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Abstract— Multicast is an efficient means of transmitting the
same content to multiple receivers while minimizing netwok
resource usage. Applications that can benefit from multicas
such as multimedia streaming and download, are now being
deployed over 3G wireless data networks. Existing multicds
schemes transmit data at a fixed rate that can accommodate
the farthest located users in a cell. However, users belonyj
to the same multicast group can have widely different chanre
conditions. Thus existing schemes are too conservative hiyliting
the throughput of users close to the base station. We proposeo
proportional fair multicast scheduling algorithms that can adapt
to dynamic channel states in cellular data networks that uséime
division multiplexing: Inter-group Proportional Fairnes s (IPF)
and Multicast Proportional Fairness (MPF). These schedutig
algorithms take into account (1) reported data rate requesst from
users which dynamically change to match their link states tadhe
base station, and (2) the average received throughput of eaaiser
inside its cell. This information is used by the base statioto select
an appropriate data rate for each group. We prove that IPF and
MPF achieve proportional fairness among groups and among &l
users in a group inside a cell respectively. Through extens
packet-level simulations, we demonstrate that these algithms
achieve good balance between throughput and fairness among
users and groups.
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ms. During different time slots, each user may experience a
different signal-to-noise ratio (SNR), which determinée t
maximum rate at which this user can receive data reliably. Fo
unicast, for each slot, each user sends the Data Rate Control
(DRC) message specifying this maximum rate back to the
base station. Since each user can specify a different DRC,
the unicastscheduler at the base station needs to decide on
which userserve at each slot based on user DRC feedback.
Once the base station selects a user, it transmits to the user
using a modulation and error coding scheme suitable for its
DRC rate. Note that if the base station sends at a rate higher
than the DRC rate of user, then the usennotreceiveany
data. State of the art unicast schedulers exploit chanatssst

of users to increase overall throughput; usually by fawgprin
transmissions to users with high DRC rates.

What makes the design of a multicast scheduler different
from unicast? In multicast, at each time slot, the baseostati
can transmit only tocone multicast group abnerate. There
are multiple multicast groups in a cell and each multicast
group may contain a different number of users which might
be located at diverse locations within a cell. Note that a
multicast group may span over multiple cells, however, einc

As of July 2006, the number of CDMA2000 1XEV-DO submulticast scheduling applies to one base station, we céstri

scribers has exceeded 38.5 million [1]. Third-generati®@)(

our consideration only to one cell. The primary difficulty in

wireless data networks support high data rates, e.g. 2.4sMbpulticast scheduling for 3G cellular data networks steromfr

for CDMA2000 1x Evolution-Data Optimized (1xEV-DO) [2]

the mismatch in data rates attainable by individual usetisimvi

and up to 14.4 Mbps for UMTS High-Speed Downlink Packet multicast group. Recall that if the base station transdata

Access (HSDPA) [3], enabling a broader range of bandwidthat a higher rate than the maximum rate that a user’s mobile
intensive services. These include streaming media sudheasdevice can handle, then the device is incapable of decoding
MobiTV service [4] from Sprint, Cingular and Alltel, and theanyof the transmitted data. Since all users in a multicast group
VCast service [5] from Verizon. More sophisticated sergjcemust be subject to the same transmission rate picked by the
ones which incorporate location information, e.g., livgiomal base station at each time slot, it is difficult to find one rate a
traffic reports, geographically targeted advertisemearts,ex- which the base station sends multicast to a group. If it sends
pected next. A key factor distinguishing these new appboat at the highest rate that users ask for, then there will be many
is that they are naturally amenable to multicast transssiusers who may not get the transmission, and if the baserstatio
from the base station in a cell. sends at the lowest rate requested by the users in a group, the

There has been much research on unicast schedulingother users with higher DRC rates (better channel condition
cellular networks (e.g., [2], [6], [7], [8], [9], [10], [11] will be subject to rates lower than their DRCs. Therefore the
[12], [13]). Typically, these systems employ Time Divisiorchallenging job of the multicast base station is that at ¢iach
Multiplexing (TDM) in the downlink direction; real time is slot, the base station must decidbich groupto transmit to,
divided into small fixed time slots. For example, CDMA200@&nd choosevhat rateto transmit to that group as shown in
1XEV-DO downlinks use TDM with a time slot length of 1.67Figure 1.



group Proportional Fair(IPF) scheduler.

IPF is likely to be useful in delay tolerant networks, possib
with nomadic users who have intermittent connectivity. IPF
Fig. 1. Time slots for multicast schedulers. At each time, dbased on the is useful when group members can cooperatlvely download

DRC feedbacks from all users, one group is selected, and aterdte is data (which they share W“h'r? the group), perhaps by forming
selected to transmit to the chosen groGh. represents the selected groyp an ad-hoc network. The original data could be source coded,
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andrf(t) represents transmission rate to grauat time slott. e.g. using digital fountain type codes [14]’ [15], and the
downloaded data could be subsequently reconciled within a
group [16].

One simple way of multicast scheduling is to fix the trans- | the second scenario, multiple groups of users stay inla cel
miSSion rate to a default Value a.nd dO a round'robin among aHd these users receive some (poss|b|y diﬁerent) mulimmed
the groups. The default rate is typically set to handle th€DReontent from the base station. We consider a utility funrctio
values of potential users located at the edge of a cell. Btés rof the form,log T;, whereT; is the receiving throughput of
is the worst rate because it assumes that there is always a yg@r;. Useri’s utility (or happiness) increases if more packets
at the edge of the cell regardless whether such a user idlgictugre received (user happiness increases fast at the beginnin
present or not. The current CDMA2000 1xEV-DO networkgnd slows down gradually). The scheduler's objective is to
use this approach with a fixed rate of 204.8 kbps [6]. Howevghaximize the sum ofog T} for all useri’s in a cell; we call
this scheme does not take into consideration user DRC rat§gech a schedulevulticast Proportional Fair(MPF) scheduler
so it significantly limits the throughput of users, espdgifdr a5 it needs to achieve proportional fairness [17] (becatise o
those close to the base station with good channel conditiofie 1og utility function) within the constraint of multicast.
Furthermore, this scheme does not necessarily maximize angecall that the MPF scheduler will sometimes select data
form Of user ut|||ty, therefore |t iS ObliViOUS tOWardS fB.B'SS rates that cause Certain users (at the far edge Of the Ce")
between users and between groups. not to be able to receive data during certain time slots. This

Perhaps the natural solution to improve multicast da{@ll certainly translate into lost packets and subseqyentl
throughput is to partition users with similar channel ctiotis  |ost application frames for the users. Some forward error
into the same multicast group. However, because of t@grrection schemes can be applied (at a packet level) such
channel condition dynamics and significant signaling ogeth that these poorly situated users can recover some portion of
associated with group membership changes, such a solutigg application data. However, doing so defeats the purpose
is not practical. Our goal is to improve multicast throughpf varying the rates since the users who are capable of
without imposing membership changes. receiving at a higher rate will, instead, receive (redutian

Instead of fixing multicast data rates to the lowest ratgrror correcting packets. Ideally, while users with pocarahel
requested by users in a group, we propose two multicaginditions receive a “base” level of service, users withevet
scheduling schemes that leverage the unicast feedbacleof uhannel conditions receive a higher quality data service.

DRC rates to select an appropriate multicast data rate andrhe rest of the paper is organized as follows. In Section Il
a group for transmission in each TDM slot. To improve th@e introduce our system model; in Sections Il and 1V, we
system throughput, our algorithms may select higher ra@s t present our IPF and MPF algorithms and provide proofs of
the lowest rate requested by a group. This means that whRB proportional fairness property; in Section V, we dédseri

the bast station chooses a multicast group and its tranemisspur simulation setup and results; in Section VI, we present a

rate, some users in that group may not be able to receiygerview of related work. We conclude in Section VII.
the transmitted data. Therefore choosing the group daéa rat

is as important as deciding the group to transmit to. Because Il. MODEL DESCRIPTION

user channel conditions vary, different users will mis$edént We consider a system with one base station (BS), and

packets in the multicast stream. We next describe how suclarély multicast transmission is scheduled. Mobile devices a

scheduler is useful in different application scenarios. capable of maintaining unicast and multicast transmission
In this paper, we consider two different types of multicagfimultaneously and the base station uses the DRC feedback

application scenarios and present two multicast scheglulifor the unicast connection to determine multicast data. rate

algorithms that maximize two different utility function¥he Throughout this paper, we use the terms user, terminal, and

first is applicable to delay tolerant cooperative data doads mobile device/access terminal (AT) interchangeably.

while the second applies to multimedia content distribufiar Recall that during a time slot, the unicast scheduler has

typical 3G multicast data networks. to make a single decision, namely, which AT to transmit to.
In the first scenario, the objective of this scheduler idowever, the multicast scheduler needs to make two deaision

to maximize the sum ofog 7} for all groups. We assume (a) which group to transmit to and (b) the data rate at which

that for groupk, the utility of the entire group idogT?, to transmit.

whereT} is the group throughput for group and the group )

throughput is defined as the sum of individual user receivirfty Notation

throughput within a group. We call this scheduler tinéer- We use the following notation:



o G: the number of multicast groups. (arithematic) average throughput of grokpunder scheduler
o 71 (t): DRC of Access Terminal (AT) in groupk attime S. Then, we have

t. We assumé) < 7, < rip(t) < e Wherer,,;, N
andr,, .. represent the minimum and maximum possible TS — lim 1 15(¢ "9 (¢ 6
DRC, respectively, and sé? = .00 — Tmin + 1. F T NS N ; b (ke (re (), ©

« r7(t): feasible rate assigned to groékpat time. i
« Ti(t): the (exponential/moving) average throughput cdnd similarly for 77" with 17 (¢) replaced bylg (t). We

AT i in groupk at timet. assume that the Iong -term average throughput always ex-
« Sj: size of groupk, i.e., total number of ATs in group. ists [12] for any multicast schedule$ under our consid-
o Fi(t)={r1i(t),...,rs,i(t )} DRC of groupi at timet. eration. In this case, note that we can also witg§ =
« X = {A(t),7(t),....,Ta(t)} €  is a DRC vector limy_ Nzt L T2(¢), i.e., the arithmetic time average and

of the system whereﬂ is a collection of all feasible exponential average become identical in the limit.

DRC vectors. We sayX is feasible, i.e. X € @ if Definition 1: A scheduleiS* is IPF if, for any other sched-

each component ofX lies betweenr,,;, and r,,... uler S,
Let P be the number of all feasible DRC vectors, i.e.,
Q={X;,Xo,...,Xp} where 54 TS — TS

o - | > st <0, )

Xi:{mll,law§71v'-- 7w?91,1vml1,2v'-- vmgg,G’} k=1 k
We assumer’ , (i=1,2,...,P; k=1,2,...,G; m= WwhereT andT" are defined as in (6). In other words, the
1,2,...,S5,) are all positive integers, as well asaggregate of proportional changes in the long-term average
Fimin, 'maz (OF €lse we can rescale them); and define group throughput o™ caused by any other schedufemust
be non-positive. m|

Rlzrmln+7/_]— (7/217277D) (1)
A. IPF Scheduling Algorithm

Let S denote the scheduler under discussion and
. |PF scheduler S*:
ING {

1, S chooses to serve groupat timet @ ] ) ) _
0, otherwise The feasible rate assigned to groki@t timet is

- - - ri(t) = argmax ¢t (y). (8)
Then, the (exponential/moving) average throughput is tgua k y t

at each time by The BS chooses group(t) to transmit at rate

1 1y s T (t),
le(t + ].) = (]. — t_)TZk (t) + t—Tk (t)lk(t)l{rz(t)grlk(t)}
i N . ; wherek(t) = argmax M 9
wheret, is latency time scale in number of time slots. In other 1§k<G HOBE

words, AT in groupk will receive rate ofr{(t) only if the
groupk is selected and its DRC valugy(t) is no less than
r(t). Similarly, we define

Note thatr{(¢) represents the transmission rate at which
the aggregate rate of groupis maximized. We observe that

s 1, S chooses to serve at rafe; at timet r{(t) is always equal to the DRC of some AT in that group.
Ip(t) =4 (3) To see this, suppose otherwise théft) falls between DRC
values of two ATs in that group. Then, from (5), we can always
I1l. | NTER-GROUPPE SHEDULER increaser (t) to the larger DRC (between these two values),
) ) ) which further increaseg,, ;, and this leads to a contradiction.
In_ this _sectlon we propose a r_nultmast scheduler thg} consequence, we cal/(¢) the DRC of groupk, which
achieves inter-group proportional fairness (IPF). Dertb& a5 the similar role in selecting a group to transmit, as th

0, otherwise.

(aggregate) throughput of groupat timet by DRC of one node does in selecting a node to transmit in the
A unicast setting [9], [13], [18].
= Tu(t). (4)  Once theDRC of each grougis determined, the BS selects

group k(t) as indicated by (9). Note that this is similar to
what unicast PF scheduler does, i.e., preferring to theprou

We define that receives smaller amount of servicg/(¢)) up till now
S compared to its capabilitygg . (7 (¢))) [18].
Ot (y) = D Yliy<ran(o)} (®)  Note that the definition of IPF in (7) is ill-defined when
n=1 T$" = 0 for someh. Under the proposed schedulér,

as the aggregate rate of all ATs in grokpat timet¢ when however, we show that this never happens.
the BS’s transmission rate ig. Let 7 be the long-term  Lemma 1:For anyl < k < G, T,f* > 0. m|



Proof: We here provide the outline of the proof. See [19] Whenh = k, from (8), the result follows by noting that
Ifor the deltalled proof. First, we iee thaf > 0 for at LHS of (11)_ dpr, (Y (tm)) L Bt (R;) RHS of (11)
east onek’. This is becausQ:k:1 Ty is lower bounded by TS =TS T
Tmin/(S1+S2+...S¢) > 0 since at any time at least one kaW( ) fkqhqw( )
AT in one group gets served at rate no less thap, > 0.
Then it can be shown that " >0 for somek’, then there Whenh # k, we have
exists¢ > 0 (as a function ofr,,;,, rme. @andSy) such that

g g9
TS /TS > &> 0 for any 1 <h<G. To see this, assume the LHS of 1) _ e, (g’i(tm)) > Ontr, (Téf‘*(tm)) (13)
reverse inequality. Then there exists> 0 such that groug’ fl»fw( ) Ty T
will never be served after, since 5 On, t.. (R;)  RHS of (11) (14)
iy S* - )
Gualrl () _ onalrh®) L Sy ®)
T () T)(t) 0 where the inequality in (13) is from (12) and (14) is from (8).
This completes the proof. ]
which leads toT " =0, a desired contradiction. [ | We now show the following.
B. Inter-group PF Propo_sition 1: The multicast schedule$™* described in (8)
and (9) is IPF. a
We here prove that schedul§t achieves IPF. To proceed, - S o
we define byf J( ) (1<i,j<D; 1<k,h<G; 1<p<P) Proof: By expandindgl;y andZ}’ in terms of their joint
the empirical probablllty that the DRC vectorjs, S* selects Pmf with respect to the DRC vectd(p, we have
groupk, transmission raté?; as defined in (1), and selects
group i, transmission ratd?;. To be precise, i Z Z Z fMW JRilg,r W2
m=1 h=1 peP,i,jeD
5,8 _ SYN1S (1) TS
i) = Jim ; 1015 O ()L (¢) TS = Z Z S IS5 R sk (15)

(10) n=1 k=1 peP,i,jeD
Houwrsgetni=x} whereP = {1,...P} andD = {1,..D}.
where 15 and 15 are defined in (2), Wherea1§5 and For notational simplicity, we usezpm instead of

15 are defmed in (3)f5*5j( ) can be looked as the joint 2 per 2i,jen- Observe now that
probablhty mass function (pmf) indicating the probalyilihat

) : . ) e g A,/; p)R; 1{fc" >R;}
{group index, AT index given by S* and S are {k,i} and Z b = Z Z Z Z i R =T
{h, j} respectively, when the DRC vector J§,. From above he1 T3 h=1n=1 k=1 p,i,j
arguments, we have the following: S f p)R;1;,0
Lemma 2:For anyk, h, i, j,p, we have - Z Z Z 3 i P {'” n2hi}
S . S S5S h=1 k=1 p,i,j n=1
zk: T @) Rilar >ri) . i Tihig P Riliat 2nsy G G S fS5 ()R, 1{zp -
S* el S* 77] k
n=1 Tk n=1 T S Z Z Z Z TS*
(11) h=1 k=1 p,i,j n=1
G S, G
= - Z Z 33 Ty ()R 1{1" (2R}
Proof: The result becomes trivial whe, ,W( ) = 0. =1n=1h=1p,i ,J
So, we only need to consider the casefgsfiW ) > 0. In 54 T};’S* T,f*
this case, there exists, (1<m<T}), whereT} is the total - Z 7S~ Z T
v h=1

number of time slots, such that k=1
where both the first and the fifth equalities are from (15) and
lf(tm)lf(tm)-[f(tm)If(tm)l{{ﬁl(tm)7___JSGG(tm)}:Xp} =1.  the inequality follows from Lemma 2. This shows (7) and we

are done. [ |
Hence, all terms on the LHS are equal to 1, and #ys,,) =

R; for all suchm since I (t,,) = 1, which then leads to
Gr,t(ri(tm)) = ¢re(R;). Also, groupk is selected by our
scheduleS™ at every sucl,, smcels*( m)=1. Consequently,
from (9), we have

Pnt,, (17 (tm)) < Dt (17 (tm)

TS = TS ) (1 <m< Tf)- (12) 1For simple exposition, we here suppress the group ikdard time index
h k t from the original definitions.

In our IPF algorithm, each group has to decide its “group
DRC” r9 as a representative valdgSee (8)). Depending on
the DRC values of users in that grogg, i = 1,2,...,5),
some of them will get that rate and some of them will not
(zero rate). Note that the BS does not care why each group




asks that rate; it only performs the usual PF schedulingdase Definition 2: A schedulerS® is MPF if, for any other
on these group DRCs. We already saw that under IPF, thehedulersS,

group rater? maximizes the total aggregate rate to that group G S pS _pse
if the BS chooses that group for service at rate Z Z Tmh —mh (19)
As briefly mentioned in the introduction, we can interpret he1 n—1 Tf,h B

the IPF algorithm as a fair and reliable transfer in delay- s 50 ] ]
tolerant, lossy multicast networks. Consider a multicat n WhereT,;, and T, are defined as in (18). In other words,
work with some delay-tolerant applications where each pacin® aggregate of proportional changes in the long-termeaeer
transmission is subject to high error/loss due to severelegs USer throughput o&° caused by any other schedulgémust

link characteristics or interference, etc. e the probability °€ non-positive. =
that each packet transmission (from the BS to each usergn \ipg Scheduling Algorithm

a chosen group) is successful. We assumis very small
(unreliable network) and that each packet is subject to an MPF scheduler S°:
error independently of everything else. Note that under IPF
scheduletS*, we have

The feasible rate assigned to grokiat timet is

r(t) = argmax @i +(y), (20)
rY = arg max ¢(y), (16) k y '
Yy
whereg(y) = 7, yl L Yy
= 2ui=1 Y {y<ri}- —
Suppose the BS chooses ratdor this group {; packets wherepr.«(y) nz_:l Tnk(t)l{ysr"’“(”}' (21)

per unit time slot). Then, the number of usevs = M (y) ]
that receive rate of; (non-zero rate) in that group becomes Tghe BS chooses group(t) to transmit at rate
M = Ele 1yy<r;}- Note that each packet transmission will Tk ()
be successful with probability, and that there aré/ such g

: . wherek(t) = ; t)). 22
duplicate packets. Thus, the probabili®/that at least one of (®) afg,ig?f Pra(r(t)) (22)

these M packets will get through (delivered to at least one ) — ) )
user in that group) becomes Note thatr{(¢) is the transmission rate at which ‘weighted’

aggregate rate of group is maximized, where the weight of
P=1-(1-¢™~qM forsmallg. each AT is1/T,(t), andT,(t) is the (exponential/moving)
) average throughput of AR in group k& at time ¢. Thus, if
Then, the average number of successful packéts; } deliv- e AT has received less throughput so far (smallgy), then

ered to that group becomes that AT will have more weight (importance) in determining
s the feasible rate-{ (¢) in (20) as well as the group selection
E{N,} =yP ~ qyM = quL{ySn} =qp(y). (17) in (22), since smallef,,;, will make ¢y ;(r}(t)) also larger.
i=1 As a special case, when there is only one user in each group,

: . : - i.e., the size of all groups is 1, note that MPF scheddler
SOE{N,} is maX|m|zqu V\_/hery is the maximizer of the RHS. becomes the usual unicast PF scheduler [9], [13], [18].

of (17). Note that, this is exactly the group rate selection Similarly as in Lemma 1, we can also show the following
algorithm for IPF as in (16). In other words, under IPF, thfe r schedulerS® '

g:gﬂg DRC corresponds to the “most reliable” rate for tha? Lemma 3:For anyl< k<G and1<m <S;, Trf:k>0- O
Proof: See the technical report [19].

IV. MULTICAST PF SCHEDULER )
B. Multicast PF

In this section we propose a multicast scheduler thatD fine £555 inth in (10) wits* replaced
achieves the proportional fairness among all the users)(ATs P€fiN€firz, (p) in the same way as in (10) with replace

in the system. To distinguish it from PF in the unicast sgttin y 5°. The following will then be used to prove MPF:

we call it Multicast PF (MPF). Lemma 4:For anyk, h, i, j, p, we have
Let TS , be the long-term (arithmetic) average throughput S, §S5S s, £S5S
m, T ilr.p ) h Y 1e.» )
of AT m in groupk under schedule§. Then, we have 3 ki P Rilar > >3 Tionig W) Bilgar >Ry
T5° = 5% '
1 N n=1 n,k n=1 n,h
Tk = Aim S OO s <rmuy (18) =
t=1 Proof: The proof follows the same line as in Lemma 2

As in Section lll, we assume that the long-term averad® using (20) — (22) instead of (8) and (9). ]
throughput exists for any multicast schedutg¢runder con-

Proposition 2: The multicast schedule°® described in

sideration. (20)—(22) is MPF. =



[ Algorithm ][ Rate selection scheme | Group selection scheme

| A Objective Functions

g _ Ok, (rp () . . . .

e i) = arginex Grely) | MO =qg e T As shown in Section IIl and 1V, different algorithms max-
MPF r7(t) = argmax ¢ (y) | k(t) = arg max ¢, ((r7(¢)) | imize different objective functions. Given thd} is useri’s

s LShsC throughput and’? is groupk’s throughput, MAX maximizes
MAX rz (t) = argmax ¢y, +(y) | k(t) = arg max ¢k—,t(7“z (®)) gnp k g p gnput, Y

v LSk<G the aggregate throughput of all useps, 7;, MPF maximizes
MIN rf(t) = min 7, (t) k(t) = arg max T';Fggf)’“ the sum oflog utility function of individual user throughput,

n 1<k<@ k

>_; log T}, which is a measure of total happiness of individual
TABLE | users, and IPF maximizes the sum log utility function

9 g9
A SUMMARY OF SCHEDULING ALGORITHMS THE DEFINITIONS FOR¢y, 4, of group throughpud _, log 7}/ and group throughputy is

Pkt AND T (t) ARE DEFINED IN(5), (21)AND (4) RESPECTIVELY measured by the aggregate_ of user thrO_UthUt in a gtoup
CAN BE ANY NUMBER IN {1,2, ... , S} }. the case of IPF, the objective is to achieve the highest group

happiness rather than individual happiness.
We conduct two sets of experiments to verify that these
algorithms do indeed maximize their respective objective
Proof: EXpandT,‘Zok;Tfh in terms of their joint pmf with functions given various group configurations and to see the
respect to the DRC vectay,, i.e., performance difference among various algorithms in teris o
the given objective functions. In the first set of experinsent
we fix the number of users served by the base station to 32,

Tr‘vsul» = Z Z fquw p)R; Liar, PR} and divide them into equal-sized groups. Each setup can be
h= 11’6? Ljeb represented by a tuple, g), wheren is the number of groups
s and g is the group size. We conduct simulation runs for the
Lin = Z Yo fins®Rilge sry- (23) following 6 values of(n, g): (1,32), (2,16), (4,8), (8,4), (16.2),
k=1peP.i,jeb (32,1). When there is only one group, MAX and IPF behave

Then the proof becomes similar to that of Proposmon 1, Hye same way as noted earlier and when the number of group is
using (23) and Lemma 4, hence we omit the details. this case degenerates to a unicast scenario. As a &t
MPF, and MIN show exactly same result as in the unicast case.

V. SIMULATIONS This setup allows us to examine the performance of schegluler

) under various network scenarios.
To evaluate the performance of our algorithms, we conduct

packet level simulation using ns-2 [20]. We consider onesbas 180

station serving multiple mobile users with random locagion 160 Eoo

We generate a DRC trace for each user as follows: at each 140 B

time slott, the DRC value for user is predicted based on its 120 DX e MPF

position and a simulated channel fading process consiglerin = 100 e . -
both slow fading and fast fading. Channel is modeled with g S B ’’’’’
slow fading as a function of the client’s distance from theeba w80 N MIN o
station, and fast fading using Rayleigh fading. The comthine 60 N

effect is then mapped to a list of supported DRC values (in 40 MAX \1\\
kbps) of {0, 38.4, 76.8, 153.6, 204.8, 307.2, 409.6, 614.4, 20

921.6, 1228.8, 1843.2, 245%.6according to CDMA2000 0

1XEV-DO specification. We assume the input buffer at the base
station is constantly backlogged. We run the simulatior3for
seconds, and evaluate the performance of different ahgosit Fig. 2. The value ofylogT; for various multicast schedulers as we
isted in Table | with different group formation using thesa, €7e25€% (e rumber of groups o 1o 32 whle g th otmber
DRC traces. In order to avoid transient effects, we discafils metric.

results from the initial 3 seconds.

Table | shows the four scheduling algorithms we test in Figures 2, 3, and 4 plot the values of the three objective
our simulation studies. Among them, IPF and MPF have be&mctions for the above experiment. Figure 2 shows the value
discussed in Sections Il and IV respectively. Recall thaf > logT;. As expected, MPF shows the highest value as it
we provide IPF and MPF in multicast systems for tradeoi designed to maximize that objective function. When there
between throughput and fairness. The best way to test thigionly one group, since MAX and IPF behave the same way,
performance is to compare them with other algorithms thtteir values are the same. The objective value decreashs as t
achieve the maximum throughput or optimal fairness. This mmber of groups increases. This is because as the number of
why MAX and MIN schedulers are provided. MAX aims afgroups increases while fixing the number of total users, the
the maximum aggregate throughput, and MIN gives every usarstem degenerates into a unicast scenario. Thus, the tbenefi
in the same group the absolutely fair share. of multicast diminishes, so the total throughput decregass

number of groups
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The value ofy_logT} for various multicast schedulers as weFig. 4. The value ofy_ T; for various multicast schedulers as we increases

increases the number of groups from 1 to 32 while fixing thal totmber of the number of groups from 1 to 32 while fixing the total numbeusgers in
users in a cell to 32T,f is the total throughput of group. IPF is optimized a cell to 32.7; is the throughput of user MAX is optimized for this metric.
for this metric.

MPF and IPF strike a good balance between throughput and
shown in Figure 4). Under the unicast case, we see that IPgrness.

MPF, and MIN behave the same way. As IPF is designed
to achieve fairness among groups, it does not maximize tfs Distribution of Throughput
objective value and thus, shows smaller values than MPF. M|N|n the above experiment’ we have seen the average per-
tends to perform fairly well in terms of fairness as the tfili formance of the system after the system converges. In this
value is pretty high since all group members are receiviRgction, we are interested in the distribution of throughpu
data all the time, albeit, at the minimum rate, but as we sgghong users and groups under various schedulers. This sheds
in Figure 4, its total throughput is very low. more light into the tradeoff between fairness and throughpu
Figure 3 shows the values of log7}. This objective that each scheme makes. As mentioned before, MIN gives each
function measures the totalg utility of group throughput that user in the same group the equal share. However, recall that
is the sum of member throughput in each group, and in sonte default scheduler FIXED used in CDMA2000 1xEV-DO
sense, it makes the optimal tradeoff between group thrautghpystems gives equal share even to users not in the same group
and fairness among groups. Since we are takiggon the with the rate of 204.8 kbps [6]. Hence, in this experiment,
group aggregate throughput, the actual magnitude of vaduesve also take FIXED into consideration.
small and the difference between two values is also verylsmal We conduct the following experiment. We divide 100 users
But in actual values, we observe the difference is very largerandomly placed in a cell into 10 groups, each with 10 users.
Figure 4. According to this metric, we find that IPF perform$hen we run various schedulers and plot the average through-
the best. Under the unicast scenario, we can find that thesalgut of each user measured for each three-second interval
become the maximum. Moreover, note thatog 7}/ increases during the entire simulation run. Figure 5 shows the results
as the number of groups increase. To see this, consider ihishe experiment. We find that FIXED serves all users with a
objective function" log TY = log (T x T x ....T¢,) where fixed rate, but penalizes both distant users and close usens f
G is the number of groups. On one hand, the increasing e base station as throughput for distant users becomes zer
G increases the number of factors. On the other handy aswhile close users are subject to low throughput even if it can
increases, the throughput of each groiil, (1 < k¥ < G), receive data at a higher rate. MIN maintains low throughput
tends to decrease because of decrease of the number of ugersll users, but no users will starve. MAX tends to favononl
in each group. Wheffy >> 1 regardless the number of usersisers close to the base station, so while close users haye ver
in a group, which is the case of our situation, the effect ¢figh throughput, distant users receive nothing. IPF a@siev
increasing number of factors will dominate and as a reselt thigher throughput for close users than MPF because its rate
product increases, so gs logT}. This coincides with our selection algorithm always finds the rate that maximizes the
simulation result. aggregate group rate. But IPF tends to have larger variance
Figure 4 shows the total sum of user throughput. In thie throughput than MPF and have a lower minimum than
metric, MAX performs the best as expected. We also find thstPF. This is because MPF tries to provide fairness to distant
MAX performs the worst in Figures 2 and 3. This indicatessers with poor channel states by giving them more chances
that MAX is a very greedy scheme that although it achievés communicate than IPF does. In order for MPF to give more
high total throughput in the system, it is unfair among usechances to distant users, it has to take some time slots from
(as seen in Figure 2) and among groups (as seen in Figurec®se users, which makes its maximum throughput lower than
We observe that IPF and MPF give pretty good throughpuF.
This result, along with the other results above, indicatet t From the same experiment run, we now plot the group
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Fig. 5. The distribution of user throughput taken at eachafsecond interval Fig. 6. The distribution of group throughput at the end of ation for

for various schedulers. Users are sorted over X-axis by thistance to the various schedulers. The key point in these figures is thatdib&ibution

base station. The key point in these figures is that the biigion of user of group throughput tends to follow the characteristics rafi€off that each
throughput tends to follow the characteristics of tradebét each scheduler scheduler makes regarding the throughput and fairnessoofpgr

makes regarding the throughput and fairness of users.

data networks using TDM such as CDMA2000 1xEV-DO.

throughput measured by the aggregate user throughputbf eacThe proportional fair scheduling algorithm for unicast is
group. We plot them for all 10 groups in Figure 6. In the figurgyroposed in [9], [13], [26] for CDMA2000 1XEV-DO systems
we can find that groups 1, 4, 5, 6 and 10 have members Vegymaximize the log utility function. The weighted proportal
close to the base station (so we call thelose groupswhile  fajr schemes proposed in [22] demonstrate how one can choose
the other groups tend to have more distant members (we Gglscheduler with an efficiency-fairness tradeoff between th
these groupslistant group} In every experiment we conduct,two extreme cases, namely, a channel-unaware scheduter, an
we choose user locations completely randomly. MAX showgchannel-aware scheduler that serves the best mobiledtands
the biggest skew of throughput distribution among groups @ any given time. The schemes proposed in [24] maximize
we find that some groups do not get any throughput whilger utility functions, and they are based on stochastic ap
the close groups tend to get all the bandwidth. FIXED givesoximation.
almost a constant bit rate to all groups (Wlth rate variance Proportiona| fairness is genera"zed |nm @)-proportiona|
due to user locations) and MIN has more varying group ratgfimess in [11] to unify the max-min fairness, proportibna
because it tries to achieve fairness while honoring only thgirness and the worst case fairness, which is total-tHiputy
worst user in each group. The difference between IPF afpthximization. A unified scheduler is proposed in [12] that
MPF is clearly shown in this figure. IPF tries to maximizechieves g,«)-proportional fairness in terms of the asymptotic
the group rate while keeping the minimum group rate highehavior of the long-term average throughput.
Thus, it tends to achieve very good balance between grougproperties of the rate region achievable by a general class
throughput and fairness. MPF does not care much about #feopportunistic scheduling algorithms are discussed Bj.[2
group throughput and focuses on equalizing user happingssaddition, [23] also considers different fairness ciieand
As the utility of users are equalized across groups, we tenddiscusses optimal scheduling algorithms. The optimality o
see less variance in the group rates, but it may not be ableatQyeneral class of “gradient-like” opportunistic schedli
achieve as high group throughput as IPF. algorithms is proved in [21], [27], [28].

A scheduling algorithm that maintains mobile handset ser-
vice rates in proportions to one another is proposed in [23].

This paper proposes a set of scheduling algorithms féhe scheduling algorithm studied in [8] uses the assumption
multicast. While a large number of papers have proposed ahdt each mobile handset has a finite amount of data to receive
evaluated unicast scheduling algorithms where multipkrsis and it leaves the system once this data is received.
share a time-varying wireless channel using Time Division As the need to serve real-time traffic increases, quality
Multiplexing (TDM) [6], [21], [7], [22], [2], [233], [8], [9], [24], of service guarantees have become an important aspect of
[10], [11], [25], [12], [26], [13], to the best of our knowlgé, the design of scheduling algorithms. Typically a scheduler
no paper has addressed multicast scheduler design fotacellwould either offer delay guarantees or throughput resrst

V1. RELATED WORK



to individual flows. The EXP algorithm [29] controls the [9] A. Jalali, R. Padovani, and R. Pankaj, “Data throughpUtC®MA-
delay distribution of each flow for a mixture of real-time
and non-real-time data in CDMA2000 1xXEV-DO. The GMR
algorithm [30] is a gradient algorithm with minimum andz10]
maximum rate constraints using a token counter mechanism.
Broadcast scheduling algorithms are used in database
content distribution systems, taking into consideratippli&a-
tion level information such as the size and importance of ddi2l
items to be broadcast. In the context of 802.16e like mobile
networks, where mobile hosts can go into sleep mode to
save energy, [31] proposes a number of scheduling algosithm

letting each host assign its own merit to each broadcast a4

HDR a high efficiency-high data rate personal communicatiineless
system,” inVehicular Technology Conference (VTC2000-Sprifigkyo,
Japan, May 2000, pp. 1854-1858.

X. Liu, E. K. P. Chong, and N. B. Shroff, “A framework fopportunistic
scheduling in wireless networksComputer Networksvol. 41, no. 4,
pp. 451-474, 2003.

ﬁj J. Mo and Jean C. Walrand, “Fair end-to-end window-dasengestion

item. The mechanisms divide each broadcast super-frame int
a number of logical channels, and let mobile hosts decité!
which channel to listern to at the beginning of each supgix;
frame in order to maximize the normalized throughput of the
system for each super-frame. In the calculation for norradli
throughput, each data item is multiplied by the merit forhaaéls]
host. Our work is quite different in the sense that we study
the scheduler design for base stations in TDM systems withou
any application information.

VII. CONCLUSIONS

[17]

(18]

In this paper, we propose two multicast proportional fair
scheduling algorithms, each of which supports differeityit
functions. The IPF scheduler supports the utility function
of log of aggregate group throughput that is computed by
summing up all the user throughput in a group, and tkfgo]
MPF scheduler supports the utility éfg of individual user [21]
throughput. These multicast scheduling algorithms can be
applied to different scenarios depending on the applinatio

and business model of ISPs. We compare the performanceg2af

these schedulers with several multicast scheduling dlgos
and show through simulation that they achieve good balaqgg

between fairness and throughput of groups or users. We are

[19]

investigating new scheduling algorithms to ensure QoS f02r4]
multicast. One way to provide QoS is to ensure that tﬂe
average transmission rate that each group or user gets doesIEEE Journal on Selected Areas in Communicationsl. 19, no. 10,

not fall below specified rates. This type of QoS has been used , , _
[25] Y. Ohta, M. Tsuru, and Y. Oie, “Framework for fair schéidg schemes

in unicast before. We leave this as future work.

(1]
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