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Partition-proof Multi-channel Scheduling for IEEE
802.11 CSMA-based Wireless Networks

Student : Wei-Syu Su Advisors : Dr. Ting-Yu Lin

Department ( Institute ) of Communication Engineer

National Chiao Tung University

Abstract

IEEE 802.11 performs CSMA/CA mechanism based on the DCF protocol for
medium access control. In a single-channel environment, as the network becomes
crowded, system throughput suffers due to increased random collisions. By
introducing multiple non-overlapping (non-interfering) radio channels in the system,
we should be able to redistribute traffic loads over those channels such that contention
level in a single channel can be effectively reduced. However, utilizing multiple
channels with a single radio transceiver requires channel-switching strategy, at the
cost of switching latency. In addition, network may be partitioned due to inappropriate
channel switching policy. In this thesis, we propose a link-layer Multi-channel
Scheduling (MCS) scheme to manage the channel switching activity. MCS improves
system throughput by decreasing the frequency of channel switching and distributing
traffic to less contended channel, while keeping the network connected
(partition-proof). We also extend the MCS strategy to utilize multiple transceivers. In
this case, wireless stations can get in touch with each other faster, and network

connectivity can be further enhanced.
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& W 2 g (WLAN: Wireless Local Area Network):#R 4 ¢ 12 IEEE
802.11 # 5 ¥ i > 802.11 ¥ #| =_physical layer = MAC layer (Medium Access
Control) % =_> £.1999 # 3% ! 7 802.11b - 802.11a |7 & 7 802.11y - 802.11 %
AP R KT B @EHE 0 4o 80211b Tk & 24GHZ ISMAEF ¥ F 11 B
i AT 3 22MHz s %70 802.11a B * 5GHz e ¥ x4 13 B (3
R RRAE 12 &R 14 BAEE) 0 FAEAEE T b D BETH A 2 TR
3% o B E BUAL RS Yorthogonal channel” £ £ “independent channel” » 4+ &
TV @ 7 o0 orthogonal channel b it A & gyt iR 3R S 4 D B
gL e 7 7 % B orthogonal channel » % 802.11b # & 7 7 11 f@#gsg » 2 7
3 3 1 % orthogonal channel » 4 %] % chl ~ch6 ~ chll - 802.11a R > % orthogonal
channel ; 802.11 DCF (Distributed Coordination Function) 2 — B % * 4§75 1533
P A B4 E - M S o in B AR chi 4B Tt 802.11 w EE 5
SR g 0 AP PEE 3 2k 42 multi-channel soig gk > B(1-1a) 5 £ &) < multi-channel
Foo) o HELAfrEEBC AN FHE BELERB IS D A Y - MRS
G Afra g C g F m@ﬁiﬂ TR BEde o PR EEEA S
2LC § A{ER i Ap e BI(1-1b) i multi-channel 3 & » & 8. C v &
BDV T EHIT - B A SERACERBRT LT AR AU o N
PARFY - B 3P 8 (MAC) %3 * multi-channel eig gk » 12

Ho4e e BR 05 L E  (network aggregate throughput) -



Ch1

(@)

Ch1

(b)
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%3¥ % 45 31 multi-channel MAC = /I?ev‘ » ¥ L ARG S B
1) & 24+ (connectivity):

- M EBY W Al - B P FEHE ol F A BB IEE S K
PlAp R oEsE b oo Wi AR N E RS2 P02 BE AP BiEde SRS
febk Qe Bv IR I > AT ER RSN 83§ TG
multi-channel #fF{4:d & SR g S84 & F e s B § B a2 3 d g

A e85 (network partitions) > ¥ 353 S AT T B R E RREE o

2) E#H BiE4gsg (transmission channel selection):

+ — & & 8= 2 @ 3% control packet S|y pF 0 T B H T%jﬁ;{ﬁ PE- R
He g A BN OBERRFBE LR - BAE R TS L AR
(collision) » ~ 84 e gL 4 o + (NIC: Network Interface Card) 5 £ g1

(half-duplex) » & @ ¥ 3t priyss Wpldte L F AL Py > BE B FEH

kp B enw B a Y| ¥rite . F @i 2 ;A& multi-channel 8 T > B ¥ 12
RIS B @R B AR e S F e SRR Y B

BN B R AR e R vy o

¥ - B 7 ks ¥ Lk’ 42 5 0 multi-channel hidden terminal problem »
DCF 41 * virtual carrier sensing * [# it hidden terminal problem> @ % multi-channel
FIRB T TS ST G TR A @i Y T I RAEE 03 ¢ A virtual carrier
sensing I iZ & = 3 i 4ri% & 8k > & % hidden terminal problem iz € 3 4 5 -
@ﬁﬁﬁ&%{ﬁ%%#ﬁ%?ﬁﬁﬁm&ﬁiiﬁ—%&%ﬁé%&@ﬁ%@
(transmission time of maximum-size packet) - it i& (7 4~/ 5 > 4oyt — % hidden

terminal problem #-¥ 4 i & 7 2+ o



F e 1L e ;Igu BUK s B 27 He RO i PP A (Switching delay) # 12
lvg o gk [7]Y T RFREHFATFREG PR LB EP
(millisecond) » 4p 44+ 4 & f@ﬁ%f.ﬁfy (7= ¥ & #icE F)) > switching delay 82 5»x i &

H

FrhAB®me Y oA 9 — B partition-proof multi-channel scheduling (MCS)

:\gf\}

i o v iRgEeERan S A MCS ¥ gtk ¢ > switching latency 2_13
VAR L en& F > H P oswitching latency & 7 7 S dEAEAE (8 0T E BB X e
£ fiﬁv@ﬁﬁjgﬂ& v LR R B R sE cnPE P (processing time) o i ¥ > MCS -4
LB enig * 2% (channel load) &k » fe @ﬁz&lgﬁ (transmission pair) #1 f cF g

i o 3 CSMA/CA ¥ 11 (535 ks chne iy o

KAE e flapnnppl i % % &4 %< 48 4 9 multi-channel
protocols » i f§ H 4zit & (T A {0 ¥ = F &EP 5 B3 random sequence
el HE R e § SR B MCS (i (Tl RfrRE ST §

FAHBRRELES BULEATOAREL 0N - Feh o



¥ APM R

75 v kA A multi-channel ¥ Y4t B e B R R 13 ¢ DR 4
N AP U Rp 2 },%A\ #p = @ %2 (1) single rendezvous: #73 & 2L € 3~
87 ARl g P kB L - N - iR S A
3 ené Ry ¥ B F (overhean)# 414t ¢ 5 (2) multiple rendezvous: #4134t e o
AL RLE BAEE o P dlite VU LT RaMEE Y ooa F By
Fl3te N E F I DE BT UERTT] o
2.1 Single Rendezvous

iw#g 3] 0 protocol 5 MMAC ~ DCA > i2#g dl4F ¢ a3t ipdldte & pF
TP EhE Rt g R bl - BARAE ¢ B EL > 2 AR 80211 drdldfe ¥ XX @
z @ﬁiﬁ&tﬁiﬁ SF 3L 0 F|posingle rendezvous #E Al e 2 W R & B etdte N A A
B 7 2% k3] multi-channel =45 & W & Bhdn F P A 3 € k¥ ATF
P R - BRERTER GER QT OUPE - BA R op i g
b A 2 AdE 5 MMAC [2]3% LHTHF N - & B ¢ 7 3% 7| 7] L g - DCA [5]

Pl — BERAIEE KT I @R T - B B S BEgdiite o

2.1.1 Multi-channel MAC (MMAC)

MMAC éh&8hfied - BX o fos B SBIvE 7 @ * i dep > 0 &
L& 3 PFR 5 (time synchronization) ;s MMAC 44+ IEEE 802.11 % T #i-5¢
(PSM: Power Saving Mechanism) & % 2+ » & PSM pF 4 4~ % % % &7 beacon
interval > — 1 beacon interval » % # £ &7 ATIM window (Ad hoc Traffic Indication
Messages) fr | 4 cnis BLpr fF > #73 cn& B & ATIM window P¥ € 7 3 3 - B
common channel % i& 744t e 2 4 » & 2 ATIM window % & 18 7 3% $|:%
HUEE R R TR - BI(2-1) 5 - B MMAC S8 (Fin6] 5 & ATIM B 460

g #BLAS BB rH B C g 2 IEE - (ch 1) S8 A EE B e



LaghB Flt & 28 A A ATIM window pF ik @3 ATIM 34 £ & 2.B> 2 ¢ ATIM
3¢ ¢ 77 &2 A e PCL (Preferable Channel List) ; & 2- B %8 & 2- A (7 PCL
frp ¥ e PCL 2|#7ie * 43 = (Ch2)#& ¥ v K- B ATIM-ACK(2)% & 2. A & 8L
A Bl i d— B ATIM-RES(2): 5% Fleh& 2k > % 3] ATIM window % & - & 8k

A foi B BRI g PR - 7 TR @ -

Node A ATIM ATIM-RES(2) Ch2

Node B [ Ch 2

ATIM-ACK(2)

* > [—p -
ATIM ATIM Time

< >

Beacon Interval

® 2-1 MMAC

2.1.2 Dynamic Channel Assignment (DCA)

APET MMAC * B %A e Al 44 @ foddldt & g% DCA e B3 ¢
K- BB B TP EF g P B - BoEsg f (v FI4EE  (control
channel) » # & aig i B § (T FA4EE > DCAcn& gL 5 & Byeg B> - B a gk
F LA PRE ok Bl e oa V- BiRF ER A p o g
wR AR g ok @iz 3 ) DCA ch& gk ¢ sidF CUL (Channel Usage List) k 3= 4% &
Bl B @ AR 05 > 3 P B pE gt B 4 FCL (Free Channel List) 5 & 28 A

By P B RTS L& 2By A RTS4é ¥ ¢ 1 &% A FCL> $2.B



Selected channel

Control channel

Selected channel

Control channel

#® 2-2 DCA

RIEF$ - B &gk A L3 0 free channel k7§ %18 &7 ¥ #F T i %

CTS* wh&m As §BLA Je5| CTS {5 — = & #-Bi% 7R iy B 445

BRAMEE 0 ¥ - 2o hdpdEig F 548 RES #f¢ kil ik ood gk F
A

SRR B BT ML AT i eh CUL

5
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2.2 Multiple Rendezvous

multiple rendezvous ;2 § — B ZendpdHEE * k@ irdldte > & BARYE
FF L R GE 4 e o A e o iz 4f % dhprotocol [1, 3, 6] § #-Ar
BEART R d BARE b o S BLR T AT AR R TR 0 SN E - s i

A Bw st 80211 2o

2.2.1 Hybrid Multi-channel Protocol (HMCP)

HMCP [1, 8]¢& 8.3 > % & & B Jcs B » 4ok DCA » HMCP #-#5 efcs
Boad BFFEE - 29 - B3 e L "fixed interfaces” » ¥ — B ¥ & 3 "switchable
interfaces” ; /% fixed interfaces sjc i % ¢ Fl T fd & BhiE T oiwifsg > D F
i AR e fixed channel” » #73E et iE € FlaBLen3 @ 2 — %5 & 2R 4§ Hello
messages” % # fixed channel> # & & 8:R| ¢ ad¥ — i ”"Neighbor Table” % 4+ i &
2k fixed channel > @ i% =i frdfczh & 82 5 49 e 0 fixed channel » B @iz ¢
7 #% switchable interface |z jczf«nH ¢ — i fixed channel + > 2. 1 B3k

Jo=h ¥ A3 fixed channel i 3 -

2.2.2 Slotted Seeded Channel Hopping (SSCH)

SSCH [3] & Bhfic § — B fcs B &BLAF & RPEFFAY I 9% 5 SSCH 1 * 47 i £
#%2 (channel schedule) % % £z Bérachi ¥ » $F LB & BE L5 B & 2LFF >
g0 R eh g FARRE R R A G (AR dogt - R B ey
" g feAp I SUEEE L 0 B o SSCH e B g A Y B Y - BAT
hpER > & B & B T S men (channel, seed)fe $ R HE A (TAEA 0 o B
S FAME AR He4fE - & 2 (channel, seed)™ 12 E B = % — 1 random
sequence » i & = & i¢ * 72 f seed rrandom sequence ¢ FH IR B AR
fF 38 (element) > # &7 i & 2L¥H & < random sequence 32 * 4p I < seed >
Mg @ FEA B BLE IR 3 RB U S 5T Bk RE A 4 - SSCH

8



¥ b HK — @ parity slot 4v » 242 ¢ RB](2-3)* kP! SSCH & i® > &8 A
#73 » i (channel, seed)¥+ > % 1~3~ 5 i slot d % - ‘& (channel, seed) & ;&
02~ 4~ 6slot d - ikw s BY SZAfrHE B - BRHE S
(01) F]} B A 2B &% 2~ 4~ 6slot o3 B b erwfif 540 e e

a-2L A~ B ¥ 4% iz overlapping slot kg 7R o

0 0 2 1 1 2 2

(0,2)
(0,1)

2 0 1 1 0 2 2

(2,2) Parity slot
(0,1)

® 2-3 SSCH



single rendezvous ¥ 1 f§ ¥ R ik il cn & BEBM LT 44l EF e 0 R (B A1 D
SERE B PE R e 7 O B L - i 6 R BT i

5

7558 (bottleneck) ; multiple rendezvous = ;8 ¥ 12 £ 3% § e e F fe T

A

7o & [4]2 & ¢ 445 > multiple rendezvous #F #4F ihvzay 3 HMCP 3 &
i A5 & traffic load 4 iz % 32> @ SSCH 5 ¥ e~ 3 & ﬂi;-]aiﬁlg i #-traffic load 4

o BARE b o e RSB RAER e R iE € % 3] switching latency g2 58 o
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% = % Random Sequence Properties

MCS i #; random sequence % & (F#Ff chtfz iz B &N P4 27 B

random sequence s e o A b B E & 3% F|F % (channel, seed)¥ 1 B B =
% — % random sequence » * — i random sequence # 7 7 pBEA~% > HP p i
— 1 F # > random sequence xR ¥ 12 d Galois field & 42 % - 4% 3 24 i ff ik

14 % Galois field » &% = ] & ] ¢ 4 % random sequence % & o

3.1 Galois Field
H-BFEp Y rEL S={0,12 ... , p-1}fr B i& & 5 (operator)

SE DT ki “O > A B FLIEREP fo2 ol P 2 AR AT
{S, ®, O}y A= - BFF TxFH (field) > 2 = 7 *LHF (finite field) L

Galois field » 14 GF(p) % 7+ °

Va,beS ,c=a®b =a+b mod p
vd,eeS—{0}, f=doe=d*emod p

Galois field p 7z 7 42 2%~ % ~ fFE3E ~F (ldentity) » ¥ » #H & &
& (associative law) » 4 fie &= (distributive law) % {4 7 -
ER
BB P42 ol PRZEF BEE-
Va, B, y €S
addition : a®@(LRy)=(a®p)Dy
multiplication : c O (B O y)=(c O ) Oy

11



A U

GF() G &3 B % A% » A 8|5 ikl ® A4 R FHEER T H 0%

ﬁ%cgl}igﬁ ;b;% s "1 4 o7 %;;,}ggﬁ ;u-% o

YaeS, a@0=0Da=«a
vVpeS—{0}, pOL=10 B=p
and VyeS, y00=00y=0

BE=
S AT ARENHEP wZ TR F B E A% 0 RITAFApleg N

bR AR ] ARG R ER AR MNP £ 207 - B
AF AR REAFNREENRBER A dea kAT i F Ad o
B A Be g E Ak F AR R - p

VaeS ,3a a®(-a)=(-a) ®a=0

vpeS{0},3p" pof = 0p4=1

PR (A F):
Va, B, 7eS,a0(fOy)=a0fPady

BFI (3P R):
S P F o TP 2o P k2 EE i Flendg K iR AR

Lo BRWSHAE

12



BF A (i frpid):

% Galois field p &5 % & 4vi2 fogkiz > o2 frxlgf R UG de b bk F A
LR U LR SN PEEL R Sk MUE a S L SIS B e
NIRRT

Va,p €S
a-pf=a®(-p)

-1
a+f=a0(B) B=0

R(B-1) % GFQ)” & B~ Az frfkiZ iR £ » 7 ud BF 0~ F72”
B GFR)eteiz F v 2 2 232717 RiEFFE A Z S AR A DV UGEERPE

Beng % kARG - Bz b f

_\Q@
- O O
N | = -
OINDN
_\QG)
| o 0o
S - RN
N ODN

2 2,01 2021
Addition of GF(3) Multiplication of GF(3)

#] 3-1 lllustration of addition and multiplication of GF(3)
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3.2 Random Sequence

i %5 GR(p)endh & Mgl F > A % f2 88 random sequence s 4
4ofe 7w #7it random sequence ¥ 12 i@ * — = (channel, seed) k = > ey it H ¢
channel frseed 355 /] 3t p enzb § F#o » ’T}“{?“ channel = seed JF'K £ 8 & S={0,
1,2, ... , p-1}4 m en— i <~ % > channel #* % I sk i (current state) » seed A
* fA-F T - Bk AR (next state) o
% SSCH ¢ & * :

channel € (channel +seed) modp ~  -----—--—--- @

%47 - 1 random sequence > @ 2 ;N (1)¥ LT H A &

channel € (channel ® seed)  —emmemeeee- 2
A
bl4e 2 GR(7)¢ > — & (channel, seed) = (0,3) > B] (0,3)#F# # &1 sequence
= {0,3,6,2,51,4,0,3,6, ...... }; (channel, seed) ¢ 4T ¥ & fi crec g @ 3 %7 g

AT AP 3L o A e SSCH #3¢ (channel, seed)® channel s & =
;% % random sequence =% — {38 - *~F_random sequence e7% N BIE ¥ 1L 4 7

U

channel € (channel @& (seed ® (N-1))) ---—------- 3)

~- & random sequence & F 4T et
- (FEE):
- 1# random sequence £ 3 &4 > HFH L po
channel = (channel & (seed © p))
#] % random sequence 2 p & ¥ # > F| ¢t random sequence ¥ 1L & 7 2 5 — 1B
p =x~w® (Vo, Vi, V2, ...... , Vpa) 0 6w 2 R #® I v B &7 FFRA2 random

sequence vector & % 1 o

14



BR= (RAL):

#-iz - random sequence ¥ 5k =45 {5 15 8 5 - 1% random sequence -

R =

TR A BHeF 7 I seed crandom sequence (x a,aa) > (xs,ap) - Bi¥
Hpro g3 - BARRTIE T 2 B (xa,an)¥ (xs,as)f % K+1 & 5 4p

e % o
VX ar X Apr Qg €S
2o, OK =y, ®a; OK
K=(1a®(-25)) O(a; ®(-2,)) "

F L aat E3 g i K 3 rE- av}%%iﬂ-gﬁﬁ_K.&g%’%?Sﬁdi
%5 F K i- Bt p b f Bl ek aafitas AIK 2805 3R 8

#fE & _yaE 3 yeha & random sequence # 7 1E_Fr — i Ssequence > F]

K3 &% F 8 K5 &f% > i B randomsequence 7 € 5 48 Fr e i A o

15



% 2 § Multi-channel Scheduling

MCS % - Bz = & CSMA/CA 413k 34§53 link-layer #f g ¢ 12 = 3¢
(channel management) ; ‘5o #7iF $EA7 koA i b OF BEA TR B aHEE oo
AR e PR £5 3 802.11 DCF &= ;8 k& 17 > 1% @y
(transmission policy) i > #F i *» 4 ch=t #1212 A sg § 47 4B (channel loading
detection) K @ L LHAFE e f o AR £ % x T ¥ L7 b ARt ¥ 5 iE {
FHcp s friZ R et B o

BB AHNER S 1) FopBAET L R BEFR AP p - BT
L BHE L AR 2) KB REE G REERE Lk 5B
B G I B B33 & Begd By 5 L (half-duplex)i ¥ v 2 pod ey d
A o - BE L e B X R AR BAEE B R4 4) JoE B
E-MEE AR - BMEATE R -7 o & (switching latency: Ty)# € F]

A AIEEAR LSRG A e
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4.1 802.11 DCF (Distributed Coordination Function)

80211 m sl £ £ * Riferii /i o - L5 B BEAET BEH Bl @i
o O(BEX & 8 Ao @ d o7 f st p S8y € T FEl > d fLiF+
# # [ (interference range) ; p* PF# £ ¥ - B Bz (Bsk 7 &8 C)r & B34
TR - B (BX 5 &ED) L2 S %B (58 A HRNRITE) LS
B.Cent g R o Bl &8 B je g sinl 3 7 A £ Flaif (collision)m & 2
X enfid 4te ; Flet DCF @ * 7 & B4 kb collision 4= hidden terminal
problem 3 4 > — i ¥_& %8 <9 PCS (Physical Carrier Sensing) » — & &_i¢ * 4
1 VCS (Virtual Carrier Sensing) ; PCSi& iF 5 § - B &g Eg@Ez w > g L1
PR P L R EEANE R AR A - BIRRECRARE G V- BREAD
higiEY @ 2T g EIDRE 2 (idler ;gL &) v ERR E)- & IFS
(Inter-frame Space) s+ /& pF > &° 2k € f&_contention window p  [0,cw-1]%E # #+ 3% -

® backoff timer %> — & F|#F|F FHR3te B 3 VCS giF 075 A

-~

=

it e (DATA packet)z. > L 1 - B i@ 414t ¢ RTS (Request-To-Send)
BB BB Ry - B CTS (Clear-To-Send) 5 = RTS ~ CTS 4 DATA #t¢
v gk~ — B pFR 58 NAV (Network Allocation Vector) » 5 H & & BLEMFL T
RTS~CTS & #_DATA #te B ¢ # 1+ NAV #73 ik Ra % I NAV B2 151 ¢

EEFwE

17



Parameter Description
p Number of available orthogonal channels.
i Number of interfaces equipped at a node.
Tsd Process time of interface switching from a channel to another.
Tstot Time interval of a interface stay in a channel including switching
latency.
(xaan) x als the starting channel of node A. (first element of random
sequence of node A).
a a is the hopping offset of node A.
{B.(xa,an)} | B:Seed-dependent channel element.
A representation form of modified random sequence.
Tp Duration of a sequence cycle.

% 3-1 Parameter definition
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4.2 Channel Scheduling

AP R BRI R UL =1 ek TR hF B EETY
fed - RE IRt MR : 0 3 pl FREBEET- BITREE
(schedule) iz B jc g B2 i@ * » BB 7424 L R BER LT hit b oo
PR ALEBEAELAETNER VA ANRLS ORERETIRSE A AR
Foom FREBITH DT E TR ERLARE L - B UL ALY EA4FR
TR E - BaE (BRAFS AT HE e (BXE 8B FHEE
§2: A RIT U & 8L B chit iz v PR S & 8L B AST P AR 0 i
fea 8L B Ui il o & MCS ¢ » 24P piE random sequence X § 2\ P T A2 4
#]5 — 1 random sequence ¥ 12 B f5= - k2 (channel, seed)fie $1 k = 2 oy it 0 iE
WA A4 g 2uF A anflet o 4o@l(4-1)° SEEAPE T LK F TR
20 B SREZ BRI QLA TV LR OEFD LA GTHEE R
(" p=3%61F) -

Random sequence{201201.....}

Random sequence vector (20 1)

#® 4-1 Simple random sequence
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Ao (xa,aa) ko &8 A #TP4iE 0 random sequence 0 H P oy afrana

FH A pnt | FHGE L aa P EIORI A A S BAT § o HAE (7 &

EFMErHEA NP E) S AT E FE - LAY yat e
Zoseed 2 0 & BL7 € Bede > 2 v ik A4 random sequence PR S B I
% Ik seed < random sequence vector € 3 — B Apfe e3E 5 @ £ By 4p F seed
¢ random sequence #r3 — g F o Bl SPLRE B B R e seed G B
(seed-dependent)ein~ % hE FIA P EE i B> Ai=lenffn APRZ &
#*TH — 1 ~ % B % random sequence vector & w0 =5 > random sequence vector R
s:xd = (B,Vo,Vy Va, ...... , Vp-1) » ™4 modified random sequence vector & fi=¥ ; 8

g4 3N RER EFE'%*K— A rmins Bipl seed chagEF 4 ke B
A Ap ke o i B e 2 P E38 B e seed 48 I n\seed 4c + — 1 offset> modified
random sequence B2 {B, (xa aa)}k &7 > @ & g5 ptl> 55 =F
BHEORI - BRAL SN UG BB I R TR B HITAE
- At is o % p+rl B time slots & & =¥t modified random sequence
vector ¥ % B % o Bfiicslotl, vodiedcauslot2 ...t dgde o & B F Ay
& efics [Op-1]1¥ k& - 7 A& (physical)s g 5 & 802.11b 3 =
orthogonal channel 4 %] 5 chl~ch6~ch1l - B & & S={0,1,2}sh & B~ %+ 12
- ¥- > * element0 & % ch1-elementl1 §-element 2 4 %] %% 3| ch6 {r
ch1l . A i ik & & 27 £ 3 PP ¢ 9% (time synchronized)s > & 2 3 - B 23
gaslot k4 B 5 & p+l @ timeslot 5 - i cycle » 243 random sequence # % »
@ Baghh- Beyclep I € 5 — 1 overlapping slot (7 feeraps BF fodf if 5 £ 4p
e o

# B a gk T hR #f beacon #fe B BAEE b o 4o ¥ 2 Z U hEARA

%ov R B & 2E; B2 28 modified random sequence v 12 f i & 2 - ®{ A, (channel,
seed)}fe ¥t i RA P2 F & & M - w{ g, (channel, seed)}pie e T 11
FenfEfed B 3 > MCS ¢ "4 F 3 srﬂ‘b@‘} = v hiT 424 P4 € ¥ 1) beacon
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e o o 2or anslot 7 4_seed-dependent slot (8 #14f J& =i slot) - beacon 3 &

poAF eE M s seed s F 2 s beacon #f# p %A cAF A S channel 5 & seed
-dependent slot = i & 2k & *» 3 3| B 74 criEsE > AR e chseed € 3B D4Rk o
B e > Fl-Fe 4Pk seed i B &-EE £ 3 P - BARE P oooseed fpt A A
® A @ #72 beacon ¥ F & @ i% channel (AF T S R AR B a RS
¢ 12t seed-dependent slot £ 7 i& i & 8475 7 e crseed > #7114 - beacon it ¢
P seed enE A 0 4R T e seed frIk AT B AE if‘uﬁ‘i fadi - B
FAEA B Rpaghe - BiTAETA A (RSTable)» FH#LAp ¢ 77 & BT
PenEARE o R RIS & BB 2 6 beacon 3 @ e g L AT L o K- B

e mﬂ‘_hikg WHFTHEA > - B R B, (channel, seed)}pe ¥t & § i

-~ 2 2 - :'—
FreniT ek o

(1120)
(1201)
Node_A)*--..,,
0... 'O.... (2 21 0)

(2021) :

@ 2102) 7

: s
..o“ ‘.....' :: (202 1)
(1012)

#® 4-2 Example network
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B(4-2)5 - B ) AhE e vi3 - Ba2A-B~-C-D-E~F-G-
¥ ¥ 3 = i orthogonal channel (ch 0, ch 1,ch2) » & i & 8#7i¢ * = modified
random sequence &3 A & B3 1 5 B S 8D #- BATA r chE g ¥ e
FET (QL10)F Fr izt > MASLEDER BT AL L H e g
B~C-E~F; tslotl 7> &8 D -Cira8E ¢35 ch2(4 B=a) &%
D #-channel(D)=1 # 7 % beacon #t# » @i 13 » &8 C{ra- 2 EJci| &8 D
# % dachannel £ 5 1 pl¥ mdadrs e D iifesd 5 {2,(1,2)) = (2102);
tslot3pF> &2D &2 &8 B ¢ 2 ¢ ch0 »ptpr& gD g & &% seed(D)=2
“agB> 2B 4% seed(D)=2 ~slot3 #racwpsy 5 ch0 R uF ol &
LD * i g 5 10 0=apP201Dap=0-201dap=1; k>
G2 F ¢ 1945 slotdch2 F yc 3| & 8. D @ ki 4 seed(D) =2 k4 %748 D ¢

AchedfE 5 1o R v endeghy IR - fRenfit e E A RN -
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4.3 Transmission Policy

i¢ * modified random sequence ¥ 14 [7 oF gt A > 1 ® A5 — B multiple
rendezvous et > (e 8~ B & 8F 2 € F - B2 enp ghe (destination) 0 E
H i * H - FIFO (First In First Out) i+ 7| (queue)#-¢ & # head-of-line r2 % p'
LR EEBAGABR G AUEREEBrEEC $BAfE R
B¢ hslot2 »m &g Afr&d . C 2 ¢ fslotdr L8 B {ra g C ihdte &
LB FRE N FH Y IR SEEA Aslot? BiE- Bite BE BB SR XD
T B NS BET - B BEBEB At - KRB E AT SIS TR A
% & o MCS # * burst negotiation 1= 7% & % head-of-line fe & e 4 > I ¥ R
b e ap i & crdf 4 (Switching latency) 5 %5 5 N+1 # FIFO queue > N
LoARE g gbdc o N B queue 3B 7 Fr il & &k 5 2cdt & o f T e B queue AL
ok 753 broadcast 3¢ 0 S ELRBR P i R hdte ok A g B e B ik
{85 & Bae @Iz @ % 802.11DCF e ;V kL (MCS ¥ ¢ *
4-way handshaking » < i¢ * RTS/CTS) > ¥ Jg F| $ it 4% 042 & foslotsize » - B
FEA gt e F - T PRE - B oslot p B d o gl pF g iE s ok Tl R € P
HULALT AR e b R X B P P g S
AP B @@?Jr‘g % (Tx_high)fe— i & < L3 @ﬁ%lfi & (max_slot) >
- r iBi¥ 3t @ B > Tx _high & A 1B 3% pF A A2 18 max_slot B ¢ -z B
slot & & Fr il ¥ s fodifcsdy R haeh@iF; k72 2 B3 chdte Pl T
- ST R BEE BRI T s B B R @
¥ BiE- BAPp F LA DRET (Hopping return)it ¢ Sigjasd > P e
Fofpfesh ek BB F Pl B slot shi ko RET 4 7 o i fesh i # g i o 8
* burst negotiation 3 & p ef AR 0 f@ﬁﬁfﬁﬁﬁiﬁ*)"#ﬁ%ﬁﬂ:’f BotE I IR aE P
7% craswitching latency f- head-of-line fe% o d F & i3 5 ¥ 1 ¥ &> MCS #_-

B8 5 2 (receiver-based) s ;¢ o
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4.4 Channel Load Detection

modified random sequence * 14 -2 i & BER ofud S A 4T e & B slot fodp s

¥ g e A AT e AR B 1

v slotl PFRR 4o @ %]

PR GERRFEEEY A E
TR AR(4-3)ekRird > #ED{rEBE &

BB o8 Cnl gy B 4pat slot 20 &8 A{r &8 G IR 4250 slot 3 52 2 i

2§ Ak @B 2 iE

= f@ﬁgjw‘;ﬁﬁﬁ*?ﬁ -k dHEIEETRLAR
Tz B

BEAFR@* ch2 ki TR ppd & 7 3BV & ¥ U

mgrR R - oA Ry PRAEFER W E 4 %1+ (channel diversity) °

u120)
(1201)
Node Afee.,,.
R
\\\ E (2210)
2021) ¢

u102)

B 4-3 Unbalanced channel utilization

0
@

®0cesrvscsrene
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50 ok spag e fogF (channel loading)~ fie 7 323 enff JE 4 4 > A4
>IERMERE B om0 T LF SRR IR R R ot g T ARA
L slot p 2 BicE B g e BB gAY Rt P A NAV 1 S - 802.11 DCF
¢ Kedte Bix B3 apF Rl (NAV) %4 & RTS ~ CTS - DATA 4t¢ # 5 353 B i
Plrz4e i i e NAV R § (a0 & B & 2L ¢ a5 - BARg R T A - 27
£ 70 L BAEFEONAV Be 2 & BATE e B o & B slot B 4 € 01

e BAe— 0 &0 BAslch B A hdt e o foslot & R pERTE- NAV Bqe {

TR ER DRI D REFT S F - BRERRL BE 2

‘4«‘&

oo € 35 12 oy choverlapping channel T e & 4F gk AL 0 & SEME R
it + 0% ¥ e % ¥ Nav_Threshold & § s #c® < >3 & cycle & &R 4c— (2p + 3)
Pro BER g R e B Y RBERICEDETAEL KD - BERRT I
iR R iR F & & Nav_Threshold 1277 > — 2 #Fsd cgefic® < 3t 2p+ 3>
AP - BAEAE R AR S B PF e Nav_Threshold B 857 5 25i P 4g 3 Sk f§ T
BE s f- BEE (BRESE ABEBEHe L7 - BEE (BXR5LS% B)
PFootd g4 SR BATERATAEA > S BAESEAFL A oS8BT
FEATRL 0T E - BEE B BRI PO R BEs T RGEA
Pr s SR AFIRBEA g Rk 80211 £ATRE I RAte TH > T AL AT
PeiE - BATOMEE KL BB E L SR uEaY SRAEFS &SRB P
Bikehdte » RREBB O GALRBREEL 0 TR ARG N
A ¥ e BB g E e

B(4-4)% - B MCS &+ > &g A{L, (2, 1)}E& @iE4e L82 B{2, (1,
2} PRIp g Afrad gl Benfifed k3t E > 3 S EEE-€ 5 - B g Aslot3 »

FAChO 15 o i LW AL BF T A & AR T A R R Ch O g

=y

i iaE > B SR A AT - BATOMEE A BiE D SR ARREEB D
FARE RiE - ek AR EF VU o ch 1 Rl E - BAATHE D kB g
oo Tt hslot2pF > SBEART p e id RAdich2:cichld @
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tagBr chl > & AFERISELERB L Rénilltp 0§ &2 A

feaghBaw BiEdte B0 € F chl B3 s 1| RET 4t¢ DR 4 5

# A B4 Tx_high f= max_slot -

chO 15000 us |2
ch1 300 us |1
Packets to send ch2 300us |3
‘ Table of Node A
Node_A
1 2 [T 1 1 2
Return
\ 4
4
1 1 1 1 & 1 2
\ /V
2 1 1 1 2 1
)8 VD V1 V2
4 Slot 1
Node_B
2,(1,2) 2 1 - 2 2 1

® 4-4 MCS

26



&=

No

Y

Hopping, beacon broadcast
and channel load detection

Packet to send ?

‘Yes

Choose an immediately coming slot
With lower channel load

Update ch

annel load

and hopping

Current slot matched ?

Yes

r

3

Snooping for
desired destination

Next hop found ?

Yes

h 4

Switch to
selected channel

transmission

® 4-5 System flow chart
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SAZR 45 F 0% A MCS ¥ - ol RS (T F SRR R
Pr g R U DiTARA KRROEE a0 P e E BT R R BAEE NAV 1 2 B 3
PRl 2 0F Qe g - L 3o 8BS R g RBpRIHhERL R
B g o T Y R AR E AT 7 4 Nav_Threshold - % 2 Az 7|
§ i PR AT A 4 F 45— B 100 Nav_Threshold e 3 s § @i
FopERRYZEIMEY  d T B E slotzw > FELE R R ADTAREZL
KiFfo 4 R et BHRE R BB RLT AT B hadge - &
BRI T l——J]'J' RS SRR T S Eat TS A @%J » & B oslot %4 {80 &gk
€ LA £ T ¥ F45 - B Fi7IR & slot & #3f ¢ i <t Nav_Threshold
FHEE K @ﬁﬁjiiﬁ v B R FlEE Tepslot &g R IE LApE b (F R
Rfp e nFRid RES ) 0 2 - L ERBERDETARL P L)L Fo4 By
kA
4.5 Multi-channel Extension

% orthogonal channel #c# 3 4c fF » 2 13 & BEF chBi 0] € 55 003 0 g
e ATpER L g2 & S MCS» L4 & §okjeg Benlia;» A& p m+%“41ﬁfr
BOEEBLE G TR R E FaER o B - B EET i RRF o 4 BFE1F NetlF
1-NetlF2...... ~NetlFi; % Baghé & s BlgBLs - Birsed > el
Hoopt B e R By 7 - i e R R Od S 0 &8 A G S B random

sequence vector (2,1) = (234567 1)f- (4,3)=(4036251)> &8-B4#75 (0,06)

LE A PE - B BT iF Dl ehoverlapping slot - e im iR B ATl B
Bep £ A d RE P4 AP E$ R - & Bhaorandom sequence 45 ) P i
U RN =2 e 2= ifcg 2 3R—- B overlapping 2 F o

H AR R 4o 447 choverlapping e PR 4 0 A PHE R - gk
;o errrandom sequence & * 4p ke eseed e £ % fe erde Ao o & BE A % T BT
4 ® i * 3 random sequence B4 & (x'a, aa)’ 2% random sequence i
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o - BaBp e BRI g5 LE I EZLA BaBE- BEYP QT 1
% i° % overlapping> © & & & 8.4 T - By BTl i RS & LT
MORGE AL o i3 random sequence — fRe E_F & B i A A0 ReRL ¥R 0 2
B R R Bt e i & g P o

& a8 L NetlF 1 crdedodfsf (' a) b A2 B 0 chfogd Borde R i
B A 4 + Dy~ Ds...... ~D; ehseed B0y 2= x A aa®D~ x3a=x 'a®
aA®OD; ° BREHDEE SN BRELETS - BRFEEE LY KA
v e BRR g & KO(—Dy) » K&(—Ds) ~ K&(—Dy) - ...... %351 o
overlapping slot s zEF? 4o F :

Fe &8 Afc& 2B #5 i B random sequence - (x'a,an) ~ (x%a,
am) (X' avan) s (x's ae) s (x°B.aB)~ o “(x's.ap) e BXA B
NetlF1 2 ¢ feslot Ki~NetlF2 2 ¢ & slot K~ ...... *NetlFi 2 ¢ & slotK;e
FER LY A= AD aaOD: x a=x ' a® aa®D; ..... x'a=x a® aa®D; ;
x’s=x'8®asOD:~ x’s=x's®aeODs.... x's=x '@ as®OD; ° B K2=K;

@(-Dz) > K3 = Kl@(-Dg) > K4 = Kl@(-D4) A —— R Ki = Kl@(-Di) b
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Proof :
Node A with random sequence

(@) (s @), (s )20 1)
Node B with random sequence

(Zé’as)’(lé’as)l(lg’as) ------ (Zli_%’aB)’ Va, #ag
netlF 1 overlapping slot K,
1.9, OK = y; @a, OK,
Kl = (Zé_llA)/(aA_aB)
netlF 2 overlapping slot K, :
1:@a, 0K, = yi@a, OK,
1n@a,0D,8a,0K, = 1,9, 0D, ®a, OK,
K, :(Zé_Zi)/(aA_aB)C_D(DZ@aB_DZQQA)/(aA_aB)
Kz 3 Kl@(_DZ)
similar, K, = K @(-D,)

K, = K,®(-D)

|

dopt — koo AT %“gr} X T DI D&~ 2 kiEF(353 ~ F overlapping 0P
g ldra p=11 »i=3 @iEE T ok ® (—Dy)=4,(—D3) =7 £ 4} random
sequence EH L G % € BEE B IR Ky s Ki+4 s K47 ~ Ky + 11~ Ky +15.... ¢
FFAPL AR E B random sequence (1 (x A, @A) E 0 K iG KKIK]
EN KPP P RS EPFE AP T & 0 B seed-dependent elements
(B1, B2 --... Bi) > modified random sequence vector #7¢ Z e Z R F p + i
I 4 Wizt seed depend elements *k fvector eh% 138 0 % 1+Do+1 7 > %
1+D3+2 7% .....J #-random sequence element i% 38 e » RFE R H s 7 4% g > 1Y

{B1,(x*a,an)}k %% : NetlF2 i * = modified random sequence B 2 % (B4,

Boy. B)iF— BAFENEERRES (B2, B3 BT (X2 ,an) ks &
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{B2 (x%a,an)} i NetlF 3 RIE* (BaBa. B)1E (xZa,an) > M
o o AP PiE & B seed-dependent element 3 A R oA A4 2 5N 2R A
seed-dependent slot P-4 % € 7 Ir— & Bhero B FIAp e GEE b oo dG AR
F seed en& gLP] ¥ 12 % seed-dependent slot & i i o

®1(4-6) = — % multi-interface MCS %] ; p=13,i=3,D,=4,D3=8 >
Bi=a, B=20a B3=30a > & 8 Afe3 « modified random sequence % :
{7,413 {1,(6,7}-{8,(8 7} &2 B 5{2 (2 2} {4 (10,2)}-{6 (5 2)} -
Ky 13 slot 14 > L= & 2 & (# ¢ 7 slot-dependent slot)p] ¥_ K, & # ¢ slot
(slot9) » & Ky /= & ~ Pl & Ky 4ot - Kz g2 = B slot (¢ 2

seed-dependent slot) b » & &-2L% > ¢ 3 — & overlapping slot -

netlF 1

{7.4.7} | 7]4]11]5 12[1]6]0][7]1|8][8 2[8] 3]0

netlF 2
{1,(6,7)} |1 |/6|7|0 1|8 |8 2.3 7 10| 4 |[11| 5 |12

netlF 3
{8,(8,7)} | 8 |8 2.3 7 10 4 11|51 |12/6 (0|7 |1

Slot Slot Slot
Node B ) 1 6 11

{2,(2,2)} | 2|24 6/8|/4/10/12/1|3|6 |5 7.11 0

{4,(10,2)}| 4 |[10|12/ 1|3 |6 5 7.11 2/ 0(2/4|6/|8

{6,(5,2)} | 6|5 7.112 0|2 4|/6|4|8|10(12/1 |3

B 4-6 Multi-interface extension
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A4

% 7 % Simulation

A R oY o NS-2 extension k fickg MCS 3@ iF > 17 2 ik
HMCP {- SSCH = i = 2 4 it g o HMCP & B & 8kfie 5 @ SR B> - 56 5
fixed - ¥ ¢t - 3 % switchable » SSCH # & & 2Lp|# 5 w %0 (channel, seed)pe
¥u 2 — B parity slot » # i slotsizel0ms - 7 @& * dwgsf 5 = B (p=3)> & B
A enig 31,?]33 % % Data Rate 11 Mbps ~ Basic Rate 1 Mbps » H 4 e % #icp| £ ¢ *
ns2 4= 418 o MCS i * eh%#ic i slot size 30 ms » Tx_High 25 packets - max_slot 6

slots » & ¥ i * H - yog ® o

5.1 Non-disjoint Single-hop Transmission

hips iR Y o AR T 24 B &gk A WHR i 0~23 0 & BRp S -
B 6%4 e 345 & i S BArA AR ENG BER IR 25 2 ] o & BRenF 4B LT 5 500
DR 4 ,Th{;ﬁ,{ =A%t & SRS f&@?@éﬁﬂ@ﬁ%lgj AT ANPERT 12 B
UDP sin € » 8k ¢ L8 % 3 chehl i 2 (7 @ 3% 4o §](5-1) 77+ ° Flow 1
d L0/ agl @i Flow2d g2 /4583 @iE~ ..., & B flow ssending

rate = 800 Kbps » #F# = |- & 500 bytes -
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(1e(1e) (20—(21) (22—(23)
(o= (2=(3) (a=(s)

l |
! 125m !

wg/

#®] 5-1 Scenario 1 topology

F1(5-2) & Brdsa & % i & ] > 802.11 DCF j& 1 3] 12 & flow ¥ @45 &-
BATE > Tl AR R HAR S P BRI F A § TR 0 A A E kG 3
s 2o W g PG P B e 3T 0 3 B TR ELE - R b e S R R
% HMCP 473 e 4o cni A& gt F] 5 = B & A Sl {o® > 4 3] 6 iFin
£2.15 > HMCP ensf4eid FRIB 4o %M - 2 1 200 € 9/ #c > SSCH > 7 & 5.
feor Mg F E P4 {opF SSCH & B slot ® 5 3ms enpF fF 7 & @3> HMCP

RIE_F] 5 & BAEE @@Jm/ LE A 395 > it (BT 2 M3 MCS 0 4 MCS ¢

%

SEEELE L S R
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Aggregate Throughput ( Mbps )

== MCS @ 3ms
gL =¥=SSCH@ 3ms
—3802.11 DCF

| —e— HMCP @ 2 NIC

B 5-2 Performance

4 5 6 7 10 11 12
# Flows

comparison v.s. number of UDP flows
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5.2 Impact of Unbalanced Channel Load
% o 5.1 §4p ke e dndd > AP { & B UDP hin £ 5 1200 Kbps » 4
- kEBHEEEF A BRETEEN IR AB(5-3)7 ¥ v g I MCS 4
5ot et B Bt SSCH 4o HMCP Boi » 5 g aun £ 7 8 - #7i
F BB~ Aok B HMCP SE 8 e fle iyl i 3 & ch s A 1 4 395 il 8k 6
B g T e BeE 5 SSCHE2R @ * §  ghrandom sequence k A fie#f
Foolef - Bslotp & BAEE R * R - 2 I3 X0 AT K 3ms

switching latency =#-;= ™ » SSCH #« (& 15 ek £ 3% MCS 4+ HMCP -

el MCS @ 3ms
= SSCHA 3me
G| — 01 DCF
i HMCPGEZ NIC

Aggregate Throughput(Mbps)

Flow Numbers
] 2 4 ] o] 10 12

®] 5-3 Impact of unbalanced channel loading
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5.3 Impact of Switching Latency

k- F - AT R dpd o 2 B4R 2 B A BRE AP 250 2 %
D E BB IR S 250 2 ¢ FE AL 500 2% 0 TR FOE L 35 A
% — 1B 800 Kbps 1 UDP it £ j& 48] iride = 24 & 8L [ B L 38 cha0 BE 0 55 % 4o ]
(5-4) » MCS #rxiy + e B SSCH 4 » ¥ * SSCH % 3 ms switching latency
5t Efobms EehE L B R4p £ 0 270 Kbps © @ MCS P E iz g 2 v
10 £ 60 Kbps ch5 et £ 0 MCS-2 & gL £ 4 A 56 fcg B > 7 124 L h ¥ MCS-2
W MCS 3 { 4 efmkiv > 15 MCS R et — 3R 2 1 ey B> @ MCS-2 ¥ 12

T L rFms

RYARRERE F&*&ﬂﬁr@** CErREE i-_; 3 I B T

-
n

interference - i ".ﬂ ¥ =

lm g r | | | .IJ.I L n ..I

-LDE- I. -E ID L '] o n
. g e ) e

" : & o L
= i i IEE 2L T o =

Aggregate Throughpur (Mbps)

MCS-2 MCS MCS SSCH SSCH

®] 5-4 Impact of switching latency
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¥ Future Work

B 15 T R AT

’i:

A d MCS e 38 k4 e end o £
Pk R o Glaei H O AT E B S NAV L L k )8 & A Sk 4
A o 4] * busytone k EATenip ik > %4 = AR E - B & busy
tone & ke A_G X pFA-busy tone 4B 0 & BARIE enig * RIRPF @%J W
HW S aE s ¥ E RSP TR B IO — o B At R e 4
R 2L AT R KR SR BT R 5y AR 2 SRR B B )
B - BIEESAFaEE kT @31,1 OB FARE f T ORI AN FET LR
B jcT|endf e hif- PR T P2 - BRESEFE NS
Flom TSR o PR MCS £ * & F i i o NP R e B
PHAEFER L EEREE O X7 L FF BB OT AR kA R
FERAROPN F oo BT RE DR o APL TR A - R slot B ok e
Ribdte o fed foif Behmiz > 0 £ §2 ATH 5 hidlite o @R Wijog T o

LRTH P BEED R B EF B > TIE BB EE AT D i o
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MCS i * 7 modified random sequence % § i ip cptfg kx> - B &2
Rl gl > 700 4 5 5oy Bapdiz @ * modified random sequence 4 R
Pk 4eid & &R E R f] % 80211 DCF # & & e NAV Tk § (T8 f i
shfpth o @ 7 B E BT GEH - BRI I RS B R X
PP BRSBTS E T B ndte
M RE IS  SEERTY YR MCSFE A B g RER TR S

¥ #n%]% : channel load unbalance ~ switching latency » F]p* it 33 {8 3|45 chih 5 ok

Jls
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