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Abstract

Name: Tzu-Lin Huang
Advisor: Yeali Sun

Preserving Good TCP Transmission Properties inlédgseNetworks

In wired networks, there are several good properfm TCP transmission:
exploiting available bandwidth as much as possipli@viding fairness between
different flows that share the same bottleneck, larid fast recovery from packet loss
due to congestion. But in CSMA/CA-based wirelessimeetworks, packet loss due
to channel access contention, hidden terminal,veimdess link error will trigger the
TCP congestion control scheme td slow. down the dataling rate, thus results in
low throughput performance:” \

In this thesis, we take spatial TD]\H/I::A {écheme to lechannel access contention
and hidden terminal problem.in wjr'eleé; mesh netaroAnd we also take link-layer
retransmission scheme to Susféin fast "regovery eptiep. Under the proposed
schemes, we analyze TCP performance in wirelesh megsvork in terms of the good
TCP transmission properties. We want to construegireless environment so that one
can preserve good TCP transmission properties h@wae good overall throughput
performance in wireless mesh networks. Simulatiesults show that in a chain
topology, spatial TDMA schedule (schedule B), whadnsidering traffic demand,
sustains good TCP fairness and exploits availafhevidth as much as possible. And

link-layer retransmission scheme preserve promedfefast recovery of lost packets

on error-prone wireless mesh networks.

Keywords: spatial TDMA scheduling, TCP, wirelesssim@etworks, local
retransmission
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1.1.3. TCP Bandwidth Requirement
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datapacketchannebandmdth ACK packeﬂength 1
~ ACK packelchannebandmdth datapacketength d

E[1d £% delay-ACK factore f@?&“ data packet lengthi[i ¢t fifi » JI[Js (5 VBT

fielfl s k=1 > 5] data packef]! ACK packetf Z[[Fusfi it = - fpudsf <
.

Eqg. 3

ARV ARl 25 Y TDMA scheduling schemg I SRR T
53 #r{i = scheduling schem g TCP performance [F=9t » wireless Ilnk“*‘J?&[‘
pha % error IR ET > [NIFLTE S Y packet loss probab|||tyi9|r'ﬁ%rr§ Aerl AR

73 ’f’?ﬁ]‘ﬁjﬁ% packet los$:f TCP performancgUgyz® » &Sy i ik o

12, PRy

Fi%* wireless mesh netwo@iﬂﬁﬁ&‘ffﬁF‘F j|E0F ,mﬁﬁi 2 2 ?ﬁ%‘ M0
TCP fitt% transport layefp]iz rIZ/[I[Fﬁ rj Wireless mesh network-fid{fl "L+ fvy
TCP¥SREA@H — TFIF BRI o >

1.1.3'J‘§j§ﬁ%‘1‘ TCP;3&i =7+ wireless mesh networ#l%iﬂ?ﬂﬁfjrﬁjf\ég o M=
TCP over wireless mesh networksi* J’IIZ[“ [5] [6] [7] [8] [9] 4\%{ [nfﬁi IR
H#i1- interface- CSMA/CA-based MAG stationary wireless mesh netwojlﬁj‘Tu
TCPEJ}"TF &4+ TCP throughput %E[T}E‘ﬁfﬁ' TCPELIEEE 802.11 MACF[‘/
CSMA/CA-based MACY fi|pu# = fEH '] % hidden terminal/exposed termirnél
B - ffi" ] CSMA/CA-basedi” MAC - | channel access contentiﬁmﬁﬂﬁﬁ » WpIT
A wireless nodes' ff141 £t | I wireless resource JEﬁ'ﬁ[ phaE % collision [fij3L
1" wireless resource ¥ ffi*'| TDMA-based MAC: fi'I'[5#Esi[X channel contention
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1.3. P TPy

M.&WN ﬁ‘%l[ﬂ“‘* (IR * B0~ spatial TDMA ;2 ﬁ#ﬁﬁ%ﬁ » F5 1
FIJ«"JI%F?{ %) TCP transmissioni: | 38Gies v L 1% > fiV {7t wireless
mesh networkt#{{l {1y overall throughputtZl 2 =5 {14 5 TCP i i ST
é‘:ﬁﬁﬁj[;k ' fi*] spatial TDMA i%{'?}éfé}‘glﬁ 7 > 7+ chain topologyf~ multi-hop
wireless networkt=3 = Hr il TCPuFsH- > 7 ik HH=FEE 1 spatial TDMA#E%%

R P (P TOP T % SR P9 LR (O 111 <

L4, i %f

*+ Fllflirﬂlj/ g '&F”%{I %‘T”';{%&'{/[[W v

‘ﬁl *ﬂ EJ%EJ TCP performance over
wireless mesh networng?l/’f’\% :)J:— f.,’l 'Il"bo EJ}Iﬁ]’ F' ™78 TDMA scheduling
scheme — equal-shargd schedﬁle IAlﬁl demq\nd basemfi schedule B > 3& 5155
e ﬁ‘]‘ﬁmﬂ “+ chain topologyuwnreless mesh network ZEIAEIFO AR S5
TCPIS[Zuy# = B30 - iwﬁ;{-]rﬁ Fmgﬁ“ lF% 47 scheduling schemig TCP
flows ‘LE_I.'—_:&,E{J&?]}JT EJINES &EEUETL,J/ [l(rﬁl[ﬂt wireless link erroi & packet loss)
Elfié?ﬁfﬁi%?ffi o FY ﬁ’[ » 20 H ] link-layer retransmission scherﬁeﬁﬁ‘} TCPN
packet losgj ™ RIS » 20T e - 54 AR MOl e
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2. %?‘T

- - I3 wireless mesh network- TCP }kﬁfﬁiﬁfﬁﬂfﬁé folod = B @ I

MAC layer3 = -~ f¢-transport layef = ~ I'] R £l d4)=0 o
y

2.1. MAC Layer Approach

2.1.1. Distributed Link Random Early Drop

Distributed Link Random;Eafly’ Dro;ﬁ?"‘. LRED)E'I Z. Fus ~ 11 [5] lﬁf&
paper= [i#Tu wireless mesh netm%TCPﬁJthroughpuﬂ Bt e ARy
Mo 'ilﬁmﬁ paperf|1 > [’E%{[FEJ%E'»:‘;??U TCF" - ereless mesh network-[ average
window sizeiﬁ]ﬁf’ﬁﬂti optimal.windo_w S|ze“=_{kl\ A PU,F“TCPFIrFI $25HEN Y data
ZAEET [0 SR [NEFEI Y MAC-layer contentlonﬁu’?‘yﬁw?ﬁi};p S [RE
window > [ilﬂif*’?f?ﬁ#[ +| KRBRFUIH%H'IEHﬁ” iU utilization 2% FEE
TCP throughputi ff - LRED pv= RIZEL GRS wireless mesh routdljH[= [y
MAC layer queue Iengtﬁﬁg&wireless linkf™~ dropping probability iﬁﬁiﬁ@ e
(I# R routerfiy Random Early Dropy i - ’éﬁ buffer queues| - @E{J@Eﬁ
(fE'jh# overflow) - LRED i & 1]~ [l gyt - Fer=sp Hetpy TCP T3
M= overload, o ffll TCP [ [REUE Y - [ﬂ f% i1 R 2 pf g R E

wireless channel-i& % 3% iy MAC-layer contentiory



Pidrop)

i—,In.n.

e ¥

miny, IR ave
[ 2-1 LRED# (5]
LRED pU{Egk ' '] B[l 2-1 < FPH - #dilith, MAC-layer fiY average queue
ey F

length» ’glt[ gueue Iengtlﬁﬁﬁ} minimum threshol(ﬂ\ﬂf ’ ’?%ﬁﬂ LRED Zffe |- vy
Bk B &R pUES SRR queue lengthy -Eo iﬁf[ﬁi% AR RLE wireless
mesh networkit overload [ ik fiﬁlﬁﬁ@ HETRE- HEYEL (S MAC-layer

contentiont*;pd o

2.2. Transport Layer Approach
Y - Eﬁl'ﬁ‘} R transp'__‘efj_[t layer;= » f$dx TCP [iv congestion
control fﬁé‘—}%ﬁjﬂfﬁl fH TCP Hiﬁ’% V\_/_!,i!'relaless mé!sb hetworlélfi%ii?‘i » IJHLH R py

throughput> '] ™ 33— ;’?,ﬁj o

2.2.1. Dynamic Adaptive Acknowledgement

Strategy

R. Oliveira#{I T. Braun[6] [7] £t} dynamic adaptive acknowledgement strategy
I'HEF] TCP 7 wireless mesh network}1% throughpute iﬁrﬂxj b ["E?ﬁﬁ“?’: £y TCP 7
wireless mesh networ_l%ﬁ?iiﬁfﬁﬂﬁg?}iﬁﬂ\ % rj\ ‘Uﬁ;[gfjg[ [, I'] % data*[! ACK
Ff e V[ AHEEET wireless channel resoureef 1371 RFC 2581[2] fl il ifiy

delayed ACK&‘—}%W?}HHI  F s ;la%}iyfi’% ACK pugi:=]' |3 ) ACK traffic » &5



channel condltloﬁf(ﬁm l—iflt J congestion window J;{*Jﬁiﬁgdelayed ACKHYgr

£l o PR F[H] TCPJY cumulative ACKEIffﬁ‘[\gt » sequence numbey; i i ACK f’

I'} acknowledgej| 17| sequence numbeti [V data packet I'Ji ) ACK traffic

Bl o
Sender
DATA
dwin=4
Receiver
5|.¢1 5|+4
cS 5|+2 5n—1
53 ez sms En

t|+1

At i, ti+1, tie2... —> start timer and increment delack counter (ack_count)
[ 2-2 TCP-DAA[6] [7]

Dynamic adaptive acknowledg_em.ent_-;Stratﬁ??gﬁvinE FrlTRI 2-2 i >
[ﬂ“{‘p’?ﬂ'ﬁ BRUTPp™ » 5 L[?’F‘ El ’%4 (it ACK(+T1J‘"J 4 {laEuap datafif & [pi! e

— i ACK FftJ)» 4 13 delay ACK faet ﬁ t[hélétﬁﬂﬁ | delay ACK factore

2.2.2. Adaptive Pacing

S. EIRakabawys™ * [8] [9] #dtl' TCP adaptive pacin@@%ﬁj[JoAdaptive pacing
F{U?F%?EE!FIJ E'J[ﬁl 2-3 P - T fEyHtfY chain topology - - i@%@ﬁ%‘ﬁ@' £ 250 *°
s T @l £ 550 2 A wireless nodé P @h@@%ﬁ?” FE1%E 200 2t R e 'ilF;‘
Fx[i topology - - A 4 i hop /7| [ﬂ Eﬂl < E —~ [ nodex%& i~ [E‘Aﬁ’ F\[ AL
ﬁé@i’éﬁ collision- I'J fil 2-3 5% 7] > node DI iy 5% H 7 BN node B
C-E-F [N H*nodefmf SR EE nodeﬁu[ﬂ?ﬁ? Pt 7 <% 15 h hops
[ chain topology - > #& 4 | it | h/4 i noder: ﬁﬁﬁ? IR LS I Eﬁ:&i‘z Z
[ {E) h/4 [l data packet in flight[<[*=TCP with adaptive pacir@lé Elfﬁﬁlmﬁﬁ%

HIERY dataff ey i [SFQJ 4 i hop!'] I« ['=HFtET data packei,q 4 [ hop Fir
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R e - #i#% FHD (four hop propagation deldy {267 s Ff vk -
5 [ sad w0 IO 2 = p At FHD > g IJ%?U??&'J} channel
interference’ || TCP throughpufi~ | 1Y -

Interference
range of node D

Transmission
_range of nodeD @&

>

In a group of 4 subsequent hops,
only one can be active at a time

[ﬁf 2-3 Spatial reuse
Adaptive pacingi= ;14 ¥ [ 1 5 Ghain topologyi % - PSR
£l - network topology 3 FF [f' Eﬂj adaptlve pacmgﬁ TCPYEE R
ﬁ‘[h: » ff network utilizationj< J%&ﬁi

2.3. Other App':r'dlach

IR Y transport layejpiF v L lﬁ?}‘{l@?‘ 724 17 operability
it $PF' i TCP V™~ > @EFEJ@E'J wireless mesh networﬂl@%ff%,’j\ SRS =
& FRIT: mesh routerféf&fgf%ﬁlﬁ{ﬁ]?ﬁiﬁ@f\lﬂﬁ o
K. Tan ¥ *[10] &3 wireless mesh network 14471y congestion
control protocol 7 {= Explicit Wireless Congestion Control Protocol (EWQG
{lit protocol?‘fﬁ{& TCPV ™ IP V>3 datafsf e Hp Flf f header”| F{H
mesh routeffil < Z|[1Y congestiorf<fiz - EWCCP!'| queue lengthi=% 2{|¥rcongestion
Y0 AEEBRY mesh router A1 ERRERT 80 3p] HIE T F e 1Y queue length SR =

i mesh routef |[FE 10 1T b;g;ﬁ [ queue length¥f ETil ”%‘FU sending rates;
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Fil =[] &) % transport layefi” flow > T i HIEPERY flow fuFf & header
AL J‘Jf[iﬂrﬁ flow [~ sender?ﬁ%f;rﬁ&ﬁ{@ ° iﬁif%ip@["a? NN u*if_ij’ﬁt%' ]
network topology {[Ifi’ fEfvikiikl mesh router” A1V |1 {HI% queue length
information zﬁ FEHE Biﬁu wireless resource [F=f #rigpv header“ﬂ”“j\gﬁ It i

overheacd

2.4. Improving TCP performance on
error-prone wireless link

Wireless linkf— fﬁrﬁﬁ @Tﬂrﬁ ELE;ﬁ‘ & Iiﬁk er_rorsﬁlj%ﬁ?} packet loss Z/LI[FIJ'ETI—
ﬁlI:T]‘TuFU » TCP 73 1 U1 packet Iossi[ﬂtz con'g'estion(queue buffeify 1)Lk
wireless link errors [+ F“TCPT Fiﬁ*‘ﬁ?‘iﬁé congestlon Wlndovaﬁ*y throughput™
[ o J J”E}%J—*E‘J;Z‘r F‘rﬁT”w}H clsrr ,Ed wweless link errorg JIF—L’?’ TCPj?SfH“W [

ElfJFﬁJ@’ji el it 73 0% = 2 TCP snoophnk-layer retransmissio®” split-connection

2.4.1. TCP snoop

Balakrishnan="* [15] [16] #{I' TCP Snoop protocol F{Zld¥3 TCP
wireless link v performance TCP Snoopkl 4+ =L~ 7 local [iv retransmission
scheme {7 fAf# link-layer 2 ACK - [fijkLit link-layer “[1 - Snoop module
I'} ' monitor TCP flowf'ijiz - Snoop moduleﬁﬁf ;;IH wireless stationf! [}L]?F L
acknowledge@> TCP data pack%ﬁ”ri:f ° ;lf[ Snoop modulgg ! 37 {f duplicate ACK
f Jﬁf[%’ b 27 wireless link_F3% = retransmission *}{’j’ I iz p* duplicate ACK
> 3 ' TCP i + fast retransmission TCP Snoo;ﬁl’\vﬁ&ﬂf\éjﬁ_” S wireless station
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SRRIERTTE A 9 TCP flowsfi state> 7 °' fol cacheigd TCP flowsfi

unacknowledged data packet

2.4.2. Local link-layer retransmission scheme

Eckhardts™ * [14] ﬁﬂ‘ﬁﬁ local link-layer retransmissichf TCP performance over
error-prone wireless Iinf(fJEl'%Fﬁfi, ° i*‘jff'ﬁﬁ“?’: ELEf(] local wireless link errofst (& fiv =t
£L local i error control> [H]F=& = emulation%ﬁ’&?%‘]‘ﬁ%f/w’ﬁ%ﬁi‘fﬂﬁg link-layer
retransmission’ error control schem@} TCP}FI BB Py M FR T N IR TCP
Fféjfﬁ? steady state link-layer retransm|SS|on schemeé’fliiFed 58 &+ packet reordering
Fljiﬁﬁ% TCPiy fast retransmit IF‘ﬂf retransmlssmlﬁ VIR SRR S TR R TCP

% & timeoute

2.4.3.Split-connectign_§_ B

Iyt - FE s ?‘1, error-prone  wirelesss link - TCP 3% (2 Y ) 3% L
split-connection [l Bakre="* ff#11fiv I-TCP[17] - Split-connectiorfi*J ]"Ej}}{ﬁ’ TCP
S EREIFR I FRRY TCPRIARST FL " PR (E R - 85 R (F R 1 [bul

SN AP 5T EBEEYHIE T AP EE sy J}%L[Sz*‘r* » PR A &LLF%F& TCP sinst
F&gllgpqi 7 packet Iosﬂj B FUR VE L TCP ﬁi;\_r Split-connection
ﬂj%ﬁ‘{%ﬂﬁiﬁ?ﬂ»”ﬁﬁéi% TCP end-to-end semantic%ﬂﬁ’"ﬁﬁ»ﬁ@@ fEl rfﬁﬁ R (T e
B B ) TR R T A J}%m-} Vi ﬁmrﬁﬁp fj- = A EF 1f]
R AP PRl (RS 0 f ACK > [N TCP GRS ie P ITLT | At o

LA -
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2.9. ?]‘F_’%

A gt BT ﬂ;uﬂ F&«“F“ ffi"] CSMA/CA-basediv MAC [#£} medium access
protocol> CSMA/CA f& i J@{&gﬁﬂ wireless node' | kS HY T, =454 channel
ISRl E de wireless interfacéﬁ'ﬁ‘» &R Ii{ii’gﬁélﬁd[ﬁ E\JJ‘IET(E[J collision s 4 » =
38 & collision me EL[‘F,J » [ CSMA/CA & %+ collision .V iy backoff*“iﬁ“? =L
iy overhead channel resourcé k| F5 By pbF|" | » a3 0k 2] Wiy TCP
throughput- Hidden terminaf] 'T*“Jrﬁ’ﬁlfgﬂp collision 5& % Fugs - i9IF'EJ|:.§J’E =
o U RL i ®] centralized spatial TDMA (time division multiple )
scheduling scheme’s' = F‘,* SN =P T _charmel resourceffi TCP % throughput-
#[ - TDMA ' I'[3#E5] packet colli_§ion'[ﬁjﬁ\3j‘ﬁf-,l‘J?l | spatial reusﬁ %K channel
interferencq’tfjrﬁjf&g o .I ‘ . '

e ﬂgj‘ﬂmclf-r»[ TCP performaricfé?ﬁaiéf’ .'Wireless links ¥ &t > 24 fLERE
single-hopi™ wireless network lﬁ[ﬁﬁL E?_T R multl hoppJ wireless mesh network™
s > [NELE) [ TCP flowsﬁi path hopm%jp’f » wireless link errorgsfht < i
T [H Y TCP flowsTi p rﬁl I'T [f[%@wl? o Z5 M= link-layer retransmission
<5 2E multi-hop wireless network— wireless link error ?ﬂ@ﬂﬁ‘: [%iﬁ TCPy AL

(A 1417 throughput
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3. TDMA £EE*» TCP ‘YS‘*H“ 2

IR g i Fon i o AT TCPY Rl (k=1 modely 2% (P4l
{728 TDMA schedulinglfi 5+ » =7:% f?ﬁij}%@ﬁ?ﬁﬂmﬂ TCP 5

3.1. k=1 Model

TCP ;L feedback-basef il fiijiz < - TCP st (5 ACK FERES WL
=E R (- buffer I g R [H Eﬁ TCP ACK flow “5Y%% congestion windovivigh
[*> PNI=TCP throughpufl Eﬁ Ay*fg[J data packet row%[l ACK packet flowsiEy% -
TCP data flow ! ACK flow v;lfﬂiﬁl[ﬂ }; -']Ji/p[ R 418 (2 PO 5 fl#f
TCP dataf{! ACK flow I'| ffiif# TCP thrgﬂghpuﬁ:;fﬁk[ B Ul FFHEE'E o

5 (ifi "' normalized bandWIdth ratllo[12] 1»}‘”11_ TCP data flowq[! ACK flow
F[ Jﬂfslﬁﬂz—j\ !

datapacketchannebandmdth ACK packeﬂength 1

~ ACK packetchannebandmdth datapacketength d
e

data v Lack X l

C L d

ack data

E 1 d £% delay-ack factor (¥ TCP}%LI?JF‘.JJLIﬂU d {l+ data packef! {# 1 {f
ACK - k=1 Eﬁfﬂc TCP & ("= 5"l - fﬂﬁﬁ data packet|! ACK packeti ;‘Upﬁ}ﬁgﬁj
PR 57 packet lengthivEs » 51 gt » 5 k=L EOTfp ™ - Z5 T sl i
TCP packeﬁjtrﬁl SR [P - 7 ACK packete FJ' k>1 Eﬁ » ACK packetsTg&
HASBEIRET R RPE d ) S ik (52 ack > SERRAE Y IR0
congestion windowsy =t A% - &[N WQE& TCP throughput 3 i - FJ' k<l
E\ﬂj‘ » data packef&H Elfﬂfﬁ”gm\ Lo |§.&1;rﬁﬂziﬂj fif (e Y 52 datar i) TCP
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ACK packet [d1fi ﬁ%}ﬁ%ﬂl’?‘ifﬁjﬂﬁu%’pﬁﬁ TCP data packet "r‘iiF;{_T%iElfJ}'ﬂ[J{fﬁdHl )
TCP ACK flow <] data flowpiosy25 = I ik [RAUgi % s > NI ACK flow 732

HEER sl R Ris P el J*EFLL o PRI 2 P %~ centralized TDMA
schedulingy fie! timeslotEﬂf}{%}’J‘)&%E& wireless link!"] = £ 15 ,rufﬁl_ %] normalized
bandwidth ratide=1 £5 F & - Il TCPFE] 5 Blipps 4 242 -

TDMA schedulingﬁ’ channel access timé=y— (i~ [’[ﬁltimesloty’}ﬁﬁlﬁﬁf—[wireless
network_~fv node> %) fli wireless nodé\lﬁt?} 7 el ][ timeslot 1 fl HEGE ]
) (2 =y i dataﬁcup& ACK Fftl) o F{ IF”TE wireless node/& 1 |l g [Hi=S ek Y
timeslots EJ[Jiﬁﬁftlmeslotsﬂ\ F,E‘y— ([t frames T3 Niame b~ {fi frameyp| 1% timeslot
WEED > IV ES T Niamedst o] [ 0 U liERLATE | wireless node't feb iy ] [” Jﬁfi?%
H LS HORERR[FY timeslots: JJ F;'ﬂw throughputo

P[P 5 ;F‘,Ju e [ < ngtwork topolog ) i"quﬁ\J.TDMA scheduling?[’J EHEE Y

F‘JI[HE@- - E;:

1 % hop HEZ] normalized'kjanﬂWid'tH] ratio= 1>

datapacketchannebandmdthu ACK packeﬂength 1
~ ACK packetchannebandmdth datapackeﬂength d

» ff TCP flow”Fifipt s -

2 -~ {fi frame iy f 5 FY timeslot By (Nivame) Fbde [ JPIF=pi sk 1 (=t iy
I%U’"’Tgf]c' R > TJEEEE S throughpute
Wireless mesh network“x ”E&HI = W] FE50F) gatewayficJUfy mesh
node *F’ﬁ[ﬁmﬁutrafhc flow ’g‘i, f' |IF=gateway node’ f-gateway nodef. ]| 5

Internet- Y 1Y system modet-+# 7 chain topologyiiipd - [l[ﬁi 3-1:
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(t92) (ig) (i) (ig) (t9)
&-mnm—ﬁ—mDm—ﬁ &--2onm—i

1 3 N

2
‘ : TCP flow 1

TCP flow 2

TCP flow 3

TCP flow N
|

ﬁ?ﬂ‘ 3-1 N-hop chain network

?iiﬁf[ﬁ' N-hop chain -2 i wireless nodgﬂ“é]— TCP flowj,’h[m;@}% Internet

Y node (N+3 -

2y Mz~ [ bidirectional graph G= (VE) EHpy VRS éﬁlﬂﬁ ;'%f ’

wireless mesh networKifiv wireless nodes E 17 edgeﬂ g FA‘ 'V f‘[[ﬂ node

j 7t nodei fiy transmission rang.é’u 5{%3? ’ t‘" J}H wireless mesh networ}klﬁ
flil wireless link v @FTJ | 25—-:,: &Fﬁ}lw] G iEiyinYy contention graph
1 ¢

G=(V,E) > HiIV£ vertepr%fC IG FHJ directional wireless link E

I'I E’+% edge& F,a%ﬁn directional ereless ImEJj ?EF%EJII I.FE[,

[ chain topology: 31 » 91! 32:

— [ four-node

=(V',E)

[ﬁf 3-2 Contention graph

“-3% 5% network topology graph I [ 1= [ nodefi: ﬁl% 200 > N> [RP=dy g AL

s

Q%QLFFP?EJ wireless link= A1 & > Wle*F,i%Em contention graph| 1 > vertexd; f=L

FTE| vertex i il - A AT i
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E@*J'ﬁ’?}ﬁfjﬁﬁﬂ k=1 {%{F » & i wireless link=r53 ficlZ[[[1 timeslotyy £l ] @Fﬁi
fl i F' [ TCP data flows> ACK flow fi Hf%lhﬁz—j\ M IF'EH—j contention grapht-fi¥
it vertexif it [RAEETTRINIE 3-8 FEE i) 4<5F wireless linkii STy
j; o

Ld ; La ;
W)= 3, =5, wla)= 3 e,
d VheD Ya, Vel g f
Ld : La
W)= 3 5 way)= 3
a el ch,ﬁ Whely “a f,

Wihell a, f; el

L L
wd)= Y 2L wa)= 3 2ol
@ s "

fi'.3-3 Weight .';‘;issig.nment
q\gﬂ 3-31'] four-node chain topology 7] > _.%[FI ‘.'W(d‘)%‘q‘ link di 55 et rofi e
#1519 Lag -7 TCP flow i {19 daté"ﬁ,é’z‘ékéﬁ"@ Las 37 flow i f9 ACK packet
= Dy FA A AT link dy EJ flow F’?*‘?/’F*/ﬁ i L il ° TDMA schedulingiffi f1

F ™= weighted contention grap&w tlmeslotgfjn ficl b P2

3.2. TDMA Scheduling ?ﬁjﬁiﬁk

3.2.1. Schedule A - Equal Share on each wireless
link
= ETHHR I FE[Y scheduling = RLEZ ) wireless link | A1 ] 53 &1 fi
timeslot> [/ é:‘rF k=1 ARl - AAE =l frame V192 wireless linkFirifd
timeslotEieti|f+ f' I'] {2~ {[# TCP data packef!~ {[## TCP ACK packet J[1[F==% "]
'] 3 TCP flow "R o3 = -
Schedule AT [V pseudo coddl[ifil 3-4(T- FFE) M@ 3-5 [|(51= [
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FE) o FT I 57— [Pk e ) weighted contention graphrfiv verticesigh 55 175 e it
scheduling groups=+ fﬁk [[#* scheduling group| IV r%| vertices( #- wireless link)
[Fil B {8y ‘F‘?E"Fﬁ'j B PR 5T TR IIAUSEE i scheduling groupr| ifiY
verticesT i U » 53 i timeslotsaﬂlF“schedulmg groupit [fJ (i scheduling
groupf| Ifi¥ wireless Iink%’ﬁ%ﬂé}éﬁ} [Fil— Eﬂjﬁ. 5= 0 [E I“lﬁﬁfwireless linkpro e
A ?Ei’LEJ[JﬁJ’T%‘TE{U transmission time | T+ [ﬁj » P {fit scheduling group’>J
IRy timeslotH £ i EE - fy wireless link:

W(S,) = max{w(u) [ud S }; Eq. 6

H 1 S~ scheduling group u &% Sy fl1fy-— i wireless linke ¢ J fTi: 2T
~ [EFSE 155 scheduling grouprEI*Jl"Eﬂﬁ > T3 M ™| greedy approach%[’JEﬂi‘.\,l
i qulﬁ %{1v non-conflicting_link# [fIJ“ IF scheduling group I'[i£ %] spatial

reuseiuIs Rl g | [~ frame ity = e

/*step.1 partition vertices of G'into non - conflicting scheduling groups .S, */
U7 = the set of vertices of weighted contention graph G*
£ =0,/ *initial group number index */
while /= ¢ {
g+t
select the vertex v with the largest weight from IT;
U=U-{v};
S, =8, +0}
W=t
while F = ¢ {
if vertex with the largest weight win V" does not conflict with any vertex in S, {
S, =8, +{w};
U=U-{w};
y
clse
W =W—{w};
¥

w(S, )= max{w(u)|ue S, };/* compute the maximum timeslots for each scheduling group*/

[ 3-4 Schedule AFiEIE 27— [
}{%‘J’ scheduling group; i+ i » g ﬂé,l‘;iﬁq’gﬁik puBT [ERHERLE = timeslot

19



assignment = {fi timeslotfu= % £ {{i;2— flff TCP ACK packef’?%ﬁij i) ©

/*step.2 do the slot assignment sequentially by randomly selecting the secheduling group */
S = {S,lg £1..k}; / *there are k scheduling groups*/
i=1;/*initial timeslot number index */
while S # ¢ {
randomly select a scheduling group S, from.S;
next_group_step = w(S;);
while S, = ¢ {
randomly select a wireless link v from S;, where v represents a sender - receiver pair (s, 7);
mark the sender' s state vector from i to w(v) as sending;
mark the receiver's state vector fromi to w(v) as receiving;
S, =8 - v}
}
i=i+next group step;
S=8-{S;};

qéﬁ' 3-5 Schedule quﬁ??) = [
FI | EI[ﬂFﬁgﬂi =S l}aﬁtfour-no’de chain topology~ wireless mesh

network i = Y[kl 3-6 [ schedulmgo {ﬂﬁ ifours node chain topology|Ifivie
wireless link} rf“ TR e [“IF“:J [’ﬁ sc%edullng group! clJrf it wireless link>

Bl 53 el tlmeslotﬁﬂj R FﬁF Jadiy 'spgtial reus@fjﬁg’s?ﬁ: o

1 pu— 0-—d2 — (4
4 a, o d3

(=107 =F N
| |
.
I
; m
-
D pa
DR

[ﬁf 3-6 Schedule A of four-node topology

Tt < % i X[ chain topology1 - 7] seven-node chain topologyfi' '} & % 7!
[ 3-7(~ schedule E({12%5% 2 7 & links (97 link dy 71 link ds) 455 fiel 2] [

— {l&f scheduling group |3 %] spatial reus@ ¥\l -
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d, d, d, d, dg dq

| data > data >
o o ldate> [data>
0 [ data _
i ey
v
time

q%ﬁf 3-7 Schedule A of seven-node topology

3.2.2.Schedule B - Dem_and-Based

25 "% %Y network topologyfft» = ffi .Wi.'re.|es.s__.mesh nod@ﬁ |~ % TCP flow
¥ [fi| gateway node N-hop chairfl'}ﬁéigéﬁ'{)de N+1) [HNIFHiF gateway nodgt
wireless Iinks@%{[ﬁ'ﬁ[ﬁ%‘,ﬂl Iog_dingjﬁ‘;':é%@ﬁ[& i’-l}j(bpttleneck linky 7+ ﬁr’J— 2 éﬁﬁ IfY
schedule A™ <% 5kl Ioading*ﬁi't—hroughpﬂtﬁfﬂé{éfigf o YIS |Fﬁ}{ﬁj’{;1ﬁ} link d;f~
TCP flowskjrhi T35 85 link di fi load> 3517 scheduling® 53 i timeslotpi+
VK] wireless link loading—~ {45 » ' fj=fi' I J##] TCP throughput =5 g

f[ﬁ%‘ﬂﬁ traffic demandiv scheduling®; = £ schedule B f#i{iv schedule Br~ZEfl

B IJ A 3-8 e
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oLy N

T L BO S,

ack

. v D: Slot for data packet
time [1: Slot for ack packet

ﬁ%\‘ 3-8 Transmlssmn cycle time of schedule A

qﬁaﬁl 3-8 |l schedule A};usl‘ﬁﬁlgmevah‘f:%[ TCP flowsZi bottleneck
link (link d3 & link ag)> = J/QZE,T 3 |Ei frames‘k H“%F’?EJ TCP flows® ?ﬁ%}« Y —
VR (- (X TCP flow f 8 ;w‘/ %&ﬁlﬁfﬁ"[ TCP il 24l {if TCP data

packet?] TCP}%L{%FI&.} & TCP};}EL{@?F}}? I

Fdata packeti'fi— {lit ACK packet=|| TCP
@i’—ﬁﬁ}) o FH MR Ny daabh 32— i TCP data packefﬁ?ﬁlfi timeslot§y > Ny ack
Eb Hi=— i TCP ACK packeﬁ"r%'ﬁl'v timeslotgy Schedule A1v 3 ffi# frameﬁ)’rﬁﬁlfj
Eﬁ&dkf ONy_datatONy_ack® Ea' AR RS timeslot> BEIRT 1) node 171 node 2
5= datafiy ACK) packet: {fI<[2U bottleneck linkiiv timeslotg¢t | » node 17!
node 2 Elﬁ?ﬁ[ﬁﬁ#l packet== node 31 buﬁer%ﬂ%’fw D[I%J [*Eﬁ = {ii wireless
link [ loading 73 il timeslot > [i* I'} "5 1 5 (i FRj [ ') 5655 — iy i 1 4]
throughpute

Schedule ElfJiﬁ’ﬂ * =L schedule AT [ﬁj N fﬁ?‘iiié‘r,%?g contention grapHYEE

'} 55 scheduling groupvifi i o Fi-pLEI 41 network |12 s wireless linkfi
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TCP traﬁic%?ﬁ*g!(fﬁij‘ }H{i{g@f‘; s [NIFEZS M) TCP traffic matrix¥#.=- network

fl1Ip TCP traﬁic%ﬁ* ’ v[l%' 3-9:

1 2 3...(N-) N
| 1 1 1 1]
1 1 1
0o 1 1 1

0
N-10 0 0 0 0 1
N |0 0 00 00

di d2 ds dusdw
di az asz an-zawy
q%ﬁf 3-9 TCP traffic matrix

it TCP traffic matrix|1 » TF'J‘Z/U R LF““TCP flow [~ ﬁléfﬁi(@ﬁp% AN S
IF=TCP flowE i node Pdﬁr’f&ﬂl,z)gm A L% TCP flow [l node 13E!1!
1’;1@ node 2~ ¥ £5 O [l [’Jﬁ%;i;‘féj TCEf[owﬁ;@Fnode &t 5= [l wireless link
[ load [ » fo1§*1= TCP flow matrlxﬂJF%:EﬁrT‘,éTE%?U wireless link > FY1570 = |1
(1285 1 EANRE L l'%liﬁﬁ‘rff'%jﬁ node, 16 ::I'CP flow 3l dy > PP link dp fi
load £ 1 5 F(d)=1 - 7+ traffic matrix;F—El[Jﬂ.j@l link dy ﬁl%’f%ﬁfiﬁl = R A
RIET, F,J"EJ— £ TCP flowﬁﬁiﬁl dys Bl ] ag F,l"EJ— fX TCP flowp ACK flow 1’;@
'] F(a) = 1~ I'] four-node chain topolog§i 7] » A5 5T TCP flow matrix_Hv

load iz » 55l contention grapt@fji/[lqtaﬂ 3-10:

L L
WdY=Thd % ¥ 225, wia)=IDd)x Y =L =F(d3,
vien Yack g, Yhed Sack, f,

L L
w(d)=TD(d,)x Y —“L  w(a)=TD(d,)x > —"l=F(d),
Viely Mack 1 W ely Hack, f;

dezcz ; | chdc :
W(d)=TD(d)x Y —5, w(a)=TD(d)x ¥ —*L=F(d,)
Vhels Mack, Vfiely Hack £,
[ﬁf 3-10 Weight assignment of Schedule B
Fb 171 Schedule A IpVREETE | gk bf]] - schedule BIVREETT | w7 - Schedule
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SRIEAR= Fl Iaf‘i‘z’ﬁﬁ w’ 7] fil scheduling group™” pseudo codé[lq\%ﬂ 3-11:

{*step | parttion vertices of &'into non - conflictin g scheduling groups 5, */
[7 =the zet of vertices of weighted contention graph G
g=0,/*iitial group number index */
wil=wi) e e U,
T =TON ¥vell,
while L7 = g {
Et++;
select the vertex v with the largest weight from 17,
) - [L”(") - l}w"@;
v
T =TDvi- 1,
g iw " (v) == 0){
U=U-{v;
Sp=5,+0h
1
W=U-{v
while W = g1
if vertex with the largest weight win # does not conflict with any vertex n 5, {
() = [—TD“")' 1} W),
To(w)
TOv =T v -1,
if (w"(w) == 0){
8=+ {wl;
U =U-{w},
1
W=~ {w}
1

_ Wy
wiEg) = max{ oG

24 ESE};.I"* cotnpute the masamum timeslots for each scheduling group */

[ 3-11 Schedule BffT: 21— KiFe
Froe wireless link v gy = aEsle B3t v v TCP flow Bhl » PN o) i

scheduling grou » =5 "7 L/ §-vertex sef| IV vertex:! {4 5¥%{ scheduling group
AU VBRI load uBl R VLD > JTiiF=5) i scheduling group timeslot= & j]#+
= HA1~ [+ TCP data packef’ TCP ACK packet ;i timeslotfuidif i ]!
schedule Aﬁfj??[ EYAETE > YT E I 350

"] schedule Bﬁjgﬁ ¥} four-node chairf{! seven-node chain topologf ! if~
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scheduldj[lq\%ﬂ 3-12¥[lq%1' 3-13:

a'aumN

~H.  Idata>
e L S data . T TR
U ——— ___ -
Pl ———
= | data ~
——— T -
I T = Ak =TT S
| data >

N W = ack—
I:l: Slot for data packet

v [1: Slot for ack packet

HHED

q%'[' 3-13 Schedule B of seven-node topology
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3.2.3. ﬁéj‘ﬁ:’ﬁ

=2 [’Fﬁ}{ﬁ’ schedule Af{I schedule BV ik 14 3-1:
# 3-1 schedule A{! schedule Bi¥F=if
Cycle time(ﬂ’rﬂ flow 5t 5% 1 {f# round-trip ]’%Elﬁﬁi?j’?lfr
i)

F'fi=f bottleneck

Four-node chain Seven-node chain

FAXETE | TCP flow iy e iy

W & %AF& bottleneck linki=

Schedule A ONu_datatONu_ack 24Ny _datat24Ny_ack ﬁ‘Ul* PR3l F\lﬂ he

link i timeslotsi fj= le 5y
PRI

Schedule B 6Nu_data"'6Nu_ack '-18Nu_i.1'ata+12\|u_ack

Schedule AT 51U timeslots[i f[* F*'T“‘J ereless links > I'] round-robing~
%;“ﬁfﬁ‘%@ % TCP flow: ' = Jﬁ{&ﬁ“}ﬁ. ) TGP flowrr;’jl?& bottleneck linkix4]
EREIF f' A5k wireless Ilnk H‘J‘ tlmeslots H‘ﬂd J J‘ﬁ% [H] > [ link
utilizationiH[EEoSchedule %;J .|[4 WIreIess Illnk"”'ru JIE (Y timeslotsyy &1 41 traffic
demandsy == i 2R T riﬁﬁ}ﬁl‘}ﬁ\jjfa [*[7=RrE] TCP flow A%~ f[# round-trip

Fu[ﬂ?g? » ffi TCP throughputt-F| -

3.3. HrEEnEH

Z$ {7 QualNet simulator 4.0 = U &5 =it TCP % {4/ TDMA
scheduling scheme — schedulé{Aschedule B3 « Eﬁ’&?}ﬁiﬁépﬁ four-node’~
seven-node chain topology wireless mesh networkst! [ 1% 2" gateway node 9

f4 [ wireless nodgfi=* gatewayg = — [ TCP flow Z/[lq%ﬁ' 3-14%{[@' 3-15-
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ﬁ; %% i% 4%

1

3
‘ —Flow 1 ‘ K

| Flow ?7“

Flow 3
[ﬁ'3-14foupnodetopobgy

& ([ J} % % {E J} % dﬁ %}
T s e T S e e _1£_

1
J &
Flow 1 - - M 14
LFI{JW 2— 7

——Flow 3——

—FIOW 4_'1 ry

\—Flow 5—p—+}

-Flow 6———
[fﬂ',' 3 15 .Levem noHe topology
25 ey R 2R AR Y wwelessfﬁlﬂ [h ﬁ@& ‘wireless link errorlHE‘/ packet

loss) - physical layer protocqﬁl F' IEEE 802 11b data ratesil -7+ 11Mbps> TCP

segment sizé’; 1460 bytes j%f’ﬂfé%?ﬁ“ﬁf& = 150%} > FTP |E“lﬁ]§j@5‘557fj;ﬁxjtlﬁ

BN Ly A A (= ﬁJ}f“f <AV BIE) overallpy TCP throughpute Fi i

TCP flowvindividual throughputthroughpug™ fairness index[13]- TCP congestion
Window[&s’iﬁﬁ]E FREh [ EIJ[?HI/ '] ¥ smoothed round-trip time= [« lﬂﬂ#’ﬁ* CAED

I igsi TCP v fjli ™ | spatial TDMA scheduling™ wireless mesh networlichF Ik

WE J’:)J— ﬁl}“ll_ TCP™ ¢ WQ’E’VIFﬁ,EI_FEISJgiﬁIﬁII? °
3.3.1. Throughput Performance

Four-node chain topologiz overall TCP throughpLﬁquaﬁ' 3-16individual TCP
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throughput{/[lqgaﬁ' 3-17-

[ schedule &, Overall TCP Throughput
B schedule B
1.90

2

1.5 1.27

0.5

throughput (Mbps)

[ﬁ' 3-16 overall TCP-.th_roug_thtjt of four-node topology

schedule A

Individual Throughput
B schedule B

0.63 0.66

EhE 0.61
0.6
0.5
0,4
0.3
0.2
0.1

0

043

throughput (Mbps)

flowu 1 flow?2 flow3

q%'[' 3-17 individual TCP throughput of four-node topmjo

Schedule B~ overall throughputi®! HIF‘, TCP flow v individual throughput
ﬁﬂk& Schedule ATE'J 50%- i+ Four-node chain topology! Schedule 3[15@[7&@[&
6Ny _datat BNy _ackfI V[ [ 1| 5 | TCP flow 555 1 i round-tripfiv iy - {E
Schedule AHI%T{EZ,I ONu_datat ONu_ack V[ [] > £ schedule BYF{[H[]fY 1.5 Iﬁ [
I"=schedule Bt 5% 509415 throughput gain ﬁ‘*ﬁf& MASFE -
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Q%ﬂ 3-18¥[lq\%1‘ 3-19/3 [||£% seven-node chain topolog@y overall throughpuf!

individual throughput

:gﬂ:gﬂ:gg Overall TCP Throughput

3 2.68
i
o
0
= 2
E 1.5
£ 0.95
o
5 1
2
£ 0s
]
qa' 3-18 over:g;_l_ll T,_Cﬁ"fhroughbﬁif6f_'__se_:yen-node topology
O schedule A -
B schedule B Individual Throughput
0.8

045 045 049

0o 0.1

throughput (Mbps)
i
Lo

flow 1 flow2 flow3d flowd flowd flowb

qa' 3-19 individual TCP throughput of seven-node topyl

t Seven-nod@yf# i1 schedule BiY throughputi~ % schedule AtY 280%:
Schedule AZF+t | flows =Y — [ round-tripr“.lﬁEﬁTE\ﬂj 24Ny gatat24N, ace SChedule
B £% 18Ny datat 12Ny ack’ T‘i@}*%%tﬁr%i{gﬁl 1 it Nop_acef1™ (L] 2% 1.298 ms:
1 {5 Ny_ackf!V ﬁlﬁﬁﬁ tE% 0.236 ms[< = schedule Ag’livﬁﬁ ftl7+£% schedule Biv 1.41
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l'fi » [ EEERTif schedule B&f schedule AiY throughput gainZz3 180% F=2 {f*]
;EF—IEJEIU%@%'E'J > 7 seven-node chain topologl > TDMA schedulingfi* I'| 7 {757 |
spatial reuse’ffﬁﬁ (e }{ﬁ’ T B wireless link? £EF [FIJ— Eﬁ A& 7 HER o (A&
E.ﬁ traffic demand; il timeslots1v Schedule Bt i’ I'] spatial reuséfJ%iiﬁF[liﬁiEI
et o

fFE! Individual throughputfiy fairness*™ > Z5 "' I'[ffi®] Jain's fairness
index[13] :
>x)
(—)n @)ﬁz Eq. 7

x 5% flow i i iy throughput n £ flows fiugly &l < Fairness indeg™ fifi /7 4% 1/n

fairnessndex=

ALV T L throughpuﬁ}ﬁ'ﬁf‘:‘ S R VI T S e 25
}{—J % schedulet; 327 f7E chaln topologyﬁK fi-J throughput falrnesgi_f%fi%h 3-2
FIT o R ,%J%;T?iﬁ 2 Fi TDMA sche.dullngfﬂ fy l rﬁ Uila“ﬁ "+ fY fairness: TCP

A% throughput fairnes’%s‘ﬂjt T 1._1.1.9:J_ ._%Fﬁfﬂ__)@,[ [Jé\;ftﬁ

% -812 fairness index

Fairness Index

Four-node chain topologySeven-node chain topology

Schedule A 0.9996 0.9988

Schedule B 0.9990 0.9965

3.3.2. TCP Congestion Window  #gh| “?EJI/

=5 K] g i 11 2] TCP congestion windosf§ [t {1 =5 ! - [ 3-20
ﬁlqgﬂ 3-21 55 [[|+% four-node chain topologyl ! schedule AFI schedule B TCP
congestion windovigt |~ [?HI/ Qaﬂ 3- ZZ%DQ%I 3-23 %% seven-node chain topology

TCP congestion Windoﬁ@f““lﬁ% °
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TCP congestion window size

TCP congestion window size

pililalls)

Faada

GeB0aa

oeeaa

48888
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20808

1868688

pililalls)

Faada

GeB0aa

oeeaa

48888

3eeaa

20808

1868688

TCP Congestion Window Dynamics

of Schedule A _

SURGEURE

U]

O e o
i 5

Flow 1 —+—
Flow 2 —»—
Flow 3 —%—

28 48 108 128 148
) Slmulatlon tlme (sec)
qa' 3-20 TCP congestlonl (Lq JI/(sched-ule A, four-node)

TCP Congeshon Wlndow Dynamics

of Schedule B

Flow 1 —+—
Flow 2 —»—
Flow 3 —%—

28 48 188
Slmulatlon tlme (sec)

q«%ﬂ' 3-21 TCP congestion windo@f““]‘?‘]%(schedule B,
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TCP congestion window size

TCP congestion window size

988688

piilalls)

7aada

Ga808

il a 1)
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3eeaa

28888
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988688

piilalls)

7aada

Ga808

il a 1)

48888

3eeaa

28888

14808

TCP Congestion Window Dynamics

of Schedule A _

Flow
Flowu
Flow
Flou
Flou
Flow

=S BN TLR

28 48 188 128 148
) Slmulatlon tlme (sec)
qa' 3-22 TCP congestlon TV[P' q’rﬁﬂ/(schedule A, seven-node)

TCP Congestion Window Dynamics

| of Schedule B |
Flow 1 ——
Flow 2 —»—
Flow 3 —%— |
Flow 4 —5—
Flow 5 —&—
Flow 6 —5—

28 48 188
Slmulatlon tlme (sec)

q«%ﬂ' 3-23 TCP congestion Windoﬁ[’““]‘?j%(schedule B, seven-node)
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) PRI T Fel > ikl schedule AR schedule B i) TCP flowfis
congestion windov‘%ﬁ‘” (SURAY < ([ fifi 65535 Bytes™ = T%ﬁ E i ATE
FELEERH o> I ERLATE | TCP flowifit ') ELJ9Z 1 "steady state?{[! long-hop flow
(Yrrfour-node™ flow 1 #1seven-nodgv flow 1, flow 2...%*%*)%,Tf2lf“~short-hop flow

fri— 1 £ steady state

3.3.3. TCP smoothed round-trip time

fidtli schedule BUZEIT Ll — RLIWEL schedule B I'f o ERb SR [l (R
TCP flow 55— & round-tripElfJ@ﬁE?J’ [P 25 (5] schedule Bive| TCP flows
A% round-trip time’i%r?zgl A sc___hed'ul_e Ao 3-3?/[ It four-node chain topology
FlT - AR T Eﬁﬁfr‘ﬁj TCP flow i¥ sr.r_l_o_othed\_.roxund_-_tr'ip time# 3-4 £} seven-node

chain topologyi smoothed round-trip time |

=883 slrttf:’lt_%jmi(fddr-node)

Smoothed round-trip time — four-node chain topology
Flow1. | Flow 2 Flow 3

Schedule A 1.25secC 1.22 sec 1.28 sec

Schedule B 0.88 sed 0.84 sec 0.84 sec

% 3-4 sttt (seven-node)

Smoothed round-trip time — seven-node chain topolog

Flow 1

Flow 2

Flow 3

Flow 4

Flow 5

Flow 6

Schedule A

3.25 seo

3.06 seo

3.19 seo

3.28 seo

3.19 seg

3.23 sed

Schedule B

1.30 sec

1.23 sec

1.20 sec

1.19 sec

1.17 sed

1.14 sed

it four-node chain topologpy ! > Schedule A~ smoothed round-trip timeé 4
F-schedule B% 50%- 7<% F1:<[IJ seven-node chain topologyschedule A%
smoothed round-trip time! £5* schedule B% 165%- — {[IZ5 {[psFif] » ffi "]
schedule BiY TCP flow fi’ I'| R RIS Y round-tripEIfJ[’—iﬂﬁu‘a?J’ Y&’ round-trip delay

S M- SRV round-trip timef vt 55 < =5 ' [ FF BT’ queueing delay - srit ratio
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/L

. . ketaveragdimein
gueueinglelay-srttratio= packewve agct:f €ih gueue Eq. 8
Ssr

#* 3-57#1% 3-6%[|t!} four-node chain topolog¥f! seven-node chain topology
ﬁ f[#* TCP flowsfiv queueing delay — srtt ratig’r# |[iv TCP flowsfiJ queueing delay —
srtt ratlofﬂ%ﬂ 86%"] > {“Z queueing delayFPsrtt 86%°) I—pJEﬁF » @] TCP

dataf & i TSR R - 86V MIHIRLERT queuettl I ETH -
#. 3-5 queueing delay-sit-ffi(four-node)

Queueing delay - srtt ratio — four-node chain topyl

Flow 1 Flow 2 Flow 3

Schedule A 93.56% 93.18% 96.16%

Schedule B 90.93% 95.75% 91.00%
#. 3-6 queueing, delay-srit-ffi(seven-node)

Queueing delay = srtt ratio Zseven-node chainlbgpo

Flow 1| Flow2 | Flow3:Flow:4 | Flow 5 | Flow 6
Schedule Al 96.33% ‘96‘.139/" 96.52%| 95.53%| 96.17%)| 95.04%
Schedule B 86.90%|-88.89% %75% 90.47%| 91.16%| 94.33%

i1

3.3.4. Link utilization.

= [F‘Ejr?:t % schedule At *E“;{E#‘ %+ schedule AL{—J timeslots™® 555 i fi“"ﬂ’m
wireless linko fEI7: H 585 9 TCP #5f< Hirﬁ’ﬁl%’ bottleneck linkf~ capacﬂy]ﬂfﬁ[]
[ - BEgatewayir a1V nodef =R I'| ISk H ] & - {E1+ ?f‘é“afﬁ [“f]féf_? gateway
(e TCP flowshi % I 57)fv bottleneck link capacity] #wf J}Hlﬂﬂiﬁ BT Tk
intermediate node || fﬁl H TCP flowsj\ﬂ‘» uﬂ"ﬁﬁlﬂﬁ\magﬂ o [Ih* TCP kL feed-back
basediv protocol> ¢ & TE TSI 2 [Py bandwidth™ F%‘ﬂ[ﬂh_,ruﬁd sending rate i+
schedule A3 fyaE R ' o EF=EE gatewayiim iy wireless link< | B 357

B o

SiMpr [é’gF‘, [t wireless linkp~ utilization %F[EJ::%#I‘O % 3-THI 3-8}{%’

gl
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four-node chain topolog¥i' seven-node chain topology link utilization ¥[[¢!e ?*Ii o
i [ pUkLEE gatewaydi st wireless link» traffic demand =i’} » 7+ schedule A
flno E}’@%@N@%iﬁﬁlink f utilization ﬁﬂ?ﬁﬁl"ﬂt}’@ o {7t schedule BJi > timeslotsfiv
ﬁp?lfgafﬁ&’ﬁﬁ traffic demandifi 1A% ¢ £ NI link ﬁﬁﬁj‘”ﬁi#ﬁ‘ﬂﬁgjgb
utilization - ‘8155 Schedule BR & TCPEIfJ,ﬂiizqu\ﬁ‘[‘gk;l/— : . TCP flows3| i’
Fe By I B TR O R L o

%. 3-7 link utilization (four-node)

Link utilization — four-node chain topology

Link d; | Link d; | Link d3

Schedule A| 32.62%| 65.74%| 99.98%

Schedule B| 96.08%/:97.92% | 99.92%

%..3-8.ink Utilization (seven-node)

Link utilization —_.se_ven-node'_.chain topology

Link dy | Lifik d [k ds | Link d | Link ds | Link ds

Schedule A 16.01% |, 32.15% | 48.29% | 64.78% | 81.30% | 99.02%

Schedule B 88.62% | 90.60%: 92.51% | 94.28% | 95.49% | 97.39%

3.4. I?]‘F"ﬁ

Mg il TCPYRIBHEIIY k=1 model (M 4fii!\[}75 TDMA
scheduling scheme- {[ifLT £5 5 il timeslotsq“ﬁf"r £| wireless linkf~ schedule A
b1yt - f[ﬁ'ﬂ%@‘&ﬁ traffic demandj fic! timeslotsji~ schedule B #¢ (e,%ﬁﬁﬁ,%'plpj&*’?g!(
BRI ik 3-971% 3-10f1 -
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%* 3-9 &f&fr < (four-node)

Four-node topology
Overall Fairness
Cycle time ] Bottleneck Link utilization
throughput | index
Link
) , 32.62%
Farare) flow iV data rate| dy
Schedule fg‘ﬁ& link d3 L a3 B‘iﬁfﬂ =, | Link
ONy_datctONy ack | 1.27 Mbps | 0.9996 65.74%
A [R5 T fl di,d2,al,a2v | d,
slotsfi* o g % 14 Link
i IH 99.98%
ds
Link
96.08%
dy
Schedule Link
6Ny datatONy ack | 1.90 Mbps | 0.9990 97.92%
B i . d.
Link
99.92%
d3

R EE T‘i]i%atrafﬁc demandufl tlmeslotgl Jschedule B~ schedule Af-
# TCP 1% overall TCP throughputjf; F;I"”L ﬂirﬂﬁ" schedule A} fiel— 52 %19
EEILL;]T[JIF hop- f{i ¥ cycle tlme%w , per llnkf e P b - per-flow
F IR [ poAfi o b > Bl A/zgwu overall throughput schedule B5< per-hopfit
traffic demand® end-to-encflfJ[’-E?‘p‘E? 3%’-—]’3’?%33 cycle timefschedule A - ﬁ@#l‘
fi'I'}1£-3.3.3 iy TCP flowsfiy round-trip timegy < %11 » schedule Biufwe| TCP
flows fiy round-trip timeﬁﬂ% schedule Aiv round-trip time’] - $}9f » Schedule A
fv timeslots > it per-hoppiv traffic demand [HF5& TCP flow {7 bottleneck
link > ﬁ%zﬁ EEstl A wireless linkfiv utilization 3 IH leHE‘/ timeslotspqY >

schedule Blﬁ‘,*J xﬁ [ - lﬂgﬂf} 3.3 A[NER I R
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% 3-10 ﬁ Fﬁ&?:fim(seven-node)

Seven-node topology
) Overall Fairness ) o
Cycle time ] Bottleneck Link utilization
throughput | index
Link
16.01%
dh
Link
32.15%
S . dz
Azt flow fiv data
Link
rateﬂ?‘@’ link d6 f=L a6t 48.29%
Schedule . ds
24Ny _gaist 24N, oo | 0.95 Mbps | 0.9988 | i, Py it -
A _ _ link v slotsTi' =g Ay 1L Hink 64.78%
in slotsi'f .78%
SRR g,
1Y _
Link
81.30%
) ds
= S Link
e N 99.02%
NPT\ Link
{ ln=dql . 88.62%
L =510 4 dy
. ,"' 11§ \ Link
l = ||y 8 90.60%
PN I}/ ¢ da
g | T Link
o 2+ TF| g 92.51%
Schedule iz ds
18Ny gata™ 12Ny ack | 2.68 Mbps | 0.9965
B - - Link
94.28%
dy
Link
95.49%
ds
Link
97.39%
ds

7t individual throughput fairness; 14« » schedullngﬁbf“fﬂ Al JHE]
A fairnessidi I.FE[, i ) 1§-3.3.2[1% congestion windoviad ™ i 5 -
7€ schedulingi™ congestion Windov@f““lﬁﬁé/@%?}iﬁm ) ’i’l’?"éj TCP rowﬁ[ﬁ} sl
HIPYRSTE] i congestion windowih = E[[7 2 AR TRl 0 35 steady state
o=y AR i) TCP flow fikL! | i1 window sizeffi | » 353

E&FJ’TEJ TCP flowsi=tH A&yl aﬁ"t_ ' %% intermediate nodpv queue size

37



ARG T S PUTE - P TCP flowsfi rtt 5L - Short-hop flow Bt
i flow) [ window sizesh = % it > (= throughpufi 4% long-hop flow-
(ER I B PIERATE]) TCP flow 781 I3 [ 5] 46t window sizefi’y
Iy = 7 [l 75 scheduling| 11 per-flow round-trip timez &1 7~ » </ per-flow
[ throughput 1 1 PHEE » i I') £ SUfY throughput faimess

M3 4L > schedule Bl TCP# il pusshfl » schedule B[R Iﬁ\;}qu
TCP 75 | G i W F 1%« ffi TCP U pEpum{| = e 2 g 1) (4

throughput faimess 7 1 E i affil 1 - 5 ][ fj1 | schedule BE i #5f=r f «
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4. Wireless link errors |5 Y
packet loss ¥ TCP }f‘“srﬁ‘:p@g{gﬁgf

fli*"] TDMA-based scheduling schem& |’ éﬁ[”%’&%ﬁﬁ%ﬁﬁi’%‘.[ﬂ% channel
interferencée! channel contentioiﬁ%?ﬁlfi collision: =% {4 =i packet losg’, MAC
layer packet loss [+ t'giﬂﬂi packet losgLf H MAC layer protoco%ﬁﬂpn{: TR
lﬁ’?& o lﬁ'ljfi?ff.l?.’l’ﬁdfﬁi?ﬂ[l » wireless Ilnkzjlzﬁr?&[‘ bR & erroraniFﬁ‘/ packet loss
Timeout#! three duplicate ACK:l. TCP *[Jﬁﬂrpacket losgl ijF[ifﬁ AP i
fiEfkTIY congestion i =7+ window: { [ i Ff B R > NI three
duplicate ACKRW{™ipd 5 £ BRETHY _congest_lonfl FJ.-“-?%_ AR datasf s
FLSEL (P ES buffer fity )i 58 % tlmeoﬁﬁ‘ﬁj TCP}{%F’?—E packet lossfii {ifHE
5 % congestioniviE:)” 5 S packet Iosﬁ TCP congestion contrdﬂ&ﬁkﬂrﬁ“ %‘ﬂ
congestion window! —qitlmeout value1 //.‘%“ TCPp~ throughput [E75 wireless
link F > packet Iosiﬁ IR E [J;&Hﬂipacket loss] [ #fff# 52 & congestior
ﬂ—ﬁ packet lossd[5& TCP congestion controﬁ%ﬁtﬂjﬂ"ﬁfﬁé window size ¥ TCP
throughputf Huﬁgﬁ*f I - UK TCP ML (o~ Rl (2% 1.1.1) ﬂ]‘
Ff'”[ﬂ wireless link errorpnjip’?‘/ﬂv random packet Iosy]g[[ *| TDMA schedulingg™

TCP performancs | (i sY47 ?
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4.1. Packet loss at the bottleneck
link

=5 85 F) 7 traffic load fi £ i bottleneck linki % packet losgiv/ i » 11
[faﬂ 4-1> 5 | TCP flowsﬁﬂ ﬁiﬁfﬁﬂ-‘ﬁﬁof? Mz~ [H22Hi: packet loss probability
on single wireless link probability - 7 bottleneck link '] p piS=[FEpSeyE F Ff

T Y fﬁﬂgﬁ%f‘ﬁ%g{j\ [ﬁjﬁm TCP flow i+ l‘é‘hﬂ packet Iosﬂﬂjr AUFSHEE | [righ (™ -
Packet loss |
probability p .
(@) (ip) (@) (@) 3
k 200 m — Z%— 200 m — ﬁ ______ [51— -200 m —
N+1
A

1 2 3 N

TCP flow 1

' 3

‘—. —TCP flow 2 : 4.

b

TCP flow 3

oooooo

TCP flow N

ﬁ%\' 4-1 paéket loss at the bottleneck link

4.1.1. Throughput performance
* 4-1A 4-2112F| packet loss {[] p=0%)F[! p=5% packet losgv overall

TCP throughput*dit - 7 p=5%f > TCPfi" throughput™ [ IR [ throughput

fairnesse
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# 4-1 7 packet loss” ¥pc =g (four-node)
Four-node topology
p=0% p=5% at the bottleneck link
Overall Fairness Overall | Throughput| Fairness
throughput index throughput | degradation index
ratio
Schedule B| 1.90 Mbps 0.9990 | 1.50 Mbps| 78.93% 0.9287
* 4-27% 3 packet lossl ¥5Z Fifi(seven-node)
Seven-node topology
p=0% p=5% at the bottleneck link
Overall Fair_nes-'s. "Ib\_/e‘rall Throughput| Fairness
throughput .f’i.nd'e>:<.-:—--‘__ th_rqiu.ghp'ut degradation  index
| E:"‘ ..| 4 ratio
Schedule B| 2.68 Mbps 0 99|€15 2.32 Mbps | 86.66% 0.9099

=Y << per- flowpilndlwdual throughpu’ti/[lﬁ%ﬂ 4- Zﬂl[ﬁﬂi 4-3-Long-hop flows
fv throughpufie:atA % B short-hop flowss - 3547 long-hop low 5 > packet loss
WA THEETCP [ﬂ?ﬁf]ﬁ.}ﬁf@ﬁ@ wireless link> TCP{* end-to-end retransmissidﬁﬁ'ﬁ‘u
72 long-hop flowfo! fE=4ik \pJEfF (150 short-hop flow)} 527} packet loss A
Lﬁﬂjglfbfiﬁj%gaﬁ\ﬂfﬁﬂ (E’kL o {E short-hop flowi: 58 + packet Iosﬁ?j » throughput
4|’]1<7 [~ F] > lﬁiﬁdk i long-hop flow throughput® i 1 i 2 L ot 2 BT gl

o g R PR R (PHESIE 2 packet losgiv link ESfiT)fY short-hopifl ' [T
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H p=0%
H p=9% atthe bottlerecklink | |ndividual Thmughput
- Schedule B
na ;
p 063 0.66 0.66
0.7 o i
N3]
i 0.47
= = 05 % - — :
i Eal
D 5 04 - |0.8S
o =
= = s
nz
01
]
1 2 K]
flowe number
qa' 4-2 individual TCP throughput undpr5% (four-node)
B p=0% .
Individual Throughput
H p=5% atthe
botieneck link - Schedule B
0E 0.57
= . 43
w [.3 — e
= 0.39
% |:|4 R e ::: = 'qz-_\
5 03 H~H .
= .20
0z H
£
= 01
0
1 2 3 4 a B
flowe num ber

qa' 4-3 individual TCP throughput undpr5% (seven-node)

q\%\' 4-4*[1%\' 4-5%1% flow 1 (long-hop flowf{! flow 6 (short-hop flowjs TCP
seqguence numbéﬁﬁﬁ B "‘Elfi‘[‘?j% ° Exﬁ;‘%@%ﬂﬁb X H;EIE\JJ‘ e WA RL— SRR > qaﬁlj—
#1781 sequence numbefi iUt A TCPE&]E& packet lossit 4 timeout gty
TR B flow L ( 4-4) ORI flow 6 (1 4-5)%

> 3P long-hop rowElfJffé%TEAT"aﬁ %EIUEﬁ [t f2'FL lost packet
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TCP send sequence number (byte)

TCP send sequence number (byte)

1.82e+006

1e+B06

a5e66a

9668606

9486066

9200008

980068

fittalali]e)

G6e666

2.4e+806

2,.2e+006

2e+006

1.8e+B806

1.6e+806

TCP sequence number of schedule B
with p=0.05 at the bottleneck link

Flow 1 +

38 .48 42 44
Simulation time (sec)

[ 4-4 TCP sequence nirr;ber of flow 1 unpeB% (seven-node)

TCP sequence number of schedule B
with p=0.05 at the bottleneck link

Flow BI #

H+

44

I 38 : : 4B_ 42
Simulation time (sec)

Q%V 4-5 TCP sequence number of flow6 unpgeb% (seven-node)
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4.1.2. TCP congestion window @[’“"Iﬁ%
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Ty MEEF 3.3.2 /1 p=0fyoglfjgl'ﬂ%€(qgﬂ 3-21F{1! 3-23)E 4l - p=5%Kj - TCP [
congestion window] #r#*y F &3 - [NEL TCPRY congestion controZEh]ETFk o+
4 packet Iosﬁﬁ%‘ﬂiﬁ congestion window size {f! & EEﬁLI'Sf?UEIU TCP ACK~
F’ﬁlﬁiﬂ_ﬁ%ﬁl ¥ congestion window size! 1[Fi’ 4! TCP}{%‘J’ wireless link erroﬁ”riﬁ’?%
f* packet Ios?r}”?}f&[ﬂ network congestejﬁﬁi?}ﬁfj packet loss [NIFi T lﬁl,i*‘ﬁr%‘
[ congestion window sizg throughput™ [ - Eﬁ’ﬁi%‘fiﬁﬁf packet losg L[RRS4 58

& F%‘[PZ congestion window" {2 | &R i) packet losgiva + -

4.1.3. TCP smoothed round-trip time

% 4-3 F 4-4 HFH p—S%E\JJf_ T(ﬁ:J Tﬁ%ﬁﬁ%%ﬁﬂj‘ﬁi smoothed round-trip
time - {5l 3-3 % 3- 4¥DF~§IEI1~< ’ p—S%EHI‘EJ round -trip tlme?[i L% o [RER
packet Ioss&lfTCPEﬁ Eﬁﬁﬁﬁkﬁu congﬁﬂen wmdov]fA‘J;;‘j:FJsr ’ TCP&%’ﬁiﬁ Al
FAAY window sizex 3 ERE] [ﬂ,ﬁ-ﬂd E j i p—O%EﬂﬁngE} queuer| Iy

J[I queueing delay

% 4-3 srtt undep=5% (four-node)

Smoothed round-trip time — four-node chain topology

Flow 1 Flow 2 Flow 3

Schedule B| 0.2031 sec| 0.1250 sec 0.1094 sec
%< 4-4 srtt undep=5% (seven-node)

Smoothed round-trip time — seven-node chain topolog

Flow 1 Flow 2 Flow 3 Flow 4 Flow 5 Flow 6

Schedule | 0.2188 0.2500 0.1406 0.1875 0.1875 0.1563
B sec sec sec sec sec sec
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4.2. I?]‘ﬁ%’ﬁ

T Wireless bottleneck link eerF*ﬁ*}ElfJ random packet Iossﬁl’ﬁl tH wireless
mesh networkt path hop='% 7 [ﬁJEIfJ TCP flowfm\ [ﬁjiﬁ@ﬁm throughputfe:aL
long-hop flowfiv throughputfe:2AE = 55 F= short-hop flow#£1 » fIF=Hi throughput
fairness™ [&f o iﬁfgﬁd%&%ﬁ%ﬁﬁfﬁﬁiﬁﬁl s (& ['zl&f}féTCP end-to-end retransmission
ﬁ%fﬁﬂﬁi‘ random packet loss|| long-hop flowﬁjﬁﬁ;lf&ﬁ%ﬁfjﬁﬁ Féﬂjfﬁ: recover:
7'} long-hop flowfiy throughputfGE i e85 - p19t - TCP congestion control
T}e&fﬁugiu random packet log8/5% » fflif# congestion window]gr -+ B
(RFARE  #f throughputs L= TE”%":EI S

B2 2 (A %f’[ }{ﬁ’ ff0 "] link=layer [gtransm_iséion_ _.s'cherf}ﬁﬂi random packet loss

SEAE TCPISE = (= |

46



5.Link-layer Ei @ﬁ%ﬁﬂw TCP 357-

Y

71

&1} bottleneck linkit % packet lossf JIHE‘/ TCP TTF SRR rE s ISR
link-layer retransmission schenfietlf ity ik o 7 4 gt o | JF,[[14] [15] [16]
ﬁ:«ﬁ%ymﬁ& FL‘ Ph3E % errorfiy wireless link =+ TCP throughput jlﬁ}ﬁﬂﬂ%fﬁ
+ single-hop wireless netwoFkJ%ﬁ?‘i Eckhardt =" * [14] ytb%i' wireless link
errorsfiuZEI {3 ’%ﬁfq_f' | local error controlji E%FSZE‘%% TCPf end-to-end error
control %ﬁﬂﬁ?ﬂlﬂ {1 end-to-endfiu ™ = EEl o End-to-end iy 3k “EJi,E! E—a’{%ﬁ
end-to-end retransmssmﬁﬁé%iﬂﬁJiZJFé wireless linkeffifor L4 AT A
BRI o F ]’E{E' link-layer local error controi Fl I “ﬂﬁ%ry};@ packet loss |fi] =
fi'I'EZ] transparenfiv B ((Fet progp:ee{j §={§,l1~.#r¥d¢a U FL Eeri
packet losgFE &) » [RF=1i i e Ilnk Iayer’rocal efror contro]ﬂﬂfg'/,l end-to-end error
control%ﬁjﬂ?&[‘ Bl o . y

feag Fio SR -~ [ link-layer retransmission schemg#{*l TCP

error-prongly wireless mesh network--#| throughputi”'ri"::ﬁ{’?ffﬁiﬁef‘éﬂ'ﬁ?@ﬁ%i?ﬁ

g

5.1. Link-layer retransmission
scheme

ZS - [H TR link-layer retransmission schemei (=4[ 5-1-
£ [ wireless nodef' %%~ {80 > [l s ¥ - [ link-layer ACK $f &) - TCP
data*[! TCP ACK%#Iink-Iayerﬁé%EﬁBﬂ— i link-layer dataff ey > Wl"‘?{'ﬂﬁﬂ[ﬁ‘?ﬁ
= [l link-layer ACK 'R ES & kL L kL5 < 3211 link-layer datafif & 1 % -
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F7t ™~ ~ {iif receiving timesloi< & %% link-layer ACK > ﬁll_?ﬁ# ELIF] & 38
5o Tﬁﬁ' A7 ™~ [ sending timeslot #51 {# = link-layer dataff & < 7 [{i ™| timer
%Eﬁ tlmeoutpur’L[ﬂf@'IJ’5A TDMAtlmesIotﬂJEﬁ]E JE‘ﬁ AEE > timeslot
index¢5ﬂj‘:pul‘;gf,’ timer {7 M1 - Y[ IEEE 802.11 Z - [

UG Y IS 70 D 7 ORGSR - o

ﬁﬁ@?$°
E{E EE
S R
TCP data

— e N

Link-layer ACK

TCP ACK

-t
e
Link-layer ACK

[l 5-1 link-layer retrarismission schefiel =1, =4 5. Hil

5.2. BRed

Aral- 3 fFﬂF%?t‘ bottleneck link| p [F$=5E % packet loss 7 |7t
four-node chain topology[' seven-node chain topology-i& = drf& » Pk ffi - |
link-layer retransmission schemig]< | ffi"| link-layer retransmission scherfie

TCP $5Hz -
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5.2.1. 53 F7==E 1] link-layer retransmission

scheme pv overhead

F 7 link-layer retransmission scherﬁ?ﬁ,l ﬁlﬁi? link-layer ACK I'] FE e fl.
s "’T’%E' TR RPN & overhead: Z5{FTHt: p=0%fIu ™ » e
F\, ffi*] link-layer retransmission scherfie throughputs £ link-layer ACK lﬁ’?‘y
%> overheack

=) TCP data packq‘t‘} TCP ACK packet é*éﬁlink-layerﬁééﬁﬁﬂﬂIink-Iayer
data> [NF=E=—~ {[# TCP data packe;?t‘} TCP ACK packe®ef ] i~ 4 ji# it
link-layer ACK packetirifjF Ui e fol 75 17 link-layer ACK iﬁ’?}ﬁlﬁ overhead =%
£ “%%I;D | TCP data packet TCP.ACK packeﬂl link-layer ACK packet;s |7
R FORTE © 25 U M2 Fﬂ‘ﬁ*é'*'fﬁvﬁﬁ GiE LS M PSR - i 5-2- [ 53
[ 5-453 jIt% TCP data packetTCE ACK_fp_ackeﬂl link-layer ACK packefi 3t

¥
o | == | |
tos yan HI [E | | Lﬂ‘f—.ﬂ !
W T - | B |
V.
192 bits 160 bits 160 bits 160 -lzils - 11680 bits
MAC P TEP
] (PHY)PLCP Header ol el Pl TCP data
0.192 ms 0.015ms0.015ms.015ms 1.061ms

[ﬁf 5-2 structure of TCP data packet

192 bits 160 bits 160 bits 160 bits
MAC 1P TCP
[ (PHY)PLCP Header header | header | header
- A 4 4 >
0.192 ms 0.015ms0.015ms 0.015ms
q%,',' 5-3 structure of TCP ACK packet
192 bits 160 bits
(PHY)PLCP Header e
header
-~
0.192 ms 0.015ms

[ﬁf 5-4 structure of link-layer ACK packet
it IEEE 802.11h]1 > f &/ |1 physical layer headél@ﬁ[ﬁf}}ﬂ,l‘)ﬁfiﬁ 1Mbps
{32 & link-layer J‘J_Fgfjﬁﬁ['}ﬁ/ E‘J%ﬁ{gpfji@@(anpsﬁli’—i o PRIIF= [HIZ R

[l payload 1460Bytegs TCP data packefff :
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19its N 160bits+160bits+160bits+1168Mits

5 . =1.298ns Eqg. 9
1x10°Mbps 11x10°Mbps
Hi=— [ TCP ACK packeﬁq-’ﬂﬁ :
19bits 160bits+160bits+160bits _
S + S =0.237ms Eq. 10
1x10°Mbps 11x10°Mbps
H53=— [ link-layer ACK packe%’TE\ﬂj‘ :
192bits 160bits+160bits+160bits+1168Mits _
+ =0.207ms Eqg. 11

1x10°Mbps 11x10°Mbps
FF R EGE f‘, FERS & FIFF%T’E% [l iz 250 A PR Y Ry e
schedule F &7~ ([ frame /A Hu=[Y link-layer ACKsiﬁJ\%i‘ElfoE”E[T’ SR
[FFFRETEGR link-layer ACK FiriE: & (v overhead
i+ four-node chain topologyl! schedule B%f%[ﬁ‘ 3-12)19 link-layer ACK

overhead .
0.207%12
1.296x6:#+0:23 %6 + 0:207x12:
it seven-node chain topologf,ﬂf §§eﬂule B[R 3-13)1Y link-layer ACK
WS £

= 0212417 Eq. 12

oA |' 'I!

.0.207%30 _
1.29€x18+0.237x12+0.207% 30
5 PP R EIFOmE N Bz A 5-1

#%*. 5-1 overhead due to transmission of link-layer ACK

overhead

=0.191560 Eq. 13

Four-node Seven-node

Schedule B 21.24% 19.16%

R0 > & 5-2 1 four-node chain topologyivs#f » % 5-3 £§

seven-node topologitififl
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Z* 5-2 g p=0%Eﬁ‘EJ£(L['FD 5[ link-layer retransmission scherme TCP throughput (four-node)

Throughput without Throughput with
Throughput
link-layer link-layer Overhead
degradation
retransmission retransmission (%)
ratio (%)
scheme (Mbps) scheme (Mbps)
Flow 1 0.61 0.48 78.84 21.16
Schedule| Flow 2 0.63 0.50 78.40 21.60
B Flow 3 0.66 0.52 78.98 21.02
Overall 1.90 1.50 78.74 21.26

T R pIa AT 1A 5-153%&"@%%}\’7{‘?}{'}’]1"0%[!’[’EIE' link-layer retransmission

schemgX £ {132 link- IayerACK F"ri”J““]\ ] overheacwt'g 199%=]] 21%- 7+ p=0%1Y

%ﬂiﬂ HiFE | 1996 21°/an overhead ri p>0 Ay’ ?ﬂ;ﬂ » ZY (P overheadf’lel

- local retransmlssmrﬁiﬁ %“iﬁg'z#@ rlnroughputiﬁ » (2% M r“[tﬁ local

retransmissiof=#{=1 TCP e | gﬁﬁ L‘{E;lp\ﬂend -to-end retransmission

% 5-3ik p=0%Eﬁ?J§T\I'ED H Iink—Iayer retransm|35|on schere TCP throughput (seven-node)

Throughput _
Throughput with
without Throughput
link-layer Overhead
link-layer o degradation
retransmission (%)
retransmission ratio (%)
scheme (Mbps)
scheme (Mbps)
Flow 1 0.41 0.33 79.95 20.05
Flow 2 0.43 0.34 79.80 20.20
Flow 3 0.44 0.35 79.59 2041
Schedul
B Flow 4 0.46 0.36 79.88 20.12
Flow 5 0.46 0.38 81.08 18.92
Flow 6 0.49 0.40 82.67 17.33
Overall 2.68 2.16 80.55 19.45
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5.2.2. TCP throughput performance

< 5-4F1F 5-554fi T packet loss probability>0 ™ 7 i1 ] link-layer
retransmission scheng throughput'{! fairnessivsy « Al & - & e pu il
& o [ link-layer retransmission scherfie throughput™ i< € | #-#] > {ERLF" 1)
T%ﬁt {SUrfY throughput fairness [XEL 1] link-layer retransmission schenfée™’
link-layer ACK lﬁﬁifﬁ” overhead ;& = retransmlssmag’?&pu overhead fi" " [ #i i
,Fﬁ\ ]El M1 link-layer retransmission schemef{d | » lﬁﬁi&ﬂm Ejgjﬁ\ S R
throughpuififu! 7 [fil - HLYER L=k -

F*. 5-4 Hfif p:S‘V(ﬂ\ﬂj‘?JﬁiL link-layer retransmission scherﬁfeﬁ:(four-node)

Foursnode topology

p=5% at the bottleneck{ - p=5% at the bottleneck link with

link .., & link- Iaye‘r retransmission scheme
Overall Falrness 4+ '©verall | Throughput| Fairness
throughput{ |ndex ;"throughput degradation index
| & |} ratio
Schedule B| 1.50 Mbps | . 0:9287 | 1.42 Mbps| -5.18% 0.9991

% 5-5if p=5%Eﬁ T J%ﬁf Iinkilayér retransmission schenfgfjZ (seven-node)

Seven-node topology

p=5% at the bottleneck p=5% at the bottleneck link with

link link-layer retransmission scheme
Overall Fairness Overall Throughput| Fairness
throughput index throughput | degradation| index
ratio
Schedule B| 2.32 Mbps 0.9099 | 2.05Mbps | -11.78% 0.9954

PP RS 5. 2. LT s U SRS p=5%1< F | {fli 7] link-layer retransmission

scheme™™ throughput£ = normalizatione #yE 1™ :
normalizedhroughpa = throughpaix (1-overheagl Eq. 14

=5 fF'EJ}{ﬁ’ p=5%17 ]’E{ M| link-layer retransmission scherfie TCP throughput's_ -
% 5-1p9 overheadf e N A1 7 | link-layer retransmission scherpiethroughput
PR - S5 normalizationd” i fuadl f[1%ke 5-6 A1 5-7Fira. o
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% 5-6 it p=5°/q9ﬁfjﬁf'\fﬁl [ link-layer retransmission scheméenormalized throughput (four-node)

Four-node topology
p=5% at the bottleneck p=5% at the bottleneck link with

link (normalized) link-layer retransmission scheme
Overall Fairness Overall Throughput| Fairness
throughput index throughput | degradation| index
ratio
Schedule B| 1.18 Mbps 0.9287 | 1.42 Mbps| 20.66% 0.9991

Z 57k p=5%Eﬁ?J§T\I'ED 5[ link-layer retransmission schemle normalized throughput

(seveeen-node)

Seven-node topology
p=5% at the bottleneck p=5% at the bottleneck link with
link (normalized) link-layer retransmission scheme
Overall Fairness Overall Throughput| Fairness
throughput index | throughput | degradation index
. 0 ratio
Schedule B| 1.87 Mbps 0.9099- 2.05 Mbps 9.34% 0.9954

"Iw—IH normalization’ i &f F~‘q’f£|§;f5' Ilnk-layer retransm|SS|on scherfig =]
link-layer retransmission scher‘p@ threu’g'hput performanc;e J5EZF > packet loss

probabllltyp—SfVoﬁ[E:IFI | link- Iayer retransmlssflon schermél }*YcleF throughput

A1 fairnesse =% [f1F |1 &~ WS lndleduaI throughpuﬂdmfcl » Y[t four-node chain

topologyglqugqi 5-57#1 seven-node topoloqEVJq\%ﬂ 5-6-
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W p=5% without linkdsyer L
retransmission scheme Individual throughput
@ p=5% with link-layer
refransmission scheme - Schedule B
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ghiﬁﬁxj%ﬁ%\'ﬁ I3 W35 > ] link-layer retransmission schemnéf
long-hop flow fi* throughputfj ﬂﬂﬂ%ﬁﬁlfﬁl'f—?‘} ] fﬁl@ﬁljfgj%ﬁ’ short-hop flow i~
throughput lﬁﬁﬁdﬁé‘# short-hop flowd: 5t » [NEE~ ’Er:—iEﬁF'EFHRFﬁj » TCP end-to-end
[ retransmission schemig[-LI"| 3 4 7L i493% = packet loss recovery</[F=pi
= link-layer retransmission scheme|1g7[1 short-hop flow > “feifiv g14E » [’
HIFIPLER D - Link-layer retransmission schertig long-hop flow s f! packet losgiy
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BlEIEAE A .
54" fFﬁ}{%‘J’ packet loss probabilitg 7™ » Bl F 2 ffi 7] link-layer retransmission

schemeiy TCP throughput 74 i/DQ%ﬂ 5-7-

Overall TCP throughput with different p
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[ 5-7 7 [l packet loss prdgrbﬂltﬂéﬁ TCP throughput! 7 =

ﬁ?ﬂ‘ 5-7 flrp i ™ link-layer 'rgtr?;f_i:sfi;_.sm'is?sion schenf® throughput fL% 7%
normalization =§ /" i T}@'%‘? :_—.:' I[ﬁ'%%fﬁ% p U ] link-layer
retransmissiofi~ TCP throughpué&ﬁ@@%%j > {E' P link-layer retransmission
schemef™~ TCP throughput@iﬁ_i?j\ FEL B o WE@[’EI H] link-layer retransmission
schemégy i overhead[bia?'fﬂ/ﬁglm’—iﬂﬁﬂaj link-layer ACK #{! local retransmission) &
R [ UE )7 wireless Iinkﬁ{Jiilidé’lSﬁfJ’%Eﬁil% + packet Ioséﬂé%gi E\ij T ﬁ%ﬁﬁdﬂﬁé o T
packet Iosﬂkiﬁdégf%%ﬂ\ﬂj‘ ] end-to-encflﬂﬁgéﬁj[]ﬁ}‘:ﬁlj‘ J[’%iﬁ TCP J iR packet loss
E{ffﬁj G fgfé?.f,’ packet Ios%@éﬁr@ E\ij ﬁ: )1 local link-layer retransmission scheme
#EpTCP fﬁi}?ﬁ“lﬁ{iﬁg (5'k packet Ios$'lfrﬁ o
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5.2.3. TCP congestion window @[’““Iﬁ%

p=5%Eﬁ 0] link-layer retransmission scherfi¢ TCP congestion WindO\ﬁE\ﬂj
LijAeh “‘E{U‘[ﬁ%ﬂ[l@%ﬂ 5-8- Qaﬂ 5-9- =57 ffli™] link-layer retransmission scherfie
Q%M(q{a\' 4-6 - q\%\' 4-7\ Vi > ZSMpr T aES > ™ link-layer retransmission scheme
Y TCP congestion windovxifi‘lﬁ'b%%‘};‘%ﬁﬂﬁif@i?;@ﬁ&ﬁﬁ“%ﬁ’ #H %] steady

state> —~ JN<E Jé@?ﬁl packet Ios$'lfJ,E{J<35J(Q%1[ 3-20%\' 3-21- Q%ﬂ 3-22-~ q\%\' 3-23)° 3

_fim

(2™ ] link-layer retransmission scheme!' | & Fgifiy TCP T F’ﬁlé@%& packet loss
1913 retransmission/fast retransmissior~ [ {1 congestion window Bri g
W e _ .

TCP congestion window dynamics of schedule B
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TCP congestion window dynamics of schedule B
gﬂygﬂith link-layer retransmission under p=0.05 at the bottleneck link
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Q%ﬂ 5-10 RLHI 7] link-layer retransmission scheme i - }%LI'S“‘JIF'T}LI'SF?UEIU TCP
sequence numbeft§ ] U 22 4-4 4] - ‘iF%FE' EF flow 1 fUsdil - # 4 flow
SRR o ZER 4-A PR T AR > fjiH ] link-layer retransmission scheme
i I N IRARV I [ 8 > Fea TCP ] F] %] random packet logs)
Ry % timeouts [NE link-layer retransmission scheméit i local link i
packet losgi FliF 1" o [N TCP et » ™ Fg-»[fj link-layer retransmission scheme
FViWaE > TCP 1 rﬁﬁlipfa packet lossit * - {fi*'] link-layer retransmission schenpe

Il ﬂ%\\'}f—\‘]‘ TCP Rt fEFL packet Ios$'lfJf4i7§(lﬁ (E3R

5.2.4. TCP smoothed round-trip time

%*. 5-8 Fif sz%ﬁ\ﬂj‘?Jﬁ?jﬁ[ 51 link=layer retrénémission scheme srtt (four-node)

TCP sr'tt'ljndép:_p_?/g_.: | TCP srtt undep=0%
withoutlink-iayer= ||| Awith link-layer Increased
retransmission sc:ﬁéme’. retransmission scheme ratio (%)

(sec)' W (sec)
Flow 1 092197 . =t 1.0625 15.25
Schedule

B Flow 2 0.8594 1.1094 29.09
Flow 3 0.8906 1.1719 31.58

#5511 p=094Hifis smoothed round-trip time(srijER# 1 - » I i Fff
M| link-layer retransmission schen@"ﬁa‘%ﬁf srtt“EJ ﬁ%{gﬁ%ﬁ o Bl p=5%5ﬁ[fj srtte %
5-8 ;L four-node chain topology p=0%iv srtt F=§& » % 5-9 fiL seven-node chain
topology~ p=0%¢1V srtt F=4ik - 7] F| packet loss [N (= f retransmissioni}
SR o [ H ] link-layer retransmission scherh& s ffli ™ [755§79[1 srit 15967 30%Y

=~ e
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% 59 p=O%Eﬁ“EJ£(L [fi '] link-layer retransmission scherme srit (seven-node)

TCP srtt undep=0% TCP srtt undep=0%
without link-layer with link-layer Increased
retransmission scheme retransmission scheme ratio (%)
(sec) (sec)

Flow 1 1.3281 1.6094 21.18
Flow 2 1.2656 1.5000 18.52
Schedule| Flow3 1.2344 1.5000 21.52
B Flow 4 1.2344 1.4844 20.25
Flow 5 1.2188 1.4844 21.79
Flow 6 1.1563 1.3750 18.92

< 5-10 A 5-11 J[Itlt p=5%1v srtt <> | packet lossfiv’ %3]&“ f0 =]
link-layer retransmissiorf\m’g @%J@vp TCPEJ round-trip time 57 ][] llﬁff 5 [J‘Fﬁ

15['3Fﬁ°

% 5-104i p=5%Eﬁ“ g iﬁl " dink-layer retransmis.;s_ilo'n schemie srtt (four-node)

TCP srtt undep:'é% | TCP srtt undep=5%

without link- Iayq,r |l with link-layer Increased

retransm|SS|on scheme! retransmission scheme ratio (%)

(sec) ._ ! : (sec)
Flow 1 oMgLE - H 1.1563 469.23
Schedule

8 Flow 2 0.1250 1.1563 825.00
Flow 3 0.1094 1.1094 914.29

Link-layer retransmission schenige packet Ios$'lfr[ﬁ3}}ﬂ ' srtt E e
link-layer retransmissionJ\ﬂjﬁf@?’ipﬁl%@[ﬂfj: : — > Link-layer retransmission
scheme? B2 %) [l TCP data packeb ACK packet! f‘%’éﬁ[ﬁ%l?’aﬁ e[ {2 link-layer
ACK > ﬁ&ifbﬁﬁ 1% 15 local retransmission [KF=ig7 91 round-trip timee = > [RNEG
link-layer retransmission schergeTCP5y = 13? FEE ™ et packet lossfHF=TCP
VAL iy &) steady state X LF‘*%F"LEW\E TCP data packeBH5 £

bottleneck link> 171 queueing delay & i pd A1 p:O%EfJ‘I‘?jlf/éﬁl[ﬁJ °

—fi
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% 5-11FH4if p=5%Eﬁ“éJ£fL['gD | link-layer retransmission schemle srtt (seven-node)

TCP srtt undep=5% TCP srtt undep=5%
without link-layer with link-layer Increased
retransmission scheme retransmission scheme ratio (%)
(sec) (sec)
Flow 1 0.2188 1.6250 642.86
Flow 2 0.2500 1.6094 543.75
Schedule| Flow3 0.1406 1.6094 1044.44
B Flow 4 0.1875 1.5000 700.00
Flow 5 0.1875 1.5000 700.00
Flow 6 0.1563 1.5000 860.00
5.3. ?]‘ F_’“ﬁ
E:_:Fh :

lilFf F' 7 [FEJ[EI H 1 link- Iayer retran‘smlsslon schemhelg TCP7r wireless mesh
network F”EL"IB random packet Iosrr‘éFR B:t H performanceLlnk layer retransmission
schemeﬁd%«ﬁuw link-layer b zEJ 1O ACK: l}’p"a:l?: T RE Pdlf—ﬂlfll e
overhead 7+*% I'F'ﬁEflﬁiﬁ%@Hl(éﬁEi 3.3715.2.1)> 2 link-layer ACK 541p
21%9 overhead 7t p=5%fLHpfl1 > fE Ffek throughputﬁiﬁﬂ X% overhead?
ﬁ » ffi7] link-layer retransmission schenj@ throughput ™ [fijy2 % | i+ - '[}{ﬁ’
link-layer ACK Frdgi iy overhead?EB,%(}{%]’ T ™ link-layer retransmission scheme
[ throughputfft-normalization)- [l link-layer retransmissiof throughputkle 5]
Shpy > R RLEF long-hop f|OWEI'\’J§‘];E'jJZJEﬁfJ'mE L5 (E155F short-hop flowd:5it » TCP
f retransmissionf ﬁkﬂbl A% it ') ZE random  packet loss i - link-layer
retransmission- |fi Jyy Efﬁj ° U;lﬁﬁz*ﬁﬂ? SR ]g[[ "] link-layer retransmissiop’ I [El

throughput fairnesgé-+| -

ffi"] link-layer retransmissiof i » [l14* random packet loss/;& 7 link-layer
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PLRZEHrs " TCPS = 1 rﬁhﬁﬁ packet loss [X]=congestion WindOV@]’Q“Iﬁﬁ/ﬂ/[[
[ﬁjé’E %ﬁ 27| packet losgifp— 5 > B7F TCP flowsﬁ[iﬁ‘ P iskgepssE )| steady
state-

AfaE 4B - link-layer retransmission scheriig packet l0sSNEFEIIISpH ™
$5] throughput#|! fairnessg[ﬁ CUE EIED o [ELRLT: T BEIRY packet Ioss[ﬁ%,jxﬁl ,
link-layer retransmission schen’rﬁ’?ﬂé fiY overhead 4% %} throughputEl'Sf%F‘i, HVREE,
PHIFEE) fairnessHF| - S EfIfVEL - link-layer retransmission scherﬁéﬁ?' TCP

- CFEIRIFUR 1% TCPRCHRY R packet loss
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6. AT = A e
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throughput; fiel = Z5 {1 57 iRl link-layer retransmission scherﬁeﬂﬁ‘}ﬁ\'%
packet Iosiﬁﬁ‘)ﬁfﬁ&ﬁ:?&g > Link-layer retransmission scheriig packet los$y£|
Pl IS overall TCP throughput! fairness; {F17: i #% packet loss
B > link-layer retransmission schenﬁi&ﬁb overhead#lH {\ﬁ,lj ) @IEVS@F‘}
fairenesgh| %} throughputi< & | PHERF{ ") -
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