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Abstract—We study rate optimization for multicast commu- and efficient multicast transmissions. In this paper, we first
nications at the media access control (MAC) layer, and explore address the rate optimization of MAC layer multicast, and

transport layer erasure coding to enhance multicast reliability in then propose to use erasure coding at the transport layer to
wireless networks. We start with investigating network models L . .

with single-input-single-output (SISO) links. For Thresholg” €nhance the reliability of multicast transmissions.

based multicast policies, we characterize the optimal transmission ~ Consider a single-hop network where one transmitter de-
rates that maximize the throughput in stable networks and sjres to send packets simultaneously to multiple destinations.
in saturated networks, respectively. We investigate the tradeoff For a given transmission rate, some receivers may not receive

between stability and throughput therein. We then generalize th ket tiv if th di h | .
our study to network models with multiple-input-multiple-output € packet correctly It the corresponding channels experience

(MIMO) links and non-i.i.d. channel links, and investigate the deep fading. Accordingly, only some but not all receivers

optimal transmission rate. In addition, to ensure multicast would be ready to receive the packet. One approach is to
reliability while no retransmission is required at the MAC layer,  transmit only when all the receivers are ready to receive. This
we propose o use transport layer erasure coding for reliability 4y resylt in large delays, making the network unstable. On
enhancement, where the problem boils down to jointly optimizing . - -

the transmission rate and the multicast threshold. We provide a the other hand, if the transmitter sgnds the packet without
solution to this Optimization prob|em according|y. any knoWIedge of the Channels, as in IEEE 80211, a severe
packet loss may occur, making the network unreliable. In a

nutshell, the throughput may be poor in both cases. A more
plausible policy is to send packets when some receivers are
ready [2], and this mechanism can be combined with transport
layer erasure coding ([13]) to achieve reliable transmissions.

I\/I ULTICAST is an efficient mechanism to transmit e consider multicast with a pre-determined threstolg

data to multiple receivers in wireless networks. Sincg j e, the transmitter sends packets if at léBseceivers are
Wire_less communication is _broadcast in nature, one infqready (namely th@hreshold-T policyi2]). Then, the through-
mation packet can be received by many receivers througfy js a function of the transmission rafe Intuitively, for

one transmission. This property, called thigeless multicast 3 |argerR, the actual transmission time would be decreased,
advantagg22], can enhance bandwidth efficiency and reduqg;t the channel outage probability may be increased. On the
transmission power consumption considerably compared dgher hand, a lower transmission rate would reduce the waiting
unicast communications, where a packet has to be transmitigflation but increase the actual transmission time. For those
on each link separately. In particular, multicast can be usggly extreme cases, namely = 0 and R = oo, it is clear to

for audio-video conferencing, disaster recovery, and militase that the corresponding throughput is zero.

operations. In general, theThreshold-T policy is not reliable since

Most eX|st|ng work on w!reless multicast fOF)L.JseS on .neSnIy some but not all receivers receive the packet success-
work layer multicast strategies, e.g., energy efficient multlcaﬂlIy in each transmission. One standard solution is to use

routing protocols. A properly designed medium access contrr% ransmission. However, it may not be efficient for multicast

(MAC) layer multicast protocol would significantly 'MPrOVe - o mmunications, simply because the lost packets may vary

the; neﬂ/vorl; petrfor(;nincet.h queve;, NtlAC Iayertr:nultllc_az_tl_; om receiver to receiver, i.e., each retransmission benefits
not well understood. Another Important ISSU€ 1S the rellability o st of the receivers only. An alternative approach is

.Oft multlc;asg trgnsm|33|ons.| Needlests tol ;say, I 'j of |gr§ } use transport layer erasure coding (also knowriagtal
interest to design a cross-iayer protocol to provide reliabg, ntain [1]). The basic idea is that original data packets
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the throughput in stable networks and in saturated networks, er
respectively. Then we address the reliable multicast transmis-

sion through transport layer erasure coding and optimize the  Packet Arrival Rate A S Orz
multicast threshold. To the best of our knowledge, our work § <

is the first cross-layer scheme that combines the transport & . Q .
layer erasure coding with MAC layer multicast policy to ) R
provide reliable and efficient multicast transmissions. Our

contributions can be summarized as follows. 1) We analyze .
rate optimization in SISO multicast networks. 2) We extend O ™

our results to the networks with MIMO links and non-i.i.d.
channel links. 3) We propose a cross |ayer design approach:ig) 1. Single transmitter witth/ receivers and average packet arrival rate
provide reliable and efficient multicast communications.

The remainder of the paper is organized as follows. We

discuss related work in Section Il. The analysis of MAC lay&gg e for energy-limited networks. In [22], a protocol named

ratg optlmlzatlon is presented' in Section Ill. In Secgon Myroadcast incremental powefBIP) has been proposed to

we investigate the reliable multicast problem. Conclusions apfsiryct the energy-efficient multicast routing tree. A revised

future work are given in Section V. BIP protocol has been proposed in [23] to show the impact of

bandwidth on the performance of the scheme. Both protocols

Il. RELATED WORK are sub-optimal since it has been shown in [8] that the

The main objective of MAC layer multicast is to provideﬁgnvig:lk??sn,\g_rg rrgmum-energy multicast tree in wireless

efficient channel access to resolve channel contention an '

maximize network throughput. The most popular MAC layer

multicast strategy is perhaps tfhreshold-Oscheme used !!l- RATE OPTIMIZATION IN SINGLE HOP NETWORKS

in IEEE 802.11, where a packet is transmitted without any. Basic Setting

knowledge of the channel. To improve the performance of theConsider a single hop network with one transmitter

Threshold—()strategy, él'hre;hold-lscheme has been proposed 4 totally M potential receivergr, s, - -, rar}, as shown
in [19], where the transmitter broadcasts the request-to-qudFig. 1. Each node is equipped with an omni-directional

(RTS) packet first and then transmits the packet if at least 0Qyenna. Lets denote the transmitted symbols. The received
clear-to-send (CTS) packets are received. In [20], a unic bols at the-th receiver, denoted;, is given by

based multicast has been proposed. The basic idea is 10
reliably transmit each packet to each neighbor in a round-robin y; = VPhis + n;, Q)

fashion. It does not exploit the broadcast nature of Wireles?1 Pisth | o ar. is the ch | gai
medium. A two threshold transmission poli€¥,q)-policyhas where 'Sht e tota t.ransmljs;;); POWET; IS t r?. Ch anne galnd
been studied in a recent interesting work [2], in which thQetWeent € transmitter and théh receiver, which is assume

threshold is set to be a constaftwith probability ¢ or 7'+ 1 to (;Je a c%mplgg_c_aaussr,]i_an ra”dO‘.“ varigble W;? Z€ro mean,
with probability 1 — ¢. It has been shown that this policy is2N¢" 1S the additive white Gaussian noise Wit/ (0, No).

e—optimal subject to stability conditions or loss constraint '_I'hen the corresponding capacity of the channel is given by

Recently, the throughput-delay tradeoff in cellular multicast
has been investigated in [4], in which the transmission rate is
set such that a fixed fraction of the receivers is able to decod

©efinition 3.1: The i-th receiver isready to receiveif the
the packet. Then, the scaling behavior of throughput and tg ! y

del h terized as th ber of . rﬁﬂacity of the corresponding channel is no less than the
elay are characterized as the number of receivers grows, Il o iccion rater. ie. C; > R [5].

contrast, our study examines a wireless network with finife, assume thblock fadingchannel model [17], i.e4h:} are

number of receivers and the number of ready receivers at e:m:_%_ for different time slots, but remain constant during one

transmission is random. _ o __time slot. Letp; denote the probability that thith receiver
There is a great deal of interest in reliable multlca% ready to receive. Then

transmissions ([1], [13]). The early work on combining the
Reed-Solomon codes with automatic repeat request (ARQ)  p; Pr{C; > R}
to provide reliable multipoint transmission has been shown (1—2R)N,
in [10]. A quality-of-service (QoS)-based adaptiFerward = &xXp (P
Error Correction (FEC) scheme for multicast communication
has been proposed to dynamically control coding parametésthis section, we assume that the channel gding have
[12] . In [14], the erasure coding scheme has also bellie same distribution. Hence, the probabilities defined in (3)
used in wireless security design to guarantee the reliabil@je identical for all links, i.e.,
of multicast authentication.

There also have been extensive studies on network layer
multicast with focus on how to establish efficient routingn the next section, we will extend the studies to non-i.i.d.
protocols (e.g., [7], [16]). Energy efficiency is an importantases.

P
= log(1 + — |hi[?). 2
€ = log(1 + 5 if’) @

>7i:1727"'7M' (3)

P1:p2="'PMép- 4)
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Suppose that the packets arrive at the transmitter in & The Stability Region
cordance with a Poisson ratg as shown in Fig. 1. We  jq g standard, the traffic load is given by
assume that each packet is transmitted only once, i.e., no
retransmission is done at the MAC layer protocol (multicast & g vice time] — A (E[)ﬂ N E[V]) . (7)
reliability is guaranteed through the transport layer erasure P, R
coding, to be discussed in Section 1V). Due to channel fading,

the transmitter may have to wait for a long duration if i[& Definition 3.2: A system isstableif the busy period of the

. . i . . ransmitter is finite, i.e., the traffic loadis less than 1 [15].
is required that all potential receivers are ready, making t ©Definition 3.3: The stability  region is the  region
system unstable. On the other hand, if the transmitter se 6 - Y 9 9

. >\ (R)], where X\,,..(R) is the maximum value of
a packet without any knowledge of the channel, the packets” ™"\ mas .
: ) ) packet arrival rateh that makes the network stable with
loss may be high, making the network unreliable. Moreover, it o
P ransmission ratev.
may happen that the channel condition is good but the bu €t is clear that

of the transmitter is empty. Therefore, it is plausible to set
a pre-determined thresholfl > 0. Before each transmission, Ao (R) < 1/ E[X] n E[V] ®)
the transmitter first queries the channel by exchanging control e P, R )
packets.and transmits the paclfet as long as at [Fast For any given multicast thresholf, the transmission proba-
M receivers are ready. Otherwise, it would back off for Bility P, in (5) is given by

e

random duration and query the channel again. As in [2], w

assume that after each transmission, the transmitter would also . M
back off for a random duration before querying the channelP: = Pr{at least T receivers are ready} = > g;,  (9)
again, so as to allow other transmitters to use the shard media. =T

The querying overhead would increase with the number @hereq; is the probability that exactly receivers are ready.
receivers M. In this study, M is relatively small, and the Note that

overhead incurred by querying is not significant. A more M M

accurate model that includes the overhead will be investigated o M iy 1M—i

. ! g = Z<-)p[1 p)

in future studies. - ?

Clearly, the transmission rafe plays a key role in the mul-
ticast scheme. Intuitively, a higher transmission rate decreases
the packet transmission time, but it may increase the baskhere p is defined in (4), and/(p)(a,b) is the incomplete
off durations. On the other hand, if the transmission rate Reta function[18]. The next key step is to find the optimal
decreased, it would decrease the waiting time but possififgnsmission rate that supports the maximum arrival rate, i.e.,
increase the packet transmission time. Thus motivated, we .
investigate the optimal transmission rate to maximize the MAC Ry = arg Iﬁlff)({)‘"“‘”(R)}' (11
layer throughput in the followlng. ) Therefore, the optimal transmission rate to maximize the

We assume that the duration of_ the querying plus rand%bility region is given by
back-off and that of packet transmission time are comparable.

Let X; denote the duration of theth querying and back-off, — p. _ min{ E[X] E[V] } (12)
and B denote the total time for querying and back-off before ! R>0 | Iy (T, M —T +1) R |
one transmission. It follows that

K
DX
i=1

where K is a geometric random variable with paramefgr C. Optimal Rates for Throughput Maximization Subject to
which is the probability that at leadt receivers are ready Stability
to receive. Then, the average service time for each packet i

=T
= I(p)(T,M—T—i-l), (10)

Fig. 2 illustrates the maximum packet arrival ratg,, as a
E[X] function of transmission rate. It is not surprising tlat= 1
P (5) has the largest stability region.
t

E[B]=E

%—ollowing [2], we define the MAC layer throughput as

given by follows.
E[S] £ Efservice timd] Definition 3.4: The MAC layer Fhroughput is the ex-
o ) pected number of successful received packets per unit time.
= E[transmission time] By definition, if the network is stable, the throughput is the
+E[querying + backoff duration] product of the packet arrival rate and the expected received
_ E[V]  E[X] 6 packets per transmission.
= g T P ©) Let b(t) denote the number of queries till timeb;(¢) the
number of queries withi ready receivers tilt, and p(¢) the
whereE[V] is the average packet length. number of transmitted packets till Then, by the_aw of Large
Numbers
Istrictly speaking, the service time in (6) is an approximation when a
head-of-queue packet arrives in between a slot, although the difference is : bi (t) =q w.p. 1. (13)

negligible. tinolo b(t)
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@ e Theorem 3.1:For anyT’ < M, the function
é 1200 —o— T:1 i
S —— T=2
€ om o) = > i (20)
8 100 = T=5 7 zTZzT
A T=6

is a monotonically decreasing function &f.
Proof: Observe that

9(R) = Z iqi

Maximum Packet Arrival Rate xm

o v.'i";‘ L | Zz % =1
\ M
20 p LA 1 = T+ —— Z g+ + Y i (21)
SN . Zz % LizT11 =M

o 100 200 ;"0 400 50; t 6;0 Kb7°° 800 %00 1000 Next, we prove by induction that each term in (21) is a
ransmission Rate R (Kbps) monotonically decreasing function d, i.e., for anyT <

M M L
Fig. 2. Amaz as a function of transmission ratd/(= 6). M, and _1 < m < j_V[ - T, _Zi:T+7,L qz'/Z,:T g 1S a
monotonically decreasing function &.
M

Whenm = 1, by Lemma 3.1,=57+% is a monotonically

and decreasing function of:. =
p(t) = Pr{at least T receivers are ready} Letm =1, E@%;q is a monotonically decreasing function
t=o0 b(?) of R. Thenform =1+1,
. M M M
> 4 wp. L (14) Yimrii1 b imrpr b | Dimr i
' R PR
If the network is stable, i=T & i=T+1 % i=T
() which is also monotonically decreasing @&. Hence the
lim 22 = ) 1 15 on i : - : |
Ty T w.p. L. (15)  summation in (21) is also a monotonically decreasing function
By definition, the throughput is given by of R. This complt_ates _the proof. _ u
y Theorem 3.1 implies that for a given, the network
Th(R) = lim > i ibi(t) achieves high throughput with low transmission rate. Hence,
oo t the transmitter should transmit the packet with the smallest
M () b(E) p(t) rate as long as the stability condition (18) is satisfied. Our
= Z ? tlggo b(t) p(t) t intuition is as follows. When the network is stable, the average
=T

number of transmitted packets is decided only by the arrival
A ) rate )\, instead of the transmission rate. Therefore, decreasing
ET Z i w.p. L. (16)  the transmission rate would only increase the ready probability
for each receiver. As a consequence, the average number of
Note that the derivation of average throughput is valid onbticcessfully received packets would be increased. In summary,
for stable networks. (The throughput in saturated cases Wie maximum throughput is obtained when the transmitter
be discussed in the next section.) Thus the throughput magiulticasts packets with the smallest transmission rate that

mization problem can be stated as satisfies the stable condition in (18).

Therefore, givem, the optimal transmission ratgs max-
imizing the throughput in a stable network is given b
max Th(R) ZL . Zz;qu, (17) imizing ughput i work is given by
subject to the stability condition: R} = arg min E[X] + E[V] <1/Ap. (23)
2 R>0 ZA{T q; R -
EX] | E[V] -
p = A pyy — + T < 1. (18)
Y i Ui

. , D. Optimal Rates for Throughput Maximization in Saturated
To have a more concrete understandindgl@f( R), define P ghp

Networks
M
R) 2 1 . 19 If the network is saturated, (13) and (14) still hold. Since
9(R) = M Zlqz- (19) . . . . .
Yoiir i i the idle period of the transmitter is zero, (15) is no longer

We have the following results: valid and should be replaced by the following condition:

Lemma 3.1:For anyT < M, Y0 T4l a/XY g is a p(t)
monotonically decreasing function . — Z R Z X;. (24)
The proof is relegated to Appendix A. i—1 =1
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maximizes the throughput is given by
—— T=1
3001 e T2 | M .
— T=3 R, = arg max {)\ZTIT Rl }
%\ 250 o E‘é ] . Yot Ui
b —4— T=6 ;
g 200 = argmax 1 ZgT ‘i
8 F ] - E[X E[V M
El fi=0 I(p)(T,][LIlT-H) + % dimr i
S 150F 1 R
g = argmax { ?ER; } . (28)
= 100 g
Proposition 3.1: For anyT < M, R} > R}.
sol | Proof: It is clear that for anyl” < M, R} # Rj. Assume
R} < Rj. Then by Theorem 3.14(R7) > g(R}). By (27),
b M o f(RY) < f(R}). Thus, f(R})/g(Ry) < f(R1)/9(R}). This
0 100 200 %00 400 500 600 700 800900 1090 contradicts the definition of?; in (28), whereR; minimizes
Transmission Rate R (kbps)
f(R)/g(R). HenceR; > Rj. [ |

Fig. 3. Throughput in saturated networks as a function of transmission rate.Proposition 3.1 reveals that maximum stability region
and maximum throughout cannot be achieved simultaneously
when T < M. Interestingly, whenT = M, throughput

It follows that becomes a linear function of,,.,. Thus the stability and
the throughput can both reach maximum at the same time.

Th(R) = lim
M ) F. Some Generalizations
. p . .
.ZM - Jim OO 1) Networks with MIMO Links:Next we extend the study
=T i=r i =1 R 2= 7 on rate optimization to network models with MIMO links.
B RZ?iT 1q; 1 Assume that the transmitter has transmit antennas and
B (E[V] fRE[X])Z?V_[ ¢ + RE[X] W.p- L. each receiver had, receive antennas. Ld&H; denote the
=T T, x Ty MIMO channel matrix, and all the entries H; are
(25) . :
independently complex Gaussian with zero mean. Then the

The optimal transmission rate that maximizes the throughp@pacity of the channel between the transmitter and: e
in a saturated network can be found via numerical method§eceiver with a givert; is [21]

(E[V] = RE[X]) >_i_r ¢: + RE[X]

C; = logdet(Ip + H;"H;). (29)

P
TSNO
In general, sincdl; is a random variable, the capacity is also
The throughput in a saturated network, as a function of thandom. It is shown in [5] that wheR; or T;. (or both) is large,
transmission rate, is plotted in Fig. 3. We should emphasittee distribution of C; approaches to Gaussian distribution.
that the scheme in Fig. 3 may not be reliable without usirfgurthermore, even whef; and 7, are small, the Gaussian
higher-layer recovering schemes. In Section IV, we propoaeproximation is still accurate. The mean and variance of the
a reliable cross-layer scheme that jointly optimizes the trardistribution are only decided by, T;., and P/N,. Then the
mission rateR and the multicast threshold. outage probabilities can be easily predicted and computed by

this approximation.
It is easy to see that the capaci€y; defined in (29) is
E. Tradeoff between Stability and Throughput positive. Therefore(”; can be approximated more accurately

In unicast cases, maximizing the throughput is equivalent B @ truncated Gaussian distribution. L€ denot;e the “un-
maximizing the stability region. However, in multicast case&funcated” Gaussian random varialdle ~ N (u;, o7) and p;
the number of successfully received packets per transmissfisipote the probability that thieth receiver is ready to receive
can be any integer betweeh and M [2]. As a result, the N MIMO link, then
equivalence may not hold. B B Q(M)

Rewrite the optimal transmission rafe; defined in (12) p: = Pr{C; > R|C; > 0} = 1 ~ i=1,---,M,(30)

R} = argmax
3 81285

—O(Ey’
that maximizes the stability region: Q)
— min{ B[X] N E[V]} whereQ(-) is defined as
1 k>0 | Ipy(T,M —T 4 1) R Q) = 1 /00 22 (31)
= argmin{f(R)}. (27) vem Ja

Thus the rate optimization in MIMO networks can be solved
Recall that from (17), the optimal transmission rétethat by replacing the ready probabiligy in (12) and (23) withp.
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2) Networks with Non-identical Linksin the above, we IV. ENHANCING MULTICAST RELIABILITY VIA
assume that the links between the transmitter and each receiver ERASURE CODING

are iid.. In general, however, they may not be identical n the previous sections, we have studied the rate optimiza-
because of the different distances between transmitter apfh for MAC layer multicast. A multicast threshol@ was

receivers. To be more accurate, we assume {l@f are set to achieve the tradeoff between stability and reliability.
independent but non-identical distributed random variablaggwever, since retransmission is not done at the MAC layer

Then (9) can be rewritten as ([3]) protocol, theThreshold-T policyis not reliable, in the sense
o o ; o that if T' < M, some receivers may miss some packets needed.
_ _ In this section, we study the erasure coding at transport layer
P, = e i 1—p,], 32 o N
! ;q ;; gpﬂ 12111[ i (32) to enhance multicast reliability.

Suppose that the coding scheme produges= h + k
where the summationS; extends over all permutationsencoded packets from original packets, wheré > 0 is
(1,792, +»gm) Of 1,2 --- M for which j; < --- < j; the degree of redundancy. A receiver can reconstruct the

and j;11 < --- < ju. And p;, is defined in (3). In light original k data packets once it successfully receives at least
of the complexity of (32), we present a bound & in the encoded packets [14]. The encoding/decoding algorithms with
following proposition. this property can be found in [1], [9].
Proposition 3.2:For all T, In Threshold?” based wireless multicast networks, the reli-
able transmission can be realized by the following scheme.
Ipiy T, M =T +1) < P, <Ig  N(T,M—-T+1), Before each transmission, the transmitter first queries the
channel and sends an encoded packet when atleasteivers
where pnin = min{p;, ¢ = 1,2,---, M}, pmar = are ready ([2]). It would keep transmitting until all receivers
max{p;, ¢ = 1,2,---, M}, and I,,(a,b) is the incomplete successfully receivé: encoded packets. Then each receiver
Beta function. can decode the data independently based on its locally received
The proof is relegated to Appendix B. data only. It is clear thdf’ would affect the performance of the

We then can apply the derivation in Section 11I-B to the noreoding scheme. Thus, in this section, we will characterize the
identical case, and give a boundary to the optimal transmissi@ptimal multicast threshol@ that maximizes the performance
rate. of the reliable multicast scheme.

3) Channels with Memoryin the studies above, channels L€t W (M) denote the number of ready receivers in totally
are assumed to be independent for each time slot. In genefdl receivers. Then for a giveii, when the transmitter sends
the channel conditions are correlated. In this section, we (sePacket, a receiver can successfully receive the packet if
the concept ofevel crossingo derive the optimal transmissionit iS ready to receive and there are at ledst- 1 ready
rate for correlated fading channels. receivers among othe¥/ — 1 receivers. Thus, the probability

Based on [5], we approximate the channel between ithat a pa.rtlc_ular' receiver receives a packet successfully under
transmitter and theth receiver as a random proces;(x) > @ ransmission is given by

0} with meany; and covariance function; (7). It follows that pr = Pr{A receiver receives a packet successfully
|At least T receivers are ready }
pPr{W(M —1)>T -1} /Pr{W (M) > T}
pL(T —1,M —T +1)

Pr(receiver i is ready) = Pr(C; > R)
= Vg xE[u] wp.1, (33)

= . 37)
whereVy, is the up-crossing rate aiE{«] is the average length I,(T,M —T+1)
between one up-crossing and its successive down-crossingwlifere p is defined in (4). Letn; denote the number of
the process is stationary and ergodic, by [6], transmissions when usgrreceives itskth encoded packets,
9 and F (i) denote the probability that; < ¢, which is given
E[u] = EPT(Ci(O) > R), (34) by
N F(i) = Pr{n; <i}
wherea = Ev(0,1], and v(0,¢] denotes the crossing times ; .
between 0 and. Then _ t mp o li—m
1 = E_:k(m)pr[l prl
Ve = SEv(0, 1]. (35) = Ipy(ki—k+1). (38)
Equation (33) can be rewritten as Ther_1, the_ tot_al number of transmissions to provide reliable
multicast is given byi,,q, = max{ni, no,---,ny}. Appeal-
Pr(C; > R) = Pr(C;(0) > R). (36) ing to (3.3.4) in [3], we have
which is exactly the same as (3). It is not surprising since E[nmaz] = Z {1— Iy (ki—k+D)M}+k (39)
the average behavior of the random process is not related to i=k

the covariance function. Hence all the conclusions in previousSince redundant packets are generated to provide fully
sections can be used in the correlated channel case. reliable multicast, the actual number of transmitted packets
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is increased. Therefore, the equivalent packet arrival kate
should be higher, which is given by .
E[nmax}

k
A :
22 A1 Upyki—k+ 1M} + ), (40)

i=k

o= A

N

Q

=)
T
I

150~ 4

and the stability condition should be rewritten as

Throughput (packets/s)

E[X] E[V] 100 .
N<1/ | —/——+—=). 41
<y (B + 2 @)
Hence, the optimization problem can be revised as sor ]
A M
(I%la;%() Th(Tv R) - =M Z g, (42) 0 1‘0 2‘0 3‘0 4‘0 ;0 (;0 7‘0 z;o 9‘0 100
’ i=T 9 =T Packet Arrival Rate A (packets/s)
s.t. N\ % + % <1, Fig. 4. Throughput for the two-threshold reliable multicadf & 6).
Zi:T qi R
TeN, R>O0. k
It can be seen that the equivalent packet arrival vdtes ~— —~ il —=— p=0.3 |
a function of 7. The corresponding cross-layer optimization °sr : Pfg-g ]
boils down to a joint rate and multicast threshold optimization & ,| e i
problem. In what follows, we propose to use a two-step=
algorithm to find an optimalT, R) pair for (42): _f‘:; 8r 1
3 o051 ]
3
[e]
Algorithm 1 EW 1
1: For anyT = 0,1,---, M, its corresponding optimal rate & os- 1
R*(T) can be found by 5
© ,
o
E[X E[V ol ]
R*(T):argmin{w[[]—i—l[%]gl/)\’}. (43) o
R0\ isr @ 0 040009
5 10 15 20 25 30 35
2: Among all elements in the sef(7T, R*(T))}, find the The number of encoded packets (D)
optimal one (7™, R*) that has the largest throughput
defined in (42). Fig. 5. Outage probability vsDy (M = 6, k = 10).

The performance of the proposed scheme is shown in Fig. 4
However, in a practical setting, continuous rate selection mi';\

ibl h i i i I Ay
ggagtzdpzs?ge; Enld ; 'e“ratLe} Ijvi?hua(lytlieg to<d'|.s.cr<et[e] VaUSRows the performance of the scheme by retransmitting lost
Since botrz” and 1 are discrete valuesl one (Z:an do exhzaLljsti\FeaCketS to guarantee reliability. We observe that the cross-
search to find the optimal paiff™, R*). ayer scheme proposed in this paper always outperforms the

. . conventional feedback-retransmission scheme.
Note that in the above packet level erasure coding schem ; . .
e note that the proposed protocol is sub-optimal in the

the number of coded packets may grow unbounded. In_a ; . X ) S
. . sense that it studies single multicast threshold policies. If a
practical setting, however, the number of coded packets IS

. two threshold policy(T) q) is considered (e.g., [2]), i.e., the
bounde_q, say @0- Then, for any giverD, > £, the outage threshold is set to b& with probability ¢, andT + 1 with
probability is given by

probability 1 — ¢ , the corresponding scheme should lead to
Pr{nmae > Do} = 1— Pr{nm.. < Do} better performance.
= 1—F(Dy)M
M
= 1- [I(pr)(k', Dy —k+ 1)] .

Fig. 6 depicts the performance degradation if the transport
er FEC coding scheme is absent, where the MAC curve

V. CONCLUSIONS ANDFUTURE WORK

In this paper, we proposed a cross-layer optimization
It is clear that the outage probability decreases fasbgs scheme for wireless multicast networks. We first studied
increases, especially whén and p,. are reasonably large, asthe optimal rates for throughput maximization at the MAC
illustrated in Fig. 5. In case i, > Dy, SOme receives may layer multicast. We examined the stability region for multi-
not receive enough encoded packets to decode the original datst policies with a pre-determined multicast threshold, and
packets successfully, resulting in degradation in reliability. characterized the optimal transmission rates that maximize
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Then

—— MAC aZﬁ‘inl qi
—=— MAC-FEC | | M a4

dR
pT(l _ p)M—T—pr(T’ M—T+1)
[B,(T, M —T +1)]2
p' (1 —p)MTB,(T+1,M —T)
[Bp(T, M =T + 1)J?
M-Top
T R
sl ] B, (T,M —T+1) — (1 - P)B,(T +1,M —T)
[By(T, M =T + 1)J?
M—=Td 7, M—-T-1
00 12)0 2(;0 31‘10 4(;0 5(;0 6(‘)0 760 8(;0 92)0 1000 T OR (1 p ) ' (|3)

Transmission rate R (kbps) By the property ofBp(a,b) in [18] that

N

=1

=)
T

@
=)
T
I

=]

=]
T
I

Throughput (packets/s)

Fig. 6. Performance degradation without transport layer FEC coding. By(a,b) = By(a+1,b) + By(a, b+ 1), (1.4)
we have

the throughput in stable networks and in saturated networks,  pB,(I\M —T+1)— (1 —-p)B,(T +1,M —T)
respectively. Then, we analyzed the tradeoff between the _ pBy(T,M —T) — B,(T +1,M —T)
stability and the throughput. Furthermore, we extended our P P
studies to non-i.i.d. link cases and MIMO link cases. To = p/ tT—l(l—t)M_T_ldt—/ (1 —)M-T"1qt
meet the requirement that no retransmission is needed at_ 0 0 (1.5)
the MAC layer, we used transport layer erasure coding to ’ ’
enhance the reliability and provided an optimal solution tRecall the definition of in (3) and (4), we have
the corresponding cross-layer optimization problem. op

We note that the proposed cross-layer approach could be IR © 0. (1.6)
useful for the downlink of a cellular network. More work . . . N
) . . Hence, (1.3) is always negative, which implies that
is needed to generalize the proposed scheme to take i oy . i ]
account channel contention in multi-hop wireless networksy~ . IS @ monotonically decreasing function &1 N
We are currently investigating on energy efficient multicast

for battery-operated wireless networks, and the security issue APPENDIXII
therein. PROOF OFPROPOSITION3.2
M
APPENDIX | Z gi = Pr{at least T receivers are ready to receive}
PROOF OFLEMMA 3.1 i=T
= Pr{C() > R}, (I.1)
By (10) and [18], we have where C;y > Coy > -+ > C(uy) is the ordered random
o variates of the independent, non-identical distributed random
Yicr16  L(T+1,M-T) variates{C;}, i = 1,2--- M. Since
Moo L(T,M—-T+1
2=t Ui o7 +1) Pr{Cn) >R} = 1— Pr{no receiver is ready}
_ B(T+1,M-T)I'(M+1) o
N(T+1)I'(M-T) - 1- H(1 —pi)
(T (M-T+1) i1
BP(T’ M - T + 1)F(]\/[ + 1) S 1- (1 _pmuw)NI
_ B@HLM-T)M=T) = Pr{Xqu > R}, (11.2)

TB,(T,M —T+1 ’ . .
o ) whereX 1y > X(9) > --- > X(yr) is the ordered i.i.d. random

variables withPr{C > R} = ppq.. It follows that
Cay <st X(1), (1.3)

where B, (a, b) is defined as

I,(a,b)T'(a)T'(b .
By(a,b) = M where <,,' stands forstochastically smallerBy Theorem

I'(a+b) 5.2.2 of [3], we have

p
a—1 b—1
/0 N1 — )" dt. (1.2) Clry <ot Xy T=1,2,---, M. (11.4)



GE et al. A CROSS-LAYER DESIGN APPROACH TO MULTICAST IN WIRELESS NETWORKS 9

Hence [23] J. Wieselthier, G. Nguyen, and A. Ephremides, “Algorithm for band-

and equality is achieved #C;} are i.i.d.. Similarly, we can

M width limited energy-efficient wireless broadcasting and multicasting,”
in Proc. MILCOM 2000 vol. 1, pp. 485-490.
E ¢ = Pr{Cr) >R}

< Pr{X) > R}

M

M i i

= Z( % )pmax[l_pmam]M
=T

= I (T M —T+1), (1.5)
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