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ABSTRACT

Multicast is emerging as an important means of transmitting the same
content to multiple receivers so as to efficiently utilize the overall network
resources. Being motivated by recent advances in erasure codes and fountain
codes, opportunistic multicast scheduling algorithms have been proposed
recently to better balance the tradeoff between multi-user diversity and the
multicast gain. The data-rate that each user can support varies during different
time slots, the opportunistic multicast scheduling algorithms select a different
multicast group for transmission in each time slot at a rate supported by the
worst user in the selected group. While opportunistic multicast scheduling
imposes some new challenges in terms of fairness, not only among different
multicast groups, but also among users that belong to the same multicast
group.

Designing multi-user scheduling algorithms is a very challenging
problem in wireless networks. Due to the time-varying and user-dependent
nature of channel conditions, scheduling algorithms need to dynamically
allocate resources based on both the channel states and the user demands to
achieve higher utilization of wireless resources. Opportunistic scheduling has
recently emerged as a promising technique for providing highrate data
services in cellular data networks. Opportunistic scheduling can effectively
increase network throughput by exploiting multi-user diversity inherent in
wireless networks. However, the potential to exploit higher data throughput in
an opportunistic way also introduces an important issue between resource
efficiency and fairness tradeoff among different users.

In this paper, we propose an opportunistic multicast scheduling
algorithm that maximizes the overall network throughput by exploiting
time-varying channel conditions while taking into account the resource
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fairness constraints among all groups. The optimum transmission rate for each
group is selected based on the current channel data rate and average received
throughput of each user to achieve the best tradeoff between throughput and
fairness. We then prove the optimality of the multicast scheduling algorithm
and show that our algorithm does not deteriorate any group’s performance to
improve the overall network throughput compared with the non-opportunistic
scheduling algorithm. Through extensive simulations we demonstrate that the
proposed opportunistic multicast scheduling algorithm improves network

resource efficiency under fairness constraints.

Keywords: Opportunistic Multicast Scheduling, Proportional Fairness,
Multicast Scheduling Algorithm
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LR AT AAS B LU A BEEE I P B k55 I S8 SE 2 B AR 70 A R
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Figure 3-1 Multicast Scheduling System Model
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3.2.1 RGHELE

ARG T A, KIEG AP SR B e BA S, SR R Bk Rk sy
XL Z 4R o ABOE P IR B2 JERR Y, BIAS S B IEARAY,  [RIIN e B4
PP AR REAE B I B e (R B IS TE RS O S5t 4 Bk ot o SR AR A L (4538 IR
SMZ AN CaPAERAEEE R, B —ERREEEE, RIE T — DI
[ WR— 2 2 3k P A . 22 AR VA P 4 T AR B AN AT R R, UGN JE AR TE
IR KAWL .
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Horp: a(t) 2R EE N EE ML E, HAaMmrran8uEsosm, M
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BLASENPRES I RIRA RS RS 55 R AT I RS, DAIE RLC2R5 EIRAS
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FEUE PO P R SR S T TR R S5 E B, SRS I8 I P A S R I 3 T A
ANFIS P R R TR, R R SRR KRR R R (), Ry() N E 1
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ek A3 ] HSDPA KAl N 47 84 A% 4l i 2 15 5] 10.8Mbit/s.

H &R ARTEIR = R EMFR, ZRA % (User Equipment, UE)
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Rate Control, DRC) {&3# 45— AN B A 2R — AN 5 415 T8 26 AR A& 10 8 T
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(Erasure coding) FIW{RiY (Fountain coding) 1200, a4 () ZmfidHi AR HITA
FEIKE TR o R A gAY 77 AT DL SR AGE O A A AT S B E I g A, T
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Figure 3-2 Encoding and Decoding of Fountain Coding Transmission
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HAEFEE N RARNERGERR T N Z A AT . REBRIME—
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— Mg, AN H s RER A 284N log 77 2 M K. W THERZHEA &,

ZEZIBHNBH R B N log TF, Hrh, 7F RZEBH L MHGEHE, MHAAFHET X

B Z R AL T i F P A ek B 8, SR SRR D 4 18] EE A 21 (Inter-group
Proportional Fair, IPF) i HE. £ MM SRH, DMXFRZAZHRAT I
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Figure 3-3 IPF Multicast aggregate group throughput and aggregate ratel®”!

IPF scheduler &8°: The feasible rate assigned to group
k at time { is
g

ri(t) = argmax ¢ «(y). (8)
¥

The BS chooses group k(t) to transmit at rate ] (t),

-5 i
where k(t) = arg max M

Q
1<kse  1g(t) ©)
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Figure 3-4 IPF Scheduling AlgorithmBO]
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MPF scheduler S°: The feasible rate assigned to group
k at time ¢ is

ri(t) = arg max ¢k ¢(y), (22
y
Sk y
where @ = _Y¥ 4 _ i
?R;E{y} E Em{t) {u<ro ()} (23)

The BS chooses group k(t) to transmit at rate r, (¢)

where k(t) = arg max g . (r7()). (24)
1<k<G

B 3-5 MPF 8 & 5 %"
Figure 3-5 MPF Scheduling Algorithmm]

3.3.4 NBERBHNSBEE

Ulas C. Kozat £ e 822 (R ML 2 22 3 1 35 10 2% o 1ol o 120 PR L& 2 3%
A 1) R 25 22 Bk Ak B AR A R, HLER T — IR AR FH (] S i 2 AN TG ] 5
R I AD A, [7] I SR FH 87 S 6 1 B AR SL A F P e 2 Sk = 1)
RITE

Ulas C. Kozat 7E3CH 8 AL 2 FE A5 — N 10 2 365 18 M P A
ST BB FRRD AR A B, T 2 R AR 10 H bR 2 (13 2 J 4L i AS P Ui ) 58
BN . — M BIAZI R T R R 2 2 B R T — N R B R LT BB A
i, HrhEAMRNTERERN[0.5,0.9]. FEEANEIHEGN 2 BE BIOREH X, 2
g AG B H E e T HR R A T R I A o AR AN R R G4, (S B AR B A 155 8,
A LR FH AN B (0 T BB 5 58 o 1% S0 B i 7T T RGEMOL R A S B 44 N IR
GivERE, WIZSCII T, FRATAT LUE BT [F A i A R S E A N 2 A E
W& RGP R gk s, wnlE 3-6 Fron. RONIZRGUERL R 4 B 75 2K
EHAEPIAT RIS, R TR RIS 4 . 1% 30T T B X /N B K i 3t
AT G AT 385 2 B - 75 P4 11 T B A0 8 I O o 20— 2P AL T AR AL [R] 40 AR
T S AT I R — AN R R SRR AL AR U AL 2 T i e 0 i
TGO o




AT R A A S =g BT ONPIREIHLS 2 3% AR

14_....... ...................................................................
1 1 A S S N A SR
12_ .......................
» 11+ el
g_ -I|:|_ ................................ e
'51 :
S L T T e 2 T ' .......
E B_ T PR
R 1 IOUOUSORU . A 4 UUUUU AOUUOU SURRUI SORUR SO B
B : ; e
NOBF 5 ; 10 users (sim) [}~ -
3 % ;.| — — —50users sim) [ 9
5 4 ' ;.| -rooro- 100 users (sim) |: g
= G 10users (num) |: o :
3 : ; O 50users (num) |7 74"
2 f—}f © 100 users (numj|:- .- &
.
I:I i i i i i i i i i i
0 10 20 30 40 &0 B0 70 80 a0 100

MNumber of Targeted Users

B 3.6 MR oAmAlRELEEH T SESHE ZAR P RO &l

Figure 3-6 Linear gain for the multicast capacity over i.i.d. Rayleigh fading channels with respect to the
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number of users. [31]

3.4 H&%BAE (OMS) Bk

AR T T AT SR N AL 2 22 4R T BE 10 i DA R A SR HE R L B . AR5 8
Il ZHHE RS, B2 HARE PN IRE®, . O Rt 2 k4L

I 18] A VPRI RS, DAORIE 2 SR 4 2 8] 21 iﬁﬁﬁi@k =1/, HPGR

AT ZRRAREHE R, BT EATH S RGN AT R T R
& TDM J5 3o BN B 70 2 AN B, AEREAS I R kot i HL X e — 412 9k
JURIERE, AT I 2 3R 4D R [RGBt . D, A 2 RRAAUE
O, M FEIFARER T Z 4R 4L kK AEREA I Bl 2 FR R S S PR RO E R . 72— Boehs

KA CEE AR M AN RED » 2 3R 4 kPR B RE S 70 BC 2 M @, AN BREEAT 1% 56 o




AT R A A S =g BT ONPIREIHLS 2 3% AR

FEZFERI (A A~FYEAUA @,k =1,2,...,G LIRGRAT T, I [ MTHENS 231 M 70 Bie 21 254>

ZIRAEAT AN o FE25 5E MU ) 2 PPELRARAT 5 2 R0 R B 1) e A ol i ff o i
FEMIR— 22 R LA 21 0 I R AT A% a0 A0 LUE AR AT 6 () 08 52 1 22 SR AL AT 1, 1645
AT MR R K.

IREAFFRE AR, ZHNERTESEBHANAFERE:. — N5, BTH—2
R F H T BENL AT AR N X ARG B, BRI E — 2 HR P AR P & AN IR
B S, NSRRI S AR I R AN A o AL, Bl g5 (1 AR Smad R AN a] EXT T
ZAEH AR R AR B AR IE R . Oy T hE R LA AL, AR
RIBL 2 25 78 R P SR 35 bL 22 Rl 2 b Y SR AR S AT SRt vy — 28 (1R T R A D 1% A
AR, XU R 12 2 R 2L rh R 5 R R A P R OV A S AT R Y R B
] A S A 50 o R 22 TR AL SR D0 A% o S B 1 LU 0 P B, AR 22 % - 4
iDIEBERC/RpE Y IIEST i Suike I NITESIE 21 9E D RE 1 W= o i/ B i N 0 L T NS
(R FARLE T 32— ML= 23R EESIE, ORAE 238 T 8] 0 22 1V (4 (R B 78 0 A0)
ARAETE AR EA RO A RGBS BT, SRR ik R G R &

3.4.1 fiia)RR

A1 1 (3755 rR AR P (S TE 25 A F AR A AR RS (AN [R) A 1, PR3k
AT 75 B2 FE AR FH P 2 8] (8 2 P i) R o 38AT TR B LRSI 21 73 S LRI R PR e A — 45
FE ZARAAE R BR AR R . X 23k dlh R, BATE X234k R

i UE AL AL B S (1) = RUO) /T (0« K 234K spg AN P e — Al
) EATHES, W R

AR IS Sl (3 I AR () (3-2)
ST Z AN S, I ZHEEEFEI A aS, = N [Nl 2 5m 1 PR
B L () = (... ) Fod o R 2R PR RIS, AR 0<a <1, [o]

Lol B S AR K A VIR BRI 2 16 A% s R L R T A

(0= min Ri(t) (3-3)

# 25

=



AT R A A S =g BT ONPIREIHLS 2 3% AR

A, —BEN N R L @) <RM (), I H E SR ol IR 5 2

(0 < ROV() . BT, 1 T4 R 10 S IRALZE R M, AT itk T Neqs

HH AT . W EmBRATTLES], T4 e aa, NPT —
AR, 2 R AL ARG £ R R I R RS 2 5 P TS TE AR A Q2 RAF 1T
e A 2 3R LA RETE 0 MR L & R IS ROR BRI R LA I

BATH KRS FBE FOR ARV F AR ER B, FFEES FoR LRI 102 #6
FEdg. DRk,

s L ZABRAL KTE OGRS

'“U’{Q ) (3-4)
[FIREA, FefiE L

lﬂw:% FLP 1 7E ¢ I BRAE RS B Dh Bl .

0, HoAth,

TECINT B, AR 2 B K o P T s MR Sl B A S, 0P 48y
Ty (t) RESER AT — MR EOBL E KRB YE e S HEAT TEORT, W0 R oms,

b—%}ﬂXU+%RKU, k=k’

C C

T (t+])=
@—EJUGL k=k’
t (3-6)
Hor, t RN EL R E I U (] . R B B AT LS s R R
UG+D=[%EJEXU+%QUMHUﬁﬁ) (3-7)

FENHIES Y, W TS E M HAS, , BAMSFRRMH Gl o, o W
SR A5 TG 2 A 245 B 5 K ) [R5 A AL P9 Pl P 2 TR PR A PR 25 o 2B K
U P TE M A B R I BT FOR,




AT R A A S =g BT ONPIREIHLS 2 3% AR

Ty = i (1O () (3-8)

TR ZIRALN . SR I3 LB eS8 I SR Ad an h B AL in) i
53,

a’ = argmax a{_ {Ilnn% }E(rk ING)) (3-9)
Hebr ) mRk (3-8) Frfd.

MR ZIRHRRI P IEEEIRE 2 )G, 28R P HEA ZRRER RS2
IR L R 8O PR BB SR 2% 22 3k ZH A 2 49 R s S R AE i R R A 4 I R AT

Fetine TSR ViR R 22 3 1 B B 2 R AL k AT AR, FRATA U, () Fon 241k 1)
BOHBREL g LR R r () I, BA1E L FRAL k £ I BRI ROH s Ecin F Py

7N

U, =Y R OEW) (3-10)

AU () = U, (1),U,(1),...,Us () BRZFERGE BT R B R Hik, 2%
FEE BRI 100 BB B A M B R 25 52 U () 5 FE 0 2 FE A B AR A AT R 2 HTI B e 6
B2 AR A AT A
A S R BSOS BT AT 2 JE B 2R IO 4E A5 o TAT K0 22 1 U B 25 00 20036
SR E PR A AR &M, BIXFRIAENK=12,....,G, WEWFHR&ME,
P{S(t) =1} =,

Wlgz Z 3R FE R BT H AR 2 i KL Z 3 RGP e 2R S k3, I, a8
TV TR LA A N2 2 R0 1A B e FURT DA R iR D9 LR BOARAL I R X1 A 11
k=12,...,G,

(3-11)

F 27

=



AT R A A S =g BT ONPIREIHLS 2 3% AR

xE(ZZUk(t)lf(t))
P{I t=1=d, (3-12)
st. G
D, =
VEREE], FRATAT DA B
E(ZZUka)I:(t))=ZE(ZUk<t)IE(t>) (3-13)

Wt U, LR MEAL H s ek Sost 2 B Ay 2 R ALK 1220 280H R ) 2 AT
N T AEREAS 2 R 2 IR THEL AR, W T I Z R4k, k=1,2,...,G,

FECITBR, FATTINAHRL ) MR T A, () « B, FATRINLSZRRIHEE S™ ik
B2 ARA KO AL R T3 AT M4, P k@) € X R,

K(t) = argmax(U, (t)+ 4, (1)) (3-14)

1<k<G

b4 @) 22 P () =1} =®, MAFHEAMERT. B R eTHL, A ) F5INEN
TIRIEZ FE R G A 2 /A TR A LR AR FERFRIE SR, iR 2 HEH
FEFIE O T BRIRA AR EM, S TIrANZEAaK, ATTLLA 4 1) =0.

— RSB, AT LU FARAE R BENLIE I S RAG T H A () FOE P,

342 Y2 BAENRMMER

TEARFE DL TR, A SO IE B A SCHE H 38T E g 2 ~F D U ) 22 FB L 2 R
VR 22 B A I R TR e o N R (3-12) 2058 LRI AK H b R B B i o H ) iR 1%
W BT

R 1. G-14)NIMRNL S ZRHIRERR ST XN 3-12)0E Xttt B bRk 5

(1 A
WEBH: PR RATBINEN, S TARFEA IR BN ZHIAE R e ZFEHk, B2




AT R A A S =g BT ONPIREIHLS 2 3% AR

FAAE— D A () > SEAS A SR I 2 56 B2 4% S7 RE W A2 0% U A P PR 29 SR 2%

P (D) =1}=D, .

SFk=12,..G, TATEX
f (A1) = PU, () + A (1) > max(U; (®) + 4, (1)} (3-15)
Hrb, 200 = (4, 4,1),..., A (D) o FEEE (A1) £—DKT A ) KA ES RS

FERRENIR T A, (1) A R SL BB R PR, j=# ko BRIBG,  FRATEZ AT AR —
A A () 2 P (1) =1} = D, HI41ES

FE TS, ATEH, G-14)NIR MM ZRBIHER S xR (3-12)RE
SCIIEAL H b R B R AR

FERAN S ZRMEERS MR T LU A W FRTR,

EQ YU ©)=EQ YU, 01 1) (3-16)

X TAERE AT Z RS S W P{L (D =1 =D, -
LSRN TIARKIHE P{S(t) =1} =0, LR FMR— AT B RS, KL,

EQ > U w15 1)

t=1 k=l

EQ YU D)+ XY A O(PIR MO =1-0,) (-17)

t=1 t=1 k=1

> LD,

1 k=1

EQ YU, 0+4 0 M)-

t=1 k=1

MR S™HIE S, A H

M
t=

EQ DY U 0+4mE®)<EQ Y U 0+A4 M) ®) (-18)

t=1 k=l t=1 k=l

Ik, BAIE 2




AT R A A S =g BT ONPIREIHLS 2 3% AR

EQYU.mIEM)
t=1 k=1
< E(Zz(ukaw; (t))lf*(t))—zgﬂ;‘(t)cbk
—EQO D U0 ®)+DY A0Puie=1-0,)=EQYU,®IF®)
t=1 k=1 t=1 k=1 t=1 k=1

(3-19)
M2 HIRERR S 2 HARTTRAFHLRZMT, RN EZIERG T A

SN SR K. EIRUEDIRI] T, 38 A2 B 2 U ) 2 SR B T S
PN DAL H AR e B R AU DA DR AR SR H R 2 22 3 18 2 SRS 1Y) B 22 7k
Jit, RS OB 2 2 4 R 5 S S A L A E AL 2 22 F R B SR A e g vy 1 B2
SRS GE SR @

343 NLEBEZENNS MR
PR 2: X T k=12,....G, MRZHFMAHREU, () ZEAHEMS, T
EQu.m1E®)20,EQ U 1) (3-20)

Hi, EQSM)=)=0d,.
WERH: JERBIFRATAT LK 20(3-20) A2 105 Botn R TR,

EQU®1F 1)
—EQ UM ®=D)PI ®) =1} (3-21)

—o,EQ U M1 ®)=1)
K, A TUERAEN(3-20), 2, FRATH T EUER,

EQumE®m=1)>EQu,m) (3-22)

M IR 2 AR S, FRAASE): 115 () =1, Bt R RS 2B RS

=

30



AT R A A S =g BT ONPIREIHLS 2 3% AR

YEBE 2 PRLE K FE I SR IEAT A%, T4, ST TRTE
U D)+ 02U 0)+41) (3-23)

PEREE], BT SR (3-23) 5 Mt TR,
U (®) 2 max (U, (1) + ;) - A ®)

é\U(t)=nj13(x(Uj(t)+/'t;(t))—/1;(t), U =§:U(t)7FHUk =iuk(t), FA52,

E(U, 115 ) =1)
gE(Uk\Uk >U)
-E(U, |U, 2U)P{U, 2U}
+E(U, |U, =U)PW, <U} (3-24)
gE(Uk|Uk2U)P{Uk2U}
+E(U, |U, <U)PWU, <U}
:E(Uk)
A RERBTRRIEN S 2R S fE XEE: 1S =1, A
St ) 2 FE A B ARG TRIEE R — DI BRI 2 U, (1) 2 U (1) kA 56 Z A E koL

TR U, (1) 5 U (t) HH B A3 .

Bk, RATHTHFEIOZHEALK, BRITAHES U0 ©)20,E(XU,0). ik
B E( U, (01 () R R AR U L2 2 HB R S0 2 4L K 0% P 56

iﬁ%Tﬁmdiumﬂ%%ﬁﬁ%#ﬂ%%%ﬁﬁ%%?%%ﬁk%ﬁ%&ﬁ%%

o ERMEFRY, BUERANL S AR RIS AR b, A SCHR AL 2 2 46 18 L SR
AT A BRI N ER T BN ZRAG A&, A RA
T RGERIPT . Wi, ERIEZHE ARG Ira 28R A TR T,

31 W



AT R A A S =g BT ONPIREIHLS 2 3% AR

AT PIHL 2 22 4 5 SR S AR L R A E DL 2 22 3 R SR A Lt v 1 B> 2 4k
R GEE

35 AR

X —FB o FA @A LR R, AT N2 2RISR (OMS) {ELRIE
P Z B AFEREO T, ARt E T 28 RG it g. BN 7 75
AR, BEAR F BRI AL 2 R R FE R ML s, AT PR UE ML= 2
PR S e

SR — T RATIT EIEE R E . AR 5 7 B S0 2 18 1) o BN To B 06 53 0 2%
NX IR, BT /NX AR R A G 2 SRR P AL . 2 4 A L DL
B L ETE XA o 782 SR fE g, DX FREZA 2 /A H A
ZRHATEEAFEBEMA . —&mE, J&8TR—Z /AN BEL A7/
XA FEALE, P E— 2 R4 AN E P & A R RS E 2, T SCRER R
FEHNE RN . T ASCH R TCL N2 PR, KRS - 115 18 SR B 24 3L
SR % P AE ST BRAEEE SCRF SR B HE 2 (AR Kbps.) o FRATTR A 13K
PEALHIE 2N CDMA2000 1XEV-DO AL 1L 5E 2K, Bl {38.4; 76.8; 153.6; 204.8;
307.2; 409.6; 614.4; 921.6; 1228.8; 1843.2, 2457.6} » FRAT VLI A AEF {15 B 37 35t O A i)
FE8 20000 M FR, 19328 KRG RAERE, ARZHBHAAE TN Z2EARS
T RE -

N T I A SR I NS Z IR (OMS) HkmITERE A 2k, IATHE Xt A
Pt ML 2 2 36 B 2 5 A ML 2 1R B S92 ] 8 R %0 1) (Fixed Rate Round-Robin,
FR-RR) VRS L. M HEREER/NER (MIN) HERE, 28/, EIAF (MPF)
VR DL AL B S (IPE) R HEAT ELS . [ e s R R 5L Rl 2 i R 4
AR S R ] 2 7R — D RABMER G TE RS 0 2 85 2 (M7 50 Wi B . FRATR
F CDMA2000 1xEV-DO )77, 4 RGuAL fnid 5 [H € £ 204.8 kbps. f/NEFJE
SRR E 2 R R BB F P AR RE OO ) e /N T R AT A Y . MPF A
IPF i 5 sRmg Je e SC b i, DASEI R G i B R APk 22 ) P46

NT IR R, BAVRE RGSAT AL (8] 525 0 P8 FEAT 55

AR, AT G 4L LR LN (5, AR EN D=6,
5 RYCRAI A (TDM) 7%, ST, SHIEERGITINT

32

=



SRS N 2 1 e DA =g BT ONPIREIHLS 2 3% AR

x 10
25 .
I Ovs
I FR-RR
I N
2- -
=]
= T.5F .
[@)]
>3
o
iy
|_
5
o 1r T
O
| ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ |
0
1 2 3 4 5 6 7 8 9 10

Group 1D

B 3-7 %44 522 £ OMS. FR-RR 4= MIN 8 & 5 T 84 tbdx
Figure 3-7 Comparison of group throughput of the OMS algorithm with that of the FR-RR and MIN

scheduling algorithm.
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Figure 3-8 Comparison of group throughput of the OMS algorithm with that of the MPF and IPF
scheduling algorithm.
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Figure 3-9 Comparison of overall throughput for various multicast scheduling algorithms as we

increase the number of groups from 1 to 32 while fixing the total number of users to 32.
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Figure 4-1 Opportunistic Multicast scheduler with fairness constraints
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Figure 4-2 Opportunistic Multicast Scheduling flowcharts
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