou problem TCalizing th(' 

prOJX*"C.1 MIP fT~n"·ork. AFt the OI)limlUcion problem as de&e:ribcd by a ia.rKe number 

of int('SM" VRnabl<tt, it i .... luud to effiCiently hlUldle the compULRtion of t.he 'IOlulion. 

Thcr('fon', ~ heurllilic' tlut>.optimal8cllooulin& Al&orithm. referred t.o M LOA (Load Based 

Algorithm), is Introduced for optHnizin& the MMF throughput III miN LBA IS a two 

phA.Se algorithm In the first phASe, LOA deLcrnUIle!5 the Link rates (correspondin& MeS) 

uvef t.he liuki;. Bere Iiuk lrallSUlL'ibiou powt:nJ arc optimally allOClll(.od to cuhlluCt, spatial 

channt.'! relL'!j' :to M W iIl(T\,'U$.' bllllult.IWCOlL'I flow trausmisiiolls, The link dAl.$ riJl.4)3; 

Rrf" tlJ('u Il...rtl ill t IIC' N'("HUd ph~'o(' fur rlllruJatillA ,III' Jl("bif'wblf' M M F Mlution OVf1' 

th .. ~\'f'n fixrd rolltln,; pnths 1If'f'f', til(' LRA Mlulion i~ rl'flli7ro thron,.h 1\ snitl\bl(" 

1O('11('(llIlIn,; ru.,cont 11m ThouJ(h , th(' propoN"(t N'lhHirm~ df'.I\1 wil h in."lnntAnMUA Ir:Ufif" 
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demand. due 1.0 fixro path traffic forwardmg, tbey are nOL Able to dlVt'rt. 1.1lt> trluHe Icmd 

to an alternal.c 1e8.'il loaded area nnd.-r PXh~IlL.,t.i\·(' congestion in t.he nf'lwork. 

2.5.5 Discussion 

The key chartu:terist i(8 or some of the trattie engmet'fing mechMisms bf\..,oo on Cro!!8'­

layer soludou iU't summarized in Table 2.1, 2.2 tuld 2.3 . No~ that both M"RT 151 tuld 

CLC-DGS [6] ~upporL muM-path lr3ffic splitting while miti~t\ling- OOllgeslioll, but due 

to employmcut of ceutral conlroUcr lbey 8tf' wable to 8ddress network dynlUilics in~ 

stantanl.'Ows.ly and arc not scalable , Though, the work in [821Rnd JOBD 1831 propotSC 

distribulA.'d muJll-pulb COruput8lioll and clUUUl(l1 allocation 1.0 (l1lJ:surt bigh I.hrougbpUl 

daLft delivery, wbile forwarding 'rank (1\'('(' prc--eomputOO p3lM they do uot incorporate 

Iraffie variationa. Goth ROPL\I (8] and LBA {91 Ul(.'(:haui.:uu IC\o'cragos neigbbonng in­

tcrr('rence throu#J dyuwuic powcr coutrol oV\:r ~:hooult:t1 liuk-ciuuuwl PWni, bUl exhibIt 

poor tbroughplIl pt.'TfOTUIlUll.'t· iu hu-g(· 8oI • .aJ(. Wl\INI'I dUI' t.o ('lUployiug ('('II,raJ poiu!. of 

c·cmtru1. Till' IlytHUllic lmffic tilgilll_"t'f'ill~ IIIt't;IIWIi:;.1JI dcvclopc.'lI ill tllbt thesis work, IU'j' 

tLwnrC' of network dynauda and gpontanoous flow dcmaud. employ dislritbutcd hop-by­

hop multi-path traffic forwarding ,oward multiple g81~'tly$ to nUlXlIIlite flow throughput 

by minimiz.ing intcrft.Tcnc~ Illld con.g(Stion 

2.6 White Space Utilization in Wireless Mesh Networks 

The flow p4."rfOrmfLnce in WMNs is hindered dl,le to the limited USAble frequency resources. 

ln currcn' wireless Olesh networb, the unliN"nsed ISM b:mds I\Tf' most commonly adoPloo 

for bn.ckbonc communications. i'urthermore, the W'MN is largely affected by tbe int..cr­

ft.on:ncc caw;ed by nil other devices itl this ISM band. e.g., nearby Wl.ANs and BlueLOOth 

devices. Moroovt..'f, tbe li.uUtcd ~Uldwid,b of the UJlLi(:('l~ baud C8JllJot salisfy the in­

CTcft.'liug dCUIIUld for tbe bandwidth of the evolving network applic8tioll.S. 011 lhl' otllcr 

hMld , as showlI by a V'.u-iCIY of ClUpiriet\l ~t"-diC8125J . lhe ~ul IllJocatl-'ti hcetlbC'd 5pCC­

trum i~ high ly Wider utilited. As ft COliSCquencc. lh~ urge to txplor~ lhe WIUSl'tl wWtc 
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t'P"I~. whtdJ nUl IllgtllflNU1t1y t'flhanCf> thfO l)M'rOnnJlnC'f' of lb(! WM~ •. allract.:f trttll{'Qo­

du~ atu-nltou \u th(" lit('T3tun". 

2.6.1 Opportunistic Spectrum Allocatioll 

With e1lU'Tl(ln", ('oglUlIvt rooius, unlk~ .. t.M.'d wU1:ICt.8 w.crs (&ecOndruy IJ.,>(.".) C'JUt acc~ 

tht undcr utlh:wd btcUbOO bands through Ol>portUIIL .. lIC Spectrum AIIQ('ation (USA) 

N lo~ M th(' lir€!lUM.'d wln·less U!oeI'5 (pmul'U')' USl'ra) III tbe;e l)JX"'Ctrum bauds &ril" nol 

dLvuptf'd (65, 00) CogUllh"t' radia& an' df'lluabl(' for a WMN in wweh a I&r&t' volwne 

or tnUfiC' 18 "pt'("l«i to be- dcl"'croo SUlt'e lhC')' (U'(' a.blto to utlhte 8V1lilable spectrum 

r('5()urt"('2\ mor(' ('fficlcntly. thtb si.gnifiawdy IUlJ,ro'lllll& lh(' net. .. "rk cavaell), The :!tLale­

of-tbe-3rt OSA t('('lmique!I either ttntraJlv or tl~UlbutlVtly fiud Kood (tu&lity channels 

(i.t .. ~t mt("ff<'ffd. atable-. hi«h C&pM'ilY) to bt- tL.'t('(i by thC' SU. LQ. Clt-WMN 

2.0.1.1 Dlat..ribut.cd cont.rol 

In ifUI. (,Nh nodI' dlStrlbutlvf'ly alkK-..Atf!'l, 1iN'1W'ti ('hl\iln4"~ M"l'f hnk. ... whM"f' th~ ilulllity 

of R dltum~llS det.ernunoo by pruntUy \18('1"S 1\('ll\'1' Pf"I'lod on thAt ('h,,"nt'l JUld channel 

I"rror rfttc. Authortl III 1001 also t>mplO)"l distribmro m(l('hlUlism to M'lcrt R dll\llnel for a 

node MICh t.hM, t he lIIt"rf('TCIIC'e t.emper'ftturc within Its t.rnnjjmlS!'lioll mngc dOt" not. eXCE.'C(t 

" ,)t('(lt'fillt'tl thr~hold Bot h "I(' Rppt'03('h~ IU'f' mumle to OJ>llmi1.t' flow J)errQm\l\uee. 

as they do 1I0t ('OQ5lder 0090' demAOd And p8th ronge&tion 

Work In I65J. ('On~llt"'tt"S Ul tht probltrn (lr n'!fIOlIJ"Ct' ,,11on\tion bn_'t.'nl Inlt'rllet I;Mt­

Wft)'ll IlIld fOC'WN'(lm~ routttS to lU3JWJli.z(" O(fW throughput . In the prop<W'd &pprMCb. 

('C)tmdenn~ Ibe b~ lhrotJ.A,bpu\. dAt3 dl'b ... -eTy re<IUlrcment , d~ OfX'TAtp on botb un-

1tc(,nM'd ~nd hCMl8Cd ch~Jln~1s , "llul, offm; prAter HeXJblbty to mC('t flow rt"qulremen\..& 

und('1' twhC't"ostd IIJ>('Ctnuu 8CaTaty Moreover. gT(,AlM' oonll('(;llvlty is C'1l5ured through 

control 00llUnuulC8tlOo O\'cr uubccnt;cd be..ntb Hcre. 8t firllt an optlllUztl.lion framework is 

dt·yt·loptd to ('nsurt' " norlaw cffcctn~ Dlp&c:llY (or NK'h link, mdepeudeut o( the channel 

roodltiona And lhc PU. actIVIty Next • • dct'Cntr&tlzro IInplmll'lll8UOtl of lllt' 8I.gonlhlll 

ill dl'v.4opt'd lbll~ dUILI dt'COmposlhnn or tbt" Upllllll:t:Atlon l,roblMn Ifl"l't', . dW,lt'T·ba.o,cd 
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solulluu h p ropoM'd, where est.cll c1U5Ler corre;pomL .. \0 a collision domA.in JO the WM~ 

Each collmion dornwlI hM " doma.in refl"1",.nl. whidl is lh(' be3<1 (' lu!:Iter in 1 hI' propo.<w.d 

~gorithm arcltilt.'CllU'e To lind the CQllision domai n, tht conflict. grsph C{U:l f>ithM' be pr~ 

cvmpuLf'<1 during t ile uetwork dc:sigu :;t.H.gl~ or a celltra) t.··utit.), tnay c:oUC\:\ tbe illl.('rf<'"I'tlut 

Jiuk.to' dUtll by utilb:ing tilt" l!it .... I." l l1f1, n'IMbilit;l~ uf lilt' nrHh~. Nc'?C't, ti t u1tlttill till' IIlnX;m l1' 

diqll~ of the t'OllOIct graph. which N)rr~polul UI Ih ... C.oUislOU domains. OroTlKrrbosrh 

nlgorithm (!l21 ;8 usc.<d . Bach link in Il clUSlf'T' ('S,inmU.'fS locul effective t:.upacitit8 and loea1 

PUs ftCtiVlty stnt.lSllcs aud locnlly solvcs the' spt."CtnHIl a llocation wllleh is (.'ouununicatoo 

LO eACh domain referellt. Upon receiving the prt"-compuk.<d allocalion (or each link, each 

domain referent computes the n.lloclltiou ami bruadCllst.I!i wlthm t he dOllllun Here, each 

link is b.&sumed to hRve R priori traffic requirement that (Ails f..o p0l1nut tile rca11ntcnwt 

t.rl'Lffic oohRvior in WMN. 

1261 distributively A$!.ign.'i least interfered IUld congested cluumels over the rAdio in­

ttrfN:'('S. Here, €'l\Ch rollter mCMurcs the in .... tantfUlcollS collL'Iiou probabilit.y Md signru 

st rength of cl'U;h transmittins pACkM, whidt L'I used to estimate tmffir load by using 1\ 

(uzzy logic conl rollet' and Ii rMnforcemcut learning algorithm. Finally, channels ('.xhibitinlf; 

greater capacity is selrtted for communication. Here, mAppill1t; twtween traffic demand 

a.nd channel Cftvacity is not considered, which (aim to ensure fair bandwidth sbIVe among 

contending nov.~. 

To aUt-vial(' t raffic COlIgC6t ion d u(' to bR.ndwidth IICMcity in CI~-WMN,1241 proJXlf'Cfl/\ 

nm-ct spcctnUl18CU8iug wctlJod lhfd. identifies primo.ry USf"f frequencies Without Additional 

UatlSC(!l'ltcr8 Ilnd chtul&illg the" dt (1\CLc) IEEE 802.11 ~t.l\fldJU'd (Of WMN~t Next , Rn 

atmlytlCal model Us dc\'iscd lo estimate t he 8mQlmt of int.crferf'oce CAused at a ny {U'bilrary 

)orAt ion and chwl1lc1 due t.o t.be neighboring traffic. The c.hMne l li..."Signment t8Sk is 

fOnJlUlot.(.'<i as rut optlUmut.iou prolJlem thlit is ~Ivt.'tl ut. ~b roukr iu 1\ dt.'ttLItrw .. '<1 

mfUmer . Autbo~ rlo not COl.I.:Urlt.T lbe uyuwu.k Lrullic uemand whjch Wl5U(~ coug~tiuu 

in til(' u('Lwork 
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2.6 wllne SPACE UTILIZATION IN WIRF.t.f.SS \IPSII NETWORKS 52 

2.6.1.2 C<lntralized control 

To merra'\(' bnk n·liability, ru£OO lfIi1J> oNwork c'O\'c"'Kc' and allcvinl.(' the> nt<'d (or a ("OUl­

mon control chanucJ (CCC).j66) pro~ n centralized chuuuel allocation slrutegy Wlnlc 

ns.'l.igning t'.hnnncLs t.o t.·nch lIIt."Sh chent h.nd router, RnA (Receiver Based Chanuel AllocA­

tion) Aims t.o cstnbhsh Inaximulll upstr(':LII\ t\nd d()\\' I\b'~ream p!\th.s bc:twccn lIIC8h cUenUi 

and gateways so B.S to eubal1('"e traffic rorward lllg nlle. The opttlllal RBA is formulated 

tl'l t\ ~HI.P problem, innpproprintt' for dynwltlc environment , Next, a polynominl- tinlE' 

complexity hMlrisue solutton 15 devised thB.t rolls OveT 3 pbases - (i) M8iguing channel 

to rou l.t'~ to IUlUCimi,..c their upstrerun IUld downstreAm connectivity, (ii) mAXimizin~ thE" 

humber of hiSh throughput upc;trerun links from mesh clients to mesh routers, IUld (iii) 

finnlly, finding dowllstrerun links fot those nodes thAt hAS Mrf"ady estAblished uplinks . 

Here, w&nnel all()C."At1on!'l and path Cb-tRhh ... hmrnt.'1 ru-e unawlU'f' of Row drn1e.nd present 

at each node which fl\ik to meet traffic dynamiC$ and grant inter-How frumess. 

2.6.2 Routing, Congestion Control and Opportunistic Spectrum Aller 

cation 

The cogmti\'c radio (Cn.) enabled ull"Sb roul.era opporl.tUUlSl.icaJ.ly IShan~ t.he hcensoo rc-­

sources to miligat(' t bc spcctrum scarcity problem and it is of great importwlcc to clJ1-

(icntly alloCftte the )irnit.OO re8OUn:t't. to all UOOCl'i in the Dl. ... work ItO thal. Lbe performance 

ilS increased. Exi.'1tillJ( 8pprooclu.~ ill the literature cxplurt.'d OSA wilh rouliug and cou­

g~t icJII I!(llltmi of dala traffic over liiuglc or multiple paths!lO Wi to incrcw.c t he n:!iOum' 

utiliu,lion ill cn-WMN", 

Aiming to improVf' the' ('orxi.. .. tf'nrc with primary lUWrN and oth("r en nrt","'Ork.", joint 

r()l ltin& Imd chAnnel AllocAtion strategy hAS been propoeed in [931 and 1941 considering 

the traffi(" demand . The optiml1.Rtion probll!Ol in Interlcrenc~Minimi1.ing Routing IUld 

Srh~ lIl in,g, IRS [931 . focuses to minimize t he total intetff!rellce from SUs towM'd PO. 

col1siderin& the How control, scheduling. intM"ferencc minimizAtion hnd IlUllli-hop rout.. 

illg 1u CR-WMNs Furthrr. A distributed algorithm is (,Orl5lr tl(,lOO bRsed on 'he cost 
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Table 2.4: A comparison or rouling, rtLU" control and OSA t(>('hniQUf'S in CR-\\"1\tNs. 

1l 1l ~ ~ Co '" of IE - - 0 c • 
~ • ~ ::: ... ~ j!: 

~ 
0- k 6 Tl't'hm'luj' " ~ 

.- - 'i - .= -0 1l 0 •• ~ g. 
~ 

c - 0 .~ Q 

'" 
~ ::: ... ... S 

UlS 193) 1 '" 1 1 '" 1 '" 1 

JCAR-ul><latc 19-1] '" 1 '" 1 1 '" 1 '" 
M""Th 195] 1 '" '" 1 '" 1 1 '" JRRA 196] '" 1 1 '" 1 '" '" 1 

MMBA 197] '" 1 '" 1 1 '" '" 1 

MRSA (98) '" '" 1 '" 1 '" '" 1 

~"TE 199] 1 '" 1 '" 1 '" '" 1 

GA-CR {lOa] 1 '" 1 '" 1 '" '" 1 

G .. CO {64] '" 1 '" 1 '" 1 '" }I 

nm. ... id,'Tiug intM'('n'uc'c to P Ug tUld {Jow I!ol.aLug iu (.'3('1£ 11I1k , O('Spiu.' ur miuiluldug iu­

Infi-n' lIc{' towarfl t ill' PUR. fRS faihl to tind a IImtdl bctwt.1.-'1) ~igll('d clUlJluchi aud flow 

chnrnt'l('ri .. ti~, .JCAR-uprlat .. Uointchnnucl WlSignt[lf'lIt tOld rOlltiugllpdnLc) in 19-11 aim~ 

to mitllmize tht> nllmber of operAting channels for better coexistence with PUs lUld other 

en lII~tworlffl ,."hilp ACCOmmodating the iotal trAffic dcnUUld of all routers, 

A distributed re;ourC(> allOCAtion mechAnism, proposed in MrucTh (Decentrahzed 

througbput. maximization) 1951. s-ignifiClUltly improvefl service TAte of eACh tnUfic flov.' 

with Lime varying deml\Uds over 1\ pr~omputed cnd-t~end path by mainvuning Acw.' 

CO L1servat.ion oon. .. Ufti nf 1\1 encb router IUld minimizing the mterferences Amott.glrt. the ('on­

tcuding neighboring Iink.'1. Here." optimum fnuncwork is proposed for hnk 5chcduilltJt 

8.lolJg 'A:itb leMt busy PU dlftnnel Allocation. .. over thf'm with fU1 object ive to maximi7.e thf> 

cocJ-t()-('nd &ggr'PgAtoo traffil' thrnuAhplll. LAtf'r, L~"atlgif\u dmuity theory if> cmploYNl 
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to gtt '" dL,tribmed aolutiun o( the prohwm In lhl.& 81>I)roocll. racil I'Ulilcr di~tribuLlvcJ)' 

COUl~u"~ Link-cbtuUIf'I J'Cht'duling (or ulJt)l.relUn tnunc; knowlII~ n!'xt.-hop pl'llh, channf'1 

ft.lIfJ(atioll infoml8tion (r(,m interfering ncig.t,IOOni, transmitting alRI~ (If dOWnl>lr('atn nodE' 

aud UltIJOUJum all(lw.lhl,· r"te (,OIl .. ~dt'1"lUg lilt, t'ulJ·l,.t;cud 1Il1l1UJlWJI I'ICl'vi~ rate, IIt>re, 

t'nd'h)o("J ld prupl'b"Millll n( ,"olltrol iu(onuHtiml rt~U IL" in ,.]ow ('0I1V'rTt(M1N" of tht' _'IOlution 

whkh 18 uuablc t.o ",Id~ 1I('1"",'Clrk dyruuniQt (Vltryillg link ('ontlilion, bUffity traffi(' dC'­

wAud AIIO, the utoe offixoo·powf'r trAnsmisr;-lon And tlln~I('opAth dRIA dc>livf>ry in MrucTh 

t:"'~ IUlr&-ftow contenUOIi Mid oon&~uon Illong thfo pAth, whl('h in tUn) d4.."grMf'S tht" 

net.-work throughput p('f'(omulnce 

A high throughput end·to-Mld J)l\th Along WIth duumell\llocauon owr them consid· 

enll« Inlm M<l m~·flow iUlerfcn"nct'fl hu bl'tn d(,\"e'lolK'd in JR('S (jOIl1\ fOuling fWd 

chlumciadccttOn) 11Oli. FUrthcnnore. \.he I\lgonthlO only needs l-O propagate local JU­

(omU"Km (Tom the 8OUr~ to tbe dt'tnmfttion IUld can hi' implclOtlllOO in IL distnbuted 

(Nlhiou AgfLlII. sutgie-p&th dRta (Of"&rdmg ftpprOACh propost'd in JRRA GOiDI. rout­

in& IUId ro!IOurct' "lIOCAtio'D) 196) coMlderin« ne:l.g:bborbood 11It.<:rf .... 1'eu('~ (~ng protocol 

model), PU aflivlt)' ftlld noof! cong<!l!ticm is uMbl(' to fulfill the QoS rt'Quiremeut of de­

my 1IeJUlitl ...... traffic lIndt'r nuldom PU bduwtof Here nmlli-pntb traffic- splitting can 

«,UUtLlltl't! l)f~et delT\'t'fY U\'(!r a1l~llt~ l)fttltll WIder S'ulJtleu ct.'Bbc o( ChWlUdb on ... some 

rorwll/'din& paths, Here, the ne,",,'Ork is ana.l,ped from .. queuing dloory per.sp<-'ClJ\'I!. and 

the Joint rout 109 and I't"MlUI'ff allocAtion problnu is (ormwalt'd lIS tl Nou ... Lwt"tlI' Integer 

Programnung (NLlP) problem Tht' objocti\'(' is to opt.lmitc the ()\'t.'f'8ll packet droppmg 

prubAbility at node buRen> Tbcrclore, as AU lh,. afor('menlioucd ""Orb forwArd trAffic 

over b-Ill&Je IMtb, tbf'Y are prone lo Intcrfcrt.'DCC afr«\.8 by both SUs and PUs and unablt" 

to meet How dtmand under dynamic traffic condition 

[971 PN~ flU eud-lLH'ud l,,\udwldth allOQltiuu lUt.ocluuu~uu LU cn· WM~1t "'ith ,hI;> 

ubj .. 'Cth'l,' to ('1ll'1un- flurut.'IllI Rlnoug: (ur'llluniing noocg, wbiclt IUvoh't'1i rOtUins, !i(:hcduling. 

I\utl !'fK .... tMIHI "lIU(-Kllt,.. . 11w IIulLufl'l propt)N' LP·blw-d optiuuLla1U1 ilf'tlrultl(, hOlution 

ofMlUClIIm f/\.ir Maxinmm IhrougliplIt OJUldWldth AUorRlinn (MMUA) Rllrll..I"Xkogrllph-

1t·,,1 MAx-min fruT MlU:llUunl 13tuldwldth AUI'I("Mlon (L~f ~fBA ) pmblrtn . n e'Tt', B 8p<'('trnm 
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1l1Ma.gem€'nt 5Crver IS re-lporus.ible t.o corupUI.l''' feu&ible rnftJeuaiu fs..ir bandwidtlHlUOC"atiOIi 

ve<':tor for t\l1 nodps ttlong wIth a corrCblxmdut.g bnk fto ..... ·a.Lloc:atioli voctor. a oorn~poud· 

Ing scbeduling vector, and ft set or trarwllUision modes (subict of Im.kclulimel p<~i.ns thaI. 

cnu cUlicUfT't'mly be !WI iv(') !ouch that the throughput of this baudwidth-allocaliull vt.ocLor 

ib IUIlXUUIIIII l l11lung 1111 f('W;ihlt· IIU\XlUill fair band".ilhh SLllor..Rtion VtttONl. 

A gcnctu' ulgOrithm (CA) brL"f'fl nC'!!Otffl nphmi7.nhon tTlUllc'\li'Ork for ('hnnnC'1 and ronl.(' 

scheduling. CA·CR , prupo8('d in POOl, to find n ft:'Mible channt'l allOCAtion (or t'.ACh (or­

wardmg link whiJ .. computing 1) I~~ ('ongested SOUf('~deslilll\lion path As the chAnnt'1 

stAte is highly vulnerable in cogniliV(' rlldio netwnrk du(' to PU'~ rAndom behRvior, An 

f>xi.cltmg chrulllci may bt-'comt U1uwiu lnblt, t.o a m~h node ~pomdicfill)'. Thus. tindiug l\ 

new allocation solution from a ceutral <-'lltit)' 1t"~8 to l\n un&l.8ble sy~telll condi,iou 

Sour<:c to dC2thuRllOU t.'<lgu-dlzsJOlUl multiple paths IlI"C colnputcd in 1981 . where the 

du~.nn(' l l\lIoc:"t.iottS mtt the Hob C:l~UTt' tbe blwdwidlh rcquirecueut.s or dIe traffic 80W8. 

A~ the oognit.ivc 9mc1csslUctW uetv.'Ork is iutended 1.0 mWlnally fulfill UM..'1' demand, the 

optimi7Atiou golll of ~mSA (Multi-path nouting and Spl'Ctrum AUOCIllion) mcchall.u>ln 

i.'i to support maximulll COUC\UT'tut 00110'8 in tht· nt.'twork . Here, both distributc.-d twd 

centtali~t'(l heurL'il1cs arc propo:;cd to find m.iu.itnum bwtdwidth paths wlLile guartwttocing 

t he illde"l>E'udellcy between the multiple paths with regard to spectrum lUobihty, 

A Stochastic Traffic Engim .. -'('nng approach. STE 199j l dhtributivcly splil,g aggregated 

trnffk (.tY('r 1(>l\I1t interfered rout4!fl to addreM the QoS requircmcnt. of each lrbffic flow 

under lhe influence o( random behavlonl of PUs. The opllmum STE is formulatt-d to 

maximiu- flow utility (rom use:ra' satisfaction pen;pt-'ct.ivc Next , iL dcm"'CS Il distribul.oo 

solution vit\ the St.OChRStic primal-dual approocb , for the CMeS where convexity holds. For 

the scenarios Wile«" CQovt"..xity is not attainable, an a.ltf>..rnatin· decffilraJized algorithmic 

$Olutiou btw."I.I \lU lite learning tlUWlIltlta techniqUe!> iJ; dcvis4.'<l. At. thc route computatiun 

WJu trullic splitt.ing u. dOIlC> by the source bu«h·, now MJ. pat.h uyuami(:K (i .(-' ., iutt.'1fcr(·m'c, 

error, ('uugr:.;t ion) IU'f' ignon'tl lit ::iTE. 

Work in IfI.l! propO!>Nl A CA basm optimum rhtullW) Md po""'" allocation I\t Iink­

pl\.V2IiC'a.llily(T, and :t linear programming (I~P) bAAC'd sottffMt"'Sti nation rout€' sc-I('("tion 
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"t DttW(ICk 1It.Yl'T. GA"(;O (Celltf.iC aI&t>rilhm haM!d (1'~ 16),('r UPlIIDWlllun), aumn~ 

to (3Ifl), aJIOC&t~ lhe C8p&clt)' of tbe n('''",oork I\rnung lh~' ~t CJ( conumdill3 flows, by 

Inft.XJIDfllly til1lUUYUIg tbclr demand" IIl'n' , po""t'1' control uver thf' Iinq cOlurols the 

tH/A' o( 1.111.' udghl>urhlJt.lod \."OllbiIOIl douuulI, t.'Vl'lllu-l\.lly fUlIJilU,y.ill& illtl'nt-'rl'lIt:l· to ubllt.ll1 

tlw w1luin'tl ral~' m'{'r c-"t,(,:h link in thl' lII·" .... urk . lIOWI''''''', untkr dYIIIIIOI" \'lU')'Ulg flf)W 

dMUlUlds, rnth nlld r~l1rt"f'-nllocalioll (duullt('1 ami POM'f) ft.rt" n'('()lrIputAXI , hind{TUI~ 

lhe ooll\'etgen~ litnC' or the IItcciulIIism to I riMet Ul18tf,ble Kll\l.f' o( tbe lI~h·'Ork All the 

AC01't:rn('f1tlonffi work.q ('Slnbhsh end-to-Mld pntlui among lOurc~dC8'ID"tlon . 

2.6.3 Discussion 

Th(' kt'y wor-Iun& 1)rlDciples of OSA IN'hniqu('.8 In CRp\\'MNs, art' MlDplled In TRbl ... 

2.4 Ct.,rnllZl'd .. atht t n19ne<nng ",IIIlIon. on ~IMBA 1971 ""d GA-CR 11001 leads t.o 

IUl ulNubic 8)'Melli l'OuthlaUlI , u.:s MH)U w; 8n ~tiu& ('brurnd bc..'t."OIUC wU\\'I\ilablc W 1\ 

fi.lClob noot' oollSidc-rln& (1)1' bigb vulJlM'l'thl~' rhtdUlI·l ("III~h ' 1011 III l 'UKlIIIIW nuliu IIl"twork. 

On tile otlll'" I!lUIfI. \msA 19MI alld Cu·CO I&tJ olfl't 111~h{·t throu~hJlut rmd ,,·liability 

IhrouJ;h Inuhl'p'lh dau, drliVM'Y miniml1in~ thf' i'"('('1.,oj of PV muclolll PU AlTi\w_ Di .... 

trlbuted trAffic (tnginH'rin& solut1on.q prOJlO8('d in STB (991 and MAX·Th 1951. are "\lilabl€' 

In optimi::r:e tJow routm.g t hrough promptly Mtin& upon link and channel dytlAruics. Jlow· 

~r. the US(' of fixoo-pov.'tf' Irl\nsmission lU'Id smgle-pAlh dAtll dch\'Cr)' In MnxTh R.nd 

f"nd-I~«fld lrl\ffic- aphllllllJ III STF. C'RUS0e8 intn ... Aow contention alld COflgt5tlOl1 AtollI'; the 

JlI'\h , wblcb in tum degJ'3des the net .. 'Ork throug,bput pt'rlorUWlct':. Tht' lrfJfi(' engineer­

Ing scheme designed in thIs the6lS work to utilize tbe wrute space DppOrtUU.l.$tically. jointly 

IOvttitigM.t't the problem of 8clectiog good quwty huk-channcl ptUnl and to Ill I000Rtf' d3tl\ 

f'l\t.<'il on them (by 8clOCLu1& "ppropriftte L"'UlblUishlou powers) ror eAr.h (orwlU'ding router 

/'10 thl\L lh(' throuttbl)ut of tLt' uetwork is umxiuu ... .(.-d 
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2.7 Summary 

In thiOi ChApler, \'lit! prescut a cowprchtlllij.,,.C wlBly:sis of CXJStmg traffic cnginecoug s0-

lution. .. adapted in WMN5 to cuhaocc Oow performances In Chapter I, we POlhtro the 

various design is • .,ue& to be Addressed by an effcclive traffic engineerinst solution. Ba...ro 

on t hat, Wf> !'iLtldied the :statl.""Of· lhe-art work, th~ attempted tn dilIcring 8.'Specb Lo pro­

ville 8 solution . We reviewed routing, congcst.iou control and dynamic channel allOC".8tion 

:wlmic)IL", r'-~Jl4·('tivc·1)·. N('Xl, tilt· t 'fo.'l.'!o-ID!(l' r TE solutions fU'l' exrunilwd lliming at jointly 

optimizing: flow Jl('nonnanc:cs. Final ly, n~'ludl on whitf" "tmN' tlliIi7.ation ar(' ('uC'lCW'd 

to rurthf"r f'rlhl\nN" thC' fiow throughput Ulld(>l' hiXh intC'rfM'C'nN' fU'ld C'ongcstion in chI' 

uetwork. 
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Chapter 3 
Traffic Engineering in Wireless Mesh 

Networks with Static Channel Allocation 

3.1 Introduction 

Wireless Mesh Network (WMN) b8S bt."CtI r(.'Ccmly emerged 35 Il prornisioJt technology (or 

wireless I nlcruel infrastruct ur~ developDlent bee&use of its low OOSL, C8.';e of deployment 

tmd installation 12) . The lUcrCl:tblUg uunilier of lliK"fS awd diversified IlPplitAltioli u&:\gcs WJ 

'Nt,1I as the inoorporuliuu of t;ew,or8 iUld hltl'nl(.'\. ofThillgtl ( loT) d("Vi<:l~ with tht: WMNlj 

hAA f"lUlSt'fl ("XIlOlwutiul growlh lU lruflit rJUW'tl [391 . Th~ iu~I'(-u."W...J 1 nillk \'oIUlJJI'. bUWi'wt 

rall.~ mnw~tiol1 HI the I)('twork, dt'lU1ldill,fl'; npplklHioll thrmlghpul, tllltl rt·Jinbilit)1 8ud 

(1{'lay pM'£orml\ncnl. Thcrdo«,. llOw to provldC' stlli!'1foctory n('1.work p<Tfornullwe, by 

utiliz.ing the limited. offered bandwidth, hM emergtd f\S a problem. In this Chapter, we 

explore trAffic engineering ,>allcles thaI. dynamically I\djUSt tra.us-mis8i(lu powm 3Ild dALtt 

rAtes over ollt.going links At each router 80 a.os to cnhollce the nttwonc cllroughpul . 

A good number of works iUlhe rclcVlult.literH.LurC focWl ou the use of ('merging wircl~ 

ferhnologtf'tl including directiou,u AntennAS [21 , fUultiplt'-illpulr lU ul tipll~UtPUt (MIMO) 

1431 hod lllulLichlUlncl fLlld Ulu]tlrRdio 1151 .solutions at lower layers (or iJlcrctl81ug datu 

de1i\fCry throughput of 8 network. HO'Wt!ver-, !Jonc of these API>rOlU:i1cs tnke into ACCOunt. 

th sudden surge of hURe duta t.raffic ge:oerat.cd from dwclliC u..scr (hwnWl or device) 

opplie&tiornJ. that. C811Re uet.-work to lx'(;oull' COlIgl.'1ih..-'d . In WMNzs, IU(-'$IJ rout-ens act ~ 

int.ermediat.e nodes aud forward \.LIi("r traffic t.o mcs.h gutt."Woy& (GWs) io mulll·hop fashiou. 

A WMN with 8 single GW might create II; bottlcllt.'Ck condition and H.tUnglc point. of frulurc 

58 
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3_1 I'rRODUC'nUN S9 

for the ne\.work 1291 The Ube of nm1til)lf' G\V~ in " \r\'~IN ftnd multi path dllU\ forwarding 

toward!: them have lx-cn proveu to provide bttt.er l1u-oughpu\. perfOrUl8Jltt [481 t'iillct.' tim. 

slrateJO' increa.sc$ the aggrcg8tt.'ti btUluwidLb (or certam traffic flow 

Thcw LS a Slgllilicl1l1l. body or wurk.:! lhttt r~w; ou 1Uulti~lb datb forwartliug to 

f'uhlUl('(~ nnw pprronllluin' ill \VMK:-I. TI,IIM,' 8Ludit~ lIIc1udc dlliC'OvtT,Y ur UUdl ... di.~ulllt 

or Iink-disjoinL muhiplc paths (5.51 . optimal power 81location to mitigl\tf' intcrfrrcnN' 

Ilfi, 1 02]lUld computing mutually 111l(-'rference-frt.'t' ulultiple pRlhs 1·18J[78I . 110,,"'C'\'er, thCSf 

f'nd-t,o...end dRta dch\Y1')' sy!.tCIIL'i arc less rCb"Ponsivc to dynrunic network conditions (link 

(Iulllity, intPrference, traffic demtuld, ctc.) and thus they utilize inBtantI\JlOOu.~ nftwark 

CRp&eity poorly. A cent",1 controller is dE'ployed in (5J to find colhsion-fr~ Sfheduling 

ror all rorwarding links \l.6ing a bl\Cktrl\clcing Rigonthm. However. it does not ('onsider 

raLe ftdjustment in pre;ence 01 ''1\fYin~ link conditions flnd traffic dE'mands. Authors in 

(6J propose 8. cross IflYI'1' design I\pprOl\i;h to joint trRffk splitting. rate control, routing 

a nd scheduling lhlU splits trflffic over multiple J)l\lhs to enhanCf' flow performnnce. The 

eml>lo),ment of 1\ centrRli:zed ('onlroller wO\l.ld increAse S('heduling delays, cause fI, single 

point or failure and le3d to wrong scheduling dE"CL.'!ion.'l duE' to obsolete inrorlUftlion usage. 

To C:OWlwrod t he tUo~me'lltioned def1ciE'll<'ies. 1\ distributed control agent is required 

80(, ~b forwarding router to determine outgoing link qualities a nd split traffic over them 

IU a wuy dmt. call lIl&Ximi1.(' n$'ork perfonnt\Jlce. In this Chapter, we proVOSt' an 

optlmizution fnullework for O)'ntunic 1rsffic Engineering (o-OTE) in WM~s lbtt.t "ims 

La minimize iowrrcrenc:e and congestion Ilnd thus eoJaallC('S throughput. perfonnauce 

The fnlOJlowork adopted belongs t.o il mixed illtcger nonlirlear l)rogramllllDg (MlNLP) 

probleUl tUid involves both combinatorial and continuous ooostrtUol8. making h an NP­

b,,", problem A gn''''dy hcurislit Nl.erTI8W solution G-DTE 11M abo lx.·(-'n dc\'cIQll(.-d !.bSL 

prutlucClS IIl'Br·optimai rusullS. 

3.1.1 Contributions 

Tlil' k(·y cOlilriLuliUlUo or ttw. Chaptt'r are I'Ullllllllrhwd l»I foUu~ 

• The trAttlc fOn\'lU'rlin~ policies o( thE' proposed O-OTE ft.nd G-OTf: :,yste ans mini-
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;1 '2 IU!I..A,n:o WORKS 

m.,!f' nMJ(.hborhood mterfcrt'DC(' and wkJogged tr&f1i(', twd cxplort> lht' Ica.st OOb· 

It.'&tf"d next-hOp nodes 50 lhat lht, ovt-rl\ll throughput of the network IS UUUUUli:zcd 

• We- defint' 8. n~ w(,lltht function (or each hnk 1)Mt11 011 ItA ('U1T('Ut achievable ralc 

and tbe l'ongt"tltion If'vt'l of tIl(' dov.'n."trrom We I'lLiow 1\ G-DTE I'OUlM' to I)rionth:f' 

tbe forwarding linb ba..<If'd on thm .,.,CIKh16 and to sel«t 1ts.~ ('On&(':6ti\"~ and high­

Lhrou,ghpuL hnks (or traffic split Ling. 

• EN:h G-DTE dO'l'''Il5lream rOllte'!' control'! tht> .'r.&htfod·(air rf'Cf'1)llQn of data traffic 

(rorn III up6lr(,8J1I nodI'S Rnd til high l~'el of (ftimt'M IS UlIUutWfll-d 

• The propoM'd G-DTE routers ~Ioit singlt'--hop nClghborhood IIIfOrm8llon only to 

tM\! trf\J'(k (orwlVding decisions di.stributNlly and so UlrUc.C It bCalabl('. 

• Fint\lIy, lhr ~uh~ or nur Rimull\tinn l'Xpf"riI11NlL."" ran-iNI out in n~3 (511 . show 

tbat the J)f"OpOM'd o.OTE (\nd G-DTE 5yJilems ofr~r 8igmficn.nt pcrfonnanct' lOr 

pl'OW'nwnLS in lcmlS. or throulthput, d(>II'1.Y. rf>UfLblhty And flo .. frurnt.'8&. 

3 .1.2 Orgallizat.ioll 

'The rest. or tht· Chnp,rr L!I organized M followlI . (u Stcllon 32. wto t'JCplorc the existing 

work:; ill tlw rell-vulil hlcrt\lUrc; .,.,Iull' the !i)"lih:tn mudd is pr\.~utt'll III St.'ctIOO 33 The 

oh)l"l·t.tw (tUl('l)(l1.l IUIJ ('OII.'IU'aiutR HI' Ih(' O-DTE fnulu:'work ;U-I' ronuulUltod w St,,·tlun 34 

IUMI ,11f' C·OTE ~Yl'lt~'1u ilo da;i~l('d in SN-tiOIl : •. :; Tllf" PtTrurmUlltr 1'\'UluntiUII rt'tlultb 

1lN' presNllrd III SN-ttOn :'Ui, whitt" SN-t.on :to 7 ~lInmrui7~ I ht' ""ork 

3.2 Related Works 

1\ &uod lIumlx'r ur wurb in tbe htcmbut' L'I roclw-'(I 011 t.hn.n~l)ut huprovt'l1lclJl urWMNa 

Lv I'xplnitiuA dl\'l'fl'(' W11)("("hl ur tilt· 1I( ..... 1)f'k IIIt' huhllg t"tlll"t'!'tirlll miliA""OIi 14. 10:1) . mtt· 

IlIIlttptAllM In, 7RJ. fM"hNlulUl" 15, 6J . rhrullwl allnntion 11011 and mlllin" 1771; rithcr 

I11dtpe'nd~ntly or jointly (771 . Oa.o;cd 0'1 the lIumlM. ... Q( rmths 0Vff whith n 80utff node 
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32: RfI.I\JTO WORKS 61 

dt"lp .. ,n dAta 10 " lar&nru dtstmalloO, lnUlk (orwMdLllX ptu'adJ~ ftl>PNnIo 10 lKo f'llber 

"Iqk Pl'Ih or mUlllp8tb A b.lgUIDcant. DUrubt-r' or wurb an tht" hlf"Tlllllrr L'l basOO on 

bln,lt· path dAt" forwardlD& (231, wh.ich l& Wlhblt' to (ulfill nQW dt'U1lUlds in prf'SE'ncf' Qf 

IIt'l.lthborhOCJC.lllIll·rr"rt'ntt., JXMlr chauud tCJUdlllOII. h ll llll.,j bruld-" Idtb (llld n(1 \\'Ork con .. 

)(,,,,,,Ivil 1r,1. A IIlmrl"l' lIocl .. mil)' UtiU7.(' tilt' I\AAM~!\ t''1 1 WUldwidth I\vnlll1lJl.· U\'I'r IImltipl,· 

I\ltt'rnnt.t· ptfoills towanl" d(~titlillions ll<o;llIR IIlUlli-llHl II dlltu rHf'Wllftll IlX ft l.I)rOHl'h IG. 78). 

which UtI ~u .. d to pmvidf' improved lhrouxhput. and trnnsrrualon rt'habilily Is). 
In tlRI ftnd 1$.';1, trRffic i'l fof"Wl\Tdtd CM'T nodt' or hnk dlll-JOlnt multlplr petru; Wltboul,. 

C'Ot1atdmn& J)l\lh f'C)lUht\on (int.erf'f'!"ffiCf', oontMihon fU".) M<I pAth C8plKlly (avallable 

bAndWIdth) MRA I,SKI Ilt f"l'Il'h !OOUl'Cf' node dlltllibUlIvtl)' ('()mpul~ muluplt" mutually 

non inwriM"l"I Pl'lM tQ1lo't\NJ destinAtion explo1tms m«l~ hop rommumcllhonJ:. Consid .. 

mnl the inlUI\I knowledge regarding multiple J)l\tba LOMUd dtatuu'tlon. au 1I1wrlE'renC't' 

V"pb 11 computed to find ind~odffi('f' IUllOl\I 'ht tIt'l of mulllplf" pIIIths. FiMlJy. lh ... 

mlUClmum wt"1.~httd indt>pmdent S('tS from tbt intf'f'(~« graph II oblNnoo wbtclt hold., 

tb~ de5Sred bel of IC"Mt inlArlered ~tb.s betWefll tbe lIOU~dt'J!.tuu .. tMm plur Hcw.vwr. 

romp"t""on of lUaxinltl1 independent 5rt8 bfoomt M Np .. hru-d problem. wh("rl tht num .. 

\)("!' or pRtM 1.1lcrCM(> Also. mutual non interferilll pbth8 do not. nCNWJU1 ly 1f'tW'1 to less 

lI1u-,,·fered " nd colIs~tcd patM. fll ftbermort, ~tRA 18 unable to exploit t hf CtlPRt'it)' of 

l h,' M"1('(.'tM P8-IJI~ optimtllly, {L8 it does not cc.1l~id(':r (10\\' d('lUalld, path comg:est 1on and 

nM.-.wk dyruuni<1l while tr3ffic- spliuing. PropoM.18 In (631. I83J and IH).4I, abo remail) 

Irafn ... "IlIOtilte. i ('., Ihey consider Row dt1ntuld to bt· Itloablf' and kno .... n HowtVtI'. this 

lUIIumption 18 unrea.h&lN: &Ud tbe Aforemtntionro wor-b don'\. react dynsmit;Ally to 8I1.)' 

chfLng<'!& 10 net'Amk condition Therefort, " oonlrol mechaniSm III f'fqui.rro to adjUSt. tbl:' 

I.rftific fonto'tU'(hnA dl'C'ISI00.8 (oUowin& lhf" dyoturuc behavior or tbe network 

lu 177). huk ltUCc.:..- prolJtt.lJility (computl'C.I £rom tw..torical SNIl valuw) \& ~xplQlwd lCJ 

(·olllrol dRtft rorw...-dwg fill~ un tb(' Li.ub Th" butllo .... III 19J apl)hl'tl UIWl .. mill rtt.inu~ 

bi""",J "'tt' ,·vlItml rur lllt'f)lItill~ lmf6(' by jOintly toC.lylu_ l'O(·Jlt'du1iu~-, dI1tlll.ll,IIL.· ....... tgl1lIlI'Ul 

f\Od rAtf' ('onlrol pmblMm tn addition, 141..,tdf1"frN".'8 Ilf':IAhborhoodoooUAf'f't IOn and pAtb--

1"1)1I~~llon b:v ('ulIlrulllllg now NlIN! lhllikt' MntroUfng dntll r"tn! O\lf'"r lht' J'Ift'"<'I)IUputoo 
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3 .2 REt.AI"':O W()IU<S fi2 

t'tld-I.o-end palM III I he aforcmC'Jltloacd worb, M'1t.'(:llng lhe ICNIl eou,(tf.'Slcd aJtcrnal.e 

,-",lhl' "I. f'och IlOP Lowerd the df'Sl.in8t.iOQ Mluld have bfen t\ IWllf'r lItrf\tt'ID" to ra.i.o;c th(' 

dalIL dth\'Ct)' perfurmM~-

lu 17~1, l'tw:h rOlll. ... r fll.H.K1.:I its O'A'TI ('apAC"ily in(on llution thluu81""". tht· lU'twork ~uul 

tht'lJ ~'I\dl lI()(h' III1IcJIIIIIII'"L .. ly ,I"tt:n"ill~"" tTnltir dilltdbmiou (III II1Ultipl" pntlll'l Killlill~ to 

IIlIninu1.(' C'On~('Slion , HowrVM". it CftIL~ MCN'!'Viiw sigJlnllin& OwrlU'l\d (or dix'Wminntin,tt 

Jirik informntiorl IUld II. dOt~ 1I0t. rP.8J)Ond to eh'Ulg~ In th~ nct. ... -ork ('nvironmt·nt MJrr 151 
explolUo hnc:ktrnlll& ftJgorllhm to ndd multipl!" ""thl ~"''eefl etlCh 8Ource-<l~timuion 

pair in the network M long as the l>3th lhrou,ghp\Il is flW(lIniu<i The d8t3 nlte on eACh 

Im!.h lS dt ..... """ltIu.'<l by the bon len('(:k link's efff'Ctl\'(! <"'(>lICit)' of the pAlh_ MRT rorlll)ut~ 

collision (ret tlCheduling (tUIIC slot alloculion) OVi't )""dlS fot mulh rat(! lmk cnpadt.i~. 

the duratiou of 1,1111(' slot IllJocnu .. 'tl to c8C.h linle Is dlc'''ttod by the bonll'Ul'Ck huk Here. 

fitl\tic Ltl'lffic ftphtung is CJnl,loyt:d without iUforpor-sling tbe dynruluc vruinllou in I.raffic 

denwld IUld dynAmic dllWgul,l path f-8pRcity due '0 I.ntcnerr'nce I'Wd cong~lion , Also 

hiAJtly uuffur (or lat. ... l)' adnuu.OO 80W8 wheu network 1Ilul;hly lOAded 

A jomt 'raffie Iq)liumg. nne (ontrol, toutins IUId sclleduUng algorithm is de'\"t'lopcd 

In [61. aiming '0 UlItJUJUl7.C uct"90'Of"k utilit), by dibtribuliug trlLfJie of a How lIIto mult.lple 

glt.tewaYl' I(J lUI optUli tLI way. nte network utility UULXiUliz8tlon problcm it. fonnulated 

It..'I a OOlll'otnUlIcd OIJtimi7.llt iOIl problemaiIuingtomuxi.mizcl.be (.(lU~ avcrage taLes of 

ftlllhf' Ilctv.'btk flo,"", Md ensure (rum(W a.Jllong lll4.' (Sowa under the 8uid trnffic model. 

' ("xt. to ItOh-"e lbe probll'tIl wlLh a primaldual method , a novel Cro.-I..&.ycr Coni.rol al­

gaMOun With DyPiUtUC' CRtC'Nll)' SeI('t."\.IOIl (CLC..DGS) *>IUtIOI1 derumpo8t'fl the probl("m 

into two liub-prob&c:rus; (1) traffic Iiop1iUiJl& twd rat.e control, t\Ud (2) routing and !!Cltedul­

III~. At ('ocli (orwardmlt routA!r, ralc controlkr injects lraJlic toward ICMI. congested 

KnLewu,y ill lUI hluuuul t1H\l wuil.ls qUCUl! l'on~esLIOU at forwlt.nJlIIg Il00UJ. .....inally. tbt;, 

rouUI1& aJld tM--lit-'duhll.g, C'UUlpoucuL alloq COlk"Um.'ut LnulSll~on oVi,'r tliVl!': Hub tbat 

h,\..'( hiWw,-I)It(·klof.."t'flltwlic', w unIt·r to allt-vmll" rUII~l,.tiuli [null tilt' 1"'lwvtk Ua.~...t 

(In eLC_DeS. nu~hm'K AIM pmpcl6C fUl cuhwtt'ro C~LnVf'.r Control Id~l)rithm wilh 

0YIIIUUIC' GIttA"wnv Srlrctmn and Delay Oiffm'lItiMion (C' LC...DGS.J)D) whkh romddl'n> 
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3 ,3 SVSTY.\I MUDfA. AND ASS\I\U"TIONS 

ddIt..'Tt:UL delay requirt"menL'I for {!UMI a.nd provides a flexible CrwJlf'wQrk for wjusting 

deJays Mlong diffc-rent Hows. and lbereby can achieve low dcla)"li for preft~r('mial flows 

lIo" .. cvcr. lhe eUlployment or a renlraliz.ed controller can mcrea.w the &CheduJ.ing; del&y 

(Uld tit(' dCCi.sIOU6 uft('u 1118.)' lw tAk('n b~'o('r(1 on obt;ol€.'te dat.1l reLah.:d to traffic tlUWIl WId 

(IUC.:"lIC OOl"'ltplllKY xfal ll,.'i 

Our propoM.'d OTE salmion Al fflrh (nrwa.rdm~ noo!' off(>~ distincl iV(' ('hnr1\ctrru.1.tNt 

while Aimin& to fu lfi l1l1ptJlrenm How dcml\nd OV'f"r multiple pAth" townrd.'1 multiple CWs., 

romparoo to the lett.din& 'A'orks 14SI. 1511Uld [6J . firstly, OTE dynAmiC'll.lIy dM.{>nnincs 1\ 

traffic Allocation vector cOlls,lIsting of &el~lffi dOW1'lSll'f'1ml links, Along with nppmpril\U" 

power and rate allocinwnSo O\'('r t hem 50 I\S to mllinlflin flow eonSoel'Y1ltion eon.nr1l.irll$.; it. 

1\1.'10 takes into I\Ccouut buk Quali ty, n(1ghborhood contention, node «Ingestion and J>a\h 

co1tge .. tion. S(.'(:ondly. traffic is !Split ovcr tbe dcsigMtoo multiple forwarding links to meet 

flow denuUld by cxploittng the diversified pucb c&J>lLCities. Fillft.l1y, to &vuid the oo\'tne 

effect of congestion, cllch DTE node lotally monitors its backlogged tm.flic illkltSity lUld 

(orwRrding cApability to rt.'gulllte ullStream rH.l~ in a r".ir UllU1U(.'f 

3.3 System Model and Assumptions 

LeL 1\ grftph r = (V. E) reprc;cnt. A tYJ)lcaJ WU'ela;s mcM network, where V "'l the lie't. of 

mesh nodes IUld E ill the set o( links; IUld, G C V lS II set. of mesh gatcw"ys. The clients 

1I.N' connected with edge routers and the core routers (orm 8. multi-hop net¥."Ork bI\clcbone 

thnL (runes traffic mainly in between wClib chcnls fUld !.he lnternet through gRteways. 

M .shown in Fig. 3.t. EAch node v E V bM multiple radio interlaces, each oper6ting on 

an orthogonru channel 80 M to facilitate enhanced llet---.'Ork capacity by allowing more 

concurrent tran.'Jml'l5ions (89J . We IU'I'iUmC thRt e3Ch radio on router tl E V is e.ssigncd tp. 

5Ll\tic ch1U1nf'I, followinJt R suitable channel R.SIiignmf'nt algorithm CLICA j17). CLICA 

is t\ DF'S-bascd dlAnnel assignment algorithm t h8l uses tI. greedy heuristic to find tL 

conllected 1()9,' int!'rf~renCt" topology in Il fflulti-eh(Uln('1 WM~ "SI.Itr'-8 iJy CQustruclwg 

A \'i'\"igbtl'<l conflict grnph from the connectivity grt\fIh following lbt protocol tnltrft.'-reuce 
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:\ 3 ~YST.~\I \lon"~ 1 AS!) ASS1!\1P1'IOSS 

~.O'I!! ~.O' .CJ (!l • .o't!) • . C!> _. .• .. 
~.: ' ~. .m· '!!l. .m 

~. f!) ••• ,., .• . m .. . '!!J ", .•. I!) ... 

• !31" ' t;]. ..!!l ' m., •. ·m !!I. .-I!l'. 
.' .. , . . . 

• • 

. 
: '. . . 

0 (;......,--

. . 
. ' . , . . . .' : .' .. . . 

F\~urt.:1 I An cx~lIIpl(" of IIlulllpnlh dRill forwtU'dlllg in WMN 

100<1("1. Tlu", ~nph COU\.lUII& node pnOrtha. f\Ud t.od.gc.' wt"ighl."l, which rt'flert tilt> P,XU'llt 

or lIlt.errCC'en('(" btl"'~n 190'0 hnk1l in the fflnllf'CtIVlt.y grAph, CLiCA 1\.~1KJl." rhl'lllnf'ls t.1l 

tbe links Il88ttI on the pnonlJt'8 following u "t'Cdy heurblic wilh the similAr C5.')(>nce (If 

gThpb t'(llorul&. The~.)' heuristiC' mlJli.miIt~ tilht-T of t~'O melria; - mAXimum link 

conflict weight or 1\~I"e link conflict. weight oller ,,-U iut.cr(criltg liub. It 11.'!C!i I\U AdAptiVt' 

priority n.lgorlthm. wblcb rutcns II u(K.h." Ilrion ly during 'he ooun;c or f!X('Cul ion t.o ensure 

cooncccwily Fmlllly, It pairs wlNiblgncd rfUli08 ellher Ul tbe .!IIlme gtY"(."dy mAnner or 

btw'<I on the I rfl.ffi(' lo1K1 

3.3. 1 Wireless i nterference Model 

Signru lIIt.crft-'ft1It'c plnys llIl Import.8l1t rolc In W1rel~ lI('lwork lrAn"m~OIl When OtIC 

node sends out pl"ktU, lUi tlign&1 may be hC1U't1 1I0t o ll ly by thf r~i"'1!r, but IW;o by 

liQIne of IICIf;llhorlug uodes. Wbtu two lIodas 1\11' (I\t C'lIough RW1IY from eftCh ot.ber, the 

slgUnl (rom ellW'h node CIUlnOl be bclU'd by th,' othf.T "-nd no dirt'CL trl\llbltlJ.'j.blou IS pailiiblc 

I)t'twt('n thC81C t .. ·o nodOf. At tbe SIUllC time, lhl'ff i." no inter({'fctltt bcL"'"t'aJ tb06C 1."''0 
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J:I SYS1'f'\1 \IOln:1 ASD ASS\:)fP1l0SS 

nodeo.. \\,·bK"h metul8 onf' nodt'S communlcI'lbon will not &lJCC"t lhl' olht>r On tbe> Olhf'r 

blLlId . when lWO oodt'%!! 8I"e dOtie tno~h, they C8Jl hear lb~ 1Ja,gn.al c~&r1.Y fWd C'OrutUuWcal-e 

d~rfCtly wilh (,8rb utber Ther-e ls a1so lUI in\('nntt.luu~ .late, wht n I.'NO ood~ ma)' 

nolo 1.,,0 ttblt' tu rt.'('CIVC l'tk.'b otbtons &lgtlru ('Icatly, which Utt.'WIa direct f,.'O lIUUUlUcttlWU 

II' 111,1 T~iL)l' , but tIlt' tSigllnl mil ~till lKl cll'tl'("l(o(l; (iii" ill tUlI1l11IV ('sll{'(l lIolo-lt'. TII(' 

noi.'IC' ff'('C'I\'NI At lin ... nucl(' (.".&11 afft"C'l ns lrRllNJllLMlUn With othff nnrl~, Somf'lim!'S, 

I h~ noise Rt the r(l('eivHl3 nodt' i.8 tIO atrol\& thAt it Pf'C"''Cnt.& the node from receivin& 

PftCkets from otht'1"'5 ~·ttlll models h,,\'f' bttn propo:ot'd to df"ilC'ribe this intM'ferenCf' 

chfU'1IICtCr Two POPUllV models. protocol mood And ph}'S1cal model, define" tilt' condition 

(or ... 5uc:citN-(ul WlrelC!>!> tranSllllSSlon and d<.':!IC.."Tlh(' .... h4.'11 two lIod~ I\ff ('ncountering 

Ulterference 115, 11. 42J Tbt- ph)'!iicfll model 18 1JaSf'd on re1l.1 .scenarios .. nd lB much 

clO6Ct to flCturu net.·worlu). TIle protocol modcl. on the other h3lld , is a s impblicd , tbouglJ 

popullu·, 1U00M (1\vored III tbf> research Uef\ 

Protocol Model: In \he protocol model . radl node. tJ e V, hNl" um(onll TrrutSnussion 

RAn~l' eTR), ddillOO 8;8 lh4' mAXimum disu.nte wttlun which u',. UfUUllUlS!iIOll can 1M' 

5ucCt'SSfully illlcrprctt'\l , rwu RU UJIi(orlll l ntt.'1""r~rencr Rtwgt" em), c.1efi urtl tIS 'he UlIlXiUlUm 

distance nOOf' till trl'ln."iI1lis6ion cau...e; iIltMf~r('ntf' to o\'tr o~i&llbon ug nodCl1. Thus, 

pbCket. trsnslllk"loion from node u to node l.I is b""UCC~(UJ , If a.nd ouly if (i) lbe di5lancc 

I)('tween these t'A'O noti('!J, d(u, v), Sfltisfics d(u, tI) < TR • and (11) any olh<...,. node WE-V 

withm tht" inlt'nt'f'''"f'f' rftn~e oftb~ O"'Ct"iving nodE' tt, i.e,. d( "'. tI) ~ IR , is not tra.D!"mitting 

liS, 171. The rrl .. ;on"h,p between TR and IR C"tuI be oxp ........... m _ (I + 6) TR 

whM"f' 6 2: 0 t.' " oon.'IlllJlt 

Physlc:n1 Model: When a node is lrtLruslniltill,g data t.o another node, i", s igu8.1 can be 

he&rd by u('ighbonn& uoot'S T bt" Btreu&tb or lht, IJignaJ rt."«' lvcd at eoch node depeu& 

00 the dl8UUK"'r to lrawuuiumg nodCB U&ually lht.> (8I"t.ber it. is away from tTlWSmittmg 

nodes. tht' wt:1Iker tit!' "agu lll it r('ttl\"(.'2i lo the!' pil)'l')caJ mod4.'I, 1>8Cket. tNUllSUu.,siuu from 

uotl<, v W U! 18 &UCl't'lW'ul u a nd only Lht" IllgnN-t&-inLt>r(m..·fUX· 8J1d nOl&e ratio (SlNR) at. 
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tbt' r«t-lVU' 1$ ~uffiC1etllly high to dt'COdf' lht" liWlal (9, 3.a, 42J Thl' SINR I\t rf'C'f'i\'ff W 

wht"lJ a fl1SO&.i " trllUJ'lcwlk-d by uooe t! i. ... dtfinro rollov."ti 

~ - PI_)(it, .. , 
(-l - "(lIIII) , 

(3 J) 

where, LrllllSmilu-r It \~~ power p '0 lnulbcuh tf) noo~ w, C( ... , ill cluumd gam fWle· 

lion, computed by taking into coo..uderatiDu l.mramctt"MI ~u("h M l>ftth 10M, fading and 

shadowing; '1(_) 1$ lhf" corrttqlOud.in.g link IIIlerfM'f'Uf'I' plus Cl\ll!O.~ian noUJe mf'MUlf' in 

tbe oper3lmg duulllel Tht> phys.ical modC'I'~ description of signal inh'frf'rM'l(,(, ,.'1 clO6e to 

LlL8t. In actual llt"LWorb, ,,'ht"«"' it complM.t>ly d~pMld8 on t he !ti"'U'~lCr nOL."4.' nuio at thp 

wircl(S8 card lo d('t.l"nlllie whether 8. nod" can 1J1.>ttr till' bigJl81 dClU'ly 8.IH.I ,1,"('U()c it_ Ooc 

tlod"" 8ig.rml lOfty mtM'rcrf" wif h lUlotht"t nod\' at. onf' momf'nt., but II may nOf inLl'rf«f"(' 

"'nh thllt. nod,. HI AMI hM" momf'nt . In lM- pllYRlr./\l modl'l, only Lht· KWml·l< .. noi~ rntio 

at. lM rect'lvII\8 nod ... RI. " speci.fic moment. CAli determine ... hethtT IL tS dl&turbfd by 

othC'l" nodes fUid whether It CIUl recelW tht" SJII;III\I HUC«Sli(ul1y. 11IU8, c:holce of phy&lca1 

inL~(erence modc1l.O e:apture the Affect or dyruunic chlUl nel condition. 18 JUbhfied in our 

thesis work. 

3.3.2 Link Capacity Computation 

A II(Xi<' rlOI rllllo''''- fL IlL'k'n"tc' trAn'!!'UlL~iuli rH1Wt't' (rom 11 Iwl P. lu tlJ ... rtl11J!.(, 

(p"tI" , . ,p"""'l HJld W(' 1U<tiIllUl' Ii win!lu;g lillk , (,·w). bc."t ... ·r ... ·u uot:i{'t4 1.I1111d W. whclJ tilt· 

~Knn.llrl\nxmbl.."lon from 1Iodr tI at B po"' ... ·r pEP is ahl(' 10 mf'M. A minimullI S INR thresh­

old at w thAl f'OrTf"iIpc>nds to !lOme R("h ic\'nblr d"tl\ rotr r ERin thl' rMge (rml" , • , rmtl.1J 

using a tlp('<'lfiC" modulation and codmg schelnt' (MCS)!91 . (n the IEEE 802.11a/g sy. 

ternA, the MCS dcflnets finite Rnd disc::rcte trnnlilnwion rtLl('S eorrt"ftpond lll~ w mmimum 

SINn valu('tt, shown In Tftbte 3.1 (I)] . A b in N')' vnrinbte z(Vlot' conLu.lnlf t ift hc hnk (vw) 

is N:1i\'c (i.e., che node tJ is now I.nm.'Imittin,R dAt" tOW1\rda node IV). And 0 olht'rwi5e. 

Althougb IIIlra·WMN COIIUIIUnIClU1Ofl !:Ii (.1068iblt wilbouLI08I!I of g(,lIcr~I\Y. ""'" lL'\SlHne 

that mOfit orthe traffk lA forwarded to thf" Inlf1'1lN. Users from mndom 100000lion_~g('n("rl\t.e 

trRffi(' flOWfi Itt tfludolJl lltn{> inSLAntoS· R01IIC'flll find llIultlple l>Ath.~ tOWMd Aftt('''"'''~ using 

Dhaka University Institutional Repository



67 

Table 3 1 S[Nn V8 link ctLpAt' ity in tbt IEEE 802 Ila/s 

SIXR (dB) G 7.M 9 IOH 17 18 ~ 2~ 246 

D lIlll nt\u' (Mhp.ol) 6 !l 12 Ix 2 1 :Uj 

1\ luit&ble rouhns l;l!goriLbm 1S-'iJ aud forward data traffic O\'cr l tw p"lIL~ _ Wto If'\. c..~ 

Mel l.~ denote lh~ 5('l or UI)8tream Md dOWfl.'Itrf'ft1D links of " rouLer v. Tlu.' Bggr("gl\t.OO 

upMrt"1UO traffic. L'.l')tG: r(III'. at rOUl(T II is lIpliL Ovt1' ea compuLOO forwarding: ltnk 

(t!lI!) € ~ m (I, WC1&1Jt.ed £&ir l)roporti(lQ, dMlotoo 814 "It.' , The value or '"( •• ) IS limil.ed to 

I hf' (Lchlt....,.lJlt· ruh', 1 ..... ,. uvt'r I h(' link (tru t ) f'.r lli" :S INH Ilf 'Y( ..... " wtwil till' I rJLl I!'!ml~OU 

1'H1wt'f' iM P Durlllg tl,,' "UUr.<i' of lilUf', W1r('Ir~:" link!4 .",,, .. rit't lct· rulll~'1I1 iill' nnd n)llJ({~tjl)1I 

thlt' r~lnC'lA ttl!' rntf' t\t'Iu('whlf> oW'r tIll' (orwfU'Clill~ hnh. To ('ombnt [hI" rWrrO""AII(,(' 

d~l\tion dut" to poor link l'I"tllity, dynl\mir rau-spUn,",; is hl\'okro. M discussed ill 

SeC'lion 3.5. J 

3.4 Optimization Framework for Dynamic Thaffic Engi­

neering 

OUf prOl>Ol"(.!d optlmnl dynamic traffic cugiu('(-"rtl1K (O-DT E) 8t forwtU'dlllg nodes aims to 

fulfill up6trearn flow dflUtUld while lUllUml1.lI1& he.i.g.hborhood interference and congestiou 

Let, for csdl link (I'U') E .c::. the tuple (X(''IO,'P(.w,) represents tbt> l\C'tiwtion status fUld 

power nJ lOCl\llOn O\'t. ... link (vw) ilL liU)' &ivt'u limt.', wlu .. 'fC' .I'('-'Ul) e {a, I) IUld pEP 

Let Q( ... , _ {(Z( .... ),P( .... ,)}. be tbe I!Cl of all potiIilble a llcx:alion Vt.~·lOni UV('r' e&cll link 

(t"W) E ,~ snd s" n('"iIl){~Q('''''l Ix· the.' set. of all 1)()6I;.Ibie aJIOC3tlOns ()\"tr set uf 

dQWlUltn:lumI of node v. Now, our problem bUII~ tlUWIt to filUl ilJS t& buitt\lJlt' UlltK."llliou 

6 e St.. Lblll ",hit·\"", tilt' arl ~n'lUcull(JU('d KOIl1 

LlIIkl< lflUlI'lIIitlitl,l; ilL high ... .,. pmwn IIIAY IInl)rOV'f' lilt' SINn nf ILK ' "IUT .. ,I biglUlI a. 

then rm'l\'('n., j'nnblUlJC hi~hcr flow tbmulthpm; but, it IUIly ('SltlllC' MC~I\'f' lIJ\.('1"f('r("llcr 

111 tht> nt'llthborhc)()(1 123, 1021. OUf (nr!ltl't. i."I to fi nd An Dptunn' It('( or outgolllg hu!oJ 
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for any nodf! t. E V Mihal. it CM mamuun flo ... COnsH"V8'IOO tOD5tramt by employing: 

Dl1lli.mum P01lt'(!r u n t hf' links \V~ implf'lU('ut thiS notion by lMI&llin, t'ft,('h (OrwArdmg: 

link a 'WeIght. W(I.'W) 1(1 ..... ).1""'). whl'1"r. rf" .. , b the rAlc 3Chie'V&ble 0Vt'T lbc huk 

("",) ror IL plVtlntlar lrwWU.INHOIi powt'r I' lludcl tl gI"l'1I lIuk SINH. cuudll!on IWd reVIII) 

t,; IIII' rvrwnrdhlA ("Jill' urft'rf'(l by tt." ''''''''I/'Ofr'·.WI lIod,- ttl. T1Ji.~ offL'I'('(1 mit' r(u.) ... 1UiCli 

owr linn', rnllowin" tht· ron,.~tioll ~Ultu~ or w, ~ dM.lulfd tit Algorithm 2_ " 'f'rompllt(' 

th .. "~Ig.ht or" (oM\'IU'dmg link (vw) AS follows. 

(32) 

~Olf' that tht" firM pIU1. or thf" 'M"tkht. ftlll~'hon Mtlublts hag:h{'T vn,ltI{<8 for the hub 

prevldins hi~hcr mit'S USill& 1000u tnnsmiS3ion pMIo'M'8, ",hereM. thf! 8t'('ond part pre>­

du(.~ tug:her vtduCl!l for the fC)r'fnlrdmg links hftvlIIg lu,gllt.., offered ta~. It'., n ICNi con .. 

gtfilOO downs&reftm sets higaer pre(erf'uce_ 11ms, our forwAtdmg policy opl8 to mm ... 

nu:c.e neighborhood ll1tmerence find to "plore th(> k'lUtt congested pIItils by lIu'Juuuzi~ 

L(,'W.!, W(_.' 3a: E s." FUrthermore. lhe- o.OTE lrrJfic rOl"WN'dlll,s pohcy tne8 to mmi­

llUU tht' bl\Cldoggt'd Lrrun4' flO I\S to lx-tter 1iCT\-~ tb .. upstream flow dClllIWd That w, caclt 

rOrMU'der 1100(> t' tncs to minimize bacldoggrd trMbc: index, 6r(a), moer esch aUOCRtwu 

liES. d<:6ucx11M fo1101'nJ, 

L(tU')E'::::: r( .. II) - L(_'E. r(I'II') 
E("l')e c.: rC".' 

(3.3) 

Thus. 6..(,,) rt'pre&Cnts tbe node ~-d CO~Q5Uon of a (orwardt't' t' undcr aUOC-fthOD 8 

Our prosJOiM!d O-OTE ~k lIIi formlllat.al M rOUO"'Il' 

(3..&) 
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" 
rC'.' E (D, I}, V(VUI) E E (:H,) 

OS 6.(.) S I . V.' E V (3.6) 

,llll" < P < p'"tJ.¥' - C ...... ) - , V(IIW) E 1£ (3 7) 

o 5. th:w) 5. 1 ..... ) 5. rf".) :S r"'IU, V(uw) E E (38) 

L r (ul'l ~ L t l_l· 'Vt' E V (3.9) 

("tI). c: Cl'I/.')h 

Col'l8trfUlIt, (36) dt"pitLi the" I\CtiVRllon "t"tus or link (lilt .. ) And tht constnunt (36) 

ddincs the bOlUldtu')' or b&ddugged trt\ftie index 1n th(' Ua,L C~. Lo181 uUlS,oIng traffic 

or II. lIod(> equAI8 tll(, totol in('oUlin8 1raffic. tll(' .. ~ 3,3 ptodUCC8 0 Vft.lue rOt 6f1 (,.) and 

tl1\&I>o. we RllgIJIl'1ll , 0,(1)1 wltb il. in Eq. 3, I 1;0 WJ to 8\'011.1 till' dlln .. 'HIJrI by ,crY} proukm 

Tilt' I.r1tJlSUllb.'>IOU J)OW\Y PC-) alIocaL(."(j UV\'I' 81.ink (uw) hi bouuded by IWlUWUUl (p""") 

wH.I tIInXlllllU1l (p ....... ) V8hu':'I 12;'1. d(1lic-t{'(1 in nm,.ltluut (:1,7) , COlllllntinL (3.s) f!.hU90~ 

lhM lhf' tmnl«:nL'\'iioll rnt(' r(vw) sJllit owr " link ("'foU) 111 IlImlM ("Itl".,. by IlII IKhK'wblf' 

ratc 1-) on lh(' hnk (uw) for" «iv('n pow4:"r P And hnk SrNR rendition . or by 1_) . or 

by rOllo,U', whkhcver is ilnaller, Firuuly, ronstrninL (3,9) 8t81.b ttlAl the outbound traffic 

IIIUSI not excCf'd the toLal inbound tmffic fl.t. e/\C1t v E V 189).. 

Not(' Ilm\ the objt'Ctiv(' function , rOMnulntcd In Eq. 3.4, selt'CUI ... 8et of fOrwJ\J'd· 

lug IIIIIes (willi c;orrc;poudlll& PO"''("rs) II E Su. thAt lllAXIIQI'lC6 Lhe R.ggfcgatc fon.'Arding 

nl.te, mirumiz('lJ ncigbborb<XKl iOlt1"feretK'e, ft8 W('1I Ai node 1t\"(!1 cOlIgOJliou ThlL~ , it's 

" umltl-objCt'hVC optnUiZl'hOn framework Aod tlit' ()'OTE compouent Rt CM:h rout" 

iwplemenu optllnru f()l"WN'ding policy thAI. dyn~cIlIly Adapts to clUUl&CS in lhe netr­

work C'lIvironmrnt , The- Eqs, 34 · 3,9 bcoloug to It mix(od· llItegcr nOllliul"Ar progrlUnming 

(~UNLP) problem Lhlll contrunS bot.h coo1binaUlriuJ and continuous cOIt.."Itraiuts, Thus. 

lla renl--timc tolutlou i8 Ullrnctablc III 3 typit'-&I IIIC1!ih rouLer and til .. I>robl(1111 'ht"l't'fo«! 

become;! an NP. hsrd one (89) EVL"lI In " Iioet\'t.'f with 2 (Dte! Xeon E&-2698 Q2.3CHz 

CPUs tuld 192GB RAM. It taka; apprOXJ.UlAtcly 5 SC!COllds using NEOS optimUatiou tool 

IIOr.1 whell('_IPI_ 10.1111 = 8 and IL~I. 6 
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'"'- 0-

t 
r - .... - -";:- 1 - ~ -
t OIl 

--> - t---... --
I ... _ ..... I 1 ... '-..... w.c_ 

I ,. 
.... ...--

Figun' 3 2: OTE (~Ollll:lOtII ' lIl ut (';u'h rnllt\'r l ' E V in W~I N~ 

3.5 Greedy Heuristic Dynamic Traffic Engineering 

This !W('tion p rCM'lIt.8 a greedy beuristic nJt("rll&t~ solution G-OTE 1.1) thE" pmbtf'm of 

DTE for high-througbput. dutll forwiU'di llg SJrubl('UI thilt fi nds OC6r optim&l set. (If next­

flop link. .. and t heir J>uWl.T uUocatloll3 SO 8.i:! W l;WTy the I;\ggt'('g~tcd upslrt'1\1I1 trllllic; flow 

lI)' Uliuillli/.illK bm..ktvAA'-'t.I t.raOit- , 

3.5. 1 Greedy Heuristic Traffic Splitting 

The ba.<;is of the tname ISplittlu-& policy at. eac.h G-OTE ruuter tI E V is to find a feasib le 

LrBffic I\llocation vt!Ctor (sct of downstream links llIong with powtr al loctltion over them) 

~ E Sv M M to follow t.he How ('Oll8crvatl(Ul eonstr$inl. (39) . While comptllillg s, priority 

is giwn Lo good (lullljly fo("wfiI'ding link!! lhat require 1('S8 poW('r e. lIoeation to Achieve t he 

required rate, truwuuzing interference OS weU 08 cOLlge!ltiulJ . As sbowo ill Fig 3.2, OTE 

("ompnncllt td cad. (orwlUlliug router, I' E V. ~ Lhe cuntrol rne;:,t1.ge fet-'C.Ibsd(s froUl 
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nE'ighhonng llode:5 \0 comput(' tht' link quahLy ThIDi. lllt." c;..OTE emphasizes improvinS 

SJ)8t i&.l re\W' in the uci,g,boorbood through rOOuced power allocatton o\'er t.."UCh ftMiblt' 

outgoing link IUld bcnt-e It. contributes to l)O()!i(.ing tbe overall m.1.work througbpul 

To I'tltiouttlil..C " tnillic bpliuiug d('t~oll. (,fldl rOUler u E V evaluatt'S Ute relati\'e 

quality uf rorJ. fJ'UNiiblc allocatiou V\ .. ·tor s E~. by lIlf'asuriuK iL'i wMght n, M follow.s, 

!I .. = L {nII)e.W(WlJ 

6~. (.'I) + t 
(3.10) 

No\(' lbtlt 1 h,. higher value of n. com:sponds to f\ &>t or links thSl can R('hit'vf' complU"-

8tfvely higher daL&. rales wWlc applying rroUCN Jl(lW("!' and vi4»\-ersa A low-intf'TfE'red 

aud ~cong~wd link coutnbutes to ocltie\'ing lllght..1" n. \'tIlue. In lMIdition, tt!loc8liun 

of lower puwc~ on the good. quality links h' tu:ll1cvc ti lt.' r(,.'quin:d rutl' ill C-OTE hclJl1' it 

t'V impTUVf" till' !olW'tiru r(>w;(', men 'a,,'nug the ul'twQrk thrvughpu1. 

III a C-OTE router U E V, tilt, ",Uocrl liou V('C.- tllnl ll E S. 1I1't'I4IWlt' .. 1 ill cI(,;c,(,llc lin,K nrd("t 

Algorithm 1 G-DTE &Jgorithm a.t each router tJ E V 

Input: $,., and L(".t)£C: rC ... ) 

Output: s E S .. nnd rC,""'). V(vw) E II 

I: Compute !l ... "III E ~ UIUf41; Eq 3,2 

1: Sv = {·"I •. "1. .., '''lS..I I fI ... ~ fl .. , ~ . ~ nl$~I} \ \Sorted in descending: order 

3; for fJ' E St, do 

t : I( n:l""III)Ei rf,,,.II) ~ E(ull)t:G~ re.",») then 

7: end i( 

8' cod for 

9: If (LC_)E.t' 1,,,,,) < LC"lI)<-.c:- re .... ») then 
, 

II}. fJ=S 

II: cud. if 

1~ COIllI)UU" rCIItI,), "I(VII) E 8 ~L<;ing Eq:' 11 
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of lh~lr n, VI\Iu~ In order to reconcile tr.utic splitting dcclSil)o taken d ul' to d.)'0.8mically 

('h6J1~n, network ('(md lhotb, a background :t\&<,ut ('outul11oU81y lII()lIItO~ wid pc"od icall~' 

updah.'5 w rhug ordt"r or lilt" c.1~Ulen18 in s.,. Thf' trAffic bphu.m& pobc:y ()r • C-OTE 

routt',. LIH.' II ttequcnt iaJly l'ht"'clo. the bUilabll ity of au 1lI1C)4;llliou vL'CLor " e: S-, in Il gn."L-dy 

'111,y I\C) tll ;, t It 1I1I 'I 'lJo th,' l~n·Knt(.'d Upit ... ·IUIi lIuw th'lI l1 U1d , 11.'1 rI'\dWIl ill Algorit hm I 

Th(' i"Xf'C'"lItion of A1Aorithm 1 "topl M ~1I1L" it. fimlJi R hM.lrt .. i w.AJIV RN'C'ptM M lll tiOU: 

othf!rWillC. It gOOf! ror t ht> IltSL allocation "'('('"lor 

tn ordet" to dl.'tlribUle nggregRlOO traffic lORd tOWfl,rds destmntkHIj! dlrough tht $f't or 

~1ec:t.OO rorwardlng link~ (I'W) E. In proportion to tllClr cRpACity '" lenl\S or cons:~uon 

",ud t'Ont.cut.on , MC'h C-DTE mutt'f" v E V 51,ht.s tr,.me OVC'f" tht" link:!. with th~ desi~atoo 

power Ie\'els 5t>(.'~;i fi(-d in the selcct.cd Allocation vector, E S 11..<; (01l0W3. 

{ __ 1-)} 
r(vw) = min 1" .. ,. L r ("",) x E ? 

( ... )f £: 1-1<· It",,) 
(3 II ) 

11111 ... AS 'hI' outC(IlIlf'O( I"'XHnting AIAorithm I (in lint' 12). t'1woh C. OTE mutt'f v E V 

f1 l'1rua lh,. r:",. to 1M' apportion"" nwr thf' df"S',;tlIlU'ft d0wn8trt"run l.lllb (or the upcornm~ 

t.llne interva1 The oomputM rorwAnhns rnt(> ",",) is then mnpSX'd to tilt clOfICIst. pOlSlnblc 

di8lT(.'W r Ate III R. Nott that the Algorithm 1 not only f\djUfits t he trt\flir rorwlU'diug rRtes 

on t he d C6iglU\ted dOWtl.strenm links but also selecl.8 1\ SCt of good qunhty forwlU"dcn; in 

" greedy beuristic way 80 th t it (,1\" inaNlSe t he t hrougbput. by IIle1UUS of Uljnim izlng 

IOl-er(rren~ M "''ell 8S ('ougestion . 

3.5.2 Dynamic 'baffle Engineering Control Knob8 

Sclt't.1 iug uf IlU tIlloc.tlUu "'CCWC 11 E s" ror tl m utt" v e V I,. IVl!l:llly iuJlll(:.lIccd 1»' 
Ilw IIn"lrat~· IUld llllll'ly 1II('tLSUn'tJit'ut \I f , b t n, \/'IlIUl' ""om EAI. :12, :C I fUul :1.1f1, i1 

C'fiU \>4- UlIti«'"nIhKH:1 LhnL the tuulllg t"lllll'mi klln~ for n .. 1U'1" t ill" su:hil-'vlt!JI,· ralt' 117t11
1
) itt 

power If'Wl 'P E P fi nd offered rote "('"",) ror !'Adl do","slr~Ml li nk (l 'UJ) e !f or 1\ router 

v E V. The rCI' )...tllllc tnCabUff.'IIICllt IUld upda.\oC o( thC5C tunillS panunctm '" roUK'f" 

I' E V would f'ntI lln" AI&ontbm I to tJlk ... nc-~)lUllltllrRffic rOr"WRrdin& dt"'C'"is'()11.S so as to 

:\l'11I('V{' ht-nM' "t'twor-k throughput. Each downst ream node 'D or " router \ 1 tul\ble. it to 
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romputc 1\.& 1'\ .. , And 1.,. ) \-aluo lhrou~h M'ndlU'& It. IM"rloc:hc fet'(IMck m~. oillcd 

LtV (Lmk lnformat1on VfClOr) NI'Xl. M' d~nbt· lht" dyntunit Im'~urt'mf1ll ml'lbod.\ 

for lh('&t cuDlrul knobs 

3.6.2.1 Acbiovnhlo do Lo rnte or . link 

Throughput of 1\ forwnrdmg Imk is :Ilgrlificnncly Impacl.oo by ('oneUrTenl. mtmenng nClgh4 

lxtnng Imks' lUlTl8m)8elon ,'tid IUnount of nol.'\(' pl'tM'lIt on the hnk. Thus. l\8 sLllted m 

S('("tion 3 51, endl OTE rouler 11 E V 5ph~ lnJfic 0 ...... ' ... &00<1 qUNlty dOWll!<tream links, 

reprt:8Cutcd by tbelr degrt'f' of hll..erfcrtnce Aud the IIOibe present 011 fonr.-mtJing links_ 

Efd\ UI)81.rcJUU node u Icarlls duoS Ai lUI A\'("OLgC sINn \'a1ue 'l" ... ) of 'he link (t'u,) from 

IllS downatrefllH node U' HI the LrV m~t", WI!' allow f!I\Cb OTE dowl1!'treNJl nodf" w to 

rotupute'll_) \'1LIUI!' for ("Adl link (t.w) E c:. by 'Min.g thL' .... 'Cightffi I\\'crAgl' of r('Clf"nt 

bLiotonc:ftl TCRdll1g.& 11061 M fol.)o,."5, 

.. E~_I...,{_)(n) x w" 
1(\--1- ~p , 

£..." . 1 W" 

, _ f I - iii:: P/2 < " So P, 
u. -ll Of her w'Mt. 

(3.12) 

(3 13) 

While findllJl tbf" vNue of 1( ...... 1 OV(T link (t'w) from Lht' r('('t'ly(">(1 p8('ketlS. W Willn 

to captuJ'(" the tf8J-lime dtyet' of inl~rl"l'("n~ M w('l1 8JIc the VVIlt.I.)()IUI over hlllf'"_ If ~ 

COMidcr P = 8, four l'('Cent rea"1\'ed prACket.s are rqtmlly ~i&ht.«l 8t rttti\'('T and beyoud 

thnt .. "clght.s ~ grftduall,)' dt"t,rttt.::!t"Ci. AIS 800n 1:\1:1 " rouLct V e V I~ t.he Tectot valu(' 

or 'Y(I'UI)' it jg Rblt, to updstf: the B(:ilicvable rute over forwarding link (rw) , r(nu)' fOT 

ft C{,rtrurl I.rtltltoUJiMdQlI powt'1" I' E P, under \11(' &lY,"n i,,,,,.,. by ('ullfJul\lug. Eq 3 1 and 

T .. bl,. :~, I 
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3,5.2,2 Offered data rate or 8 link 

Tin' propol'('d OTE poliry nC'('('AAitAl~ dYnfuni(' MljlLl1.lm ... nl of ,h(' dAtA rALN' fWM' th ... 

dCl;ip;nnlOO duwlUilr('ml1 link.!' nfLf'1I tru(ln~ mto ft('('ount the dO\fo'll~tr('nm nndf"'l' (orwl\fding 

cnpabiliw;os, Hert', tnch tJl)\\'nSlrMm 1'(l1ltM' til E V t.nkl1i the responsibility of r('8UIMing its 

'Wtgf\too incomln& trA-mC" rftH" from thfO uP6tream More sJ')etlflc4lly, ('3th downslr('am 

nodt" w e V lx'noolcfllly ~Igttnls It,S upstel\.m toUier'S u E V 'he rate adJUbtmcu\ factor 

8w. n.nd queue COQ&t"I§'hon !StAtus ~. SO thAt M upatrtJ\m node v of U! ('lUI crucula'c tbe 

offpted dR'" rAl(' '1 ..... , for lbt, link (uw), lUI tI~ribed below, 

f"in;t • • 'C definc And dCKrlbc ,be OOIllI)U'8.liou pr()CU;6CS of tJ., And ,..'", \'1llUI!6. The 8m 
of" routn w E V III the rAtIo of Ib Ilggn.'&I\lffi offered rAlC8 l<C)Wl\r'(h, "II of iL' downslrt>fUJt 

hnks LO its "SIV'-'I"lt.'c.J IIlCOIDUI& lnillir bu.I , rt"pnSClIk."<i ItS (OUOW5, 

II 
- Ec .. tI)t a at, s.. r(1I!.t) 

~- <"" 
L..jt'wlj c:, rf_l 

(3 14) 

where. '<tN) ~ tilt> offered df\t" rAI.e O\'Cf bnk Cu. • .t) E , for current A1loc"uon $ E s.... to 

be l'OUlputed Ul Algoritl:un 2 Therefore, tbe \-alue of ride Rdjustmellt fftCtor 8 .. , helpslhe 

C-DTE tlPI"trcam rou~ to kuow about. lhe forwarding ('t\pability of thdr dowmurerun 

rout('nI, which III turn f8CilJtlllA"15 adjustmeut of the forwarding ral.ct' dyntuniC'lllly over the 

nex!. hop lillks (depicted m Algonlhm 2) . lu other wordli. it helptJ in rorW3tding mot(' 

dAtA OYf'f good Iillka And VK'C."--\·CI'JI.a. The qul'tle rongeat lon stl!t.tllS. \iv. dett'C'tJJ node k'vcl 

congcmion by C'OlIlpanll.K lht" current queue occupancy, ~ •• with predefinro lhresbold 

le\'t·L .. ¢I~ Il,nd 4t~.,It, and Itwummo qUM.Jt'1IJ7.t' "':a": IUld. is computed ItS fOUUW8. 

4' .. $ 4.,1,:-, 

4>""" < '" < 4>11.1.911 
II) II) ..., 

where. "' .... IC1 ~~ so • x. .:, ..... I\lld .~'i" _ CJ:,-r - cr.':,' Tlnlb. the optmtAJ ,'IllUC5 

of ~~"h IHld tfI'~OItO df'lM'Tld on the ('.hoict' (If 9, wilich in tum IS (untrolk'CI by dwroo 

queue o('''CU I)I'"CY And nrt1l'ork utiliZAtion 1107]. Th,.. qu{'uf" or 1\ rON'Arding routM' ('lUI I>f' 
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3.5 GUt:t:DY IiEurusnc OY~,.. \-11(" TltAFI'IC ENGlNfERINC 75 

considered tIS lUl M/AI/l/K s)'lit.cm and i:i found lhat. the optimal \'alut'S fU'e 4>~ZW = :I 

pBCkeL'i and ~~.IIh = 9 IJaoCkeLs for ~:::-r .; 40 IUld 8)'litcm ulIhzattou of 75~ [lO7} . Wt.'l:\oCl.. 

t il(' vnluc of rt'w to 0 when the buff('f in router It' 15 uuder loaded, indicati.ng no tongl"8tion 

Futur(> cougl$liou is 3ntidpltl.e'Ci wlwn It·· ... , producel I Finally, the rouh.'T tt' c:<p('ncucClS 

(,UIW'!'ItiUU Whl'U trllftk nct"mllllllttiug iu tht' tlUif<-r rxn't'tb! high th.n~ho l tl cll~'j/" alld W\' 

liM. ~'UI = 2 

Now, Algorithm 2 prt"SenlS thl' camputl\t ion process of offered datA mtc r(IIIUtJ o( a link. 

In the initinlization phM(', It finrls I.hf' cum>nt trnffir rf\t~ r(nu) OVf'r each downstream link 

(vw) E L:~ under CUm.'"nt allocntion vct'lor II E~, 1\8 computed by line 12 of AlgOrithm 1 

F\lrthermorc, node t' exploits the wirelf:SS broMcBSt. AdWlntftgf' (WBA) tQ If'Am the 1'I\tes 

of the unexplored downstream linb (downstre.l\m links thnt. werf' Absent in current. E 

5.,). i.e., the tPw and IJ.., \'alues in LTV Ole&il\gC clUTies this infonnfttion. While findins 

the initial rRte over an unexptoroo link (sec libt!S 6 to 11 in Algorit.tun 2), 8 conservnti~ 

choice iJS made for highcr queue congestion st,nus (¢w = 1 or tb,.. = 2) and A.. :5 1 Tbe 

romputAtlon of the offered rAte, T(~ ... ). ls go\'(!rIlOO by the rste adjUSltntlll fsctor fJw. In 

such a case, a down.stre"4m router w offers fJUl > I to its upestroom nool' v. We propobC'd 

G-DTE illcrC8SC8 tbe rate addili\'(!ly b)' a foct<lr "' I Alld KI2 of ,he iucrcbSC.'I.i OJIIOuut of 

the al10wablc rate, (ollowing li&bt. IUId bea\1' cougesti()I) 5tttt.l'$ of tbe dUWIlSUt'8J.U node 

ret1p("Ctiwly (sec hnc:s 16 to 18), O n tbe oth"'1" bUild, if fJ.,; S I, the u~'n~aUl nooe lJ 

dccrelt.SeS the forwurdin& ratt' prol'orliountely. as shown UI line 20. Tbe 1(1 3.Ud K~ are 

tbf' systf'm design paramcter$ and thcir "alues lie ill t he range 0 < K2 < tel < 1. For 

simulation expcrimenLlSIQ tb.i& peper, wt' &ct. "'I = 0.5 and tel = 0.25 as dl.'Pict.cd througb 

numerous experilllcnL8 

The complexity of Algorithm 1 ill quite straightforward. Finstly. in order to sort. the 

~t. Su in dt!M.'tmdent order III hue 2. we Woe Cluick :;urt. a1gorlt.hm whkb bM t.he wors:t..-cR.~ 

complexity of OOs,,1 log !S.D. The sllltcwcuts ill LiuCtJ ·1 to 7 arc CllclOht.'lI in a loop 

lh:\t if('ra~ 1s..lliult'2l. Thr n)iL uf t lIc btlltcUlC'UUI hsl\'(' ('om.taut \lui I. thn~ f·oHIJlI(>.xili~. 

TIU'N'fol'('. ,))(' wonolo-t'"MoC' ('olllputationru ('omplcxllY or tht' algorithm i.. .. Ons..1 . log 15...1) 
AI~l)rithm 2h~ tlw rOlnpkx.lly o( O(!L:~n M It ItrnllNl ovcr tllt' hlit o( downstmun Iink~ 
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3 6 (;IU~tO\' lI£lR1S11C O'YSA\!IC' TRA FFIC" ygo.:C: I NU:ru~C 

Algorithm 2 Comptl1Alion of '1-). V(t·tt.) ( C~. At Any nod,. II E V 

Input: IJw and \.'111' V{l·tlI) E l.~. ~ E Sv and reo .. " V(l'W) E I 

Output.: r(t. ..... ) I "(tllll) E c1 
I: for (vu') E l.~ do 

2: lnitia.lb..ation: 

., 

Po 

". 
tI: 

'20 

". 

If (xliv. :;- 1) E • then 

clse 

Ir ('" - 0 AND 8. > I) ,he" 

. - {~'.. '·"r-'} r«_, _ frWZ,- X Pw' 

oloe Ir (,'" 1 AND 8. > I) ,I.e" 

r;_) .. "",,{rm," )( fl ... r-...... ; ..... u} 
clse 

r;_, = ,.,",1\ 
cud If 

end if 

1·10 Computation or rT_): 

II'): Sf (\l'", = lAND 8 .... > I) t.hen 

1(;: 1,,'111) r;, .. ,'" ~1 )( (r;_, )( (J. r~_l) 
", <be Ir (~'. 2 AND Ow > I) 'hen 

lit- 1" .• ) ... r;tV' ... ",)( (r(trW' )( 11 .. - r; .. ,) 
In: else 

III 1_, = r(t .... , )( (J .. 

2" eud If 

Tl: '1.",,) .. mln{ rlNU t r(m,}} 

23: end for 

~ of 000(' t' E V 

76 
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3.6 Performance Evaluation 

I. 'hIS ...,';on ..... !Wlilemenl ()'OTE. (;'DTE. MRA 1481. MIlT 151IWd CLCJ)(;S 161 in 

.. dl.'I('rc-L("oe\·cuL oel\\'Otk SlmulaLor. rurl 1M) Md prCM'l1t tb(> OOlnlHU"8llV(' pt:rfonnance 

re!iUll8. [n unplcnu.'lIlallOD or Q..OTE. \W hRve ('xplorcd &11 POblUblc .... lgTuucnL8 of power 

Mid dft.1.t\ rat~ on all dowwslrcwn Links lO fwd out the ol>timo.l alJocfttioli tl'tJ.ll..g tbe alJ.. 

j~llVC fuuction of Eq 3,4 lIowever. for (;"OTE LuaplcUlCbtft.Lioll , \\'e look for tlu~ Jlnit 

fl't .... iLl.· N't of hulo. lbnL butJlo.fit~ llat· d('lIIlUld 1'{.lllIlnuul from Ihl' Ib.t of rl('1I('('1l(hJl~ ordn 

JI(Irt('(1 I\lIo('.Ation \,('(1.001. M dC5(:ribro In AIgvnlhm I. TIle" MRA IA ft. I'f'fiu('m('nt 0\'M" 

f'xic;.tillg multi-path mtltiu" n~orithtns Ih8t pro\,idi' " dl!ollnbUh'd foOhltion to ('omJllltf> 

multiple mutuAJly IIIt('r(t'fCIlC~(roe nun unum ho~count bI\."4!(l Jlftth .. 14 towArd det>tinntion 

COYeTnoo hy c('ntmhu-d rontrollcr, the MJrr And the CLCJ>CS lUI" opl.'t'1ttlonal un­

der roll~ion-fret t.dloouhl1&. Notc dIRt there' is no consideralion of C"mploymg multiple 

&"t..f>'WBys II) MRA and MRT For rll1mt'68 or 'ht' l'OmpN'ison, .,.. 1M 'iRA And MRT 

Ill&orithms nUtdomly chOO6(' a cat.eway for traffic: rot'Wftrdmg In Mrrr, tnultil)lt' J}fttl\3 

bc~ !IOurct....te6tIllI'lUOU P'W'6 IVC Added to eultJUlt'e throughput Tht" CI.£.ncS fo­

CU6C6 on balMt"Ill3 traffic: lood to\\'lU'd luulhplc gntewllY'fl which mcotpOrAtes,UI optimAl 

traffic gplinm.& 8t rlt.legy With flnc coot rol, routing fWd scheduling. 

3.6. 1 Simulation Environment 

To f"'\",lunt(' till' efr('(ti~)e5S of our proposed OTE nppronth. In 1\11 "nnUll\llOn expt'l'"i~ 

mentS. we ~ n:Et: 802_11 OCr .... Itb lITS/CTS ~ MAC lJ\yt'T protorol. WI." consider 

II StAtic: WMN _'ilb 50 nodes (46 mesh rOU1CTh IUld 4 gl\trWRY8), with uniform random 

dbtribmion in IUJ IU"e& of 1000 )( 1000 m2 
lU"(.'1\ El\ch node lS equipped with At IDOISt four 

fEEE 80211,. mtcrf8Ccs IUld COUllllUlUc.t't~ over fixed rulotWd chAnnel ('"hOlSt'u "1Ut)ng: 8 

1\\'l\i1Rhlc orthogoul'l.l clllUlUClb EAch buk itt HUOM.'lI to pick up A. trR'15IUi.s6iOIl rAte 8.lllOug 

clgbt f~ble data rAlO!I: 6,9, J2, 18.24,36, 48 Aud 54 Mbps Wt" us(! the cbtumd I'f.8ti.lgn­

III('O\' NgOfllllln pC'opo6C(lln 117) lo~tRllCally ' \.115..,..'11 ('hMlI.-1 to t"1\l'h mtt'ffntc, IWlliwizwg 

IOlAor(('f"CU<:e in the- 1lclY.-ork EAch node eM u", .. suut At mwmum powt'I" ~ _ lOOmli ' 
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Tabl,. 3 2 SlHmbuiou pArIUJletA-'f'8 

Vnlu~ 

lOOOm )( 1000111 

Numb4-r of n()(I~ , CWs 50, ·t 

\Viti t>t-tUldlU'd lEEE tsO'l. llb 

P.t1l IUbI; IIKK.ld A-iMP8lb.l.A.M~1udd 

IlTS/C'T:> Etuwl..d 

Tnuu.-mlt JlO'I''t'r IOmW. lOOmW 

No~ dC'tlfOltv · 1701 dBrn/lb: 

Number of rOOi06/nooe, ort.hOJ(onl\l chMflel~ 4, H 

'Jf-1L.tfk L~, J)A,('ktt. trit.t unp, 1000 Dyt.es 

Simulstion timf' 500s 

anoei rnllumum powt"" p""" = IOmW Met It;j I'I.llowffi to f'h()(l8(' from 10 difff'T('tll oeil ..... rt"t ... 

I'HlM"f I("wl", 110m"', 20mW •...• IOOmU1-

In our bllllulntlon, we u.o;e thf> COnstlUlL bit rlltA' (CDR) trrunc model \lnd .... UDP for 

dntll cmn5ml~ion with 1\ pl\Cket siz(' of 1000 by\(':8, Th(' lOurC'C8&rc 1K'1t'C1OO mdC'p('uciently 

lIL ",,,doll1 (or Cl4cll 8imulMion run fmd kf1)L lIxed during the lIhnu)aUoli period. All flovm 

Me generated from the edge rotltH'S t.oWRrds tb(' &l\tewrtyS. EAch node comput.efi lhf' 

tM't. of next hoP" t(JWf\nI,. defttinMions u.'ung MP·OLSR [SSIIll,orilhm. The simuiA1ion 

pNft.nu~tf'r seUJltg14 fU't listed in T&blf' :,, 1. 

3.6.2 P('rformancc M..,tri~ 

We hn .. '!' U$Cd th{' followlIlg ntetrioq (or che compI\NUI\'(" perfonllAnC'{' ruml~i.s . 

• AggregolrA /Iotn throughpllt (,Ft): Nt>LWOCk 8Wt'gftu'ti floYo' lh10ughl'Ul i.s the total 

amount or dat8 bylt':3 rt"CC"ivro &t d~t.iDtu.ion8 ill unit lim(' 

• Al'tTUgt "nd· lo ·rod dtlaJi (r) : IL is def1IlNi all lht a\U8.Rt' orl{ltf'ucy (or al) ret:elvtxi 
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;16 I)EItJ.'OIL\lAN('e EVALUATIOS 7!l 

• Po~kct ddlL't'ry natat) (P): In order to m(W;UTt" the reitabllit,Y or UlU15missiOIl , 

packM. dehw-ry r31io is messurec1 M thr rlUio of the numbtr of pACkets reocei\,M I\t 

1\11 d<-"~lIll8tlons and 1 he ntunb('r (If l>N!kf'l" I Illd have i>ef-II :;ent {ftlll) {lll M)UTI'('It 

• Flow jOlnlU3 (,Ff) : To invtSti&RU>t!tp (l\inu~ "llllit)' or t be c:ou.sidtTOO apJJrosclies. 

we IIf,(! JIlaU '" frunlcss index 1108}. The f"im~'1 Index could \'lU')' bet'lo"CIl 0 fLud 1 

Th(' d08CT LJj(" fll.lru(~ iudex is to I, t he fair("l' l8 t.he bandwldLh IlllocaLioll 

• Oprmt1on o~rod (P') : Tht' nmoum of ('0111 rol bytca exduu,&oo }Jt-'T 5ucc:eW'ul 

dAUI. byte trA.l1SIrti.lfSion toosti\lUe5 tllt' OJX'T"tion OVt'ThcRd . I . t . , WC &r(' mCMunng 

Lbe portion of cost i!3C.b UI('(:h"nism 1)1\),8 for ('f\Ch byte of succe;gful dst.Il LNUl.bUlis-

luon 

• Intt9'nucd ,,",omIlJn« gam (F) , Wf" measure tht' mt.<>grAlM pcrfomuUlcc of eac:il 

l'<t.udlcd 1IlcchtuuSIU 8b ~ . .. hl('h qU"llufif'$ t he O\'t'1'rul J>lYfonmulce of the R~ 

prooch Wf': Lhen rnlculftt.e the G.DTE per(onlUUlt't p.m . .F' = !ft', where, X E 
• 

{MRA, MIIT, CLC'J)GS, o-nn~} 

3.6.3 Simu lation Results 

For ,-"&I-b dILl.:~ Whll' providl'{] ltl eli" grllpllJl, w,~ ho\'(' luk('u LII(' fl.\ 'C'nlK(' ft'H,l1~ £nJlu 2U 

~llImIJl,ioll t\llUO ""uti libVI' ghowu thdt ,'oufid('IIN' inlt'f"\')lI1' 

3.6,3. 1 ImpocUl: or irlcrouing nwnbor or flOWN 

In thlll (-"xpc:rnnent., W1! rRudomly scltct tIOurc~ to ~I:IIM'F\~ fh)W~ tat. I~ M hJll4 Nl{(' Rnd 

VAry the number or Rawif £rom 5 to 25, In MRA. lIIiniUlUm-holH."OUnC ~ll'ed plu h con­

s lruc;tion lelWl" to bott leneck conKt'Slioll . which is not iWdrCS5Cd I\nd hflJlL&ted wh ile mufic 

£of"Wtu'dlng . TIIU$, Lhroug,bput. drOp8 tWruJ>lly fUj flow inWtI.,'Ucy is int'Tl"t .. '-C.'() A!j ~lJQWn in 

Flg_ 3.3(,,) . Tb,. MitT keeps Addul.g mulupll:' plUM ft.'O ionIC ft.'j hight'!' t.hroughpul. is~· 

t.eed H~"t''''T, tht· CApACity \1Uiatioll,s 0\"Ct t he l'K'1l"rtrd pnc hlf due.' to Imk clul\l&ty and/ or 
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Flgut(.· j,3 ' TlJruughpul. nud d('llIY p<'Ttvrrn(t.nl't' Vl). number of flowl'S III WMNs 

• 

mcr~ flows Are not r«Ii6OO. cRusin« degl\ded net1lo'Ork thro\J&bpul Thl' CLC.DCS 

hows Iilgmti(&rIL throughput ilOpro\'emt'nI. ovt"r MRA and MIlT M ("3,fh forwarding noof' 

dynft.lluc81I)' ~Jlllll'f lr3ffic tOWfLtm I~ cong""too g8t~ Th~ diAlribuuw and dy­

nnutlc trBffic bphulIl.g policy of G-DTE rom~ besed 00 r('aI-t.mH~ 1Il('.aohlln.'mem of tllC" 

forwnttllll3 hnk'6 qutllity ~d c"f)3CilY ht"Jpe it to exploit. good qUAhty ncxt hupt\ lOv.'tu"d 

d('!ltltl8l.ions. Near-oplllu£ll power fJ lO<'iLtion OVff (orwlU'ding links UldllC'~ irtcr('8.'3('d spa.­

t iAl rf'UM' of clUUIII(>ls in n('ighoorhood And COI\C~uL OO'N3 an! t hlt! allowoo to ("xJwrif"nct' 

lugb!!r l llruugbpul, conlriuutilll to rt\i&iDg OV('1'RlI network JK'IforUlMC1' A~ O-DTE com· 

pUl4"S l.be opliml\llrll1lic lipliuing. it exhibits higher throughput thA.n All other approachefi 

In lilhtly luadt'd tJ("('nl)ri()f;. 1l0lll't"Wf'. t~ ()'OTE routl~ r('QUlre hi&hee oompulluion limit 

Lo lur' tnJfic rorwmdiug dtOsions lUlder hlgJl('f' U1l.lliC 103d awl '1\1')'111,& IItl.WQt'k oonw· 

t IQI.lb'; d1..'tA.TWrl.itiug ttlrvughpul. pcrfOnJl1LUex. 

Fig. :I :l(b) shoW!' flw AVrrngf> f'nd·t,n..Pl'ld I'ItH'kt"t, drl/\,)' for till' ~t\ldiPd Al'Iprooches 

under varylllg uftffi(" IMm. whid. Tf.'\'('RlA thftt the p~ G- r>TE f'n~ures tilt' IO"'~l 

pN.':k"l dphvt'Ty delay. Stalie tNlffie splitting policy tfTll)loYl'ti by MRA IU'Id Mtrr reblnc.\.5 

thelll to (ntWMd lr",Hi(" ~'f' pre-eomputed t()ut~ which ItIky bfrcolll(' ~lu"'ttd under ex. 

~i''{' trllffic cll-maud TIUUl, p&Ck(·~ f'xVt'ncnc(' 001115.1011.. ... drop6 f\Jld rctnu.l.Sruisb,0U5; 
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grNuly lmpaclm.g dcbvcry hrul! On lh~ olhl:r hA.Jld . 1\6 G-DTE I! flll>ftbtr of ""I'Iphvely 

ISplitting tnffi.c 0\It'f" btAbcr capacity doww;lrcam 1mb, traffk is l\!WhYS routtod through 

lea:.l ('on&~t«l llreM Th~ packet. !CrVl('(' lhuc and rall' i.." signifirruu.ly improved 3t 

C!8Ch hop to mallluUn tunehnt.'Ri o( deltvt:ry. Due to higher computIng tinl('t ()'OTE 1lS 

unable to rt'(l,Ct 0 11 Il..I.8lanlanoou:s network COUdlliolU, ,,'hich may I.-ltd to (orwtt.td traffic 

over cong(':)too and utkrf(·n.'tI paths; ticlCnoratin& cnd-t~(>nd paorkrt trllll::.UlLt\.."iIUU ddu.y. 

III CLC-DCS. 88 l>&ekel achedulin.g ill gO\'cmt'<.l by CX'ntral 4~nlrolJt'1". frequeucy of COD­

lrol u"'~t" f'XduUlKC bM. .... w.n the forwarding routM'8 I\Jld the OOlltroUt't 81lWficMll), 

m('re8Sf'S Wlth 11Ig.her number of OO'W8 8Cta\'8lA.'d in tbt" net,,.,vrk, resulllJl& ID enlarged 

p8Cke1. dt"la)'3 

III FiB, 3. 1(,,}. C-OTE is Mown t.u fU"Jli('w higher p8cla.-t. dclw ___ rr r8',0 LlIlltI Lhe 

:tlalt'-U£-lht"url works und(T hig.her U'atfic lORd due \0 iLa iUh.'r£Crl'DCe wid cuogct.liun­

nWSUt' IIYlIIUIIIf' 'nolle- Hphltlllg poltl·Y. n.'1I1-tiulf' 111011lt.00 111\ of dUWllmn"l.UII link quality, 

f"xpt''nrnC'f'd InH.'rr('rl'nN' wid offered rlll<'S. nJlow ('1\Ch G-DTE rOUl<'T \0 ("bOOM' good 

C'ltll\hlV roulf'i' thftt maxUlu~('I lht> pBC".ktot ddl~'ry' prolmLiht)'. In ()"OTE, tbl" prolongoo 

trnffiC' ~pllt tlllg d('("IMOII rolrid.s the rO""Iu-dill~ roULCT to rf'l\("t lO tlu: netv.'Ork dyuamics 

prolllpt Iy. ft~Ulhng 111 poor rOf"Wf\tdmg dt't'iluon I\Od hftmJ)('rlll~ 8uC'("('&!.rul pACkel delivery. 
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3.6 P£Rro~\IAN(,'f; t;VAU' ATIOS 1!3 

bops, lhe O-OTE "nd G-OTE routt'1"8 aoll"ly d..,>t"ud on LlV ('t'db8tb of dO.,.Il:MeAm 

JOUkD EACh LtV lNV'ket is 2.i bytes long (2 bylftl of £rtilllc control + 8 by~ SINR 

ft"f'db&c:k (1) + ·1 byte!! of rale adjWlllUCnl fl\('tcJr (d) + 2 blUi of qu!'ue COn&~UOD alalWi 

(",) + 6 byLtli ufrt"ft'j' .... r addnN. + ,I LYll'!O ur reS) TIlt' plU'lllttCll'ra (i'. 8. ~!) 111 UV help6 

DTE 10 ("Xn.c:lly IIUldt'l lilt' C'CJllM.-"qUMl('(' or M'h'('"tin~ lilt' ,'om':!lpCImling ciuwtll'l1l'l'lUIl for 

nnffir forwtU'dmg_ Thn". MCrhl\np;r of adrlilioulll romml pACkrUt O\'('f ('Nil r-Nlio mtM'fat'f' 

ptoriodic-ally (HI «"''Cry J (t('C(Ind). Illon~ wilh the RTS/CTS, ACK, ('(c. P"Ckete. notAbly 

_n('r('ft8(: th~ ~8uon owrhead of DTE. M :!ohM'll In rig. 3.5(,,), thf" OI)("fAtlon ovnhetLds 

of our pro~ ()'DT": IUld G-DTE S)'Iilt'1M 1'lI't' much &o.-er Chilli tiKIfIt' of \nIT ADd 

CLC.J)CS. bUl sh,htly hl&he-r thMlh:u. of MRA Hnwewr. this small (J\-'t'Thf>3d is mct:ly 

colllpen5l'ted by t he lUt.el91't<'d perfonnRnce pin or our l)rol><lbOO _ysleulS, 88 s.hown au 

Fig 3.5(b) I.n o«h .... to sclledule collision-fret' trMSnu56ion. MIU IUId CLC..DGS have 

to consider sllllUicMl O\.'e1'lIeRds due to f'XchlUlse o( hu.St' control 1JIeMl\&~ . PartlculJvly 

In CLC..DGS. the r'elltfftl rontroller neftls to know the queue OttUl>MC)' st&tus &t tftCb 

rouler to lAke routing Md 8theduling d~ons_ The ovenilll)t'r(ormlUlcc lluprowlUcut.s 

or ()..DTE over G-DTE L'I signifiC/Uldy hig,he-r ft3 lon, M tr&ffi(' load IS modera.te, but 

\\'OflIC1LS l''ith f'XCffi'5lW load conditious Also, Dote that. our propo6ed G-DTE approach 

exhibit..s higher 5t.abllit)' which is n!"\'Calal Crom rt"duced con fidence iULen-w, as dL'plctt.-d 

in Fi.g, 33 - 3_5 

3,6.3.2 Iml)3ct.s or varying network 5-iae 

ScaJnbllity &8 olle uf tbc most criUcal factors influen(,ing WMN l)trformtulC("S. The net.­

work IX ... forllllUlt-e typlu,Jly dt.VIMh.'I; ~lh incrc~'!(' III ut·twurk MlA.'. III tilL" M'CtiUIi. w..-

1",'1{' oollsidcrt-'<i difft'rcut WIHC,'lUlWI.I.tI of WMNIf tv tCbt. the l!ICIlIubility or DTE lUll.! ijtlllc.. ... 

nf·, " ,,-ntl "ppr(~~'llt~ WI' h~WI' \'l:uit.q tlli' Ut' lwurk ~~(' hv \'IU"yiug till' lUllllb"r o f u,)cj,"1$ 

fWIII 20 to ~O nut! 1ll1U1I' .... mt.'<i rut' &dllll' u()(lt' dt'II~lt)'. Tht, ufft'r"fl hmtllu ('ach Ut-twork 

UI k('flt In bM.'A'tt"u IlifO rang(' of 6.S'X to 75!K. of Ih,. nM'ATlrk 'lO lot.kl ,.ffN'liw' C"-3p;vit)' 

Th(' dynAmic ttillfic 6phtl.ing pohe)' of G-DTE ooS\pt6 the ('htm~'I& network CllV1-

ronllltlil And thus t(~uJUI III throug.llpu, cuhnnCMlwnt, 1\5 deplctffi in Fig 36(8). For 
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eal n.,ou&hpul (b) AwrA&'" Md--IOof'tId dfolay 

Figun· J.t! "ntroughpul nud delay pc.-rroruIlUlt~· Ylt IlUIliOCr uf uod\'1S III WMNt> 

IOcr('1\.o.('<I nwuber of nodes. IL G--OTE rouler &ct.a 1,11{' 0PIJoOrhuuly to f>xplorf' mor(' Alt.{"l'­

natt· d~lrea.tn hnb to forward aggrcgalA<d lmiS(' through dymullIt" ~'t'r ftll0t'8ttOU , 

utiulJJl..i21J1& ueaghborhood IIIterit'Tt-tM:e and ",lUlllllg other (,(Ull('udm& rout('~ ~ to 

the chnllllello unprO\'C O\'('fall ucc;"''Ork tbrottt.hput. In O-DTE, til(' lm)" Sill' 1,)c,,,,"CeD 

IIct:WI.'Ork t.·nvlrolllllclI,nJ changes and 'be execution or the corresponding trtUfic ~plilti.u& 

dcd ... iollS Ul('rt~t..'W.'5 C!xponentlaLly wilh the uwnber or nodes in th(' nt't"'\\'urk AtJ a COUSl'" 

qU('nC'P, rraffic "r,htttlls dl'Ct610llS are Cl("Cutoo ~ on o ld ronr.·ardins: t3hl('. The ahn .. 

ttlat1()u r~ullJl :-thow how the a,ggregat('(] uctv."'Ork lhroU&hput deterior8l('3 Wit b \1lrYlng 

neiv."OI'k SlU' in MRA. 80urCC node COlnIXll.eti mtt-r(M"rnce-frf"(' petl18 LowDltI dC8tWllliou 

by oompulm,g mwm&J mdepcudl'IIL bd. froln glvt'11 p6th YI"I>h, whlcb l$ fln NI'·luU'd 

IH'Obll'lII wuj IWtOClatUJ btgb uvcrhcad wit.h higher lIt1.work dimllll~i()II.t1. IIIIJ)tlCLwg dch,y 

o.ud throughput, M ~mA dOCb floL llIcorporaLc IUlc.-rfiow IlIlU'(crt.'tlc.~ s ud IXltb COll&4l!;lIUU 

illirillJ( r~'lth ,..·It'<'1 1011, l·;lt'h l'Ourn' IJ4, (!)f(·( .. 1 tu (urWlUlII mHil· t.owahls IlI'lwurk bot llt' llfU, 

whirh furthcr df1t1'lUlrs tilt· p(·ffonuanc:c. 111(' MRT RIUI Ct.CJ)CS t'luffM" from hlghL"J' 

forwlvdiulC dl"l:w m I"'XC' ~(' network du(' to diMMnlnntlon of hugt· C"Clntrol ~i.KtU\Lot tbat 

nln ron.Mllne network bandWldlh and IlllpACt on !low throug.hput Though lht:' rea] tuot" 

traffic lOphnmg polin' of c..OTE noqUIJ'f'!l Lrv m~c t'xchAn~CII .. .nd lllcur& tuldilional 
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:i fI l'UU·OI\\t.\S{'h t:VALUA IIO~ 

Table 3.3 Tnufic burtlts 3CtlVfLtro dum dJ8't'rf'nt (mh~ IUtCl"\1W!; of 1 hf' auuuJallon pt'1'IOO 

100. - 120., :IU - 40 flo"" 300. - '1200. r~ - 60 flow, 

1!)~· IGfJiS · :;0·00 nOMoi I ~. 3G!':11i . 70·80 fluwl'O 

2uo. - 22(l!c 70 - 80 flo .... 1400. -420.. 40 - 50 flow. 

2508 • 2708· 30· 40 flo'WS l4ftO:!· 46.'"18; SO . 60 How$ 

-~----~~----~------~--------------, 

• - - -
Figure a 9: fm~K'c.& of bursty t.rpJfic Ilrrivnl 111 nggrcgatcd network lbroughl)ut.. 

ttMtlc spliu1I\g whcn network coudltions changc. In ll1l5 bubsc('·tion , we iIIu.!.lrRt.t- t.he 

imp<.lrtl\Jl(,(· or raipolWv('lIC!!8 under II hi&:hly dynlunk trtLffic model. Here, 9."C consider the 

iml)l\("t of IIIdU(,,:lUg dymwlIc Lr816c burt.taI nL dlfft'rf:ut lime llbtA.n\$ in A. WMN C'Onsistink 

or r,o nodcs. OunlJ& the 500 seconds d~tioll of th(' silJJUIAtion fK!riod , "'C hR.\·c nutdomly 

ftCtlvalC!d 15 · 20 Hows LlI the oct"'Ork with k dll,U\ f'W' of 10 Mbp8 eA('JI , !\long with du.­

events of dYIII\IOIC lrwtic tu'nvais during lhl"' 1 iml"' pt~rl~ M lbotcd III T"blt' 33. 

From the graplllli of FiS. 3.9 and 3.10. we Ot'M-'1"\·C tbat t bc adal)talion calJA.bility of our 

propo8f.'d G-DTE 18 higlu~r llmn tlun of oc.hC'r KI>prOftChes. AloliA with ('u5unnRst('ati.y fl~' 

througJlpu(. durin, moderate t.raffic lood.s, tbt-' C.OTE IS able to I'MB.IU highM' tbro1J&hpul 

lhtlu otllt'" 8Ilproodu.'8 t ... ·(':D at btmlty tnrJ6t' durnuoll8-- The ~rRT kOd eLC.DeS 3J"\, 
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r ill lY r' f • ~l 
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» .J r I ~ - ~ , 
• .... .. ...... 
• 
• - .. .. .. .. 

-fJ) 

..... igUN· 3 10 Impsct8 uf bW"5lY traffic arnvnllu l»t.C'kt't d(lll\'(>ry rtltlo 

prone t.o congest ion (oils5*" d uf' to f'.x hau ... tiw f'XchfU~e of cont rol mt"566.gtd amoog t be 

rorwardmg: routtonl and the reDtrlll cont roUer t hlll might incur bigher number of colu.s.IUD3. 

result in& in degraded lIf"twork pcrfOnnAneet'l The MRA re&e\.6 \.() sudden \.roJJk 8'urce 

'NOr'S\. lUI the M)IIrr.('1I: fU'(' bound to injl'C1. Lrafik inlO prr-compuled mutuall y Interf4."r('uct .. 

fn.t. l)ltt hs. TIm."'. dvlUwuC' lmftk arrh'w, whkh iI. " ,'OIllIllOli plWIIOUl<'UIL in W~iNl'> 

rnrryillK II ... InltTlu' t tmlht', ran lX' h(,ttc~ ",ddn~l f\n, I It('('o IIl IllH(lnl.~ 1 b~! uur l)tol)(IlSt'Cl 

C;·OTE I\ppro."\('II , 

TIloug.h it i!ll rt'wrued through simulntion lrl\Cf'!i I\od perfornuUlC'e tLnll1yblS 1D the 

PrevlOU.S pt\ragraphlf Ihlll th(' C-DTE fl)'8lMU outJ)('1'(0Tn\8 In "lOIIl of the ct\8('8 OVCT t be 

lIUllulftted p!\nUn('tera romp.ved to the "'l"t~(·ttw.M1. works. theT(' IU'e AC)UU' 8CXIlarl05 

where the performAncE' improvement L" nOl VM')' si~Juficnnt. In net\\'Orb with smaUer 

numb('t" of nodes, therE' Mf' very (pwAvaJ!ftblE' a ltf'ml\tf' ",..\1uI bec,"'('O(!1I ptt.lr of forward ing 

routen! •• 'hK'h hmiLS tht: ('hoi~ of forwnrdin& links in lrsffic tiphttin& Ol>t11ltioll orc;..DTE. 

tn thOM' CAACII . tht" c;..OTE hM rew1t.r"rlNl ~rfonnMCil" outcome'! C'OtnpN"Able toO MRT and 

CLC..DCS Also rtN-tUI1(' oongestion Rlld int~(("t('nC(> IDOOItOTUI.& tbrOU&b exduU'Kt" of 

Ltv. bet,.,T('Q f:!m"j (orwfU'dt", link PAir indute71 lU'Ound 12% to 21 % of O\"crhe'kl. whiC'.h 

is IJIAnificanL au uet,.,-orlts with Io-'('f be.ndwidtb eapaeitu». 
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3i S\'\I\4ARY 

3.7 Summary 

In lbL.ot work, we ftd\'3Uct' ll.ll' study oC h~h'LbroU&hpu' 4.l813 forwlU'diJ'3 SLr61t'gl~ to 

Win'lt88 \loW Networks (W~INs) f\Jld rxplori" ""'O dynamit tr"'tic f>ngincering (DTE) 

.ppro""h.. o,,,irun! OTE «()'OTE) .. d \lI'ccdy OTE (G-OTE) Sin'" Ibt ()'OTE "". 

plore; all l>O&\ible l)u\\'Cr Mid r&lt' ftLloeuions LO &\,ulablt outgolU& liuk.-l. It mUmuz.t':'l 

the lhroughput. via uunimiziug iUl{'.ffercuce and OOI'&CS&iOIl; howt"\'cr, It bcromCl'l a.n NP­

bard pmlJl"11I Till' G-OTE roUh'f':'ol N,llIlrihuu' to OOllUIJ lIt'ltT opt-uua] lhnJU~hp\ll III 

di"ltributf'rl r"""hion vil\ l'olutAbl(' Sf'1('!('11i)1l of forwnrrllll~ 1mb IUld rat(' rulocfttiOll.q OVM' 

lht"m TIll' ~ldUJ of l'oUIIUI,,"lon (~XpM'lnlNW'l di'"J')irt. thllt thf> propos<od O-DTE Alld c.. 
DTE S)'l'ot.en\i WlIC1o'C lOX. I2${ Hud S9;. .usher throtqt.llput colllpan·t! to MRA . MItT 

and Cl.CJ)GS. rl:'&pectlvtly 

One of the IInportrull lJUUt.tUIOfiS. or Ihe proposed DTE .I!OIUll01U>. IS the C01U!lKh.'1'ftlIOn 

or lil../,II(' chlmllt'l "1I04,,,tIOIl ovr-r tl .... l'Onlmunlc:ntion hnu In betwt.''Ct:I Ulesh rout.f1'li: Thus 

DTE roUU'nI Qrc ullable to dl\'\.'T't tram" OveT leftSt int.crfcrl'd IUld t.'OtI.gt.~'oo dumncl'i dy­

DlU1l1(",uly In future, WI! IIItend to dC1o'tkit) dynfUlIM: tl'1Lffic L"ng1Df.."Crwg; policies for WMNs. 

thOM.' l\rt.' ",ble re&}IOC8tc c:b&nncl8 over 1'1\d)() lOt.erfRCts c.o L'ulmncc flow pcrlorrnlUlce. 
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Chapter 4 
Traffic Engineering in Mesh Networks 

wit h Dynamic Channel Allocation 

4.1 Introduction 

\\'irdd.1 MC(l.b NeLworb: (WM '5) M\'e ga.i.u(.'<l high POI)ulNity in the PM" fcw )-ear5 sinCt" 

Lt (atil!U\lt'S toM)' dcplo)'~\. of .... ~les8lnteruct. m!r8..'lLnlclurc to Wide \Wlrty of devices 

and bpplicKlKlUS ru1.lillllg on dl'bklOpb, lIlUlU'lphoU(~, uthlt'tb. bCllJlOr uoded. etc 12, 31 . 

Tlw t."XJX,>lh:!ULiai growth of lraflic; ,,'uluult'. lu~ IUII)4Jb(~l 1.1)(,' Ilt"-.u (or V('f\lCr C't\J)I\('ily 

",d lhro~ltpul. Wirt'lt'NI wt'8h rotlh'l'lf, 1"'(luippc'Cl wllh IIJtlhiph· mdi., iUlrT(oc." tlun 

('I\U ()('It'f"t(-' UII IImlllpll' ort,Logoliul (1I01NW\"I"Vphlg) dmllll(>l!t, IV{' CXIW't: L('fl to Ilmvidf' 

Iwtff'r dAIA rl('livt'ry tK'rvlC'r8122, 89) . H()w\~\"f'r, till" n('t~'ork prrfOruUt.IlN'I,.'TC'fIt1V dC'(X'ndR 

011 th{' "pproprintc l~lgnUlt'nL of channels 011 dlff('1"ellt 111lkit And Il1locntioll of powc", on 

lhOM' It'!,,, cha.llcrlpng probll'rJj due to dYIUUI1;Ca.lIy varymg 1I{'".'urk eondltifllLS· noise 

Md int.crfcrellC."t-"8. tmffk yolwn~ 3ud c:orlg:~lion, ('tc. 

The IlfOf~IUO:lhOUt'd problem has bttn t;:tudioo aD th~ Lilem.twe exploillUg different 

WAYS- jointly ~I«tm& lb~ routmg pl\lh fWd d,Mncl:!l on the Im.n ill [82, ID-'J, 1101. routing 

pM.b Md rate ~1{'('tiolt iu (111). wd routin« PAth Md chauu('l toe.loctiM Nong with their 

rAte "UCW-ALlons 18. 22, 891 Eud-t.o-end 1('1Us1 (ollgn;t('(1 p$l.th computation "ml Iink·IORlJ 

St'rWl1VI" t'luuu~1 AlIOClthon approACh to ronnvd tim~vlU'ytD.g traffic: 11'1 fl:ludied ill 1821 
In 11091 and (I1OJ . topology and cb.ann~l bandWidth mfonnation is di...'I6C'miD&ted over th~ 

uf't""ork LO fanlll."l~ (!ftCh Dode Lo dislnbutlto'Cly compute path and c:hlUlnel allocat.lon A 

ttf]lr31i1.ed apprC*Cb ror muilipath traflk spllUmg lind rl'\~ allOCAtion tUmml &lltllDutt.iz.. 

90 
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mg (I"eu(' ron~~l1oo bAS txT" ~nt.N1 in 1111}. The poor lK'alabllll.·Y I)rt)ulew of III tI 
hM bt·(>u (W:ldrftllW'd by • dl3tribut.ed 1 rlUht forwvdmg ml~h8JUMlI IKOJJOIK'd IU fll'2l . 
wluch eOIL'Ildrrl' llUltADtaru ... 'OU& bnk inltr({'f(>rlC" anti J)Alh COuRe!tion. Though ftffidrnL 

'"'Lt, 11.1101.:"1 ieJU by ('Olilrolhllg lrtlUbUilabJOn 1)OW1,.', t"Ullblu; II t 2J (.() lItlprOVt' lhrou,ghplIl 

IwrrUrIIUUlC'(' , bue ruu)o;itlt-'ratioll of glntit' rluulIlI' l nJlot'lttiuli IimiLoi link (.'J\JWw·ity Th(' 

rouLlnA pAlh 'O('1('('liol\, duumcl lL"lSigmwnt IUld rntC' BliocII.lion problt"I11!4 1U'f' jointly Rd· 

df'tl!l8('d In 1221 t\ud 1891 • • 'h~c flows flft" routed o\w 1eMt-IOMloo I\ud miniml\l.interftrfd 

toinglc &bort~t p3th 11lou«h [22) l5 "bit' to imJ)f'O\'f spat i~ C"hMn~l re\.I.M' by imelliget" 

po'lll'C!1" control O'\"M" l"'kA, oonsideralion of protocol model to find mLm(>J' ... n~ and cet1-

tr~1 routrollf'fl.WuIed solution limit its pmc11r.H.1 "1>phCftblhty. t-UftlU.!TfllOr'e. 5U1gll"'pa,b 

dA\1\ delivery UI often un&.ble to l\Coommoontf> flow delQl1nd III Ig] . trAffic IS fonnvdcd 

O\'('r t.b08t' rnU1ltl)le poth8 tbAt. exhibit If'AA ro-chAlIl1cl lnttrfC!ft'1)C('S. If~'Cvcr . U8&ng fixed 

tlld·lO-{"od p"liUl in 8 llJg,h1y dyD&tm( network environlll(!ll\, (,1U1' t oft.etl AClu~"c good 

throughput 

In 'hilt Chapter, ... ~ d~'Clop 8 joint. link·chft.llnel SCI('('\10Cl AOO I)()'II,U fLllOCktlOlI ~ 

Lem, no.m.-Iy LCP, tllM follows ho~by-bop trAltk splitt.lng approoc:h EAch LCP rout.cr 

exploits IIlngl,"'hop iufono4tion only to forwlU"d it. up6lreo.m LrAffle 0\1.'T ICBI5t-COnKCfiled 

Il.IId minimally-interfered Hllk-<;ha.nnel pairs, which ill tum unprO\~ 8plllull r('U8C of baud· 

.... I(hh dlluUlc18 8.nd thus b('l~ \0 improve oV(>ra lllwlwork t hrollAbllUl. 

4.1.1 Contributions 

The mAjor oontributiorul of tbU work are summArised AS follows, 

• We- dr'\'l'Iop " mixro int~M' non·linN\". pr~lnminl'; (~rtNLP) optlmiVltion, 

nrunely OPUII1W LCP (OLCP). lhAt llHUc.m)lUft tbe forwnrding tr1\ffiC' Lhroughpul 

while redu('ing ('()-chnnn('1 inu>rfM'CnCt" Rnd c-ongcttlon 

• Out· W NP·lumlu~ uftbe flbo~ OLCP, tn., tb(,u th.,\'\"wp" pl.,t.'dy hCt1l'UItu: hQlutiou 

f(lr tbe PfulMIII. nludrly GLCP, ... liid) gJ"''(''tlily c:b()(,IM't;"oOO quahty hllk-cluUUlf'1 

p!unll\lItl heuri:.lll'ally :t. ..... ignl'l th(· hip'hl~r pUWf'", j,r t"dt"t·1JI, Ullin' hllk-j 1';01111'1 rmirto.. 
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• Our 81111Ulntlolll"O!ulLS from n~3 1!)11 ~how lx·tL(·r pt'rfomu\Uct' III U"rlll." of throuKh­

put. dt'lay 1\lId fruTUa15 comp&r~ tD .lAtl"-(lf-tb''''l,U"t works 

4.1.2 Organization 

The «'5t of this Chapter 13 orpruzetll\5 follows ~)OU 4.2 reviews related work8 S«tion 

'3 presertL'i nel9i-ork modd and &!.sumptiolls. r.u Sect.,OU 44, the Joint oplllWUtlOu 

problem l" formed sud the KJ't"Cdy ht·ur"",;" !\Olut lou 15 dt·15c:nbt.-d III St"Ctioll 4.!) &'Chon 

"G prt'5('ntR tltt' simulation pc.'r-(ortu&Jlct'1' ,md s.x-tiOIl 4 7 condutlt'illhe Cbapt('.f 

4 .2 Related Works 

A significant lIumber of telilraliud twd dL8;tribut('d tr&flit forw(U'din& fIIO lUhOUS (U'"{' pro­

pot;Cd for f'u tu\ncing IhC' J)f'I'fQnrUUlee5 of multi-radio m\llt.Khannel (MRMC) WMN$ 

based on roulin,. channel 6&\ignment (CA) .. lid nne I\lJoct\tion (RA); either IOdc.'peu­

df.'ntly or j<)intly. 

DYlItwm; chlUmel 8.lloc3tioll i., "hip lO impro\'e network throughput lJy winlUUZlUg 

(Oo('b(UlO('1 int('fftf('1l(c> and ,hus allowin& more t:oorum.'IIL lnt.l'bmi&.it)l~. but III ycaL1y 

III1pactOO by routing solution of trllffic strf"aw.'I So. ruM.)' 3u\to-of·th ..... nn. works con..sidcr 

~ lttv.·r bOlut WllIi lou roll ling fwd challncl allocution Juilltly A t:(,lllraJl.X('Q 1lO1utiou 

P'I''-'t!l'ult'(l in 11()1.}I. ril!Ulk'll'ri;tb dynami(' lwt.'Ork Iru.l1i(' lv id"mify '·)'c.·luI uf tilluilar 

PIIIf..,.11 Imel fur ('N'h Irllffi,' profil .... ~)lIIpU(n4 ( II)thlllll 11Il1hiph' p:tthl'i I{!WI,"I 1I1U1 lipl(' 

plkW~y3 a.nd ehnJlnel allOCAtions owr them to InlllllJuze t:oll&(>1Jtion The performa.nc(' 

of the tIOlmion solely depends on A«u.rl\~ trrufir- profiliug. Available link bandwidth 

tS ~llmllloo In('ofJKJrAtin& Int(· ... feter8· lrlUlSmlstttolUi "'Id dlSSCUlUll'it("lI over thl" nt"twork, 

to 8S8ist elW"h node to dl.onributively compute opt imal paths III IUOI. UowcW'r. this 

upPfOl.'Cb requlr(~ ~grllfiCf\nl (WPI'heM and l)('t:a'Ork uptlulC:S. A hybrid MR\fC WMN~ 

uroltctlurt" ~ propofW'd lR 18'l1, wbere fixed (!fld·t~ld roulUlg pl\ths N"f' e1t.ablu;hC<l over 

fixed radi06, ".ud dYllfulUc radios (,OIllI1lUl1icAiea ovcr leltS'- congcsl.ed chMnt'l under high('f' 

tmffic: deu'lIwd Usc or 0111y out.: dynalulc r:adio IIIlcrfl~, rcirRills (orwArdiu.& rOultr t.o 
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m.ihze lusher 3Chu>vablfo bandWldlb OVt"f 1t'"ft..'It ml('rfl'1'rd channf'ls 

CoruudcnJ1g lh~ ('h"nn~lllWlldti~ ovt'fhead, lU&Dy works ID lbl! hleta,"url" ovll8iderS 

fixed cha.und aJlOC&lkln over mWllplc redlUl In WMNa, &lid r0CU8 OD finding How ruul~ 

(Wd hllk-rll.llft Lo UllprO\' j;> Row perrormance, A JOUlL-lraffic bphtllng, ralc l."UUlrol , routtug 

)&11.1 IIC.'hf,luHu,; IUJ.;udtluu ~ d('V'Clopc-d in (1111 , "lmlng to lIulXilniZ(' 1Il.1v.·ork Uggrt'8iltl,,1 

thr~uAhput. wh('rr eAf'h router optimRlly "ppnrLlons the trNfir or a How O\'cr Ulu)tiph' 

pAtM 111" mIlo to tllcir rorre!q)Onding dowu~tf(!ftrn node's queue c:onsestiou &t"t\18, h.-ad· 

ing tnwtU"d multlplf' gAtf"Wfty& £Icre. a C'en'rnJn~ro controller I.!I T'tsponlilble to achedule 

collision-free Lnm .. \.nu.iolUl priorib:tms Imks Wllh lugher bAcklOfl,Roo traffic. Howt'Vet, 

'hl' t"mpJoymt!tlt of" rentrJ\li7.ed controUcr nK'~ th.- lOICltfdullllg delay, which is often 

bNl(!(( on obsolete Infonlln'lon, Hov.'e\'(.'I', the distnbutoo t.raffir forv.·lVding sollllion C­

OTE (Greedy Oynllmic Tmffic Enginecnng) (112) . prop06OO in our eftJ')ier work , exploits 

oD!'-hop nt"ishborUl& stAle to select. optimfl1 set or fo",'N'ding links and r"l~ (powtT) Aile>­

c"tions Ovtf' 1 hOR; is "ble 10 react to l.IlSWltaneous chlUlgcs promplly But. ron.<ltdef'1\1 ion 

of 5l&tiC' chARI"" IIllotRtions over tb(' lDultiple rRtJi06 here limJt. 'he linJc·(,Rp8('lty \Uld~ 

InterCered lind CO"& .. t«l ncigbbo,bood ~ 9 9 0 4 1 
Works rO(,llbCd to solV(' jomt roulmg, cillUlneJ IUld rate allocation problem bas recemly 

attrActed the ratelU'chcn. 1891 is a ccutnll.i:ted joint IlJlIn'ORCh, where flo-'lI arc rout.N O\'('r 

lctL8l loaded shortest paths to\\'ard dcgtlUl\tions. IIcrf' a cbtuwel o.ll0C8liou heuristic is 

11.1K"d to MSiI;o channeli< over 1.inb aiming a1 ndnimizins ntishborhood m1rrrerenc(' ""bilt 

pnoritizmg the con&t~led ont>:!:l. 1221 6nit. comllutes roules ror flows and then determ.m~ 

!.he load 0Vt'T f'N.h link Hi&h lOAded linla; IU'('1 RSlJi&ned higher ratA' by Hllf!LhS(!Ul power 

aUocalion Howt·vrr. C"Olwderation of protocol model to find int.errerena! limits I"" prac­

tacaJ IlPPlicability AimmlC to improvt" channel sp8ti81 reuse, 171 cOmpUl-c8 &<'t or aclJve 

hw 8.mlIUtl.xhu\l1ll pot!.tIiblc rote6 uver thot;(· liules through Ulilliuu~UJg thClr iutcrfcrcltcc 

range by ul)\lIlIitJ lrlln~IIIi.::!b.IOI1 POWM" R.lIOCfttion. FUrther, fQlILni fU"t' (~lUput('tI o\·cr tbem 

lu liwl ItWlt"f '"UIl,'ldlY pallut rUT ,III" flOW!' . 80th ttl(' f'lKlmlll ,wd I'>UooptlUUtJ "ulutiou .... 

~ hi nOPI\1 (RobllC'i' 01ll~1" ProbMiIlt.y b.'W'tI InU"fff:«'11<'f' MM~n) (RI. split 

Imffic' ()VM' IItliidpl(' PY"lh .. ~ hy 1W'1("('ting th(' ('hAnn('ifI O\'f'f' Ih(' IInkz.l f!iO lhl\t linb rxp4'Tt-
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MItt mmillluin Iftlt~rrf'f"~O! and corre;-pondirl& Itnk-r&l~ in incrt'&.'I('(1 C~nsid('ring IixNl 

Mld-u>€'nd pIllh alung with knowu trufilc dCUULlId, linu18 tbe l>er(ormanct of lb(' tIOlul ion 

10 & dynamic (',Wlronmenl AU the afortmcntJout'<l JOlDl AOlutiorui depend on B ctnu&l 

4.'tlIItroUrr, winch f"I.'QUI!e '" colUpl t1.C vit·w or tilt.' lIetwork dyulUJ.llc,,,: III urder Lo eool\'c tbt.· 

JOlllr pmbl('111 Tim,,",, the rf'q1ll.rro l'OIl\'t'fgl11H' (illl(, ('lUI mak(' Ihl.rt4l' I'>UlntifH~ 1It1llullabh: 

(or hi,;hly tlYUfunir :IC't'lIlU"iOlO 

4.3 System Model and Assumptions 

Tu n-prnw"lIl Il wl.J'('k""" lU~b UfotWHtk, ..... UM' 1\ ItTMpb . r - (V F.), I'" MIl!<lllcn'tl in 

s.octlon 3,3 furthtTIliurr , .. , . c~un."iidN" C {C',.<'l. ,(".tt} tu huM (III' l'!t' l ur urtltUKoual 

frcqu('ut'if'S lft 1)(' tl*-d (or dtlt3 trtLIL'uniR'i:ion in r MIl "3(')) "(KIf' tt e V hM 'II lUunbcr of 

radio inH'f'(Afi'Il. "'hirh OPf"'IlIf:q on An nn hOftonnl ch&on(>1 chf'li',('n fmm lilt' ('hBIlO.:-1 M.'l 

C,< C C dynfUlllCnlly, 80 1\8 to (acihlAl(' enhanced network Cl\pl\Clty 1891. We 88lIUUle a 

wm:~ lcss Iiuk (vw) . lr 1\ rrequency ch'lltncl c, wh{'r{' c E C(U'IlI) And C(I '.) = c,.nc.. IS 

&;signed to one of th(' rACho inlerfMf'fl of node" And U\ OV(!r which t hey colUunuucate. 

AgAin, .....-e cousider t.he billN}, ,'JUiable x l"" ) to contain 1 ir th~ link (vw) is ACll\"C, and 0 

olheTWtSC (MIII(, M Sf..rtkm :1.3). tor ('"dl node 11 E V 3lId cbanu.:-I C E Cr. we define' the 

node--channei variable ft8 rollows: 

.~ = {I 
o 

./3(".,) E El zf- l = 1. 
(4 1) 

While trl'Ulsmitling ovt'T hnk (vw) And cltnnn('1 ('. nodt" v 8eJ~t8" dikrrte lrl\nsmiMion 

powtT, 1'(1-.. ,,) ' from tht' 8ct. P a {pm"". .,,-u} , IlI&owm3 (orrespollditl& aclUM'ftbl(' dl\t. ... 

rAtt' , r('!,) e R. U8lng" "1X'Cific .Me'S (moduhu.ioll I\.nd wdi llg ~ht"1ne) (8), lVl dt!:;c't~1 in 

~'ion 3.:\ 2. Here R ('01Im!;UI of set or dillcTt'lf" nut' m1Uet1 in lht> range Irlft," . < ,rtftCLTl. 
wbere C<\cl) Qf'bie\'l\ble rl\te r . bas I\. 5lgnRl-l()..nOtSe-plU8-U1Lerfercn("c rAlio (51 OR), .,.(r}, 

rcqturem('1)t IEEE 802 118./ K I5)'5tcm Jtul)pGrt.5 8 different. lNt..llJ;.UU.·iSlon "'t.t~, r E R. 

COrT't'$I)()udillg '0 minimum srNR ,'RInes, ,.(r) , M shown au Tl\blc 3 1 (8). The SINn value 

Dhaka University Institutional Repository



4·4 OP1'1\117.A·, lOS .. RA \IEWOllK .. ·Ort UNI{..(·IIANN .... I. SI-:i.t:(-rIOS ASD t·OWUt. 

AIJ .OC"ATtO"\ 9S 

romputoo a1. rect1"cr UI. wbt-'n transmit.tM" " ~~-,("$ powrr pEP to tr.'~mit CJYM' hnk (w') 

tuld c:hAJlnf-'1 r. is as bcUows 

Col' _ pt, ... )" •.• ' 
'l(''UI) - '''_.J + No' 

(4.2) 

..,herr, '''_) r(:pr~nL'I dllumcl gaill , Oint dt1WndS on padl I~I fMillS 61Ul shadowing 

W'.; '1(.",,) 1.8 the corretol)()nding interi('rrnct' CX'I-.enencro aL node UI due to concurrent 

trnrwnwlon of u{'igbborinK Unks 011 cbft.nnC"1 r Ilud No Is tbf' C;ftUS8iAIi noise . E8Cb 

lIode u.! E V, &eIUlCtl I br $omOllnt o( inwrCM"t'nCf" pr(IWDl at. f'&cl:, w&IlJ)(!1 c E <:-, aud 

C!OmnlUD.lr-ates ~O Its ou~bop neighoor!i J'H'T"iodK'Ally. Thus ~ rou~t'l" v E V, L5 8W~ 

of the luterfereut"c .)resent 8t ('1\Ch OOWlLWf'Mll Imk (Itlll) E c.~, ,ft_,). "'If" E C". In ordt'f 

W ilChh.lw rhW r E R, ow.,. Ii uk (11111), tht' MCp<'r'l(,IU'«.I SINn _"ould 1JIt-'t. .... the tlua;hold 

vnhlP n'qllin'UI{'Uli it'. ,.r~,,) ~.:I~;N.l ~ -r(r) . Xuw, to fimlllt(· UIIWIIIUlU mt.erfMt'1u'(' 

tolrmbl{' n'IfT link «(1Iu) tn I'lr.hirw ,(,.). on lrftl\1lmiMit)u power p and dUlnnd e ill M 

fnnow~: 

('<II Pf_,G(_J 
'/("wl(r) = ,(r) - No (43) 

Thu&, ,bf> Ull~f(ffnCtl dt.ogee of link (tl1I1). oPt-'t"I\t1ng on c-hl'Ulllcl t: ruld power p C1Ul 

he <Mined "'.cr 

(4 .4) 

wh('r(",O S (~::.) ~ 1 and hIgher \,uUCIJ lDdK~Jl'(' high", mterference I)T<!Se11t 0\'Ct huk (trW) 

on channel~. 

4.4 Optimization Framework for Link-Channel Selection 

and Power Allocation 

In thi.:, bl'l;LtOu. W\' runnulKtC' .. 1It1 tw&lytA.· llt~· JOlUt problem or dOWII.!iln'Ulll liuk,-",\,hwwcl 

.. 1N'tinn IU1d I)(I'M,. Alloc:nllotl f(Jot tach fot"wnroin,l( route ... lJ E: V in tilt" nMwork OUT 
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AI.t,()("AnO-': 

,oN (ur lrn- JOant problem "'I to m&.xirniM' I.h(' nMwork ~lf'd ,hruughl)ut, hy 6nd· 

ing " re85lbl(' I.rafti" (orwardUl& dccl5Klu AI. t'lI(h rou'('r whLl~ uUOlmwng ucl.g.bborbood 

l.n~rercnc(·, pftth nmgt'2llion, overhead IU\d ensuring Oow rS.JfDCM 

Lt:t., ror l'6('11 link (tl1u) ( ~I th{' t.uplt· (J'(_.,t'(I.'IPI.,...') rt.'preM.'ult! lht, achvlllion 

IIU.ltUl\, dllullwl 1\.11(1 puM,. ntlocntion 0\'('1' lmlt (vu,) Itl nlly ~i~'11 lUlU', wh('n' r(' ..... , E 

to. I}. c E C( .... , ami P E P LeI. Q<_, • • Hx(,w., r(t.'III)'p(11W»)}' IH' thr M't o( All pnAAihlr 

"UOC'ftlion \o1!("wrw over eftCh link (IIU.') E ~ tt.nd Sr.. - n("",,)E.C~ Q(I"', br- the set. or all 

p<l66iblt> .1I0C3tion~ m'M' 11(>' o( dmrnslr~am.'\ o( nOOt" v . NO'IIo', our problC"nl hoih' down to 

finding A .Ult"blf' llIlMAiion, $" , (or each f'OUlcr 11 E Y. ronsislmg of llIlOC"Atiofi tuple8, 

{(z(tV), t'C_),Ph'lll}» ' 1.hllt HCblC'\'CS the a{orCfUt'U'101l00 go.'\l 

While 1Ie1«ting tht' optllUum 8". for CM'h u E V. Wf' opt to rntLX'imi1..(' thf< CApl\City­

deml\nd rfllio or the Bllocation :f" to eUburt' 1IIIlXIII1UUl ullMrearn Il~' t.hroughput, which 

Uj defined fI..'j (ollowing: 

( ) 
L(_)t." re, .... ) 

O'v :;;; \:" 
L..h •• '( ': ",.,,) 

where, E{Io~)fl: "Clo". is t lJ~ aggTeg8too Upiill'MUU tnufic and E c_.( •• """",) 15 the AWf-. 

gAU'd down",trC1un tnUHc split over tile set. of sclected downstream links (111") E ", •. 

Here. In ord('r to distribute aggregl\tOO uptslrclllII tram" I.OwlU'd destinRlions through 

tilt; tlCt of &el('d.('t(t Corvo'wing Li.nks. (mu) E ,OJ" . ill propor',on to downstrcfun links' C6P&C-' 

ity In (erUiA or oongt'flclon tlJld conlclltlon, t"8Ch rHUk'r " E V splits traffic O'Vt'f thC' links 

'Nl",lJ l11(' dCl-lgUllt('d J>O""'\.T It"vela ~p('clht'(llU thL' adC'('lt-d Kllo{'a.tiOll yt'C.'tor, .. .. , 8-'j rvuo~' 

(46) 

Wh<Tt 1",,), U. tilt' olf('rro rate o'ver link (ifill) E '1., oon:'ldM'ing the ronge&lIon Pfe5Cllt 

at.. downstream nodt, 1'1, ... hPre d('tailed rompuI8tion of re, .. ) hi gi \'('11 in A~onlbm 2 in 

Stoction 3.S.2 I 

While m3.X'irnil.m.g 0(',,), (Of eN.'h roul", l ' E Y, our alln is abo tAl enhlUlN> th(' 5pati,,1 

,.."USfthilll)' by allocAting optimal tral15mL..sion PO_'ffS Ovt'" thfo st'i("('l{'(1 buks (I'UI) E "'tt; 
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whiCh i.:; pOM:lblr uy lIS.'UgnillS thr I(,Mt 1I1\(T-rt'rt"ll chl\nnf"l"l ov ... r thl' 1mb Thus, "''f" 

n"quire t.o allocate optimum 5Ct of powen IWt'T (WI) E fi" to &ctiV80le rt'qUJroo r&Les, T(~) , 

V(lllI'} E -'", while nunuu1Z.ing tow intt'riM"f"Ol"e deg~ of aJJoeation ~I.' LI"",'(,. ~t!.r 

lIt!ucl', our prulX,It;l't! upllUull lillk4,,:luumd bl'1L\:buu ItJJtI POWt'f" (h&l4.') IlIIOC;/llIUU prot.. 

11'111 . OLCP, L'i fUrllIUll'k"tI M filnu"'~ 

z"v, e {O.II. "(vw) E E. Vr e C 

U~e {O.I).VvEV \freC 

L X(, ..... :5 1 V(Vtl.) E £ 
.. c 

L>~ :5 It" Vv E V 
nC 

L.%Ct.uo) = L ::, Vv E V 
r-( C ('f c: 

pm'" S P( .... , ~ pmAZ.V(t/W) E E.Vc E C 

o ~ "(11 ... 1 S "j~) 5 "('tIW" :5 ,.mA.l:. V( Vttl) E E. V,. E C, Vp E P 

L: ,.c"", ~ L. r(t,/III) .Vu e V 
(_)(.c: ( ... )(~ 

(47) 

(H) 

(4.9) 

P IO) 

(4.11) 

(4.12) 

(4 13) 

(41<) 

(4 15) 

Cou.slr&int (,1.8) t\ml Constraint (4,9) depict th(" sclmllion 8Ul.UlS of Link (lIW) and 

node v 011 d181111t'l t:, rcsl)('(ilwly. FurthM', Constraint (4 10) elllSurC8 tl18t (-'3eh individual 

bnk (vw) ill ,bt" Det.,,'Ork, as allo .. , .. t'd UJ tnwsnul on II !tLUgll-' dllllllll" Ill. '" tiUl~ Thp 

waxuulllU DUlUber of cluuwe18 u.s«! by (\ node is limit.ed by lla lUtcrf8Ct' collstraint, .... hi('.h 

II ('ucl<k!Jed III Con~trtt.lut (4 11) . Constraint. (4 12) NlltUfca that cach nwlo or node 11 is 

&Migul-d a 15Cp1'U"8\(' duulUd The trtulSmi.ssioll power I1low) aUocatro O'o'er ft link (11111), 

opcrallUg 011 duwoel (', IS bounded by minimum ",.ftlft) and lJutXunum (p"'4') valuC5, 

dl.1>ick.-d iu cou.'l.tnun\ (".Il) ColllSlrwlIl (<1 ,1") KlIOM4 tlmt tllC' lrl\ll1IlIIis.-uou rKl.l' T( ..... ) 

"'pill. OV(T n link (t·u') u. IhmtNt \~h ll('r by lUI Af'hi('\':\hll-' rlllf' "(;~'l 011 ,h,- hnlt (VIII) for 
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• tp\'l'1J pctIIo'tt P and lmk SlNH c;ondiLioD, or by 'I- J' or by r-.-r. WhICIi("\TT 1.'1 snwl..,. 

rla,"l)" OOMLr&nL (4 (5) StatfS \haL Lh .. outholll,d lr&lJic mu~L uot txf'f"ed the \otal 

inbound LraffiC' ft.' ('~h I' e V 

NUh.' lht\L till' obJecli\'c rum:tioD. runuultilt-d ill Eq 47, M'.ll'C\tI .. ~t ur (urwtU'dmg 

lI t1 )o. (with C'ltrroo.rKlllcJlIIg ,·bu1Hlt'b 111111 PUW!'OoI) thbt tmucilub.ctl till' KIUVf"g~l lt' fl1rwnrlliug 

rlU(', miuimi?1"S n .. ighborhOOtl mlt.'rrcrcn('r. AS Wf'1I Nlnodr lewl rolll!,t'l'oliou The Eq,. " 7 

· 4 15 belon,g 10 " mixed·illte&cr ooullll('1\I" progrnlTlllling (~flNLP) problem thRt. cont.a.t1l8 

boch r.ombinnforil\1 nnd conllllUOWl C'OI\StnulIl$ Thu.~. 1l!i n:al~tunt' 8OIulton IS intrnctnble 

an" typICal mesh rout.cr and (he problclII thl"rt"(ore \xocomes I\n NP.hud one 1891 Due to 

th" mtmc1.l\l)l!tty of lht' Jomt. problem, oa,'c propofo(' "sreed.y ht'unstlC:' lIOlutlOU to obtrun 

f\ nct\J'-oOptim~ I:IOlul1on, which we do;crlhc in t la t> n~" A«t-ion 

4.5 G reedy Heuristic Link-Channel Selection and Power 

Allocation 

In order to find a uear--optimal tra£tic (o",,'(U'"din.g d('(Won III reMOllfllJlt wnOWll of li.nl(" 

wt' J>rf)pobt A graody h(!Uri.slic LCP (OLep) e.G find the att. o( bnk·du'IJlnel plU..OS a.nd 

lXlWff &l loc8tioo tl''Cr LiJc)8t' tb3L maximizes lIPtJlrelUll flow thruugb l>ul We grt'CdJly 

diOOM' the 1(':&81. htler({'I"'('d aod higher c"P"('ity link·dumne1ll6ln1 Alliung to booest rcaoUfCC 

amiltr.billty (ur f"(Illh ' lIhuf; flu""" nJul to " .. 11 1\1)('(' O\"t-r",lJ UC1.woTk throughput Thcrt'fort', 

fOm~r('hM\din~ ool1~~lion IUld intNfM'"('"t1('C', Nll'h CI.CP rollU'r l' ('oml)U\.('8 wrlgbL for 

....... h dlf')WtlRtrNLrn Iwk , (tlw) E C;!, M (OllllWl'O, 

(4 16) 

.. . 
... litre, T(rw) is the tlOnn&lized offerro rate o\W link (lJw) (I (. frl'.' - ,.iUJ). A.nd ~(!.I 

IS the mtcrfcrelloo degn't of dO",.,:l.Strc8JJl Link (vw), (or chMnel,' and trall .. ctmi.ssion power 

P""" to I\Chk'\'t! lht' SINR thrt08hold for minimullI lnw!;)rnSloion rt\tt' r"'"1 Th .. \,llufo t1( ..... , 

V81'14.'6 b4.-t.'&'tm 0 Md 1. IWd exWbits hi&ber \'1lIUCb for betteT quwity Iink~llIulnl'l pairs 

Nt'Xl, & eLCp router v ~igns sufficient 4111()\1l1t o( po"\IoW(6) tu InRXuul'Llly fulfill Wt' 
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UJ.!:'IlrC8nl now demand To do SO. 'ht roulcr CAli Cit her (I) &lIOC'uu' blgh('T I>owen. o\'t~ 

one or LwO good quah\.y huk·ch8.1uH.'1 IlAIrs or (2) iuCTclt.'S(' number or huk-c:hR.nufll ,>airs 

wllb uulllmum ~'Cr Allocation The- fir&lIlH1.hod L'J pr .. rl"l'&bl" wh"n rf"!';OU1«' Availabi lity 

L'I vt>ry bUIILt .... l. uc.llt"rwlbC, till' b<.'t."Oud 8ppro.~1 U, d~lr8ble. In llt~ C'a!:IC. 8.11 uOth.~ III the 

tl( ·I.WUfk d.'tt'nullllJ\lU lllly dll~ tUW (lr lilt· "be,\-, ' IIIPthod". an UliultolfUU'l ' III tt~'lIn~ ' 

utlliulion would t)(' obtcrvnl tn this 'A'Ofk , W'(' &0 (or h(,llri~tir M llIlion ln I\lIow rOIll('M\ 

to rx~ both npProIlClit'1' 80 M to 1ncrt'R.W' che ~'t"1'R.1I network t hroughput 

TilE' workin,; proc('(lurt' of CLCP is preiented III Alt;orithtn 3. Inltinlly, the CLCP 

toOrt.$ IlII Iillk-chAllncl 1l.'U~ in desc(>ndm,; order o( thclr weights We dl(~n exclude very 

poor quality hnk-cha.nnelllluNi (in Iin(' 2) tluu Me unsl.M w provide the bMlc dsla ratc. 

Next, Wf' emilloy " h(>Url~'i( (line 4 Rnd 5) to pick one of tbe c;wo Alterll l\\.e method .... ft. .. 

det.c:TibNi f'MIi('T As t h('ft' lU'e IZ' pi nUinbror o f ,ood qUAht)' link·clul.lllwl p~ RVJUIRblc (or 

node u, fl rflndoln V1\Iu~.1', IS cbosen betweell I And IZ' .. I and cowplVcd wIth ft predefined 

thr~hold T Tltl' T is ft syM.('m design .... 1U11t1.er IUld for blwumlu>n t'Xftt"rllU('Ulb in tlus 

papcr we 8('t T :::: 2 M depicted through numcroWi ex-p("riwcnts If II holds higher vNU(' 

tban T. mM hod (1) Ul, znvokcd (lines 6 · Il) . olh(!f'llo' lbC m('lhod (2) L'i ('1\1100 (lines 13 

18). Whil .. computing II .. an ftmclion FINDA LLOC() (Imt'S 20 • 26) . lbe b&eklogged 

IrtUfi(' lS minim ized by ~ltC'llng: the required ~'er allocAtions 0\1\'1' tht' link·du\DII('1 pairs. 

Fm&lly. t ht traffic La split. proportionflt('ly o\'tr t.he 8Clccu~I8et. of link..wanuel l)IlUlI, wit.h 

t h(" computcd power Ie\,(,~ M listed in lint' 2S 

Th(' rompl('Juty of Algorithm 3 L'J quit('l ~tnJ.ighlrOtw&rd Fir8tly, IU ord('r t.o 80ft tbe 

!let Zv in dClW!endent. order in linE' I , we ~ q uick 8Ort. IlIgorithru which ItM lhe WONlt-.<'.&5t" 

complexity or 0UZ.I· 1oslz..l). Tbf> Sltl~lOen13 In 6 • 11 iterates 17..1 lim("S and tht 

at.Alement.lf 7 • 10 Itf'rRt«"!l IPI lim~ ThUA t h~ compl~xlLy 1.5 OUl....I · IP1). On tb(' othf'f" 

ba.lld , 13· Ig IlM'At{'6 IPI t WU .. 1!i tlnd t he 8t&h!III('II~ 14 - 17 It.cn,tA'H 17",1 tlmt!. Tlu!)" t he 

L'UlUplouty iIo :,rune, 0(11...1 IPI) . The fQL of the ItlutcmclItH bm't"' COllbttu lt. wu L liwe 

nuuplCXIlln.. 11wf'I·fun·. lilt' WUn.I·t·~-.c" c·uUlllllt.J,lllJurd t'ompl''XIly IIf lllt' lilKoritlun bt 

oOz,,1 . log IZ,.!). 
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4.6 Performance Evaluation 

In tlUs section, wt> Iffilll("m("nt CLCP. OLCP. G-DTI:: tUlO ROPIM (81 in " dL.'K'rf'tf'-f'Vt'nt 

net ..... ork SlUlul8.tor, m • ..<t 1511 and dUlC'tu..'1 the rel.n.llve perfOl"mMC:~ findlllg! 

4.6.1 Simulation Environment 

In OUT hlWuiatlOI1 t"Xp<'timents, we consJder " WMN of 1000 )( 1000 m:l 1LCt'II., where W 

nodes (46 mC8b routers Rnd 4 gatf'WflY&) Me deployed foUowtng flo uniform random dbln­

bUllon, ,,·ben· 4 routt1"ll are considered as II;Rt""'ya. Each router hAS 4 802.11& radio inter­

~ and there arc 12 onhogonal channcb 1\\'l\i.Inbl(' w tbe neL"'A'Ork E.bc:b bnk is al101'o't."CI 

to chOCMe from 10 diff('f'('nt dL.'lCTt'tE' po9t"er In'd , e .g . P ~ {lOmW, 20rnW, .. IOOmW} ; 

aud the (cMlblc data ratC5 availlilil(> ror lrlUl."Il1lisbion Me - 6, 9, 12. 18, 24 , 36, 48 and 

54 Mbps Here, th~ ('onManc. bit. rate (CBR) traffic model IS \l!Iol"d under UD» ror data 

lrlU1.!nU~lon wiLh 8. Pf'Cktt size of 1000 bytm In each simulation run , rllDdom 5OUTCf'S 

1DJt.i8~ flows, lhtlL I'f'mruR twcblUl.goo 0\-"" the .It.lmulation period . 

4.6.2 Performance Metrics 

To ev&hll't-e the perfonnrulce or the studied traffic forwarding 5OtulioD5, G-DTE, ROPtM. 

GLCP and OLCP. wt> have used 6 metries - (I) aggregated flow throughput; amouni of 

sucres&ful dllta hyu~ rf'('('jvf'd at destinations in unit llme, (ii) actmgt' rnd-to-t'nd delay . 

the- ,werage o( IIl~ncy for all rt"CCi\'oo p&cktlfI &t dmtmallOUlS. (ui) padd dd1tH:Tll mho' 

tbe ratio of lhf' numbn- of packct..s rett1\uI at &ll d{'hlUlatKUlS a.nd the number of paclrets 

tbat have OOcn 8ent (rom alhourtt'25. (h') /f01» /almU'J : Jain'" fairnC5ll index 11 08J , wrying 

brtween 0 and I , is used to measurf' How frumCM, (v) Opemlt01I ouerhood • amount. 

of conlro) bytes CXch8(1.g(.'Ci per lJuCtt!5llfu l dala byte lrlUlSmission , and (,.i) mtcgmlcd 

JK,junnrmce gam: (tUlultdi(.'!S the U\'CTnl l pt..,-fornuuuX' of til(' pro~,,1 appro ..... -II. 

HOWM.'f'1', a. .. lil{> 1001nlion of OLef' C'OU\'CTKf'tt slowly (d\lf' to its Nr-hl\NllI(~~), (or till' 

l'oll\'C'lIi,'u('f' uf tlw C'ulllp.FU"ij;(Ui, ttll; h .. JllUlUnf1t'T"M Jlrl'H'l1u!(1 lI('r(' f"r f II(' lIJlIlllUd ~)I\lf ion , 

OLCP. $I'(' IRkf'n Rftf'r lhr mmplM.ion or thr tot,,1 romp1ltlUion 
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(b) ""low r ... ,nflIIt 

Fig-un' 1.2: Plll:kec. (M)\"(~ry rutiu IUld flow rlUrlil'SS y",. lIuUllx'r ur nuv;~ in WMr>:.t; 

G-DTE iil poor uuder hlgber load. due to OOUl5('rvJ\hvc (hoi« of fixoo c:hfUlllel .. over the 

ndi06. 

11ll' l'"d'lo-cud pad«.1. t.TW'snliMIOU delay" ror tht" atlldll-d fI,,,prot\('h(~ (If(" dt1>iC"ted Ul 

.... i~ 4 I (b) . The ROPI~1 l."'XpCncncC5 hlghcr delay, due to ex('hslIgt" or ('Olltrol fJlt~Cl'S 

l.unong roult<n llud ('C'ntra! agcnt., wluch lWIC.uruh.'llllctwork's capac lc.), and hngt"'r8 die ror-­
W1U'CIiug dtocihlon under higher tn.1lic low.Ls. AI!. t ltl' rorwRrding decisions a t each OLep 

llnfl CLef rout"r (')C"loill!! oll~ bop ndghborhood inrormAtion only, innt l\ul MI.\I)l8lion 

loo IlIlk . dhutud Bud lo.ad condllion 15 poe;.'Slblt·, whkh III t.urn recihl.elCS Quick rorwardiD& 

d«iliions nnd (jll.1II1mnunius thc transmission lalt'nt'y in the network As C-DTE roulCf& 

t'UlI)loy hx('(1 channel over rRdl0fS1 they fU"C uuablt" to s .... llch rA(hOlf to 1{"tL.'!.\. loodcd cbau· 

ut'bt or divert c.mJ.bc w ~ teaM. loadt.<d dowu:i,".'wn node WIth wh.ich they do UOL ~dlan: 

COUilllu n chtllluclIs . Th~. puckl.u rorwurd(.<d ltV\. ... OOIl,Rl"blcd luOOs l''XJ>CrtCUcc l'Ol.l..bioWi 

lultl Tl·tr."IIIJ'Hlil'\llIOlI$, ('VC'ntulllly dl.'lt ... iomtinp, UCI~' dC'!ny pml' rllllUu ... •. 

OLCr and CLCr roulClll Atl' a.ble to O(fl'1" hlp,hrr (orw;vdInR (,Apac-It)'. I\,'o! oppuK'd to 

C-DTE. Ail du"V nrc I\bh· to Meplon· diw'I""I'iliNl downstrmm nodf'll by ",wlt('hInR to any 

lJulu,blf' ('hrumel TIIUii . higher load \a Rllowcd to bt' deli\'f1"OO to de6(inaliofl~, unprovmg 

",\d((1. dl'liVl'T)' f"\.10, lUI dCPlct.ro In Fig. 42(,,) . [k.,;ldM. 4'tnploymcnt. or dynnun(' ho~ 
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- m 0 """ 0 
.... 1 ---- --- , ,. .... .... , 

L----. 

I- • ..... 0 I· .". , 0 

, / 0 ". t 
. . . / : r f , . / , 

J 
. . ,. 

F f t- o 
0 

• • • : 
• • 

» » • » • • • » » » • » • • --- ---
fA) 11l,~ull.hl)IJ' (b) A"""",~ (,lld'l(H"llri riday 

FI/.-me 4 4 11,rollghput and dc-lay p .. ·trurlUIW\:~ Vlt numb4."t of hooe", ill WMNIf 

long. ('Oull.lIun!!. the ru('I'I~lU'cd iutcrfcrcurc oV't.'1' eACh orthogouuJ cllMlllel I\lld \11(' mCor· 

lUlllion rt.·quin.'d. Lo compute corra;pondlllllt nodes's off<'red rate (si.milar to UV mcs,"lge 

M dbc'u!CM'd In Src-t.ion :t 6 3.1). ThltlS, t."Xchsnge of £W.Idltloul\l ('Olitro) pnckeb p<'Tioc:h. 

('ally (Ill ('\-'(TY 1 M'(ond), along Wlth the RTS/CTS. ACK, etA: p&ckm, noc.ably UlCf'CR.o,(' 

tbt' OfJ'l-T"tIOIl O'\i'l.'!rh("OO o( LCP. Ius showll III Fig. 13«(11) . the 0~T81iou ovcrhcw of our 

proposed OLCP and GLCP syst.c:ms IU"C much lower thall ROPIM, but 8hgblly hlghcr 

than I IiAI of G-DTE under hi&her trai6(' 10I\d Jlo.'('V('1", tllJ~ IS.rnall ~rhcad is nicely 

COUlI)(! I~lN1 by the lIIt.cgraled per(onnallC't" gain of our proposed 8)'tSlCtU.~. as shown UI 

Fig 4 3(b) hI urder lO achedule coUision·(r ..... lrIUlSDll.~ioD . ROPIM have to oomidf'r 

5igniliwlU. o .... erheads due Lo cxC'.hllJlgc or bugo control lllC\'liMg~. PmieullU"ly III HOPIM, 

the Ct' IILral Wilt-roller 11('(,(11. t.o kuow lite cluumcl St8tUlt alld lluk load ItL CIl(:h ruut<'T to 

talw routing Wid 1'Id1t.'I.1uliug d<.'cwUJUt. Tilt· o\'(."n&ll p!:rfonJltwl,(' IHlpruVClUclIlJi or ()'LCr 

tNt'f' G--OTf: i.-I ""gtllhrhlltly bi~bl'r AM IUIIK""" IrRffiC'" lUl\(l ih UlOO(Tllh', but WHr'I'if'IL,\ wilh 

f·X('('!ll. ... I\·(' InlVl rnmh"olls . 
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Figun' 4.!i r uckl't t!('Uvt.'fY r3tlo naull1uw ru.iJ'lIl~ V8. 1lllllllJl'r or 1l0dC1; ill WMN!; 

4,6.3.2 Impocts of Increasing number of nodes 

In this M"{'tiotl • • '(' hftvC cOlUlidcn"Cl dlfJ~lIt duuensioti.S or WMNs to te6l tht: scalabilit)' 

or the Studit'CI &J)Pro&ches, Hf!1t!. "'e varted the oUlLlber of lIodrg rrxJUI 20 to 80 in thf' 

net ..... ork ",bile praw.·rvhl5 Iht' MUle nodI' deusity. III ('lI(;b enviroument , l lie otfen..-.d loud 

in Ihe net\\'Ork 15 VMit'd bc'-lwf\>n 60$( to 70% or tbt networks' Wt31 errective cap&dty 

Fig . .. 4(a) and '1 4(b) hollow the impAC1..8 or Ulcre&.&td nudC& In the netwurk in tenlls or 

.. be oc1licvsb'c .ggr(·sut('tI uct.WUfk throughput tUJcJ. tiv\"Tagc .... lId·tCH:ucJ. PlKkl1. tra.u:;lU~ 

"'HILI d .... lay. mq)('('tI \'(·ly. Ih"I'(' OLCP. GLCP IUJd c;..OTE n"laiu Illgbl'1' throughput t lilUI 

ROPIM JUllh(-' itl(,rf'fIM" III t ill' 1IU1lliK ... or IIU.",1t 110...11'" ~\'l~ opport unity to ,,-lu'h rorwardlllM, 

rnlltM' L() rxplor(' rnl)f(-' 8.lt.f'mntl· downstrcam links 10 rorwnrd SWt-'gfttcd lr1Llfic throu,Rh 

dy nMl!(-' pow..:.,' ftllotAlinn , mmimlzlng tI(-,lghborhood intcrft'Tt'n('(' I\nd gt'Mting o1.h,·r con­

Lendins routCf8 J\CC'C.'ftj to .. ht' Ch&tll1e1 to rurthl'f IIIlProV(' the o\'L .... all network tbroughput 

MOrfoOvtr, in 11Ul({T nct,,"Ork •• ROPIM t!X]'H:nCUCUJ 1000t dtogrndcd throug.bput duc to 

prol>'J.81lUon of locl\l mfOtllllltlou to the C(:lItraJ ,,&cnt . Hence delay pcrronllluicc is "Iso 

imlwtt'<1 M J)luh )l'ugth IUCtCR.I\(jI bdwt.'(-'n 5Ource-dC&mAlion pNni. nut, 1\.<; OLe? em· 

p&0y8 hop-by· hop dY'lAIJlic rorwAl'diug liuk·cluuHlcl I'oCloclton JlObcy, trnffic i.+; split 0\'('1' 
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morf' rt'lu,bt(' Lmb. Stili. m 1ar,.f!J" ~tWQrb OLep 

A.iJ shown In Fig .. fi(a), with Ulttt'3M..<d hop-counts, buge oontrol message dl56tmi. 

0(\1 ion beLweffi cfnlral ronl roller and roulms l(I ROPlM aagrufita.ntly delt\y8 (orw6J'din& 

dt'CL\I'OI~ And t!tu:; dt'tt'norhlt!ti pK(1wt d(·II\'efy ratio at the dClllmallous Ou tlie other 

hl1lul . <rOTE III IIImbl,' to cI)'1I1UIII('I,lly Utih7A' PoOcHI qUlI.hty CblUlIIt'l&. n~tnc·tllIg II 1fl 

('h()O.ilt' hmilN"l dOWnJ;lmun ro.o\lr~ whil .. trAffi .. (orwlU'ding. which finally dropti d01lm 

prACkf:t d('livt">f')' rAtio_ HO'W('\'cr, r.cP Ui able to dynl\.tnkrt1ly exploit the least intfficroo 

('hllllnnt'ls to ImpMW' it'~ dAln df'hvt'TY. I\t the l'Mlf" timp hf'lp in improving th ... slwUiAl 

duulII,,1 reuAC (or llf"ighoon"g nodes l.hMugh miUlmum power aUocalion over the tmn»-­

mlnmg hnu_ Thus. the flows 111 the net.work 1\1'(' Allo'llo-...d to find morC' rutt'Tllak> high 

CAPACity pt:\ths to lrnpro\'1,: the·ir dR'" d{'li~ per(ormA.nre. 

In 1\ multi-hOI> neLwork , ft~ Orl~natmR furthest from the desired destinAtions 1U(' 

lte:LlOO unflUrl)' thM thOt!C thfl\. ~ clOf:\Cf to tiw de;tinfltioll.."1_ However, fl d()6er anA.lygls 

to the simulJ\tion t.rI~ datA Md the per(orcnRn('(' curyE!S in FiR. 4.f)(b) d('pict thM ('lU'h 

flow In our prolKJloAod LCP lIleduwism '" flWN'tiE'd with mort" (flir shAre of the A\'l\ilflble 

bandwidth 111an tb('sIat.('wo(·tht'-&t1 apprMCh~. In ('('fltraIi7.ro ROPI~( m('('banism, with 

increased numbt.T of nodCil, Q8 the traffiC'-Hpli( decision tim(" grows rigorously, iooomiug 

flow5 arc rc(rfUlI('(1 (rom belDg r~ded with required proponionatf' faim("l58. 

We a1.!lo obs .. ·m· thal With iu<:re8.'5.ing number of nodes in the ut"t",,'Ork, the ope-rationaJ 

o\'tTh ... 1Id of nOprM is &iguific8nt. as shown In Fi~. 4.6(8), and t.his ~ ('aused by exct'&sive 

control m~(' t.rAn&.m~oU8 an bet.'IIo'CCO the routers and the central conI roller. In our 

propo6('d traflic englll('('rang 8OlutlOI1ll, LCP routers periodically ltlUlSmlL NCIV message 

Lo ~i.st m.'lghboring routers to dl!!lribulively learn dowmlrer:un'~ congestion status lWd 

channel conditiulLIl TIlfJugh . NelV iu('urs wequt\l~ opera1ion overhe&d (as ~n in Fig 

I 6(a)1 It It'! ~blt· In grallt upt UIIUJU rt2'hurc~ to trllU:;lUitting IIl)ws to eUSUfe high through­

put. tlBta tlcliVt!J'y .... ·hilt· lIIiuimizing dt'lay Rud l·l~urill.& rl\iTU~, TlllUI. the pcrfonnllbcl' 

f"lIrv.,:, 111 I'-'i,g. 4 ti(bl, dt'IU"lv hi.Khli~htJ<, J)f'r(unnn.un· irupruw'U)('Ul o( OLCr fl\.'(·r otlwr 

appmadu'1l d~Jllt(' or 1IIf'11mnl; :\Ildilional orx-mtionlll OV('I'b~ 
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1I~)4I~ ill lbt· ~1I11i1 1lJ' way thut. "Nt. ("Ct'n-i~ocJ i ll 3ullN .. ·,iuu :J fJ.:LJ 

A-om l.h .. grnpl18 of FiJ\ 4 7 and 4 .8, Wf' ob.v·n¥ thltt 'hr "dftoJltAt Ion CI\fW'bdIIY of Out 

propnfW.'(l GLCP ~ hight-T lhlUl t hal of olht"f npprOAC'ht'!'l A 11')~ with f'n.I!ILrlIlIt flt,('l\dy flow 

lhroU&hput durin& moderm.e t.rnffic IMds. tile GLC? 18 ",hie to rcll\Jn hlghET throughput 

thl\D other Approaches even 8t bursty traffi(' dUrMtOIt.-. Thf" ROPIM i.s ImmE' to ('on­

gt'titlon collnpl3c due to exhsU5tive cx('hMge of ('omrol tn~ftg('j iUuollR lb(> forwMding 

rOUlfrs ftIld the C't'ut.ntI controller tbat. might incur higbt.'f number of roUL'liOlL'l. resulting 

In dcgrMM nehlork perfOnllAIIC'e!I. Thou~b G-DTE fOU\Crs d~lrlbuliwly ftud dymun­

Iclilly adjusLfi: routlUl pRtb 1Wd rAte I'll)(xfltion collSlderUl& the imt.llntAlu.'ol15 uJlfitrealU 

flow dnnMd. duf' t.o fixrd dltUlnel I\II0000tions O\'t'r lb~ illlerface&.. It 18 unabl(' to 6hHl 

Lmffic to lu.sher C8p8C1ty downstre.AlU8 O~UDg 0'\'Cr belU:."f" qUAhty clWlOeb. Thus., 

dYflIunlc traffic AJTiVRJ, which is "common phenomCllR in WMN~ NUTying th~ Inlf'mec 

I.mffie. c-tUl lX" bett('T 8ddressed and 8CCOlll looootcd by our prollOtlt'd C LCP "1l1>f03C'h 

4.7 Summary 

To addrt.""If tht' prob\"m or hag~throuJthput dlllA dt'liV't'T'Y in MRMC WMX', in dus C~ 

l£'r .. 't' dt"'t' loptod belth oTllimai (OLep) lU,d su~plim&l (CLCP) traffic ~ncef'lng 
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5OIut.IOrL" that t"xplorr dynamic hnk--cha.nm·1 Sfkctaon and pOWf'r aJloc.:at.lon at. each ror-­

WJiU'ding rou~ The n"Sulta depict. thal. In " dyn&rnic' nt1.wvrk euvironmf>nl. h~by·llC)p 

multi-hllk traffic ror.'fU'ding .,Uf'~ bell..,. per-rorU13Uces. corupe.red to using end·lo-f'nd 

multi-path ruutiJlg, Thi..., t>tudy abo cuududes thRt. lhe lhruughpul l'UbUJll:t'UlCIit. ctin lw 

'"-'h~t'\Il'C 1 by 1I1ihzhlK lii,;ltt'r p(l\\,~'~ till UUUI IUUIII nUIllbt.'T or 1I11k1s (lr higlwr lIu m lxT ()( 

Iinic:+(1\JUlII('1 paint I\l mmmUl11l PO"'M'S thMup,h (')C"plo lt lJl~ " dynllJl1Ic lrRffif' r()rwnroiug 

PO\)('1 tllln ('()1I~idcf1J c,'UTr('1lC 1fIt.{'rr~rell~ Alld (,on.&~tion I ltURliolUl or the lIC'twork 
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4.7 sn.1MAkY 

Algorithm 3 CI.CP at €'t'Cb router t' e V 

Input: L(.~KC: r( •• ) ~(_)' V(vw) e ~ lUl<1 'r/r e C, .... ). r(VW)' V(I'U:) E C: 

Output: #., 

tniUalization: b . E(IUI)£':' r, .. Ii)' .!It' = g. rr:, = 0 

I 4 = {(Vltl,) ,c}) I (tlU',) € C~,Cl E C(v.). w,!..,,) 2: ""(!.,) ? 

CUlL.,)" l' C"")I'~I AND CJ ,...,,. •• l' cc.} 
, ..... ~ 

2: Z' t- 7 -{CC .... ·) r )Ir' <r"''''} 11' .... ' , ,} (L""') 

3, "Cl'w) E z.. %~,) - e 
.. ; fl1- pick a rl\udom nnmber from lh(' rnngc 1 - lZ11l1 

s, ir (V ~.) 'hun 

• ror ({ .... }.c) E Z. do 

7: (orp ePdo 

., ir (FJNJ)AJ.l.ocCCvw). c, p) -= 0) 'hen bl'<ftk; go to hnc 28 

9: end if 

10: end (or 

11: end (or 

12; else 

13: (orp eP do 

II' (or (vu.).(") E 7"", do 

l( (FINI.)AI.l.oc«tJltI).~,pl - 0) t.hen brf'M. kO to liJJt' 2J'I 

1(.: end it 

Ii" end (or 

HI' elld for 

Ill: end I( 

:» function FINDAI.lAX'«vw),c,p) 

11' J(l'W, - l. cC .... ', - c,P, ... " =" 
22:: .1\1 to- Su U{ X(t'lllJ,C(_"PCrw)J - 4(w,) 

l:1: b .. b - r(_, + rf..!; 
1·t- 1:"':) - r(_1 

2& qc-) = (z(,,,,,,.f',,-.. •• pt, .... ) 

26: ret.urn b 

'17: end fWlct.ion 

:l& Comput~ ('(t ... ,. V(t1w) e "l' using E.q.4 6 
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Chapter 5 
Traffic Engineering in Cognitive Radio 

Mesh Networks 

5.1 Introduction 

Tb .. flow p('rformanct.' lU WirelC2S1S w~h D1.'l.works (\V MS. ) isdetcriomtcd due to 8JM!Clrum 

tlC'amLy 12-1). To cus~ t he req uired dt\L& delivery strV1CCS, IOlulioUl are reqtured Lu 

off ...... higber C8.ptKlt.14..'JI. Fortuuat.dy, ooguit.IYe rKdio (CR).elUwlt..'tl lUall! roukon; offr.r 

uu.;n·~ I. I..1.work pcrfonuwn:c (in « -r Ul:/ of t hroughput. dela)' Wid dUll1 dchwry mho) by 

rIU · i1i1.atl~ opporlwU&lk uliliwliuu of 1i~'u",ot'(ll'lP'f'('lrulII ff':IItHUt'(':!' (24 , W , 1(0). IID'IlIo"t''\w, 

rt~)Utc·(' " l1o«:otlull prublc lu iu C'Ot,llil iw mI ll .. win' l!'-I 1111,,11 ut'1.wnrb (CR-WMN,,) is Il 

NlIIlplk.ntrd lUul clmU('llgiug on(' mainly du~ co highly dynamIC' f C'i\OUrCr Rvrulability, 

1Il't.WOrk oougC'lllloli Imd \nterferetlce, 

Th(' t'X.lti l nt& works 11) the lalt-'ftLturt' on fll locfttmg ff\(ho rcsourC'a\ OlllXH"tunisticR.lly 

in CR-WM 's, CfLll brondly be d tvidt..'tI IIIlo t .. 'O fftt('gc)r;('f, rcsour('c allOCl\Lion (or $tng" 

path mid muJtl-pnM d"ta dcll\"cry models. In lhe flrst Cfttc.,&ory of works. joint routing 

IUld ('hfUuu~:1 Nlocftlion &tntt.egics propo8('d tn 193) Ilnd [94.j llhn to nuu.imll.C i ntcrrereu~ 

wit h prill1f1.ry \llICJ'8 (PU) whilc forwardmg traffic: AuthOfli in 11011, try to mitlgftt(' i n~ 

t(>l"ft ow and iotrft..flow interferclltt over end-to-cud pRth coru;.idM"ing fixed tr3ltic demand. 

lfoW(>Vt:r, und('f dynlUOic trRffic IwW, c· .. c ntURIly tht' "boV{' work." ArC" victim of network 

congcst aon oollnl*' On the other hlUld, tim~varymA tnffic iii routed ()V('I' a pr("-COlDpUle<l 

Plld -l~("nd I'N\th I II 19:'1 BJld (96) wbiJe mtnimlXml( tht' neighborhood mterfM!nct &od OOtl~ 

8:("6"011 MM.lux l$ 11\ 197) And POOl. rl'ly on CMltrali1.t'f1 M'T\'cr to ('()In putc lI1terf('rtoce-frc.-'e 
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51 "lltonl1(T1()S \12 

lmk !'I('hf'duhnJ!, (Uld rhllunf"l ~nl'nl to {'nh8n("f' flo'¥> tbrol1Ahput ooll.llwcflng bWgle­

p&lb dat. deliV'Cf), tx>lWf'M) MCh soUJ'C4.'-<Ie>tm&tlon pai~ OUI' to IIL'ttMtfUlroUSJy \1u)'­

lIli uC't"""Urk rondltlotL"t, d('ci'lioll cx('Cutlon at " cenlral poml 1t>1:ld!! to un.. .. lable syslt"m 

l"lJlldillOIJ aUld lb" blllgl,~ pl\lla dAtA dl."liwry IIpprol1t'h t""pt>n('lIl'~ rCbtrick'(l (orwl:U'ding 

""IM,dlY. 

In mulla-pJlth dftla (OM\'3.J'fiinlt moorl, propM('(1 in 1!l9I. l\ Murt'(' nodf' ctl""ribulivriy 

6plits t\Uft'll\led traffiC" 0\'('1" koML imf't"f'M'N rout<'tl to Addrcsl the! QuaJlty--or-Servl('(' 

(QoS) rt"'qulr('uu!!ll or tt\l'h traflk flow TAkin~ JWl.th mttri('1'1':f)Cf Ult.O consld~l\tH)u . 8. cen­

trl\l c'onlroller III 1081 OOlllpult-,. mullipl~ edg(<o.(I~Joint pnd18 Urt.~ ~eilmAllOn 

1)<"'"'1.0 t1l!;ure the batadwldlh requlr(1'1lf!n18 or tbe trAffic flowl _ In 1641, ... Iong Wltb rout.c 

And ("blUlnel lelecllon. allocallon or ttrulNni$8W1I pOWct over r(}f'\\'A-rdanK hnb Art" Nso 

coillrolled to Ullilimite uncncreDCe. a1Jowing more coucunent t"~Dl~IOllI5 to enhance 

Hov.' tbrou~put, I-Imn_'VCr, oonsidt ... &t.km of Cf"nlrllli.z.ed routroUer liuuts tbe &ylrtem to be 

t'XP'Wdable 

lu this work . wt pr~ a multi-path tr&.ftk (OrwfU'dmg mechlllU.lilu in CR-WMNs, 

when' \\'(' Jointly 1ll\"\"fJ11gt\~ the problen, or M'1t'ttin.g link-channel pat'"" aud 10 allocate 

data rataJ on lhl.'lU (by 5('lerting appropri31e trlUu,mlSSlon po'tll'Cnl) (or each (orward­

m, router 80 tilt" ,h(' tllrou&hput of tht" II(:lwork i.s maximik"(i More specifically, '9i'C 

nrc particularly iot<'rcstffl IU how the traffic in the multi-hop cogmtive OIdiu meW rIel.­

work.llhould IJf'dirt'Ctt"ll , 1II1dM' thl' inf1I1CIICt of rAndom bebavior& of primary users, 

naghborhood int£'rr('r('nce. chlUmel mOT I\Od rongellion in order to IwprO'o'l' lbe f1('t~"Of'k 

t.hrougllput U..,,-., tllfo propo8l'd prob~rn as u.rg~ lA) ru8.Ximiu the agtf'&RtOO ulil-

Ity o( a CR-WMN, .... hcre tbe choice of uti li1), &\ltu1UlLct':S UUIJumuru throughput at. ea.-.h 

forwarding ronLer, .... hich belongs to IIlbtt'(l mt(.'gC'r nou-linear progrftlllllun,g (ML'-:LP) 

prolJh:.m e~ lu ord(1' \0 obt.aill u ~lu1iou iu pulynolllial tiUl~ , Wt~ UbC Lagnulghm dual 

method (1 131 to dt"C:oUJpobC tiJC MlNLI' proolt,U! iulU" M1. uf lIU!) "robh:lWf Filially, a 

dixtriLu1A'~J lrt\llw "UJ;UI{'M'ln& ~utiuu is prvllf.lbol .. J 1-0 lURk,· tbc' 1'V~lt' lli !'OI'llh,bll' 
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5.2 I""\TROO\'CTION 11:4 

5.1.1 Contributioll8 

Thf' k(')' ronlrllmliOIli' or OUt work Art' 6UlIlJDfitl1.N 08 rollows: 

• Wt formulAt(' lb(" tnUlk eQli net'riJ1lI)robltm io CR-W~IN:t K:t tUl MINlP proLIf'hI. 

Wht"ft' tlw ('"(·ntnt.li1.ed com.toUM' Jointly &e]('C13 downstrt8.l» Iink-ehMntl pl\irs Md 

aJloctl.l.Cli po.,,'cr over them to rorward traffic from source to dcstilll\lioll ronsidf'rlDg 

clUUUlc1 Idle ,.robnIJlht.y, link Il1lt-TretCUCc IUUJ palh COIIg\l)hUU !SIU lI.i to WUiUUZ4' 

til" tlf'lwnrk thrullf.(hplIl, 

• Due' to the NP-luvdnCM of tb(" oplun.eJ 6Olulion , 'i\" decompose tb~ problem into 

two subproblc1n~ • Lmk··dut.unel boClecl lOU IWd power (or rSlC) allocation, ofJeriup, a 

auboplimal 8OIuLion 

• Finally, ..... e dcvt>lop *' d~tnbutcd traffic engmecnng HOlullon, where ench rorwiltdin~ 

rOUlff grf'l'(lily (:h~ thr lon).-opt.uUlun link-cluume1 prur(a) and rut .. allocRtion 

willing to minlml.-.e link/channel int.crfcrcu«, wid rougcsUon to boost up oWfRlI 

throughpuL pl-rf'ormauce of die network. 

• Tbc suullht.tion rCiulUl, (':XJ)L'TllncDtcd on ns-3 [511, show lbAt. 'be propo6C'd traffic 

engint'Crill.g met.hode outl)Criorm the tltnt~or·thr-art works in tertn.'l of throughpUt. 

d('I!\y. rt:lh,bihLY. fturncu Md C::OlwcrgCDcc C06t. 

5.1.2 Org~nhmtion 

Th~ refit or tile Chl\pter 1lI o~lud lIS rollOWl. Secllon 5.2 studies $tnt~r·th~lI.rt ""orb 

ftJ'K1 lhe SectIOn 5.3 0\'tTV1C'WI the 8)11tClu model And ftSStuUptlOns or the work . Th(' 

opetfttiou principia! of \.h(' prOJ)08C!d TE methods Me exJliored in SecLion 5.4. ~LH>1l 5,5 

pTf~nL8 ,h(' slmulntion l)O'fonllAJICC f'OIulLIJ AJld Section rt.6 conclud~ the Ch3J)tN 
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52 fUTA1 EU WOHKS II I 

5.2 Re lated Works 

Th., cognltlV'C rMi IO (eR) euabkod mesh rout("nl opporlutl","-l.C&lIy slilU't" I.hf' 1i(f11.'Je<i ~ 

SOUIct':I \0 lIutlgnl(' tbe ~pecln.am scarcity probl('m I\Ild It Ut of P-CSl imporlN1ct' to etfi­

r ient Iy fllloctltc tbe hmltt-d resour('('IJ to 1"-1 nodt'fl lU t h(' n('t.v.'Ork 80 ttun the I*rfonuancc is 

Incrca.')N1 EXISt lug 8pprotdlcs In tbe liler8LUI(, (1I;l,16rOO cbrwllcl &Ilocatiou witbjwitbuuL 

8Chcduhn,;. J)O'IIoX"r allocat ion or rouling dill. traffic over singlt' or multiple paliu 50 to 

mnt·.I.. .... ' 1111' n~ll1rl'(' lIlilv..alulll 

A ('hl\l\of'1 flJlO<'RLIOIl algont\un ba.o;('({ on ('hfUIltc'1 mnkill.#t runf'tioo. romptllro b&"oC'd 

on pri uuu-y 1lM'T fV'tivl(V durntlOll and I"rTOr rl\tco, l"l prnJ)ON'd III IIHI . i\ ('1U!ltf'r-ba<;(,({ 

cluumcl nllOCAtlon approACh 18 dC\'cloped 10 1051. where each clWitt'f laclid U' rt'2.ponslble 

(or hllo(,llt lll& non-lIIler(rn llg ch:u llIt:tl'l to if.s m(>mbenJ (ollo"'lIIg \h("lr Jomt perception 

IIc)wCVl"f'. these UpprosdlCb faU to serve the- rt'qUlrro flow d('lIl1'ul(l over t he fiClcctcd (or­

WA.Nliu« linb M IlIIk's t'trcrti~ O'p8('1LY is 4"J'VtT--t6timAl(;J by not undcrll\king the inler­

flow IIIt.erfercura and congcsliou conditions. A r~urt'e lLlIOCfttlOlI mtdll\nL'im, prorM:llSe<J 

m MaxTh (Dec:entraln;cd t hrougll.)ut nuwmiVl.tion) 195), l'IignifiClUltly nnproYftJ!'eI"Vice 

f'H.C of each traffic itov.· Wlt b lime mryms dCIDI\IIdil o\'('f l\ pr('-c4"Jmputcd eud-~end pAlh 

by lIlIuntSUJIIII& Aow ooll8cr~tion coostrnint 8l ('fI.('h router A.ud lUinunj7Jug the intf'rter~ 

cuces a lllongst t he cootcuding nelghboring links, Lllt~. La.grlwgil\u dUl\lity theory is 

clOpIO)'t."lr(1 to !l.et ft. dUitrlbutcd solut ion of tbe problem. However, the '1Se of fixed-power 

tranJ!;miS"~IOD wid aiuglC""p31b data delivt1')' iu MaxTh causes intra·ftow rontentioD Md 

t"Ong'C8tion alon& the ,)atb, which in turn dtg8dt·~ tbe ncttl.'Of'k lhroughpuLIH'!'(onn8Jl<."e. 

At I)resellt, CfObtJoole.yer op'iUlUalion to ut.iUze network f('8()UJ"OeIj to improve throU&h­

pUL pcrfonnlWC't.' III CR-W~rNlJ hl:\S wid~l)' Ix-eD btud lCd . Allum, to nnpro\'(' t ht co­

pXlStenc(' with ut her- I'U ,It!e~ (\lid en uctworM; Joint routing 811d duullwl 31I(1('&tioll 

~trl\tegy bss been propot1{'(l 1.0 193) tuld 1941 oorwdermg t he t raffic df'mand In 1931. & 

8Ourcc-UostUlnhon Pbtr c.:11~ route- 8() 8.8 1.0 uumnU7.e cumull\ti~ SU inter(f'fence IA). 

WlU'dt. PUJI in ,lit' 1Jt'\work through &tttuJyUJ.l( t he flo", denlfuul Wurk III 1911 &n~ tu 

lIIillillli~ tht' uUUlbt.,. of 0I)l·",tIll8 dIbIlUC~. A hjgb t hroughpul f·lIc.J-t".'lI c.J putb aJoug 
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f. .2 R£LATED WORKS 

witb (hannel allocAtion O\'t"r them co~d(."",, unr~ Md itlu;or-Oov.' mt('f(f'rf>nct'S has bt-eo 

deVt'.loped in 1101J. AU thCCl(> a/ort"menltOnOO wurkl (orwvd traffic' over s.inAI(' I>./\th; whic.h 

III prone to U)l£«(("renc(' Rll"f'CUI by both SU IUld PU, tbUb reaultl.Og in df'grRdt"d t hrough­

put pcrroruut.m:c . Und<'f" dynamic tr/\fhe comhtioll, they aL;o rw.:aI M'\"~rl' ptr(orms.nC't: 

rlcwoon,ioll du.' t ... litlle/path ~m~~cioll, fUI til(' rout€, IWlrctiuli IIll't'tmllil!llll)( III, lIul i,,_ 
rorponur willk lMd prfflCnl 8t ('ftt'h link. A~n. :.ins;lf'--pRlh dAtA forw,,"hug Itl'proacll 

ptopoeed in 1061 cOIlMdmng nl1ghborhood imfflf'1'f'nC'f' (using protocol model) , PU activ­

Ity fWd node COnltn.tlOlI , i.$ unablt to fulfill lht' QuAlity .... f-Servict' (QoS) reqUlfCment of 

de1AY 8CJl5itiYe lrNfic under TlUldom PU behAvior Heft> muh .. path trl'Lffic apliltin& c.an 

guru-ruttee packet. dehvery Ovt1' II.llemat(' palM und!'r liuddpJl cease of dllulIIels OVt"r bOme 

forwsuding pAths. 

Ccutraliwd RPprOftChes, opting to mAXimize n('twork throu~put by opportuuislu: lllly 

utilizJng bceU!lCd cluu.LIlels ill CR·WMNs. bAY(> ~n wrU-studied in th(> literAture. In 197) , 

the sp«trwn mM8fI;ement ~ is remonsihl(' to &ebedule A sct of Iink-('hA.llnel psu.r5 

and route Bow 0\'\."1' them tn [1001. A IleiIu:"C:I optunizft.tion fra.mcwork bR.~ on gmetic 

algorithm (GA) finds a ft"Mible chillmel allocatioll for each link whilf> romputing a sourCf<-­

d~linatioll rou~ that minimizes bedclogged traffic at ('I.\('h fOTVo'tu"dinS link to minimize 

co~tion. As the cluumel stale is highly vulllerflble in oogniti\'(' r$(lio n('t.work du(' to 

PU's random tuTiV8l/departure behavior, 1\11 existing ('bfUme) may become uliava.ilAbl(' '0 

a tne6h nooe' 5J)OrRCikally. finding a nMll.' II.lIorntion ~I\ltkm from a c('ntrru ('nl it)' Ifflds to 

an tulStable lI)'"!>Wm condihOo. 

Multi-path d"la (orwardinS aJ.)OW8 bight!f Dow throughput. ensureB rt>liablp datA dE'-­

livery and mlmrnius the ef(t'Cu of PU fUTival by 8E'lect.ing suitable PRth., and 5pectnnn 

allocation. Sourat' to dffllination t'd,ge-<ti1Jjoint. multiple paths ttre computed by a een .. 

tral cOlltrollL-r in [t»JI , when! the channel tlllOt.'3tion over llle links Cillrur~ Lhe lmlldwidth 

rcquircmcn\.zj or the tr't'ttic ftowlj. flt-ft', the c.'lIl-rnl t'Ulltrulll'r iucttnf lIuge wlltrul i.llfuruu ... 

Lioll (')CdllUl';(' O\'('f"hNUI A traffic- l'n,l(iUN't"lIlSt t\pprc)I.\(.·tl l)rUrKN'f1 ill 1001. tli!'>l rillUtivdy 

splil ftAATc.,;R.1M crafflc O\'M' II"'Ao;;t int('Tf('«'d rout~ to tLddrt'S8 tbt' Qt.s rf'quiTf'1llellt of each 

trnffi(' flow Ronll"' romplllalion and 1rAffic JiipliUIll~ ~ don!' by tbt' SOUl"('(' !lOOt' . Work 
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r.:\ sYs-reM MODEL \NI) ASS\1\WI10SS 116 

Ul (&II ~ a GA ba..¥d optlWWU dumnel IUld powt'r tt.1IOC:&lIOn Ae. Iwk·pbYblc.;.a) 

bi.)'t!f, ADd 6 lint'8.r programming (LP) ~I 8Uurc~dl"hnauon roulr II('I('("lloll at nct· 

work m)'f'f, GA·CO (Genetic algorithm bMed cr065 layer Qptimiulion). I\tminK to raul)' 

ItIlocue.,' tilt! CUplKlty of the IIf>L-work 81110ng ltlt' bt'l of l,'OUU"1ldlllg ''''''''1'1", by I118.XHftaUy 

"lIlisfyillA lllt'ir dt'm,ulIl ... 1I('r(', poWf'r rimlrlll OWf' tllp hnk!:' t'ulllrnll'i llU' ,.i ...... of th .. 

nt'iRhbm-hooci t'OlIlISiun domnin. ('wn1uAlly Ulinunl7:in~ mlcn{'r('n('(' W obtAm rirl' rNtUlrM 

rAte O\'('r t'ACh link In lh~ rI('hn;Jrk H()'A'f\lM'. undM' dyn&nic \'N)'lns now de1ntu~d8. pMh 

t\nd rbOUf'N'-ulloc.llllon (dllUl llt":1 nnd powM') ftTt'" nx"'Ompukd, lundt."ng the C'On\"er,~nce 

liOl(' of th., mt'CIuuJlsm to l"&lSt"l' un. tAbl ... J1itfd.(" of lht' n4"L ... "Ork Alit"!' "{Ort'1IW"RlIOncd 

worb c&tabhsh clJd..u)·(':nd pnhs Il)Il(lnS lIOur(,M~tm"'tlOn 

Our Prol>06Cd jOlUl. downstream hnk·('hl\nn('1 ~1t'Ctlon Alld I)()\\"('r IlllocAttou. for each 

forwarding node exhibits distin('tivt" ('.hfU'ACtoM"UllU' \110'1111(> 1U1i1I1I& to UlI\X.J.UUze tbe IIct9.'Ork 

throughput Unll.ke 8.ingl~p3lh dAl8 deth'f'l')" AI)Pl'OfLCh in 195), our work f!XI)lortS Ulwt ... 

path dSl8 dellvt'T)' lOWlU'ds multip&t' gl\lA"WJt)',., (CWs) 80 ".".. t.O lUt'rcMC tbe data tlO'A' 

throu.ghpu~. In (641. It n ,:quires thAt thp turr~t ('.hAADel AlIOCAtioDIJ over the bub IWd 

1if't or OOVo' dt'fUIUHlil 0\'('1' the nt'l .. "Ork i.e; fully ob6c>n'l\hlf' at fl (·(>Ulralrn.-d dl'Cl.\lon maker, 

which is often not pr3C:li('..al. on tht- contrtU')'. nur DOTE 8)'l!otetll explOlhl a.1Og,1<' bop neigh­

borhood iu(ornu\tion only to decide d81U routin« over mult.lple paths in a dIStributed 

fMhiolJ Moreovt't, tluher t.tum u.r;:ing: enrl·t,o-Mld potb b8sOO traffic dchVl'r)' upproach in 

l"XIIStlTl& worlus Igr.. 6"). tltls work coll4idM'S ho~by.ltop traffic Mlpnct'nng 50 as to ltOO> 

routlll, cl('t'ibaolUl bMed on Inst.lWtanooWl ruaottr('t" ft.VftiI8l)lIily And Lmk condllloM, The 

kf'Y 8lreng\tlM of the l'i'Op06t'd methods are ( I) hop-by.hOl) lr&ffic ens1ut-'CI'lUK. (2) down· 

.,tream link-ch&.nnel arlection considcnns PU idle probftbllitit'S. neighborhood intft'r('tenCf" 

IUld duwU8lnllll1 congart.M>1l slates ftSld (3) f'Ilt(' allocat ion o\'er 8(':1~led downstream Iink.~ 

tlint UUUCilUi~ lI~tre1\1Il How throu~lIput by l'II.'tUriu.~ optilllum poWer ftllo(,Rli{l1l owr 

lhc Iiuktl ~I 'III 1.0 l'uluwc"(' 1JI)8tial rcW)C . 
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5.3 System Model and Assumptions 

We coluudcr II dlreC'led p'Bph r = (V,E) ... " tb~ model or cogD.lti~ IllC2!tL uch,'uric. wLett' 

"ft('h V(.'I"lu I ' E V rtprCS('nts 1\ cogn ith't' metlh nodf" M shown In F1&. 5 1, prtHlIll')' uscr.s 

(PUll) and oog.rull\le radio-enabled seeondtU)' Ul!('r8 (SU8) lU'~ ra.ndomJ)' distributed in the 

&tUU~ rt.'gton We abo let k numbet" or nuU"'UW-r1nl>PIIl& licen.:,ed dULllnt'lH l\\'l.UI"blf' ill Lllf' 

CR-WMN.s for daLIl traul!ouuSlSiou , dCllolCd as C i~I '~' , \4.) 

5.3.1 Spectrum Sensing 

EhCb COg1lltiYe lU~h nOOt .rut bppOrtWl.l&lt"3.Uy ftC('("M idJf' pnmary chAllOt'''' to tr~mit 

It..'l l)nckets, Locsl chauuel 6V3J18bility eM '* deu'f'tl--d \13ing one or th(' difft'rt'llt !iJ)f('trtlm 

t.Cusing mecll8JUlSlUt namely coopt'rative 811t1lloll'«'oopcralive sensUlg. In non-cooJ)("rfttiVt" 

!Cu:sing 1114. 11:1, 1161. t'scb SU reU~ ou its &Ole effort to detect the presenCf" or 1;\ PU 

lrlUWlll:!.'llon on .. part.lcular $p«lnun band Tv.-o mel bods Wf'Te propotiC(i in Iiln3ture 

to drtt"Cl the ptal(':1lC(' or a PU t..f'tW.:I;nUlS&K)Q without. an., rorm or C'OOpM'Alion btt.,.ten 

• t' '. . . . · . · . • • 

0 '-., .... 

., .. , " · . · . · 
.' . . : 

• • 

. . ., ... ...", 
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SU~ ADd lh06e Aft" (>Oer&,V dt'l.toC'lion 11 14, 1iSI and Sllto&l restUff' dM.eClion (117, 1181 

U5111& thf' energy detectlun apprtNVh. an SU C'Onciud", ,lll"." ul.'1gbbonuA PU IS rccclVlllg 

on a particular flpt.'Clruru band Ir" weAk PU NgnN (the sagoAb C'l1ergy U5 Ilbtn."t" ttrt.aiu 

11~r{~hold) i& dt'lecll-d ul the SUo Tht'M'(.'oll.d II1t1.hotl u,:,{'t! III IIUu·co0JX'rlitiw 5Cllblll& IS 

l'olgllill r,'alurl' d('h't"tioll UlIi u.ll. tlii.-lIlW111(lti . lUI SU ICJoloi ror *)111{' ft'ntHrl' in til(' "'('rlv(,1 

t'IJtnal tn ronfirrn thRl It '" C'OIIllIl~ from l\ PU 111~ fl'AlUrf'S JUC" Il'lunUy modulRtion­

dependent . 

On ("ll('f hl\nd, roopt.'TAtlvt" ecn,;inK 1119, 120, 121 , 122, 123. 1241 allows SU8 to ('1)0-

"P"1''''u.- ft..ud eOllfIQUdalC I heu 6pc'1"lnun .,.n\!llll& t'fforts III order to N·Qd, " mort' ~Ur1Lt~ 

rondu.'lon Ahout IIIM.'Ctrum 8ViUIab&lity. Thtj "I>I>rOACh of bl>f'flrum 1oe11SIll~ comer< I'L.~ A 

solution to a Oll\jor drR.wbn.ck of non-<:oop(!1"I\llvt' !;clusing. lob"" IS the rff('('t o( thl' hidden 

node problem 011 tbe JCllSUI.g outcome. l! th~ SU which UI currently !Sensing tit!' spectrum, 

noo-cooJ)t.'T"tavely, is bidden from tbe PU trlU15tnltler, it will not ~ Ilhle to det('('l tbe 

PU ,.agu&J Thercl'ore, tbe SU will couclud~ thllt lht' correspondm", ~1)('('CnJln bMd is 

\lRefUlt, IUld fitN'l llAlD& illlDd coosequt·tllly bAl1l11rtg lht' PU rf'Cel\'et . The MOOt 8Ceu&no 

IOay b8P~1 due to shadowing Such ~arI~ con be twoidc.'<i if SUfI I.~te- wllb 

each other to e&t.nnale 8Pt'clruw stAtus ill$tt"ad of mdf'peudeoely doinS this ~timation on 

their a..'1'I . COOJ)cratavt' I5CLl.Smg cau be either dl3tributed 11221 or rentrl\lilt'd 1121. 1231 

In Ihe distribuwd implemcuLalioD, SUa t."XdUUlgt! their personal 5en..tiing OUlcoml'5 over a 

Common Control ChlUlJJ(~) (CCC) (12511Uld tben UM' Il certain etltlm3tiou mooel to map 

8.11 rtCt1V1!d OulNnHlllo a final decision &boutlht* lttall1.1 or 'll~' corrc"I>ondins spec1.rum 

btuld In tbe t.tntr8!Jzro lIuplewo)l&lioll, on tht· other hand, all l)('T'IM)n&.i SotMing out,. 

c:omaJ ~ &enl. over a eee, \A) a ()(':olr!tfu.cd ('nhLy where "h~ decwon about sped.rum 

.t.8tllll ia made and t beo 1K'Jlt. back, again over t.be cee, to SUs 

5.3.2 Primary User Behavior 

Si~ lht' &fl'f'CLruU) perreaV1U& mttbOtb &Ie!' out of the I'iCOpe of elus work, w(, &-bwnt' 

chaL f'8Cb CR-enablro roultt Cltber uses a dedinloo interfACe for duuHlel *.'1l!§lu& 11261 

or t'Xploltli roGllt"rlltl\'(' ~.'lWIlg tt't'hnique 11271lo k('('p a t('(!Ord of PU,' klJV1ty in each 
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httllSf'd b&J1d R~lh('r than lL'llng lm- InUanlAll<'OU!1 PU bebAVlor. Vt"C comldcr hlM.oncaJ 

$(·W'IR.g did" to «Unl-.ute> the chann,,1 idl" prol.N\blh1.)' wh noot· I' n)IL"ldrT5 la.-;t. h 

number or M'II:oJWS iu1.t"rvrus 10 find lhp idle probabilJ1.)', n~, or" duumrl \ E C. lA>t lhe 

dl'\"lblOIl vlU"lubl~ Pi) l"(Jmnill$ I ir the nod .. ., 1IoC"11b('21 lhe chruwcl " kll,' In I-th sen. ... ing 

1IIt.,·rvnl. IUld 0 utlll""W'j. .... TIII'II , tht· ~ l lIluu,·II~II .. , llwhnbility ix "UIIII)IIII"I1 a.'1, 

't""'''' ~ I 
L.t • • PC'" x , 

()~, =- ~II l 
t.... I 

(S I) 

Not~ lhat. the ('akulAtwn or o~ &1\'\'S bi&h('T ... -clght.lt LO tht" I'tC.'eUt datA compared to 

oklt'r M!1lS!Dg n",u1t~ wnJ thu"o" it {'1I8bl~ mort" relil;t.1>l~ clUUllld IWl''thcliou uuc1cr raudolu 

PU bt'l'l'lvlor 

5.3.3 Channel Cal)acity Mcasurcm(,llt 

When t"'O nodctl tlluul tI1lV" Wltbm lTRWUll..ISliIon o\lIg(' of eocb otbt-r IUld CQmmuniCRtes 

Q\W 1\ COIIHIIOIl rhfUlIIcl ( E C, we cotISld('r Rn ('Clge (tfw) E £ bt'lW'f'f'n them. Th,. 

LrftJlSmission .lOwer Pc-,. bounded Ul Olf:> nul~e (pm"'.r-'I. owr huk (t'1.l) open\ling 

on ('haunt.'! " l'l dYlll\JlIknlly ChCl5CU to a.chlC"·c " certRin dRta rt\(t' r(~ .. )' dt'jX'nding on 

link ', !<oj!Pl81.to-II0Lo,t'-J>huriIlLc:rfert·11~ r"t lo (SINn) \'R.Iuc.>. This rat .. tg (,OlUput.ed using 

SIIIU1flon 's et:IUllIiHII (l28J AA (ollows, 

(5.2) 

\\'ht'Te 0 llt lht' duumd bandwidth aud 1'(,-:') i.IJ (h~ rt'Ct'lv('(1 SI~R . ('RkulRtro M lL'Si"l 

Eql2 

In order Lo m&xiUlaUy fulfill .. be a.grega\oo c.rrillic demaud at. ench router tJ E V. Ollr 

work rocUl\ 011 aeledlllg onc/more dOWIIS'('~aJ:1I hob 1.oward ncxl-hOll, fthmg wnh chaJlnel 

Md ~'er allocotlons over tbose, as sbowl1 tn Fig 5 I We l\li6t1Ulf:> that t'cu:h rooter 11M 

l)rt"'roUlI'Uk'tl ncxt. ho,_ ul'liug umlti-pttth rou(iug alxutitlull 1551. t.o fvrwlU'tJ tlMTt"gtlk"C.i 

(rnlfi(" towl\l'd Ih(' Ant('WllWI. LM. 11(, .. , denot(, " Iillk-('hfUlfIC'IIL'll(igrml('fl1 .-t,..d.'1ion "1U'il\blt' 

to ChlUlVtM'17(, Iht·IH"MISN:1 channd a"'IU~u"'1It. fur link (vw) , J( ChhlllU'1 \ IS nlloc'ntrtll.b 

link (1I1tt), tlwn .vi,"", I, OlhCf"Wtbt' O. 
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5.4 Proposed Traffic Engineering Methods for Cognitive 

RAdio Mesh Networks 

In this section, W1' first exl,lore a ttDtrl\lized TE method thAt. optlUlIilly M!1et'1$ link­

<"111111111,1 pl\11l1 I\mj po-".',. OWl" tha&e (or I\ll fOJ"WlU"ding rC)\n~ III the network Then we 

devclop ft.l!lub-optitlullsolulion or the M.lllt \dh" LI'lgrMgiM dOl,1 dC('olllposition met.bod. 

FinNly, Wtl: develop .. d.uilnliutoo TE w('thotl, whl'f(' cRCh router &r(.'t'(lily t'IiOOfle8 th£> good 

1)f1'(ormmg huk·du\nnci plUr(lIi) Md 1I..'\.51gtUJ powtT on them tM) thAt tli€' ovt'"1"'ft1l throU8hpm 

or the nt'C\Io'()rk eM br enhanced. 

5.4.1 OI)Limal Traffic Engineering 

Consldt'rilll the fIMI"('g&tC'd lnffic demand 111 th(" 1Irt."'Ofk. Wl' (OClUJ on rwding a tid. o( 

do .. -nst re8.Ul linb (or ('&th forwN"din,; rollt('r II E V. llIon« .'ltb sUlt3blt' duwl)('1 ud power 

(C"Of'I"1'Spondmg rale) 3l10f"-3tions over Ih(Om to IIlllXlmi~ aurcsau!tl flow throughput.. 

Let, 'l:/e: E V, " 2-dilncllslonl\l matrix, til_ = b'<tIW,l!C:IX!Cj •• ,I' fl.Or(':8 the llra.k~b&llllcl 

ftSIIJipuuent status for eACh downstream link (vw) E'~ Again, we let 4111 = (pt_») be 

tlar \'('('tor holdins the power allocation illronnAtion on .. &ell of the se::ll\-'C down:slrel.UIl 

Iinb (111J/) E C~. It is obvious (hat. ror 80y link (mu) E C:., ir Y{IItIl) - 0, tbeu p(uw} will 

.uno bt"c O. 

WLi.le Ilcll'CLu~ dvwu:,trc.-,~ulI lillk..'i, the hub om'rinS lugher Lmit ut.lht.y vaJtl~ me pre­

((Tn'tl Wf' (,0111,'1\1(.(' til(' l'.Xptrt('(lutility u(!.,) of" link (t.w) E c.~. ror 819\'cII cluumrJ 

, 1\11(1 IMJ .. n p by 1·(lII1.id(·rin~ th", "ittl", ptllbabilit)' ()( dw rhlUHlt'l (o~). the fUIIOUUt. of 

Intmt"'I'Cn~ prfflMll on the link. and th ... d~ o( fflnAI"f,.I\on exp4':ri('n«'<i by the> rorrf'­

spondlojt dowustrt3fJl roul(T k E V. "r1le I\mOl1nt I)( ('onl!;~tion pr~rlt Rt downstrf»UJl 

node k r~triet.ll tile canespoudir1& up6trtfl,m nodl'lS to fidju.&t. thdr forwnrding rAtes. Thus 

the nchievablr rftle ot endl ront'l\l"(ling routt'r, r(!." itH'ompult'CIl\.; in AI,;orilhm 2, ... hi("11 

inC'OrporfttC'8 thf' affects 0( intuft'l""en~ Rnd ('OogetlltOlJ pn:~lIt 011 th(' hnk-chlUlnt>l p8.i.r 

Tb('fc(ore, t.b(! ltnk utility is computed 115 folloW1l. 

(5.3) 
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.'~ 
wht1't:. f:!o) ,laJ and PIli-wi = ::=.' (Ut' rt':'opt"C.liwl),. tllt" nOrllUl.hlA'ti ocbJc1."'Ublt: dilla 

ml", lWd IJUmIIll17.(,,1 allOOlt(>(l traw.tuL'llIOU powt'f nil tbt· I.rn.k CI'UJ}. lilTf'. It link will 

pr'OVlde tht· hlKh~L utlht), ,,'1\luc (OT R dHUInel exhlbltUlg thE' hlgh4'jjt Idle' pmb1Lblhty ll10ng 

with lIe1ng len.o;t inte-r(('nod by 1If"lghhonng ooncurrl"nt tr1\l150\l5610n8 And eX'JWT'if'nting 

reduced dowlI.slre:un con~cs.llnll, 

Now. (or eoch (OJ"lllN'ding router v E V, we &cek to find out lUI op'lIu&ilink-<'-itllllUd 

ASblgnmcnt (+ •. ) IUld ('or~ndins powtr AlIOC:Iltion \1'('lOr (~ .. ), lIueh thnt thC' upstTl"aJU 

Ag,grq:ftlOO ll'l'lffiC demand is ml\Xinwly (n1611OO by ApUuing the lnufic o\"tt 1\" m06l 

m ~ 1L:~IIIUJnbt-r of down .... tream 1mb WE> IW't Ib(' ,1'lJ1It' of m eJlbcr by (bC' lUlUUmWlI 

numlx!r' of oU1Soing IIUt"1'(A('eS of 1\ m('5b mutt'!' nr by lht' mwmum r)3lhs tillowcd by 

tb(" undcrhut'ti muILi.p"1 II routing proto<;Ql Th(" latAI tltlhLy or nooe v under such an 

"'lOCAtion is compul'-od AS rollows, 

U,,= (5.4) 

T11U~. tbe uuxed-mH."Kcr nonlillt'lU' prognmnling (M"U'\'LP) oplmliutlon proble'tn, rl'­

({'f1'(!rd AS Ceutrfiliurd Ophm61 Traffic Engintcring (COTE). eM be formul"too M. 

arg max 
••• 

yi-l E (O. I) , V(.",,) e E, V, E C 

P""" < p' < p­- (-) - . 
o ~ "f_) ~ rC:'. S r"'4L. 
L "(Ul') ~ L rtt.,.,)· 

( .. ll)f c: (~ .. )t '+. 

LV(twl ~ I , 
<or 

, .. < <m 
L..J ~( I'II'I - , 

1' .... )(·. 

V( • ..,)eE, V'EC 

V(.",,) E E, V, E C 

"It) E V 

(56) 

(57) 

(5.8) 

(5.9) 

(~ 10) 

(5.11 ) 
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where. '" - Ul-{, v"'.' and • z U,," y 4> .. Iln", n':Sl)f'('tlv,"ly, tbf' bnk~hlUlnt'1 AS.'§.lgnmenl 

mA.lnx aud 1)Q'f.tt hlloeB1ion vector glubfl1 rur the enlu-e net",..,rk 1111~. lltf' obj€'('LiVt' 

runcll<Jn in Eq (:;.5) Rim", lO find out tht' '" Ilnd ct> \'J\Ju~ th8t maximizes the tnull utility 

(or ~I nod~'t; III lll~' 11t1.\\'ork 

TIl(' t"ulI~lrnlllf (!;.fj) ('n!mr~ dIAL thf' Iillk~rhIllHl('1 Jl.Noolgm ... ·llt vnrhlLJlt· nUl 0111)' ,.,-,1<t· 

"vnluf'orO or I "H"lrnn."mi~ion pOWM' I); ..... ) 1\l1000fl.uvI O\'l'r 8 huk (tlw) E E is boul1dC'd 

by [pm,,,, p"tall, dt'pl4"tM ill constrftint (5.7). In order to ruinimil:(' d0WU8tw4In congcsUon 

Mid nelghbonug IPtentTen('(" the dMA n\tt' ovtr ('J\('h hnk. the down"ltrerun IIIlIt mtt' r t_) 

as 11I111U!d by "jl-:", "nd r""", us f'nMHi<luN In ('OT\31nunt (5.8). C..ol\5trAlnt (5.9) staler 

'hlu the outbound traffic cannot ex~.....:...t tht· IIlbouud tra.ffic At eAtJI forwRrdlng routf>f 

U E V ConstrAInt (5.10) rt:lotricC-$ tach hnk to be A!:&I&1IOO at most onc chnnnel At 1\ timf 

M 1'i\C'h router 1.11 able to ~pht its "Weg,.at4.'<1 UPStJ'e"\1U traffic 0vt'7' At mMt m number or 

l1lulttpl~' fm-wnrdCfll In order 10 trumuuu- the intcrf~'Tt'tK:C. COIu,trNnL (5. I I) i.!. imJ>C)6ed 

rOC' e.'f\Cb (e1\.'t.ible "UOC'ahou 

Now. bOlut,on 10 the COTE problem becomes M mtrlK1.ablr Olle ror IIIcreASiu.g number 

of nod~, hnu, clUUlUcb aud power/rote k"'cis. We.' run tht' abow objr(-hve run('tion in 

NEOS 01""",,,,,,"001 .. "vcr (2 Intel XCOD E&-26981\2.3GHz CPU.lUld 192GB RA~I)llo.51 

(or givt'n 20 bU'~pf!lhOl8 or t he network ~lJvirollln('nt, describ(.'(1 in Sc<-tion 6.1, aud find that 

It rCCllute". 011 lUI av('rtIr.gc, b(.. .... ~ra1 hundreds o( ti<'OOuds ror 25 nod.", p.ftCh with t\t most. 

I Intt"r( • ..ccs., 12orthol\ontd channtls lLlld 8 dlfft'Tl'1lt dllta ratt> I('\"eb Thu.s, tbt" objt'Cti\"C' 

runctlon in Eq 5.5 win Dot bt u..:;cl'uJ III U1AIIY practical applicatiOns 

5.4.2 Su~optimal Traffic Engineering 

M the I"efLl..III»e solution of COTE IS ortell UUpmcticRI , III this5C.'('lIOn , we W'tf'(! moth1ltOO 

I.() UM' dUAl d('('omposltiOIl mtlhod 11291 to ~gr('IV\lt· the jomt problem of COTE !Uto 

multIple !Subproblems t;O (t,/j to diuullish th(' ('omputatlon complexity. W~ then pW8t"Ut 

e.lJ\orit.hr~ t.o to()h1! llu" subproblems lltst gi\'('$ "ubolHunal "<)Iution, rererred M «"Iltraln:oo 

Sub-OptuJULI Trllffic EOtpua.'rmg (SOTE) llJ)pr06Ch 

fn nrdM' to dl'C'OUlpo6{' COTE, .'t'reIAX tl1(' f.on~trRiUl.'" in (69) (\lId (5 11). fWd then 
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derive the Lu.grtlngian funelion M (0110'10'5 ' 

L(!lt.,..) ,pt ... ,t)' ,,1 . .\2') = 2:U. - E).~ { 2: rh""l - 'L rc,,". } 
\'E V vEY (t ... ,)E'If. 1,,"IE ' : 

L~~{( L U1 ... 1)- m} 
II( Y (.,.IE fl. 

= L L "(~l - LA,' L r(,~) - L~ L Y(,wl 
IIEY (_)f: + " tltV (C'II')£ "' '' IIEV (_)E"'. 

+ L"~ E r ( .. II) + E~m 
I-E Y (",,'E': t'E Y 

= L L {"i:::' l - ~~ r(.el - ~Y(.wl } + L ( L ~~r( • • ) + ~H 
IIEV (_ )E"'.. ~Y (,,")fC: 

= L r L [u<~l - >-:,r(~l - A~Yl,wl } + { L ~ ~r''' l +A~m }] . 
, ·t' V ~l-'Ul) ( + ~ I". ){. c.: 

123 

(5.12) 

The duAl (unc.1.ion, 8().1, '\ ~), can b~ clllkulatoo by nu\Xirni7.iug till' l.b.grt'"gifUl fun e-­

tion ft.'J follows, 

t ubprobkm I . 

(5.13) 

As hlghligbtc.od 111 Eq . 5.13. the dual funct.lon can be: CXPre$8(.'ti by 1.-1'10 Ul':'JI.OO I!iU~ 

problems: power n1local.l011 Ilnd Liuk-chauucl selection . III addition , to 6nd I.IIC ... ruua; 

of the LAgrl\ugc mull.lphers, 'We Dl.'t.'ti 1.0 ISQlvc the dUI\1 problem tbl\t minitub:a; the dU1\1 

(unction . Whl\t (oll~ next . we prCSCll1. 'be solutions of I.hc subproblems 1 I\.ud 2. fUld 

'he dual prohJem 
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'dTWOtlKS 

5.4.2.1 Subproblem 1: power al lOC8tton 

Til£' flO'M'T 1'\I11M'"Ation &ubprobl£'m li\ drfilll'd for rlVh hnk (vw) £ 'lit' lhM 11M IW"M'I 

l'o('h.'C."tf!d (or etALI\ lnUWlllStlon . I C. Me ..... I;. I lI f"rt' , Wf' et('('idr tilt" lrnn5mlMiou power 

p(W*I')' (or thl' hnk CI'W) on rhan nel , by r;olvlI1g subproblem I (<<,Y('n below), when t he 

Imk'"<'lIft1lnt'l "NIi~tl m(,tll df'('15ion, 11( .. "-1) ' fl ll .. 1 lht' Ltw'fulg(' multipliM1i (I C O, A' IUld A1) 

are «SYftI 

... 
Pm." < p' < p­- (- ) - , 

o S r ( ... , ~ rr':" s ,-fOWI 

(5.14) 

(~ 15) 

(5 16) 

" I 1"(,,, Ph ... " I ("IOt(' Lhe lM)IUliOu of tli€' ()1J~'CLI"'t· rUUC"t101i (!i 11) lhllL n" 'rt..~,·llLl; lbt· 

111)lilllal t.rtUlkl ll i.""iQII IXI .... 'i·r (Jvt't" liuk (tm,). Mit II t ill." lilt' .,vt'TR.l11 "rull~lIl'lil 1M IUl\XIHU71-o 

1\1'1 IIii' prohl(,111 ronlllllall"l l In £ca. r" I" I hrclU,lth 5 I ti , 1lf R ('f}IIWX UJllillli~.l\LtOl I pwolt·1U 

*,lId hM n lO.ln,..(' ,.-.ruM vn.ri3blr. 'A'f" r .. n dmvr thr .. 'llInr of Pf~) by uAmA biSN'tiou 

mechod, M in /I:JOI. 

5 ... . 2.2 Subproblem 2: Unk-ch1UU1t'1 R..'1Signrut'nt. 

GI",oen tht~ OI)tllnulU "",11If' (or flubproblclU 1. subl>rOblt'nl 2 " (ormulntoo 1.0 find the Iink­

cluulU('1 ru...-.isnm~u nU\Lrix . "'t" (or noot' lit sum t hat. t ht" 00<1(' ut.db:Allon ~ lIu\Xlmizro 

~o l. 

a.rg .t\8JC 
O. 

~I_I E (O. I} , V(.· • • ) € ~, ' E C 

Lyj ..... l S I. Vet·u.) € ,~. \ € C 
, ( C' 

(r.11) 

(~ IN) 

(" 19) 
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We! find • 8ub opumal 8I)luhon to subproblem '1 by USIO& lbt" gJ'C"f'(ly InfO\ hod Ilr~ 

po6ed In 11311, where ~ )et 'It;(.).' ,.).7) be .. htl IIOluuou Abio. "'C 1ft. p(:...,)(,.\I, .\2) be th~ 

aoluhon tu tl:ubproblcm 1 wheo the Iink.-chlUlneIANs!.gnment. mAtrue IS +;,(.\' ).2) . 111en. 

~:. ().I • .\2) and p(:",,)().I. ).2) lire t ill' oPlIIIIW liuk.cJuuUl(» ~igauUl'IlL IUl:llox lUid the ()~ 

&ima! ' I IUI"m iMiulJ (lOW\T 1\11IJcntillil VI'rtor, rl'l\JI,'(th~' I)', wlwII (hI' LfigrlUlgt~ lIIultip1itTl' 

>.' Aod .\2 nrl" giVC'll. 

5 .4 .2.3 Dual p roblem 

Nt"Xt. ~'t defin~ tht' dUN problf"m of th .. pnmfl11)robl<"nI of Eq. :Ui IllS follnwtt 

Arg min 6(.\ I • .\1) 
11 •• " 

).1 2 0, '1vE V 

A' ? o. V(,·.,) E E 

(520) 

(5.21) 

(5.22) 

(r..23) 

Due to the ht.nct cOIl4:UVlly of the prlllutl funNioll, i~ dw\l dcfined til F..q . 5.20 i.-'I 

llifftTt'ntU\ble. Tll\~, t he gnwlicllt of tJu~ IAul\JlgifUl function L. with 1UIpect to )., Md 

.\1 I\N' oompu(oo 8IJ: 

(r..24) 

(5.25) 

Next, we Apply t ile gfad lcut prOjOC"tloli method {1321, to COlUl>utc tlte Lu,grwlse lUul~ 

llpllers Ilt'ffttavtJ)' aM below uulli it collvergC8 to the oplllnru solution-

[ 8A'] + l'(, + I) = A'(I) + d(l) al. ' (5.26) 
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\:.,"WOItK." 

[ 8),'] , ).'(. + 1) " ).'(.) + d(.) ilL • 

126 

(527) 

wht'ff. d > 0 tJi, the gmlhenl. bll:P 5lu, and 1.1 * ct('nc)u,"" tlla.c(O • . ). If th~ &Iep A1%C ~ll~fio 

d(i) > O. IUId L .... od(.) - 00 atld r:~Od(I):I < 'Xi, tht" Yl~u(, of ll(.) ,uul X'{J) I\fC 

,I(\1h.raJll«'<i u) couverge t.o the optlwld wlUC2I (ll)" "nd (l')" , n::&p«-tlV1·Iy. Allcmlttlvcly, 

If 'A't' use tht" oonMl\uL step S.i7.e. ll(.;) IWd ,\l(l) will con~r~t" to "'ililin SOfll(' M\ngE' of 

(l')" and (>.')" Ali AI{i) and ,\'(i) COII\·t'rg~ t<l tht" opUlnaJ Law-tmge muhiplitr5. link· 

("hsnntl sel('('lion m8lrix, (1';(,\1 , l2) . I\nd the PO'A'l'f Rllocfttion \'t('tor, p,;")(,\I . A'). Also 

COJl\'tf'S:(' to tht optiuUl! !IOlullou~ 

5.4.3 Distributed Greedy Traffic Engineering 

nftl()urc(' allocation doveD by auy c;('utntl l"UlltroUcr requires global informAtion about 

the net'lliork. ThAt 1S. sJJ mesh roul(!rJ nC('(1 to <,onuQUniCale the!.r local information 

t<l lhl' ccnlre.l point. causing slgtulica.nt rouulIWliclttlon overbead and ortf'l1 i, l)f"C()wes 

IInp!"8<'hcai : e6fX"t"lAIly ror ncl.woru wllh largf' numlwr of nodes 111('n"rnrc>, " distributf'd 

Bnd Ij(.'N"ble IOlullon ~ lughly dl'tilrablc 

In thig ltl't."tiOIl , we develop I'l Dlbtriulltl-d Gn't.'dy 'n-I\Jtic: EUgilll--.'rIllA (DCTE) ~lt.·lIIt.' 

tllnt radUtl1lt.?I ("iLll .. forwl1n1il1~ rout-('f tu Imh'pc'lIdc, .. lly dt'lc'rlllhll' thc' dowlI.'IlrffilU Iink­

dlltlllll'l l~ifQ IUlt..·1It aud power allonlliuu 80 tv< til mllXimi1:(' flow tll1'II~l.pUl . \V1 .. iI~ 

romputmg a f('nslblc link .. dllulUCI a.it-Ignm('tlt, + •. "' roU1M" I ' E V l'lIIphMi7('S 10 pidt 

~oorl '1Ul\lIty hnk·('h8.nn~1 pa.1r(s) .... ht'ft> tilt ~ .. 'f'iltht of fa Imk-('hrum('1 fULlr 18 a.."81&Jlf'd 

cowudering thl" amount of illlt'rferen<"e 'md cnngestlon P~ll on It . 1\1 'W't"1I I\S the idll" 

probability of the &e1t'CtM channel. Thus. fIlCh OGTE routeT II \lM:lilh(' rouowulI "'eight 

plU'l\(netkr. I'~'" to quantify (h(' qu3..lily of a hnk~hl\lInt'1 p,ur 

(5.28) 

where. r(~i'll) = ~ IWd rl~) = ~J Me, m.pt'('tl\'ely. tht." uormfLliud \/lllut=!. of 

I\('hiC'Vflblr dl\t" n\\t' III nummuUl \rrul.bfl1u;.>.IOII IMJ1It'(T ,,"'f! Md offfTf'd rAte (;It) the IUlle 

(1!1tt) . N~ 111lll tht' \'RIu ... or J.I~k 1i~ III bct·" .. ·t~"'l 0 to I . I\nd it l"Xhlbl18 higher ,'l\JUt!8 for 
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s .. 7t'\\'ORJ(s 

Algorithm 4 OCTE l\t any nodf' II E V 

Input.: EW{"")EC= r (,,"); 1 .. 1' G.'III) ' V(I'W) E c~; n~ . v\ E Ci ff' 

Out.put: IJI .. , ¢I, .• r(t..,) 'Ii(l'W) e ~t' 

,. Init.ializat.lon: +" 0. 'JIll - 0 

'z· Cmnput(' t-It_). V(trtt.) E- C~. V ... E C,_) u:.inl';: 8q (!i .2M) 

3' Compute AI! ' P(A.,.) 

I fort . 1. '1 • • rullo 

S COJUI)Uh: 1\', 

6 11 = arg max( E{t""')( l 1-'( ...... ) 
, E NI 

7: (orp E Pdo 

8' If (Et'''',b r(t~"1 - L(,,")(C:- "C., I ~ 0) then 

9 III .. - tit -C-" S PCtv); 

10 go to linc (17) 

II c ud" 

12. end for 

13. elld for 

II if (+" ., AND ~Ct 0) then 

I~ "' •• - 1/. ~.t -",-~ 

IG end if 

l2; 

gllOd Qunllty Iink-C'hnnnl"'l pnirl't. In n fPJ".',ibl(' 1\.I1OCl\tion, nt fIIMt m numbt'r of dnwn .• \trrnlll 

link~ I\N' allowed to br, IlCth'e (i .(' .• L ("MI)E ... JI( •. UI) ~ ru). Let At/ =- c.~ )( c... whC1't' 

('ft('Jl ('IMHMlt 0 e A •• containS All individuAl chl\nllel ,,)locAtiOn over A. dOWIL'itl't"run link 

(t.u.) E ~ ft,lld the cOrn!l6pooding J)O\"er M:."t P(A.,,) oontl\lIUI All pofitiiblf' uoup& of hnk­

d,ftnn('1 N)blgtlme'll18 OWT till;' Sl("t of drlWTlstn';un linlo;. }-rom P(A tt ) . w(' f'xtfftC'1. only 

Iink-duulIl('lll.S)ignment groups b(lving Ul ur less numhn' of dowo1)tl'('JUIl links And Ilut 

tlwm in rorr('t{f)OndlnA ~ K , • K 2 • ,n". (in line 5 of AIxoriliull 4) j\Jld omit dUI\lkat(' 

J\.~lgrun('ntA. We now uUc:(" lbe group of IUI.k-eII/Ullld 1\.~IUll'lIl'l; thAt mAXilJliZt~ tht· 
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~'{'rllli trlUl... .. wission quality (line 6) and try h) hud opumaJ J)Q9o't'f .. UOC'fttion O\'('f the 

.!!oCt. of link-channel pain (lineo; 7 - 12), (uw) E <ii,,, 50 &b \.be How COI\.Sf'r\'I:\lk>n ('ollStr$int 

i& 88tis6ed (Lin('S 8 - II). Finally, the tolal up5lrcam lrliffic is JlI,lit ov("r the Mlectffi 

dowlbtrcWIJ linb pro)'M.Irtiouatc to tbl'ir capacitlcs (hUl' 17). Uov."t."Vcr, wbl"u t bl" DOTE 

lx"t'01U('~ IIlntbl.-ln fillil II (('MiLt{' RllocTl\tinu t lillt (liLtilb tht'upolrc'HIII dl'lIl1U1d, II grl't~liIv 

S('1A:ts "' u mid ~t· dllu maximRlly AAti. .. fy iL" rrqlllr('mrnCA (linNi 14- 16). 

Alsonthm .. firstly rompUlt"A thr powrr ~t of the set A". peA,,). in line 3 Here, tbe 

romplt."X.ity is 0(2IA .,). Then the- ftlKorilhm It{>f'Rlcs aver linrs ,I - )3, which hR8 complexity 

of O(m . P). Th,. reit or the stfttt"mcnts hll\'t' constant urut tune eomplnltletl. Therefore. 

lhe -''OtS\.oo("8Se COml)utl\ll(mru complexity of the I\)xonthln IS 0(2IA• I). 

5.5 Performance Evaluation 

In this r.cctIOTl. W~ tiludy the perfonnauceg of COTE. SOTE. OGTE. ,,,,,(Til 195J and 

GA-CO {G4J III ft dis(ffl~"ent network 5illlUll\t.or 11.5-31511 , fUld I>r~nt the dlSCussion:s 

on tbelt COWpMl\tlvt! ~ult8 

5.5.1 Simulation Environment 

Tu c\wuule the effccliv(,lI('M or our prop~'C.l TE ttppruu.c.:..iJt~. W 011 MUluluLiuu expert­

ll)!,:Ut..If . -.'t' c'lItl.'lidcT 1\ Nl"til" IIlc"h UN work wilb rtf) CIt ... ·uH.hI(~ uode'!' (4ft 1H(~b rOUI ('00, 

and 4 Wl'c'way:o) clC1llc.yNlllIcironnly ill 1\11 tu'ffi of HKlO x 1000 In' fNIl nCMI!' b ('Quipp<'d 

with at OlObt four IEEE 802. lla inH~rfl\Ce8 And eACh iUlf'ff~ is able lO ('ommuni(,8te us­

Ins Olle of 12 8WtltLhl(" orthogonAl c:hl\nn("b _ Prullary nodes t\t,o rollow " unlfonn rAndb", 

distnbutlon owr the ~un(' resion And we vru')' the IIIlUlber' of octh'c PU8 in bcl~U 10 

/\tid 20. "Il~ IHllcsmi~ion power of 1\ mesh rOlll.I."" flUitt'S from lam'" to lOO",W taud tbe 

tJ,mmw.u d"u\ rl\le ~UI)porled is 54 Mbps. '111{, {'lid WterS. altRCli(-<i wllb oo,~ rout.ers. 

gml.'Tal~ ('olll!llanl bit fAtt' (CaR) traffiC' With" 1M\Ck('t site of 1000 bytf.'S "lid trflllSnut. 

lhroug.b UOP oonnl'('tioll8. TIlt SO~ are sc:1('('lc..-d mdepcudcully at rllndom for each 

SllDulattOll run "tid kept fixM dunug Lb~ allllulaLlon pnlod , AU dRlR trflffie 18 8m,·t.od from 
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the edge rou~ toward t he g&tCW3YS Each node roml>ULe!i the bct of II('Xt !lorlls (i c., 

multipl(> paths) towtu'd dl':Stin8tion glUewftys lL .. ing, MP-OLSR (551 routmg algorithm 

5.5.2 Performance Metrics 

Wt' bave ~ foUowing mMnc:s for the ("ompl;Uslive pcdormancc aualy:;lS. 

• Network 09f11l!!JOMd flow througllpuf : The total amount or data bytcs rr«ivcd at utI 

dcslmalion gak-way~ in w lit tinh~ is 4v("rft.gOO to qUfUltiry the n('twork aggrf'gated 

flow througbput 

• Al'f'mgr: end-uN!TId deloy Wf" \L'if" thi.') pMftffl" .... r to weight the timelin~ or packet 

delivery It is delined M t h" 3Vf'fA,gE' or the lAtencies (i. ... , end-l~(>nd d('liV'M')' d~lftV) 

rOT aU rt'Ct'ived p{\(:kt.."lS tU de1lin&tion8 

• Pockel dflw"y mho; Trumullissloll rclinbdlt .. y is qUlLutlficd In temu; or the rRllO 

between the number or bytes rE'Ccwcd by 1\11 the gntcway nodes lUld the number of 

Tabl{' 5. 1: Simulation parlUnc·l.f'1ll 

Pfttruneter Value 

1000 )( I (lno m1 

NUlulwr or Ult'!'h noct~. CW~ 4G,I 

Numlx·r of PUs 10 - 20 

\vi--FI IStlUldurd JEEI-~ 802.111\ 

Puth loss model FHg.'l.PMht.ossModel 

RTS/CTS i::".blcd 

1)-lUlsnut power IOmW. lOOm W 

NOlbC dcm,lty - 174 dBm/Hz 

Number of radi06/llooe. orlhogouA,1 cLW)uel8 4, 12 

TrAffic type, pMckt.'t !Si7.e UDP, 1000 Bytt.':S 

SitnulJ\tiou time IOOOs 
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bytes lrftn..o;miu.oo by all the sourc~ uodd uver the bhuultt.lIou penod 

• Floul /(lIm.tS!! : To 8('rutinlzt:! the frumess grant('() to t.he cOltt('UdlUg fl(tW~ by the 

:studied m«hftflism.o;. J ain's fairn("S6 indf'x 1108) i!> used. The value of tbl' mdex 

tends to I. whf'n the- bandwidth allocation in the- nctwork ll5 morc fRUCT among the 

flows. 

• AggrYgoitd utility : To mcft.,;urf' tbf' optimahty of COTE ApprOftch, vre cRlculAU> 

the aggreg8foo utility "a1Uf" using Eq. 5.5 . For effectivf' comparison of SOTE And 

DGTE · with COTE. the utility ,'&Ju~ f\rC C'.a1c\llfttOO U-'i.ing Eq. 1;'3 in flW:'h node 

st.·p~utcly iLnd sggreg&U'd I!\t.er. Thf"h , Wf' ttUrf' the ~I"f'ntftge of Ih(" tlggN'gnu;'(1 

\ltihty value \\·ith respect to tbe optimal onl' obtained by COTE using Eq. 5 .• S. 

under the sanl(" net\\'Ork environment ~olL8(rllints. 

• Contlt"YtTlct COlt · The convergence 005t. is measurro by tbe time required by c8Cb 

IIPPro&eb to I'el\('b its mrudmum utility point The bigher coovergence (:081 adds 

overhead to the 3lgorillu\1 pcrfonnful("~ and lill&ers dIe ft LlocAtioll pr0c:t'$8. 

5.5.3 Simulation Results 

To eallcel out tbe effec~ of random deployment and ACli\'n(iou of primary uodt'i t bUiint"SS 

of channels. iLlld selection or the sources genernting lr3ffic Bows. each sct:M.riu is repeat('<i 

50 tunes f:Uld lile r($ults arc l"'t.-TagOO over t hese sc~mLriO$. We have Also shown tht· 

coufid('11Ce illtcn1I.1s for tbe obltlined results. 

5.5.3.1 Impact.6 or increasing number or Bows 

In thi., t"X])(>nment, we fIlndomly selected sourcCI> to gener-AlII' fto~ ftt 10 Mbps rat~ &.lid 

vary the- number or Rov.'lI from.') t.o 25 . Tht" curves or Fi~. 5.2(a) depict chIP ft.ggI'egoted 

nct\~:ork throughput (ill Mbps) incre-QSCS wit h lIumber of flow$ f\S long 8S the iHjcct(~ 10Dd 

i.i bdow forwarding routers' cifective cftpscity. but it is deer~')l.>d SigtlifktUltly for all the 

s t udied S)'l'itcn15 when the network u; overloaded. A. .. tht' network t'C'!'4111'Cf'fl (nllmher of idl(' 
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(ltahlr channebi (a channel with higher idle probAhilnv) ow .. 'r I~l t.'"Un&~led. Imk! l'lb~ 

b"lu-r M"rVU'f n\lt> for Lnw..'mlIUJng pac:kf'1Jj Ifo ...... ·wr, SaTE reqmrBS to conunuru('alt" 

coutrol m~l'8 tOWlLl'd tLt' central !\gent, wblc-h N\tUfl\tbJ n('t9lOrk'«, t'8p8City and Iingeno 

tht' (orwtLl'dlll,llj tll'l' iluon under lugit{"r trtdlit.- 10l~ ThUli, till' pN.:kt'\l4 t'xpt'ri.' lIft' lligher 

(jIWUIltP' dpt"y, rNnuu.mis.-.iolll'o And butft:r druJll'I, iru-urriliA I"flli l iUIIl') d.,IIIY fur I':",h flow 

Ai'( Ih(' fO"fllNlinfl, tk('llOion.. .. Al f'at'h DCTE n)Ukr exploits onf-Imp 1\{'IKhborhood infnr· 

mlnton only, hUll""t ,wftf)tfltion t.o link . cbnnncl IUld I~ C'Onditioll is potI8lbk-, "'hidl 

lit turn fllCilillllftj qUIrk forwnrrling dt"C'islon .... In p1't'(ly rnnnnM' And 111U8 nUlllmites the 

tl\'~~ (,lid· to-cud packM. w 'Ulsmission df'll\Y In lhl" n("t""Ork 

The rehabllily of lht" Studied I\ppr().'\('hf'$ can bt' n'nli~ throulh the p4.-'Tfor matlct" 

curves shown in Fi& 5.3(,,) .. In SOTF:. the «'Iltrru Mntroller lib the complete VICW of 

network topol(8)' IUld collision doml\ins, 1l<'I'eeiv('d PU tltAtl&bc3, aggrcgtltcd flow de­

mand IUJ.d roog"'bllon nt eftCh fOf"'A'1U'ding router Thus. til(' ('('ntrN.l~1 rt8OUTC(, Rll~ 

c~tlOU dc.'CbIOCl IU CR-W~L\' tnsures Uluimum nwnber of l)ftclc('t delwcry by 5Clcc:tu~ 

IlCU)olUtcrrmn& IUld let'Uit cons:e:ned links, A88.igniug duumeis WIth bigber Idle probabil4 

11I~ (that arc UlO~ stable/do not. rt"quirc frequent channel 8wudung) and RllocahnK 

Opl imal j>O'\\'l'l' (tbst. climinnt.C'S M-chnnn('1 interferene ... ) moer trtullunittill,g hnb AglUU 

--• 
l4 
I-
t: 
J-• 

" " . • 

I 

• • • _.- • 

,.~,~c--r------~----~-----. p .... , 
•• < ' I: t1 11 0. ,.< " • ' • • ••• •• . '. ' .. ~ ... 

l' .,.. 

I: 
i'· _ • • I :1 ; ~I 
~T===;;=----::---c!c-----:! . . ~ . . _.-

(h ) no..' l&lrnNil 
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each DGTE "''''ul('r n1.wns hiKhcr pftCk~t. drhvrry ratio by grcroily M'lt'('tUl~ !.he higher 

wt'igbted ltuk..(:banu('1 p&rs, at the MUfIt.' tunt' I!oeIt'CllOU or optimal po ......... ror lnultSDli&l:ion 

(L,-.i615 in rcHablt, lrlUl!;.tn~ion or lh(' nelghborang links The LrafTlc rorwtu'ding policy or 

~h\XTh IS UlJlt.lIlt· lo s\ccollunodate 6OUn."t" traffic UVt'T pr~mpuu11 blllgJ(· P6lb. uuUatwg 

Inr,;(> IItIIn""'r or [Ml.kct dmpi. 'nlough {lift GA- () 31'r<tt'11i (>n .. mrt"S 1II.1;.h, .... T)lu:·kf-'l dl'IiVlT)" 

thrnllgh tlit' 'L~ of 1lllIltiplf' rorwardtn" Jl4'IIL~~ 'llj(' or (-'ud·ttw'nd lUfl.lir rO...,.'ardUiR dt,(,,~K>n 

lillliL~ itA r~li"bmty perronnl\n~ comptUt'd to our prop<,l@ot'd TE m«hnnu!Iln,., 

Undt'r f"Xce5bivt> ttllilk demlUtd , wht'n ,,",!Iinks ar(' exhausted, flow nU .. C2IIV'e rcguLl\tOO 

III propon.ion to 'hMr d{'ml\lId" Md Jl"th CApnclttei whu:h M'CUr(' rl\ir l~tUlenL ror all 

flows in lhe n(ltW'Ork ror SOTE. as Ahown III 5.3(b) OowUbtrt."&Jn roulen.' hl\("~utf' 

~>d nQtifi("ftUon cOntNJ18 rftle scale rflCtor COUlpUk'tl ror UJ)btr('arn IIOOCt< in DGTE, 

reguJuting How rAtes Ctwly under highM" 10N.l Ab tll(' Bow ruutCti Me fixed ror MaxTh, 

00'¥i"8 on«,nt\ling In ft COQltSted region I\J"e trooted unfJUfl), tban tbOlit, In undf'floMM 

rt'glOUls 

• o ... '" 
-1 

. 0 =l /' ...,. -'I • .... • 
I' .... • --- • oon 

• !. ' '.-J • 

}= 
· • f- • 

• f ~ I: • • t-J' I • • 
• 

I: i - • 

t: • • 
• • • · • -• • • • • • • • • .. • • • • --- ---

(a) A~.~ rw"lWOlk lluOtll,hpul (b) A'Tf-..'" .,Id·~ dday 

FiltW"c .sA. Throughput I\nd delAY pcrlonnlUlc('-' vs number of uode; in CR-WMNIf 

Dhaka University Institutional Repository



r,!) ..... : ru-'Oft\lANCf.. ~V'\LUATtON 134 

5.5.S.2 hrll)lU:U or wryin,; number or nodes 

Sf"fJAblhl-Y a. (m(" or III". Jll(lf\t CTitiC'1l1 rfW"lhrs (or df"'U~lIl1~ 1\ rll\tJ\ rorwl\1din~ UI('('J)WUbIU 

mflucllcmg CR·W\cN pt'f'f'nrmancCfi: (n thi.!. 8l'('tion. we h,\\,(' C'OIl3ldl'1't'<i different dnncn­

MOIL'!. of C'R-WMNa t.o l,-OSl lhf' !4C:\lnbihty or thf' proposOO TF: /:.IYi:!tt'1ll And stRle-of-the-ru-t 

hpprOf\('hes W(, lutVl' kepl Ih«- number of Rv,u l"bll' Jlr'lItUU)' clUUIIICW fixed at 12 and 

vnncd tbe nct90'Qrk ~.lZe (by using increas:ul.K- numbt-r or nodel from 20 to 80 I\nd kN'pinp; 

Iht" uodt' den!.!ty ('on.tallt). The offcn-d lolld to ('och ru:t .... ,ork i!l ktpt. in the mnge 60% 

to 7()l",1{ or the nf't,,'orkl" tOU\I t'trecti\-e C'Ilpacity_ 

FIg, 0,4(1\) !lnd 6.4(b) show th~ in. .. i~bu o( in('f'~ Sf'iCOndlU')' m~b lIodf'fi in tnms of 

tile HCiuc""ble sggregftted network throu~hpuL and end-to-end pAdwL trt\Jl.<;:mWiioll delAy, 

Iftipectwdy Here SOTE IUld OGTE ret./Un high('r throughput. lhan t he oth(-r ltl>prOlM."hes 

M lhe IIlcrtO&C 1tI 1he Dum~ of mesh nodes siVN\ opportuOlt.y to each forward ins rOUl('T to 

t'XPlore more aJternnl.e d(nr1l.SUftUI) links to fol'WlU'd n,g,grt'llltA"d t.r&Jfk lhrough dynamic 

pow('f allocatlOU, UllUI.1l1l2.W3 oe"bborbood intA.'ffl'ff'llCC! llnd gaollflg Olher oootending 

routf.'ni 8('t~ to the cluwnel t-o furtber iml)r~ the overa1l ue1.work lhrou.&bput But, to 

larger Q(·t'90"Orb, SOTEI:' ullllblt' to kerp inrTt'Mlng lUi throughput due to propftgfttiou 

or local lllformatlOD to the ctutrN ugClIt to compute r('fiC)urce ltJlocntion Tbe ~lnxTh 

rt,<}uln'2! huge cnd-to--end control mes.%g(' propagation during ~ltfC(> bllocatit.m schedule, 

which unpecLa delay l)(!r(ormiUlce in larger n('(.works 8S p8th 1<!IIgt.h IIIcre8.liCtl b(!twt.>Cu 

6Uutf"C.'"'d~t.lIIlUlon ptura 

Fi,g. S.5(u) all()'tIt"ti lhe iudiut&liull .,r l;UI'I 't~rU) J>tw.:ket dchYl"f')' rllliu Willi UICf'C8.!iCd 

IIdwork 'JlW, Nt'h.'OriuJ Willi 15U1(1Jler- IlUUlbt:r of uod~ exilibit. IUWt-T 1Otifit'b because of 

to""-'" hllC'rrCrtut'U\ WI nUl lw tUJlif'ifWtou'tl l hf'C .... M k·.rU)y, Due to rfUldulU bt:hlLYlor or PU&, 

lW'1t¥t ion.,r C'hnnnt'ls ~I on ilistAnL tw:\iIAbilil;.V will\nul. nnAlY'7inA tilt hi/litof)rAI b('h",,­

ior forC'f1I; SUI! to ~""iIC'lI ('lInllllf'l rf'(~II('nlly, f\ffN"'tin~ rndlnbUitiNl o( MruTh nut! GA-CO 

tJY"tem&; whereas, &l!1l'tllt'lll ()( I!otabl(' ChlLII D{'ls in our TE f'PPrMCh~ fUld lrnffiC' flphllin~ 

O\'(.'f' IC'IlS\ oouICIt-ro links ensure hi&ht,1' datA dehvery, Al) shown m Fig_ l),5(b). III net­

work .'illa III~~ nodes. tfKh flo.' in (lur Prol)()6(od TF. m('('haUl."lIOll ~ ftWMdrd . ' ith flUr 

ShMt' of th(' A\'JU1nblc bI •. ndwldlb tblUJ lh(' ~lalt"-Or' lht-"'Art. "pJ>rOlldlt'~ •. Eru-h (orwrutl ing: 
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roult'f m nur propr« .... OGTE [re.m"'Ork 1)~l\Cll\,f'ly ~18le; tht in<'llnuRA trAffic 110"" 

rIlL~ in proportion to lbelt demand:; Thus., each upstream fiow rl"Cei\~ proportionall)' 

lair lrf'I\tm(>uL frOUl t1ICh downstrttuJl rOulf'n But In SOTE. with Incr~ number of 

nOOl'ti, IioI't tilt' uwlit'9dI)IJt. Ul,\:LlStou lillie groWlS nguNUIlI)'t IUCOLIIIII& [lU"'8 urI.' rdrtlim .. -'d 

frlll ll lIt·illK n'wlO'dl'(l WIth required propurtI<II1111,,· f,un .. .,. .••. 

5.5.3.3 Irnp.8et~ of primary u.o;er dcnsJLy In the net'work 

lit'ft'. "'C dlSCU88 on lht perrornlAn('f' "'-"UIl$ (or v.uying prml8J',\" user d("nbl'I~, I,e., "'e 

rontrol trtUlsmL'6ioll5 (rom PUs such thlll.lhc:"lr ch"nnc-I OCt"upmcy j)('fft'nt"3r \'ftTies from 

10% to 80CJt 8t fl g.~\'I'O tune. Tht" olber panuuf'lers fU'(> kept ('OIlMAnt, «'3-. I hf" number 

M SUI iI .50 nnd 20 80\\'!; f'ACh Mth " dAtA. ntolC or 10 Mbps fLrt' Sf'II(-'1I\tM from rft.odoln 

AOUtCat. 

\ \'hetl IftIIi PU nt'llvity L'l experienced in tbe network . U)()r(> channel rt'8Ou,rctt lU'e 

f1,\'ZUl"ble to the UI~b rQuters to RCC'Ommodftll' tbt''lr upfitrelUJl flow8, which enWls lu,ber 

nrtwork per(oMnaure ~ $hown in Fig. 56 IUld 5.7. AM revl"flloo from tbe ilmubu.loo re­

l ull (lnat)':,,,, III Fig $6(6). our propolS("d TE apJ)r06l'Ju~6 prov1de lhe bJgbcr throughput. 

pt"r(omumce even in tight resource COll5lrNnt.." t ban other Slilt,t..O(~tbt. ... ftTl o.pprotlCb('25 

• ,. . -... • - '" • ..... """" •• •• := • • .... · · • ... · •• • I I., ! 
I" t 

t: I I.. 
J. I i .. • 

! • 
• I 
• •• 
• • • • • • • • • • • • • • • - .. - _.-

,.) '-..kIM df'llllT.f)' 'MIO (b) fISow t..tn~ 

FI,;ure 5.!) PIlC'Iu'1. ddl\'ery ratIO and Bow rlllmCM \'" numM of nod~ m CR4 W~'I~.5 
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5.S PFRf()It\lANn; "~VALU"TlOS 1:16 

Though thr lmk-channel sel«tion i:; dont at f"ftl'h DCTE router ind('~dt'nlJy, neighbor­

ing routm coUabomllvcly coutribulA" to l'nbanf"t" l h(,lr flow throllAhllul through optuual 

POwt'T &1loc8.tlon Herc, spall&! cha.nnel ut thz8.tion 18 increased by Allowmg wore COll­

(urn.'ut trnu .... m iMiol18 from ul.'1.g,hborulg lloo('lI I\t. optU IIW phw('flj on t he It!~t inu·rfcring 

C'iUll lllt'/:l, OPSMItoIllK tu .Ier('r trlU t."IIII~imu. UII 1\ dllulIlI'l III ~"LXTh , S()TE ,mtfH'Tfonn,. 

OGTE un<lrr high r u tW"'tlvity, &'i tht' C'C'tl tml nlntmllrr ran pick I hI' optimal M't or link­

chAnnel (')I""' Rnd rtJlOOll(, minimum power O"Vt'f tht'rn to l'IUlU", til(' m AXimum inltrfM'tuC"e 

(rte ronCUrrt'1lt tr"nsmi!..~lOn. whcreft.'I OGTE roultT g:n.'t'd lly 81IOCfllt"8 11.luimum poweT 

OVl'r l hf (or'WlU'dmlC p.'\lb to RccommOOatt" til,. Up6trwun Aow. dpgrRdinlt the lI~ghbor­

hood mlerfer('f)cr- find th\L<; til(' throughput. The delAY CUr\'(' lS dl'ftWll the function 

or thr lIumber of &vnill\blf' PH chlUlnf'li in Fi~ S.6(b). Under hl,l.Jer nuu\bcr of P U 

,"Ul,b.m IS.\lOIlS. traffic gee. sr.uck I'I.t forwarding n~h rOutCnJ due to t'ffiOurtt ItftTClt)'. But, 

'be CA-CO. SOTE Md DOTE S)lSu'ms ('8J) cOUl rol powers over the dOwu8tTewu I.Jnh, 

IlllowlIl.& tbt>m LO t r Rllsml1 I\t lowt'f POWM'S And TAt('!\. whidl min imiff tbe pACk('l delay 

At ood~ buffera In CA-CO. fixed multiple pRtb lLctiVRt lon At l'lU'h uod~ rl"'lncl.a ot.her 

nei&hbors to get 1\ cbane(> to Il("cess " cbannl'I, resultill& in node- Ie\'t'l conge,lion as ",,11 

M delayed p8(.."kfoL ddiv('f)'. 
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(a, IllICkn delivuy ratIO (b)n(IW r .. 1'1M'JIa 

Figure!; 7: PadcL1 dch\'t'ry ratio aud Uow fll1rUl':'!.. .. w; ru s.Jt:llJllly In Cll-W~INN. 

Uudt"f hlKh ru At'hVlly. packets 5t&rt to drop ''-lid tll.- d('h\'cry rftllO dl"CTt'lViC.'S fii~­

nifiCMtly BIIt , bOl~hy-bop dynrumc forwardmg policy ft\CihtJ\ln; our SOTE and DCTE 

to 001)(' with lilt:' \I'l'1'Mtti(' PUt;. ewsuriut; lIIor(' rcliH.blc lrWlliUu.<ibIOn , hi; depic'l('(1 in FiJI; 

5,7(0) , When Iht' 1>rI1U8J)' channels are UlO«' OCCUPied. lbe lW\bl.' bnudwidth lXT second 

lIod(' is r.-durt"C1 aud lbl.18 tht· tlOWlS arc prolubllcd froUl ac<IUlnllF, a huk-dlfllllld t<t be 

forwArded Hn"""vt't, '" til(' traffic forwardmg dt'('isiou is carried out by the ('('fIlml 1l,g('lIl 

III SOTE cOllsid('f'IIlK tht> individual flow'lJ dl'II1AJld, ch'IoHuel availability "lid rong~'ioll, 

t Ill' n~uTce I\ll000Htinn is fAlTC'l' than the other 1'I)prOOC'heJ. f\'S rc\'Cflled in Fig 57(h). 

5.5.3.4 Convergence analysis 

FiA- fJJI fw(1 !i , ~. d(1)1~'1 ,h(> ("OnVf'fJt~n('(' b.-hnvior of th(' :.t \ldil...J TE tlppnw.:bl'M for 

30 no~ in ft Io-nod,. 1lM.·vo'Ork ami 10 Rmw III 1\ Ao.notlr uftwork , mr;p~'t l\'('ly Th(" 

Idmulll(ioll plVomct('TfI; a.J'f' ronl'OidC'rod l.O 1)(> M in 'Ot.blf' 1U " clln I>t' 8('('11 that with 

r~ number or nodcg III Ihp network , tli(' MllXl1l, CA-CO, SOTF. Nld DCTE oc)ut·v .... 

thclr IQaxunul1Ilhro\lghput 10 nhoul I~; ,."hM'NUI, the COTt: UUcni IlpproxlIlIntcly '100.. 

111(' C'OIl\'crlcn cto tllll(' (or COTE runhf't IIc('{>lerllt('.S with III(,~ number of nodes 10 

lh(" IlNwork . Ra nO'I<'oo In gr~pbs or Filt 5.9 This is C'A\lSed by 'he (I\CI dlln tbe f\\,.ull\bl~ 
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5.G.3.G Estimation or aggregated utllt"y 

Filially. 'M' prt'"l4'lU .h(' utility wluNi ftC"hif'vc-d by ~t8.XTh, CA·CO, SOTE and neTt. 

S)'lItClllS (nRtr th('y rt"ac'h ftt equilibnum suue) complU't'd to the optUll;\I r(';!illit obtained by 

COTE, We u.-,e f.q f) .f, - !} 11 to mf'A5\lre thl' "1W'f'gntl'(l utlilLY value or the rOTE 5)'8t<'rn 

!\Ild reg:\rd it AS tOO$( . Tht gr1+.ph ... of (hr Fi&. 5.10 Alld 5. 11 depict. Ih(' COOlpar3tlVf' 

Ut.lliL), Willes oclll£'\ft'd by DGT .. ; 1\lId SOTE systems ror Im,TclU.iuI number of Haws and 

nodes, ~tiV'ely Both lhf' tly:"tem~ ""lair,.,. MmPl'rnhlc- txrlONrlJUJct'tt. 

5.6 Summary 

This W04'k fir~L d('wlol"" 1\ cf'lltmlized optunrtl t.rnffic ~~lu.'(>Tln.s (COTE) syste m that 

CODSld('f"S till' rl\Jldom bE'hl\Vlor oC PU5, ('ollAc>t Ion I\ud iUlmerenC'f' In sell'(:t iug link­

rhlllnnri Md POWI'rf!, on lht'm (or t'1I.Ch mCfth routrr M tll"t the d.un dtbVf'r)' Pt-"tfonna.llces 

IU"E' IURXillli~.,1 Thf'll . " 5ulHlplimA.1 solulkm (SOTE) . VI8 tbe LRplUJ.&ia,U priDlw-duaJ 

approACh, is dCYW:.'d to I\dtjeYe optimal solution in polynonuAl tim!', oppMiuJJ to COTE 

We.' further prOfl'OM! " d~tributcd fWd grt't'dy IIOI"tlon (DGTE) t.o enhA.uCf" thfo tJCAlabllity 

o( the tmffic <'Ilg&ueermg ftpprcmcbcs SimulAtion rt'SUllS demol).Stl'8te the oornpeteocy or 

1 he l>roposOO TE fIOlutioM, aud their ability to l\Cc1in lAle to VRryinS network lrllffic l()ft,(]s, 

numbt''f or nodes nud availabiltty or PU clllUUlt'6J It hM been r(>ve8led t hat. ror l\ given 

amollnt or uf'l",,'wk r~urces, the ProJKIM.-'d TE approaclu'!J (that expl041 multi-path data 

(orwardmlt) can ftC('(}rnmodl\t.e more trnffic strt'fLms, inr.or le58 deLaY1 provide hightr reli­

ability twd rairll~ ('omparro La the fiut.tM>(·th .... flI1. 8PI»'OftChes The ro,"l~ aho dt-"P1et 

t.hat (l distributed 6OlU1.lon , that cxplo~ only 8i.1l~Il"hop neighborhood iUronuRlIon, 115 

more C'rrt"Cliw (or l/\tgt> lIC'lv.'Orb in AChieving hi.S(.h .... dRla delivery pcr(ormancal 
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Chapter 6 
Conclusions 

6.1 Summary of Research 

This dissM'tntion hlVi addrt.'SS4..>d olle of the m~t crucial chaJlclI.gt'8 111 Wireless ).1~.h 

Net90"(lrk$ ~1Ns), namely the 11l&IHbroughput dli.t.n dclJ\'t:ry The tndfic eugm(-erlug 

methods developed IUtd auruyv...-d in tJus t hesis work arc expected to fRCibt.ate mau)' 

emerging applicatiolls In the WMN8 

Our propo6C(i optimal lraffic cnginrerillg aolullous, O-DTE, OLCP and COTE I\fe 

t.lugcloo to opcrntc over MRMC W~1Ns, where the r!ldiOlS arc NiSigTll-d to fuu .. ·d chrulllcl'O. 

"hit> to dyna.nt.icR.IJy rcalloc8t.c channels and employ cognitive M!lUimg 1.0 opporturusti­

cally Recess licensed dIlUU:l(~ Is , respecth'cly To find the oplJuta.l set of forwl\rcliug links 

And the rate (or power) allocatiolls OV\.>r' those dis!. mftXullizc:s the Row throughput, ,,"e 

devise O-DTE frwnc,","'Ork in Section 34 thUl di8tribulh·'Cly nunmU.zC5 baclclogged traffiC' 

while cnsunng ftow fairness III Section 4.4. the prop06Cd OLep frnmC\\'Ork employs 

joint link.dta.llncl &elect ion IUld J>OWl-'T allocation, which alao (oUawa bop-by-hop trAffiC" 

splitting approach. cxploiLi single-bop mfonnation (.0 fO~'rud traffic over lea.'it-congeslt'd 

and minimally-interfered link-cl:uutllcl PWfll, wbich in turn imprOYCfi spatiaJ rf'\L.W of link.~ 

and channels. TbWl, OLCP aUOW8 more concurrent 809.' transmL ..... iQus. hclpinS to iOI­

prove overall network throughput. Fiually, t.o increMe I)pectnlm CI\J)I\('ity in WMNs, a 

tcutrtthn'<i optunal traffic cuglUccriug Cramcv."Ork , COTE, L'I devised in Section 5.4.1, 

w.ll're till' (orwlU'<Jiug roulera dl.'PJuy cognitive ntdiOk 10 OPPl)rl\l.ll.i.5llictLUy 3I.:C~ tbe va.­

caul IkICUbl.'ti duumcl.s uve.',. furwardmg UnkH. IlerIC, 8 ('(,lltmJiz(od l'tlntrollcr jvimly ~k'Cl.lf 

dowuxi ['t!lun llllk-rbwuu') 1>W0I f1ml lill(Jcalai IMlW('" o\'(:r llif'm t.u (urvmrd lrllffi(' P.OlL .. idt'r-

141 
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61 SUM\IAHV Of.- RESf.:A.RCU 1.12 

In& PU .. dlIUlDt'I,dle prob&bllJt.y, hnk Ifll.e1'fM'eflce tUld path cong<'2ltloo l'IO 8& to uuoo..w.iz(. 

"lit" net. .. 'Ork Ihroug.hl>ul _ M, "be pro~ ul>Lunnl 'nilliC' cngin{'f1'm~ fraUl(!woru bc-Iong 

I-Olluxed uth.>g<.>r nonhnt.'1U' progatUntiug (M It\1.P) class, their IIOlutiona 1\1(" inlrtW"tabl(' 

In l't"~liUle. In lI('h.vtb With bmwl UUIUlH.., of noo~, optuuw TE mt.'tluulbiln t'OII\'erl-.te 

quirkly lu Iligh. thrmlghr,ut dat.a ddn.".TV MJlutiml&, , .... t('vcIJ(,1 ill ollr ~uullJ,lliun f'Xll"n­

ffI!'nts fl4'PIf"lM III Srrt.ionl'i 3.6.3, 1.6.3 Ilnd f •. ft. :l nlll., In lArA!' lIf't"",",rk. .. nml Hndf'r hiAh 

t.rltffic 10Nt. due 10 beinK computAuon inl~~!lI~'t till')' fail u. tnkf' rNII .. timr df'('~ions . 

111M'('(orp, Wf" propose lVeroy bcun'ltic TE !j()luuon~ ttl"-t work lor31ly At f'&C.h node 

Without. sLobm Iwc.WOf'k Inrormation IUld Mtd·l~end pfllh st'lUp. which help t.hem to ~ 

5CI\1able. sdf ""tRpl-ahlt' to nt"t"uk dyuA.miai and RCCQmmodat.e bUT6t.y Ir3.ftic aml.'&l$ 

A .. t he proposed TE ~h).tioll ... learn t he dowlI,str("JUIl5' cun"l"8tl\~ 8(I\IC ft-ud IIcighbonD3 

IlItcrferent.~ ill tcll$ily in aheAd of limr, Ilicu hOl)-1>),- IIOI) t.mffic (orwardiu« IOccluUlloSUlS 

prO-lICtlvt"l), dist.rilmLt' the wUllc loods t()wM:1 less iot.cr(erro and congC8tOO Hnks and 

thus IInplf"lIIl'm. IlItf'1'rerenCf' minimi1.ed Md lOAd bR.11\ll~ dAtft. di8i!lcuUDIltIOIl rnune-­

...orb. ThereCor-t>. tht> lI('twork nodes would not Iw ol."('fliIhooted .·Ilb b_lA_b trAffic volume 

M wetlll.') thC" intM'r('reu('(! t('wiF. would ~ minimUm. which in tum WDllld boost up 1\W't'-

50too uet.'ork throu&hput Al'iO. timt'l,)' rf"SpOOfo(' to I he (luctuntmg link conditions (e.g., 

intf'1'(ereucc, load tUid ('ITOr) by dynamically upd8tin~ the neighborhood mfonna.t.ion alA 

lows the proPQtlt'd TE meclUUlLs11\5 to adlll}1 the near-ol'tima! act of lorwardmg link. ... 

H('1'(>, to f"t'f\'trict link dRIll rille At'Cordill& to rf'lq)flC'tivt" dowm-I rClUn '8 forwarding capacity 

and OOngailll.'t' 3loUL!j, a How-demand proportJonRl fair r6U~ control II1tchani.~n u. em­

ptoyt-d Ihat pr('vt"JllS lIo~ to experience per(onmulC(' degradat.lOn dot! to ad~ 1\lff'iCLS 

of collges&.ion l3f::&Idrs, optimal POW" allocation over tbe forwlU'd~ linlul to obtain tbe 

req uued trtUlSl1ussion rate enb&J)ce; 8P8lisJ ('-h&J:llld rcU5lt.biUty an nelghborhood _ T bus. 

morlC l;.'Oucurrelit. lrtUll)IIIIl).'iiOM l.1l'e IJllowed. whicli iu I.uru Iluprov(:g I lie overall rorwrtrdiug 

t'tipavilil.y or 1Il'iJ;lIOOrins nudc:t to t"OlItrilmt.t· Ilistll'r u,ggrt:,&ul.t.'t.lul'tWQrk t.hroughput. 

~il lluJJ,'i\)Il n'!o'uh.", ~lu tW IbKI nur prt)JlIII~("d TE l'OlI1UII(111I'O O(rl'r bip,llI'r IIlI'w througb. 

pnt, rt'hA.bLhlY AIWI rn.lrn~' ,."hi!(' imprtwink df'In.)' J*'I'rnnnJ\lIN' IUld C'OIlI.'M'Kf'nN' ("fI8t I"~ 

t'ompAl'Nt to ~I nt~r·1 hp.art work!'_ At Lllf' 'IIlDl(, thu(', thf'Y In(,1 .r rm..olll\hlf' oJlf'r:t.tionl'll 
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O\ ... rhf"Ad undt"f \1\I'}'lOg net.work wwcDSions, offcrtd Iosd , &vailablf' chlU1nt'1i IUId tnUlic 

("C)hdilIOnlS Thus, thl' d('vcloped lrlllfic t'DgWt'Cnng IIOlulloM cuhivatc oUUil.snding f1~' 

perfomu:luces 111 large tIC",l!' WMN". particularly in whlclt lh(' wtc.n.sily of UM.'TlIlWd lr&( .. 

fie vulume is lugilly dymulIK-, ti." found in Section :1.6,:1,3 and 4 6.33 llowcVl"r, l.hl'rc 

""' toC,ICII(' j' {VoI~ , wilt"'" till' ll''TfurtllluM''(> ilnproVl"1llMll of ,bt" propoeo.nl TE lIK'duu1il'lIlL,( 

fU"(' 111)1 W'T)' 1'I'5nifirAHt III ll('l~'O'k.. Wlth s:m:dlrr ullmlwr or nooNi. lh ... r(' IU'(, \Try rMII 

l\\'ftill\ble Rh .. ertlAt(' f)fttM bfotween pRir of forwnrding routers, which limits lht" c.hOiCf' of 

forw)o\rrlinlt links in trnffic splitting ope1/Ulon Al'K) reAl-limp congf'Stion And mtfTferMlCf' 

monhonng t.hro\l&h cxc"ll"n~p or control mCfWl.ge& lwot."'ween every ronn\rding nod~ pair 

UlduC't'6 slgmfic:,Ull. amount of 0lx:rAt,oll overheAd, which L"i CXIK'n.<tivt" in IIctworkfi ~"lth 

lower Mndwidlh CApl\('illtts. 

6.2 Discussions 

Aim or tillS th~l!'t work WNl t.o find 1\ lugh-throughput datu delivery mcduUluml OVM" 

tbe existlnglUc:-hite<:tttn'S, ,\\,ft.ihtbll' r~ur«'l!> Md offered cspacil.y ofWlrelt."bIS Mesh Net­

works. We opt to dMo'CW>p dynl\1lUc I rlLffic forwardlllg aolutlows tho.l. ", .. ould be robWit . 

scAlAble and dl1>ioyftblc .... 1t.hOul. mCUJTlu& much oV't"l'helW ru mlUlY MRMC WMNs em­

Illoy titfltlC chaunt'I,lllocl\tlon ovt"f rAdios, .. 'C first dc\"cloped dynrunic t.rnffic cUgiUec:riuA 

IiOlutlon, DTE, tht\c.. consider. the undcrlying TAdi(~dlnrwcl bindinp to be ruero Ott 

aolutlona I\re welleuitcd In WMNa ror budding ,lUtOlllftlion. health crue, a«uril.y surveil­

bU100 etc., .. hM"(> the traffic lUTI,'I\l ~ qUite 8t8"1(' ovtT tunc. Out to provide &t'amle;s 

lnternft ronnec:t.lons to borne/office users, emt-... geucy raspoW!e, tTaMpOrtfthOn 6)'5tf'lll.~ 

tU'·_ OVI'!I" WM '1, bursty tTlulic ~rionUs IUld dlvcnwoo euvironwc:ut.!l hA\'c to be consid­

~. Tht'"rtfor~, .. ~ de"\'clopro " 1()\\' o\'trhc&d dynalluc Imk-ebwUlcJ ISClectlon mechani.'iITI . 

LCP. to 8ddress traffic dClUlUId daU.lllt-d towflrd (nh .. Tuct , F\lrthcr, to Add mon> C3P6tit)' 

1.0 i.h~ tnuunnittin& hnks, wt' dl'S>lo)'oo cogmh\'C'-Cua.bled rout-c:rs tbat are sblp t,.o pick 

more &tabl(" UC<."1bOO mannt'l to CIUlWC uninterrupted dalA. delivery. 

111 Ollr work, .... e fiN't flrV\-.)optd oPllln&.l TE frrun(,WOfM (or high-throughpm. dfLttl 
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dcl.iverv In W~tN1l. But, 'hc pcr{ormance of tbese IIlccbatusuJ.:,:. ItS obt&.lIu>d [rom 1 h(' op­

tinuzatwu 1.(H)\s and NS-a ('xperiwcols, I1!v<'rulhc pracllcal mIcllbibihty of udal}ting ~b~ 

nux.banisms in lfU'g(' large scale and highly dynamic nctworks, Thus, wider dlvenufit.-d 

lIel.work and loud. coudili(IIl, g,rffdy IIt"uris1ic- ml!ChanislIL!1 provide ucar-opllUull alJutionll 

in rC'Mib)(' '1II1l' 

6.3 Future Works 

The TE Ul('Clmnisms pro;cut.t."Cl LU ~ 11it.'b.L:J haw lJt·t.'11 C\'Uluutt.-d u:;iug lSimuluwr \001 

This lo.ilnullllinn r(SUIL'I hdp ug to :(tudy llit' lu·lmvinur ur prop(.lI'I('(I:-,ulU1 iou m('('htu.t.kw. .. 

;Uld f',.mpar(' with otliN" sygtt'TIIs with (I1nTM' topologh,;, (rat6 .. ' IlUUA'rw., euviroruu('lltui 

pl\t3mC'tC'ffi IUld diff('f('ut pnnullctcns (If the rugorithn\s. Evcn with Ill(' I!"IOM. AOphlslknLct1 

nf't1l.'Ork simulntion tools, how("V('r, it i.!; difficult 10 prt.-dkt bow tht'8t' prolocol$ plTf'orm 

in real hardWlU'e, A ncxt step research. therefore, 15 to cxpt.'t'lmClIt with thc "pprOR('ha; 

presented in \hi'i thesis m Ii reru. t.cst-bc .. d Implementation, 

Secondly, in OUt propo6t'd solutions, we iuwc considered CSMAjCA bMCd chrume! 

A.tte9S m«hlUli.'UTl, which mAy dcgrBde flow pc:rfommucc due to oontClltlon m high dcusd,y 

nnd LArge BCAle net..·orks ThWi, Lo R1lcviate plldtd COUWOU5 and drops, IWd irnprO\'c scAl­

ability; dCYlSing A Cl'0c;8 11\ye!' solution that cucompas5CS medium access control, routing: 

and congestion control functiouAlill{'IJ t.o furtb(.'r improve now pcrronuauct'. 

F\lr\ht.'fUIore, our propobl'tl traffic eugioccnug clfort&iu WMNs, arc rocw;cd on capac­

Ity, througbput, IUld (nirm,"Sfj, However, WWJ.Y IlppUcatloua in WMN5, nt.'t.'<i t.o support 

multi.wcdia couununicall01l. ThU5, the traffic rorwarding Ulc.'Ch8.1liluu should colwdcr the 

mulliple QoS metr1c5lSuch M delay, packet 10&. ralios, and delay Jllter, wtule taking lhf> 

rorwardlng decision . 
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