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Abstract—A simple cooperative diversity technique is applied simple, a scenario with nodes positioned at equal distamices
to point-to-multipoint communication in wireless medium suf- g radial ray from the sender is used.
fering from Rayleigh block fading. Such a concept is especially g haner s organized as follows. Section Il covers related
interesting if low-cost radios, which have no advanced capabil- - X ) .
ities for fading mitigation, are used. This paper analyzes the work. Section Il introduces th_e used m0(_:1els for the r§d|o
communication reliability in terms of outage and delivery ratio, channel and the network. Section IV explains three multicas
and compares cooperative and non-cooperative schemes. Riés techniques (direct multicast, time-diversity multicastd co-
from a simple setup show that already few preselected relays can gperative multicast) and derives various performance oreas
lead to performance gains. A potential application field is link- for these techniques. Section V presents and discusses the

layer broadcast in a network of energy-constrained embedded . .
deyvices. 9y performance results. Finally, Section VI concludes theepap

Index Terms—Cooperative multicast, cooperative broadcast,
cooperative diversity, relay, energy constraints, Rayleigh faithg. Il. RELATED WORK

Numerous publications address energy-efficient multicast
non-fading environments. In [6] and [7] authors show that
I. INTRODUCTION the problem of optimal transmit power control and multicast

tree construction in a network is NP-complete; they propose

The use of cooperative diversity in wireless Comm“n'ca'o%euristic algorithms to achieve energy efficiency with lowe

is considered to be an efficient means to mitigate neqat'XSmputational complexity.
effects of mult_lpath propagation (sge, €.g., [11-{5). V‘?h" The paper [8] discusses cooperative diversity in a multihop
most research in this area has beempomt-to-pointcommuni-

tion. thi dd th f tive divessi network. It is assumed that receivers are capable to acetienul
cation, this paper addresses the use of cooperalive dtsi energy of multiple simultaneous transmissions. When aceumu
point-to-multipointcommunication. The setting is as follows;

A der intends to deli ¢ ltiole ad 'Iatted energy exceeds a certain threshold, information @n b
sender intends to deliver a message 1o multiple adjaceyt.,qqq correctly and broadcasted further. With this apsum

nodlesf w(;_a mult;pzitg prt(_)patgatlon denwronment. Dufe ;Odsg] on the problem of optimal power allocation for data broastc
scale fading, not afl destination hodes may successiuty remains NP-complete; heuristic algorithms are proposed an

th? mltessage_. I-ée;lce, one or mcire of Ithe desttmauoniit.whé lyzed in [9]-[11]. The analysis of multicast techniques
actually received the message act as refays, re-ransgiitie o 5q papers is however made in non-fading environments

message on the wireless link. Such application of cooperatbvith instantaneous knowledge of the link qualities between

diversity in i mtl.JIt'(;.aSt scetnano 'IS attr_lz_ir?_tlve, as n?]dgcﬂlhodes, which in presence of multi-path fading would require
are anyway destinations act as relays. This approac aéignificant coordination efforts. The paper [12] proposes a

cooperauvg muI'ucasln. the following. ) ) network-wide flooding approach in multihop networks using
We are interested in the use of cooperative multicast H?.)operative diversity.
networks with low-cost radios as found, for example, in tiny

. . The paper [13] shows that cooperation with feedback pro-
SENsors of other_ _e_mbedded_dewc_e_s. S_UCh radios do not r\ﬂ}ﬂ%s substantial gains for simple low-cost radios witlcyr
advanced capabilities of fading mitigation (e.g., MIMO)edu

A X orthogonal transmissions. The authors of [14] and [15] ystud
to severe limitations on the hardware size, cost, and compl

Rooperative multicast to deliver lossy data with diffeiated
ity. Cheap radios are usually characterized by strict celan b y

L . uality under delay constraints in Rayleigh fading netvgork
orthogonality in time, cheap antennas, simple protocots, ?1] Y y yiel g

energy accumulation, and no or simple power adjustment
mechanisms. Furthermore, it is assumed that such devices I11. M ODELING ASSUMPTIONS
must be especially energy-efficient; the achieved datas rate . . .
and delays are assumed to be much less important. A. Channel with Rayleigh Block Fading

This paper analyzes the reliability of cooperative multi- We assume a radio channel with distance-dependent path
cast in terms of various performance metrics, such as tlbss, multipath fading, and additive white Gaussian noige
percentage of nodes finally receiving the message correctlignal-to-noise ratio (SNR) at the sendas SNR, = Pry /P,
Under given energy constraints, the performance of coepevdth the transmit powePr, and the noise poweF,. A node
tive multicast is compared to non-cooperative multicaghwi is located at distancé; from this sender (and this distance is
and without time diversity. To keep the mathematical analyshormalized to one meter). The signal powersaé attenuated
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IV. MULTICAST TECHNIQUES AND PERFORMANCE

Ad PN
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- r r Tk . A. Multicast Techniques
PR Ad-N=d . . I
Ad  Ad " Ad We now investigate the reliability performance of cooper-

ative multicast and relate it to non-cooperative multicage
Fig. 1. One-dimensional topology with equally spaced nodeksralays. compare the foIIowing three techniques:

o Using direct multicast (DM), the sender transmits a
message once with full powdpr,.
« Using direct multicast with time diversit{DMT), the
sender transmits a message twice, each transmission with
SNR,; — d—° h? SNR,, 1) half power Pr,. /2 (diversity order two).

! « Using cooperative multicas{CM) with K relays, the
where the constant is the pathloss exponent, and the random  sender transmits once with powé¥ /(1 + K), subse-
variable  models the fading. The variable is Rayleigh quently, each of the relays transmits with/(1 + K).
distributed witha? = 1/2. Thus, the instantaneously receivedhe scaling of the transmit power is done to obtain a compari-
SNR is exponentially distributed with mean valdg® SNR,. son that is fair in terms of energy resources; i.e., the totatl
Similar channel models are used in other studies of codperatenergy is the same in each of the techniques and independent
diversity in fading environments (see [2], [3]). We assumef the number of relays. This energy-fairness is our major
slow fading modeled as block fading, where the receiver SNd®ncern here. Each node transmits with the same rate. Hence,
remains constant for one packet transmission. the comparison is unfair in terms of the used time resources.

This restricts the comparison to scenarios where energy not
data rate is the limiting resource. Examples include neitsior
B. One-Dimensional Topology with Equally Spaced Nodes of embedded devices that have to be energy-efficient .

We use a one-dimensional setup as shown in Figure 1. NetFurthermore, we assume that each message experiences
works of this kind can be found for example in transportatiof’dependent fading. In contrast to the models in [8]-{11],
production, and control systems. The most left node is tM& assume that accumulation of energy is impossible (simple
senders. There areN destination nodes placed in the fornfadios). No combining schemes are used. Instead, received
of a ray from the sender. The node with the largest distangissages are dropped if the receiver SNR is below the
from the sender is located at distante, which is set to the thresholdSNR,;,. Such approach of selective combining is
expected range of the sendér= 1, this range is called path feasonable in a slow fading environment and is shown to

over this distance and suffers from multipath fading. Th&RSN
at nodei can be expressed as

loss range). This yields perform just slightly worse than maximum ratio combining
on the symbol level [16]. A relay retransmits only once if it
—a -/ SNR; correctly receives the message from the source or othersrela

SNRmin = dy” SNR, & dy = SNRuyin @ We assume that cooperative relays are selected proactively

. _ . (before the source starts to transmit) and their nunieis
The distance between two consecutive nodesAib = known to the source and to the relays.

dn/N. The distanced; from the sender to nodeéis d; =
iAd = idy/N, wherei € {1,..,N} is the counting index
starting withi = 1 for the node closest to the sender. B. Definition of Performance Measures
The performance analysis is based on the occurrence of
link outageshetween the sender and destination nodes. A link
outage to a destination occurs whenever the SNR falls below
Let K denote the number of nodes acting as relays. Thecertain sensitivity threshold SNR,. This means that the
problem of selecting relays that optimize multicast perfomessage cannot be decoded correctly by the destination node
mance for a given number of nodes and relaysK is Given the modeling assumptions described above, the outage
of high interest but out of the scope of this paper. Similgrobability for a transmission from the sendeto nodei is

C. Preselected, Equally Spaced Relays

problems in non-fading environments are NP-complete (see 4 SNR..
[6]-[8]). Instead, we study the case of predetermined eelay,; = P[SNRM» < SNRmin} =1—exp (_ZSNlen> .
(see Figure 1). The relays are chosen from the set of nodes in s (4)

a way that the distance between two adjacent relays is alway1$_Or a given message transmission from the sender, we

N can determine thelelivery ratio R of this message in the
Adx = Ad {KHJ , for IS K <N -1 () network; it is the fraction of nodes that receive the message
correctly. It is a commonly used reliability metric in group
Such placement is easy to implement and intuitively beradficicommunications. Since message delivery is a probabilistic
as relays can be activated in a cascade-like manner to deliggent in a fading channel, the rati® is a random variable.
information to remote nodes via multiple hops. We are interested in the following performance measures:



« The maximum outage probabilify,.. = max; p,; is the outage probabilities of each possible path and combine.them
outage probability of the node that has the highest outagarthermore, we must account for the reduced transmit power
probability among all nodes. It is considered becauder,/(1+ K) of each transmission.
some nodes might experience very high individual outage The outage probability at nodefor a direct transmission
probabilities even if the group delivery ratio is accepgabl from the sources is
It makes a statement about the minimal reliability level. i ¢

« The expected delivery rati@[R] is the expected value Psi =1 —exp ( (K+1) <) )
of R, i.e., the expected fraction of nodes that receive
message correctly.

« Finally, P[R > ~] is the probability that the delivery ratio

(10)

the outage probability of a transmission from relayto
nodei is

is at leasty, i.e., a fractiony of all nodes will rgceive Pri = 1 — exp (_ (K +1) (Ir - z’|)a> | an
a message sent by the source. The probability of full N
delivery isP [R = 1]. A message can be delivered to a given non-relay riode
5K
C. Derivation of Performance Measures M = Z ,@!<K> (12)

1) Direct Multicast: A message is delivered successfully r=0

to a node if the SNR of the sender's message is above #ifierent paths, including the direct sender-destinauzah.
threshold. Applying the assumptions of Sections IlI-A and Bhese paths are indexed by the integer {1,..., M} in the
in (4), the outage probability of a direct transmission frta following. The event that a message is delivered succégsful

sources to nodei simplifies to via pathj is denoted asS;. The (_)utage proba_b_ility at a non-
i relay nodei can be expressed via the probability of the union
Psi = pi =1 — exp <_ <Z) > (5) of evenFsSj or the intersection of complementary evetts
N For a given set of relay nodes, we have
The maximum outage probability occurs at node For M M
direct multicast it yields pi=1-P|JSi| =P|(S;| - (13)
Pmax = Max p; = e 1 =63.21%. (6) =t =t
ic{L,...N} If only one relayr is used K = 1), the overall outage
The expected de”very ratio is probablllty at node can be calculated by

P = {pSi (]‘7(17]?87‘) (1*pm)) for Z#’r’ ’ (14)

Psi fori=r

B(R) = Jbé(l—m - leiexp (-(x)) o

and the probability of full direct delivery is with p,; and pr; given by (10) and (1)K = 1, and

r = |N/2]. The sender-relay outage probabiljty, is given
N by (10) withi = r. The resulting maximum outage probability

PlR=1=]](-p)= f[lexp <— <]i,)a> - (8) inthis case is

i=1 L
Pmax = 0.8646 — 0.8646 ™42~ =34.02%  (15)
2) Direct Multicast with Time Diversity:A message is

delivered successfully to a node if at least one of the two-meiith @ = 3. The expected delivery ratio can be calculated as
sages is received with an SNR above the threshold. The out@g8Ve: The probability of full delivery is

probability is given by the probability that both messagab f N-1

Considering the reduced transmit power (i.e., repladiNg . PR=1]=(1—ps) [[ @ =psipm) - (16)
with SNR,/2), the overall outage probability to nodds i=1

i\ \ 12 V. PERFORMANCERESULTS
bi = [1 —exp (—2 (N) )] : ©) Let us now compare the performance of the three multicast
techniques. We use the analytical expressions deriveden th
The maximum outage probability occurs at nodeé The ,revious section for DM, DMT, and CM with one relay
maximum outage probability is thepu.. = 74.76%. The 4ng hackup these results by simulation. Results for CM with
expected delivery ratio and the probability of full deliy&an  more than one relay have been obtained only by simulations
be computed using (9) in (7) and (8), respectively. due to the dependencies of the evess In the following
3) Cooperative Multicast:Using cooperative multicast, afigures, lines without markers correspond to analyticalltes
message will be delivered successfully to a non-relay nodand lines with markers to simulation results. The path loss
if it is received directly from the sender or/and by at least o exponent is always = 3.
of the K relays. A relay retransmits a message only once if it We distinguish between two scenarios: In the first scenario,
receives it itself from the sender or other relays correatly all nodes are destinations (full multicast range). In theosd
previous time instant. For the calculation of the averagagei scenario, only a subset of the nodes —the ones closer to the
probability over all nodes we must calculate the individuaender —are destinations (reduced multicast range).



A. Full Multicast Range
Table | compares DM, DMT, and CM witli{ = 1...5

relays for N = 50 nodes based on the three reliability Z *°|
measures. Time diversity only slightly improves the expdct £
delivery ratio. Due to the halved transmission power it be- 5067 o piccmuticast m._&
comes difficult to reach distant nodes, thus the maximum i ~—#— Direct multicast with time diversity

- . . . o —— i = 2\
outage probability increases. Cooperative multicastddada % o4/ e muliom K2 i
performance improvement. All measures become better with 2 ~~v— Cooperative multicast, K=3 %
an increasing number of relays. For the given scenario, just E s "-...\_.x
a few relays are needed to achieve a high expected delivery 8,

ratio, small maximum outage probability, and probabiliy o 8,
full delivery probability close tol00 %.

.

0.6 0.7 0.8

Minimum delivery ratio (y)
TABLE |

RELIABILITY OF DIRECT MULTICAST (DM), DM wiTH TIME DIVERSITY

(DMT), AND COOPERATIVEMULTICAST (CM), N = 50 NODES.

Fig. 3. ProbabilityP[R > ~] that a desired minimum delivery ratip can
be achievedN = 50.

CM, number of relays achieves a delivery ratio of = 97 % with the probability of

Values in % DM DMT 1 2 3 4 5 about95 %.

Delivery ratio  80.1  81.3 90.7 965 988 99.6 998 _

B. Reduced Multicast Range

Max. outage  63.2 748 340 144 50 15 05 . .

Full delivery 0.0 00 169 605 855 953 985 Finally, we study the performance vyhen the multlcasF range
is lower than the pathloss rangg;. It is no longer required
that all N nodes obtain the sender’s message, but only nodes
with indexes: < N, are considered as destinations. Full

. delivery is achieved if all these nodes receive the message.
e G T T ey Relays are selected among theSe nodes according to (3)
V\'\’\V/‘/X/* ##### H— K K K KX

—
o —— X

0.9

0.8

Expected delivery ratio

0.7

Direct multicast

-—-— Direct multicast with time diversity|

Cooperative multicast, K=1
— - Cooperative multicast, K=2
-—v— Cooperative multicast, K=3

10
Number of nodes (N)

100

by replacingN by Nj.

The following figures show performance curves as a func-
tion of N, for N = 100 nodes. All figures illustrate in which
scenarios cooperation can lead to gains.

Figures 4 and 5 show that CM outperforms DM and DMT
in terms of delivery ratio and maximum outage if more than
about 20 % of the nodes should be reached. CM with one
relay performs very similar to DMT up tdV,/N ~ 45%.
This indicates that in this range CM mainly helps to overcome
small-scale fading. If the percentage of nodes-to-reach is
higher (aboutV, /N > 45 %), CM outperforms time diversity.
This is because relaying also leads to a multihop gain that

contributes beneficially to the distance-dependent psshlo
Due to cascade effects additional relays help to improve end
to-end pathloss for distant nodes and enhance the multicast

Fig. 2. Expected delivery rati[R] over the number of nodes.
Figure 2 shows the expected delivery rafijR] as a end ¢ _
function of the number of node® from 2 to 100. Two reliability when the multicast range increases.
observations can be made: First, for arbitrafy the delivery ~ Figure 6 shows the probability of full delivery as a function
ratio improves with an increasing number of relays. Secorff, the multicast range. The benefits of time diversity and
the delivery ratio grows with increasiny for all multicast COOperation can be seen already fér/N > 10 %. This can
strategies. This behavior can be explained by the fact tieat £& explained by the multiplicative nature of the metric, as
outage probability is a non-linear function of the sender-t Shown in (8), where even slight improvements of individual
destination distance. outage probabilities result in a noticeable probabilitgréase
Figure 3 depicts the probabilit[R > ~] that a desired Of the full delivery.
delivery ratio of at leasty can be achieved in a network
with N = 50 nodes. On the one hand, non-cooperative VI. CONCLUSIONS ANDFURTHER WORK
multicast outperforms cooperative multicast if the debire The goal of this paper was to analyze whether the use
delivery ratio is low. It outperforms one relay foy < 80% cooperative relaying can improve the reliability of pofot-
and more relays below5 %. On the other hand, if a high multipoint communication on a wireless link that suffergrfr
delivery ratio is needed, cooperative multicast shows atmumultipath fading. We assumed to have cheap and energy-
better performance. For instance, multicast with threayl constrained radios, as used in some types of networked
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embedded systems. The relay selection and power aIIocatJi%JSA

be expected that the main tendencies are also visible in more
complicated setups (e.g., nodes distributed in two dinoerssi
The analysis of such setups is subject to our current researc

ACKNOWLEDGMENTS

This work was performed in the research cluster Lake-
side Labs and was partly funded by the European Re-
gional Development Fund, the Carinthian Economic Pro-
motion Fund (KWF), and the state of Austria under grant
20214/15935/23108. The authors would like to thargtg®
Crisdbstomo, Helmut Adam, and Stefan Lettner for fruitful
discussions that contributed to this paper.

REFERENCES

[1] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperatiiversity.
Part |. System descriptionf/EEE Trans. Communyvol. 51, no. 11, pp.
1927-1938, Nov. 2003.

[2] N.J.Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperatixersity
in wireless networks: Efficient protocols and outage bebrgvilEEE
Trans. Inf. Theoryvol. 50, no. 12, Dec. 2004.

[3] E. Zimmermann, P. Herhold, and G. Fettweis, “Cooperativetirimap
transmission in wireless networksComputer Networksvol. 49, no. 3,
pp. 299-324, Oct. 2005.

[4] W. Elmenreich, N. Marchenko, H. Adam, C. Hofbauer, G. Brae
C. Bettstetter, and M. Huemer, “Building blocks of coopemtielaying
in wireless systems @ & i Elektrotechnik und Informationstechnikol.
126, no. 10, pp. 353-359, Oct. 2008.

[5] G. Brandner, U. Schilcher, and C. Bettstetter, “Coofieearelaying in
car-to-car communications: Initial results from an experitakestudy,”
in Proc. IEEE Intern. Symp. Commun., Contr., Sign. Proc. (ISCCSP)
Limassol, Cyprus, Mar. 2010.

[6] J. E. Wieselthier, G. D. Nguyen, and A. Ephremides, “On tn-
struction of energy-efficient broadcast and multicast trieewireless
networks,” in Proc. IEEE INFOCOM Tel-Aviv, Israel, 2000.

[7] A. Qayyum, L. Viennot, and A. Laouiti, “Multipoint relayig for
flooding broadcast messages in mobile wireless networks,Prioc.
Hawaii Int. Conf. Sys. Sci. (HICSSWaikoloa, HI, USA, 2002.

[8] A. Scaglione and Y.-W. Hong, “Opportunistic large arsayCoopera-
tive transmission in wireless multihop ad hoc networks to hetar
distances,"IEEE Trans. Signal Processol. 51, no. 8, pp. 2082-2092,
2003.

[9] Y.-W. Hong and A. Scaglione, “Energy-efficient broadiag with
cooperative transmissions in wireless sensor networSZE Trans.
Wireless Commun.vol. 5, no. 10, pp. 2844-2855, 2006.

[10] I. Maric and R. D. Yates, “Cooperative multihop broaddas wireless
networks,”IEEE J. Sel. Areas Commuyrvol. 22, no. 6, pp. 1080-1088,
2004.

[11] ——, “Cooperative multicast for maximum network lifetimdEEE J.
Sel. Areas Communyol. 23, no. 1, pp. 127-135, 2005.

[12] G. Jakllari, S. V. Krishnamurthy, M. Faloutsos, and PKvishnamurthy,
“On broadcasting with cooperative diversity in multi-hopreless net-
works,” IEEE J. Sel. Areas Commuynvol. 25, no. 2, pp. 484-496, Feb.
2007.

[13] A. Bletsas, A. Khisti, and M. Z. Win, “Opportunistic cperative diver-
sity with feedback and cheap radio$EE Trans. Wireless Commuyn.
vol. 7, no. 5, pp. 1823-1827, May 2008.

[14] O. Alay, R. Ding, E. Erkip, Y. Wang, and A. Scaglione, ‘ered

randomized cooperation for multicast,” iRroc. Asilomar Conf. on

Signals, Syst. and CompuPacific Grove, CA, Oct. 2008.

O. Alay, P. Liu, Z. Guo, L. Wang, Y. Wang, E. Erkip, and SarP

war, “Cooperative layered video multicast using randomizsttiduted

were performed in a suboptimal but practically feasible and space time codes,” ifProc. IEEE Workshop on Mobile Video Delivery

straightforward manner. The analysis showed that sigmitfic
reliability improvements can be achieved with already ve

(MoViD), Rio de Janeiro, Brazil, Apr. 2009.
16] S. Valentin, D. H. Woldegebreal, T. Volkhausen, and HurlK“Combin-
ing for cooperative WLANSs — a reality check based on prototyypesa-

few cooperative nodes. The realization of such predetexthin surements,” inProc. IEEE Workshop on Cooperative Mobile Networks
cooperative multicast techniques does not require much sig (CoCoNet) Dresden, Germany, Jun. 2009.
naling overhead. The investigated scenario may occur in

applications where the network is embedded into objedts, li

walls or trains. Furthermore, despite the simple scendran



