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Abstract—Cooperative wireless multicast is investigated, in
which a source sends multicast messages to a number of users
For a multicast message from the source, some users do not
successfully receive the message (called unsuccessfulrsise~or
a successful user (who successfully receives the messaganfthe
source), we define its worst relaying channel gain as the sniest
channel gain among its channel gains to all unsuccessful uselt
is proposed that the successful user whose worst relaying ahnel
gain is the highest among the worst relaying channel gains dll
successful users is selected to serve as a relay. Considgrihat
the channels in the system are independent but non-identitig
distributed Rayleigh fading, we derive a closed-form outag
probability expression for the proposed scheme. It is showithat
the proposed scheme can achieve full diversity, and thus, kg
a larger number of users can improve the outage performance.
Further, we study the time allocation strategy that determnes
the durations used by the source and the selected relay for
their transmissions, respectively. An approximate optimé time
allocation is derived. In addition, we also investigate thease with
relay selection error and the case with mixed Rayleigh/Ri@n
fading. Simulation results verify the performance of the proposed
cooperative multicast scheme and time allocation strategy

Index Terms—Cooperative multicast, outage probability, time
allocation.

I. INTRODUCTION

In wireless multicast, where a source needs to send the sefnﬁ
data to a number of users, some users may not successf@
receive the data from the source. This is because the channéF
to the users are independent and some users may experier;l%%

deep channel fading. To solve this problem, the idea
cooperative multicast has been introduced and investga
recently [1]-[8], in which dedicated relays or successkgns
(i.e., those who successfully decode data from the sousdp)
forward the received data to those unsuccessful users (i
those who are unable to decode data from the source).
Dedicated relays are employed in [2]—-[6]. The work in [2
uses a single amplify-and-forward relay, and studies thagsu
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performance over Rayleigh fading channels as well as the
power allocation of the source and the relay. When there are
multiple relays available, the schemes in [3] and [4] setleet
relay that maximizes the worst end-to-end signal-to-ni@ase
(SNR), referred to as the best-relay-selection. The kaai+
selection based cooperative multicast (BRS-CM) is shown to
achieve a full diversity order (i.e., the diversity ordemats
the number of relays plus one). Also for the multiple-relay
case, the work in [5] considers the selection of fligh best
relay. A genie-aided cooperative multicast (GA-CM) scheme
is proposed in [6], which allows all successful relays {i.e.
the relays who successfully decode data from the source) to
simultaneously forward the received data to the users. Each
user combines signals from the source and from the suct¢essfu
relays. A diversity order of two is achieved in the system.
Successful users are employed to help forward the received
data in [6]—[8]. The work in [7] proposes that some succdssfu
users are selected to sequentially forward the receiveal dat
The optimal number of users to be selected as relays is
derived. In [8], if a successful user forwards its receivathdit
gets some payment from the unsuccessful users. The problem
is formulated as a multiple-seller multiple-buyer Stableed
game. The distributed cooperative multicast (D-CM) scheme
%Dosed in [6] allows all successful users to simultankgous
fward the received data. Similar to the GA-CM scheme, the
M scheme also achieves a diversity order of two.
n this paper, different from the D-CM scheme in which all
Successful users simultaneously serve as relays, we m@opos
0 select one successful user to serve as a relay. Spegificall
r each successful user, we definevitsrst relaying channel

hgain as the smallest channel gain among its channel gains to

aél unsuccessful users. We propose that the successful user
whose worst relaying channel gain is the highest among the
Yvorst relaying channel gains of all successful users isctade

0 serve as a relay. The main contribution of this paper is
threefold. First, we propose a new cooperative wirelesgimul
cast scheme, which is energy-efficient as only one sucdessfu
user is selected to help. For the selection of a relay among
the successful users, a major challenge is how to obtain the
required channel state information (CSI). To this end, we
propose a channel gain acquisition process. Second, in the
literature, the channels among users are usually assumed to
be independent and identically distributed (i.i.d.). Thiay

not be accurate, since for a number of users, the channels
among them have different path loss attenuation. Thus, we
consider that the channels in the system are independent but
non-identically distributed (i.n.i.d) Rayleigh fadingaBed on

this channel model, we derive closed-form expressionsdtr b
exact outage probability and its high-SNR asymptote, which
further shows that our proposed scheme achieves full diyers
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- L > 1) In minislot 0, sources broadcasts a flag message
Source Multicast Selected User Relaying Channel Gain Acquisition Request (CGAR)
< - < I oy 7 > to all users. The source also keeps a counter for the
__________________________________ number of successful users. The initial value of the
------------------- counter is 0.
o [ 1]2] ___'__'___'___l N[N | N2 2) Upon receiving th€€GAR, useri € A broadcasts a flag
[ Channel Gain Acquisition =1 messag&uccess or Fai | ur e at minisloti according
to whether it is a successful user or not. If the flag
Fig. 1. Three portions for transmission of a multicast mgesa message iSuccess, the source increases its counter

by 1. If the flag message Eai | ur e, each successful
user, say usen (n € S), measures (by reception of the
flag message of uséy the channel gain between user
and itself, denoted a&,, ;.
At the end of minislotV, each successful user, say user
n (n € §), knows the channel gain between itself and
every unsuccessful user, and thereby computes its worst
relaying channel gain ag'® = min Ay, ;.

€8

We also investigate the case when the channels in the system
follow mixed Rayleigh/Rician fading. Third, we propose a

time allocation strategy for the source’s broadcasting and
the selected user’'s forwarding, which minimizes the outage
probability of the system. An optimal time allocation can

be approximately determined based on a simple root-finding
approach (e.g., a bisection search). ne
3) In minislot N + 1, if the counter at the source &

Il. SYSTEM MODEL AND PROPOSEDCOOPERATIVE (i.e., all N users are successful) oOr(i.e., no user is
SCHEME successful), the source broadcasts a flag message
Consider that a sourcesends multicast messagesNo(> User Selection Request (NUSR), which cancels
2) users, called uset,2,..., N, respectively. Each channel the subsequent minisld¥ +2 and Selected User Relay-
(from the source to users and between users) experiendes pat ing Portion, and immediately starts transmission of the
loss attenuation and Rayleigh fading. Channel reciproisity next multicast message; otherwise, the source broadcasts
assumed. Denotg, and h,, ., as the channel gains of the a flag messag®lser Sel ecti on Request (USR).
links from the source to usern and between usersandn’/, ~ 4) In minislot V' +2 which has duratior,, upon receiving
respectively. Thus, the channel gains of these links folow the flag messag@/SR, successful usen € S starts
exponential distribution with meady,” andd, " ,, respectively, a virtual timer initiated byr,, = toexp(—gy©) < to,
with d,, being the distance from sourceto usern, d, .- similar to [9]. As a result, the virtual timer of the
the distance between usensand »’, and 7 the path loss successful uset™ = argmay . sg,,“ expires first, which
exponent. Since the distances of the links are differemt, th ~ means that user™ (whose worst relaying channel gain
channels are i.n.i.d. The transmit power of the sourc&,is is the highest among the worst relaying channel gains of

If a user is selected to serve as a relay, its transmit power is ~ all successful users) is selected. Then ugebroadcasts

P,. The system provides a delay-sensitive multicast service. @ flag messagExpi r e to announce its presence. Upon

Each multicast message hasbit information, and should be receiving this message, all other successful users remain

delivered to all users within a duration @f. Block-fading silent in the subsequent Selected User Relaying Portion.

channel model is assumed, i.e., the instantaneous chaainel ¢n the Channel Gain Acquisition Portion, there are totalky s

of any link does not change within one duratibi but it may flag messages. So each flag message can be encoded by a 3-

change from one duration to the next. bit codeword, and strong channel coding can be used. It is
For the transmission of a multicast messagg,contains therefore reasonable to assume that the transmissionsof th

three portions of time as shown in Fig. 1: Source Multicagtag messages are error-free.

Portion with duratioril;, Channel Gain Acquisition Portion, Selected User Relaying PortionIn this portion of time

and Selected User Relaying Portion with duratiénThe total with durationT5, the selected uset* re-encodes its received

duration of the three portions i&. message and forwards the message using a power ivel
Source Multicast Portion: In this portion of time, source Unsuccessful users try to receive data from usér For

s broadcasts anl-bit message to all users. Therefore, thansuccessful user, its received SNR is given a@rhn*,n/ag.

transmission rate i4, /7). Recall thatf,, is the channel gain Similar to the discussion for Source Multicast Portion,usis

from the source to uset. The channel capacity is given ascessful usern can correctly decode the message from user

log,(1 + Psfn/03), whereop is the variance of the additiveif h,,. ,, > (25/7 — 1) 02/P,.

white Gaussian noise (AWGN). If the capacity is not less than

the source transmission rate, ilg, (1 + Psf,/03) > L/T1,

usern can successfully receive the message, and thus, is called ) R o _
a successful user. In other words, useis a successful user Ve defineT” = Ty + T; as the total transmission duration
it £, > (2L/T1 _ 1)03/133- Denote the set of all successfulf the source and the selected uskris a constant since the

users asS, and the set of all unsuccessful usersSaé A\ S. duration of the Channel Gain Acquisition Portion is fixedeTh
Here \V 2 {1,2,.., N} is the set of all users transmission duration of the source and the selected user is
- ) PR . _ _ _ . .

Channel Gain Acquisition Portion: The purpose of this €XPressed agl =aTl arl‘ld?;? e (1 O‘){' respeitlvely, with

portion of time is to let each successful user get their cehnf < @ = 1. Herea is called the time allocation factor.

9"’.‘”? mformatlon to all u.n.succeSSfm users. There Hra_:;. IFor operation simplicity, unsuccessful users do not combire signals

m_”“SlOtS: indexed as minisldt, 1,2, ..., N + 2, as shown in received from the source and from uset. Thus, the results in this paper

Fig. 1. can be treated as a lower bound for system performance.

IIl. OUTAGE PERFORMANCEANALYSIS
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A. Exact Outage Probability Analysis bility is given in a closed-form as
Pout
Pout|$:@Pr0b(S = (Z))

Since the purpose of multicast is to deliver messages fo

all users, we declare an outage if there exists a user that R

cannot successfully decode a multicast message from eithet Z Z Pout|s={n1 na.....n4}
the source or the selected successful user. In the sequelede k=1 1<n1<na<...<ng <N
the set of successful users &= {ni,no,...,nx} C N, x Prob(S = {n1,n2,...,nx})
in which ny,no,...,n, are successful users, and denote the 28 _ o2
— ( )UO ul
set of unsuccessful users &= N\{ni,no,...,nx}. Thus, = H (1 — exp ( - Tdn))
conditioned on a non-empty s&, the conditional outage  neN ®
probability is the probability that the selected succdssser’s N-1 L4\ 2 k
. : . . (2% —1)og
worst relaying channel gain, given asx,,cs min,, .5 i n, + Z {eXp ( I Z dzi)
is less than2/”2 — 1)02/P,, which can be expressed as k=1 1<ni<np<..<ny<N y i=1
2a —1
Pout|$ {n1,n2,....,n} X |: 11(1 —exp( %dn))}
= Pro maxmlnhmn<(2T2 — 1)/ P nes
meS ncS k 21 U
&7 —1)og
S ={ni,n9, ..., nk}) xH(l—exp(— Z "7"))} )
=1 nes
@ HPro min by, ,, < (2755 1)03/3) where >, _. _ _. .y is the shorthand notation of
n N—k+1 N—k+2 N
i= 1 €5 Yol Dmp—ma 1 D mp—ny 11+ Whena — 0, the

® outage probability in (4) simplifies td,,; = 1. It means
H (1 - H Prob(hy, n > 21 < —1)og/Pr )) that the multicast message cannot be delivered to any user if
nes the time duration for source multicast is too shortalf— 1,

_R_ the outage probability in (4) simplifies to
© ) @ - 1)ed , ge p y in (4) simp
1—exp — dni_’n (1)

- 28 — 1)02 &
nes Pt =1 —exp (—T Z dy
where Prolp) means the probability of an evedt, £ L/T is -

the expected spectral efficiend,= A\ {n1, no, .. nk} and Which is exactly the outage probability of the direct mudst
(a), (b), (¢) come from the fact that the channel gains of link¥ithout relaying.

among users are independent and exponentially distributed

Moreover, if S = () (null set), there is no successful user, anB. Asymptotic Outage Probability Analysis

thus, Poys=p = 1. Recalling that usen is a successful user e define thesystem SNR asv 2 P, Jo? = P, /o2 with
if f. > (24" —1)05/Ps, the probability for the condition ;, — p,/P, > 0. With the help of the series representation

S ={n1,nz2,...,ni} is of the exponential function [10, eq. (1.211.1)], the asystipt
Prob( = {n1, na, nk}) expression for the outage probability in (4) is obtained as
) 1, a—0
g
= Prolyf f, > 70 R_q1 N
H b( ) 2 — ! Z dy, a—1
3 P 2P = !
xHProb(fn il GO) N-1
nes _ ZQ k,N)F(a;k,N), otherwise
glirt
B 25 — 1)og —~ ®)
- ( ) Zdn) where F(a;k, N) 2 [G1(a)]¥N=*[Ga(a)]k with Gy(a) 2
(2R ) 2ft/e _ 1 andGo(a) £ 27/(0-2) _ 1, and
— UO m
X H (1 exp( 2 —d )) (2) k "
and the probability foS = () is given as 1<”1<(”2<"'<3k<1\’} =1 nes
N dn ) u* k=1,2,..,.N—1
B B 1)0.8 Q(k}’ N) N X 11 n ) g Ly eeey
Prob(S =0) =[] Prob(fn T) s
neN N
2% _ 1)g2 dl, k=0.
- I (-eo(- #5500 L
neN s (6)

It can be seen from (5) that the diversity ord&y of the
Based on the Total Probability Theorem, the outage proljaroposed scheme i&; = 0 if a — 0 (since no user can
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successfully receive from the sourcé&); = 1 if « — 1 (since .
the scheme essentially reduces to the direct multicast), ¢ 10
G4 = N (which means full diversity) it is sufficiently away

from 0 and 1. 107k

From our numerical results in Section VI, the optimathat
minimizes the outage probability is equal to 1 only in exteerr
cases. In other cases, the optimals sufficiently away from
0 and 1, and thus, the proposed scheme with the optimal
can achieve a full diversity order.

As a comparison, the diversity order of the D-CM and GA
CM schemes in [6] are fixed to 2. So the proposed schet
outperforms these two schemes if the system contains m
than two users. Furthermore, the schemes in [6] require@edl s
cessful users/relays to forward the multicast messagereake 107 I _
in the proposed scheme, only the selected user forwards — _i:afgpigzite probability
multicast message. Therefore, the power consumption of 1 . . Y
proposed scheme is much lower. 10 02 04 o6 08 1

Furthermore, for cooperative multicast schemes in [2]-! o
which use dedicated relays, if the number of users increases
the outage probability becomes larger. This is becaus@ithFig. 2.  The outage probability versus the time allocatiootda o with
are more users, the probability that all users can sucdbssfw = 2.6, » = 1, andy = 30 dB. Here the source is located at (0,0), and

receive the multicast message (either from the source fgyr users are randomly distributed within a circle cerdeag(3, 0) and with

. . . adius of 1 (specifically, the four users have randomly geteer locations
from dedicated relays) is smaller. On the contrary, sinee t 5401, 0.0264), (3.3860, -0.4696), (2.9944, 0.3468), (80764, 0.7981)).

proposed scheme can achieve a full diversity order, thegeuta
probability is expected to decrease significantly if the bem
of users increases, as verified in Section VI. Thus, the [mego
scheme is suitable for large-scale wireless networks.

Here we compare the communication overhead neededeimough to guarantee that there are successful users. So the
our proposed scheme with that of the existing schemes. In @utage probability starts to decrease. Adurther increases
proposed scheme, we need to know CS)&ifx |S| channels. beyond 0.7, the outage probability begins to increase,useca
In the worst case, the CSI d¥2/4 channels is needed. As al> = (1 — )T becomes insufficient to perform the relay
comparison, in the worst case, the D-CM scheme needs th@smission. In Region lllq is close to 1, and the outage
CSl of (N?/4 + N/2) channels, the GA-CM scheme needprobability slightly decreases with. This is because almost
the CSI of (M + 1)(IN — 1) channels, while the BRS-CM no unsuccessful user correctly decodes the message from the
scheme needs the CSI @/ +1)N channels, wheré/ is the selected successful user due to the very small valugof
number of relays (if applicable) andl is the number of users. Therefore, a larger value af increases the probability that
So in the worst setup, it/ ~ N or M > N, the proposed a user correctly decodes the message from the source. When
scheme needs the CSI of a fewer number of channels than botk 1, the system reduces to direct multicast.

GA-CM and BRS-CM. IfM <« N (which is more practical
than M ~ N and M > N), the proposed scheme needs th&
CSI of more channels than GA-CM and BRS-CM. Howeve
when M < N, the proposed scheme achieves much bett%\J
outage performance than the GA-CM, D-CM, and BRS-CM (2% — 1)0? N

schemes. This is because the diversity order of the proposed Pout(a=1)=1—exp <—TO Z dZ) . (M
scheme isN, which is much larger than the diversity order s n=1

of two achieved by the GA-CM and D-CM schemes and thenys, we focus on the locally optimal point in Region Il

\ o
Local optimum ! ;

H
o\
b
\

Region IT
Region’
1

egion

Ll

Outage probability
=
o

H
o\
L
\

To find out optimala, apparently Region | can be ignored.
Region 111, the locally optimal point is a& = 1, with the
tage probability given as

diversity order ofM + 1 by the BRS-CM scheme. denoted asy. However, it is difficult to derivea’ due to
the complicated expression d?,,; in (4). Instead, as the
IV. TIME ALLOCATION FOR OUTAGE PROBABILITY asymptotic outage probability in (5) is a tight upper bound
MINIMIZATION of P,y in the high SNR regime (also verified in Fig. 2),

Recall thatT} = oT, To = (1 — a)T, andT = T1 + T is an appro_ximation for can be obtained by minimizing the
a constant. Now we target at outage probability minimizatid?Symptotic outage probability as
in the proposed scheme by choosing the time allocationifacto 1 N=2
a. First we take a look at how the outage probability changesain ®(a, N)= WZ Q(k,N)F(o;k,N) st. 0<a<1.
when o varies. Fig. 2 shows the outage probability (4) in a @ 7 =0
system with four users. It can be seen that we can roughlx . o (8) .
partition the interval ofa € (0,1] into three regions. In T e accuracy of this approximation is to be evaluated in
Region I, a is very small, which means that the sourc&€ction VI.
needs to transmit_ at a very high rate. Thus, almost no use{ye have the following lemmas.
successfully receives the source’s message, and the outage
probability is almost 1. In Region Il begins to be large Lemma 1: The following two inequalities hold forx €



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY 5

(0,1): now given as
a2a 4G : Pout|s={n1,n2....n
Gi(a) (@) 1(@) ’ t[S={n1,n2,....n1} .
da? da T —1)g2
2 :Prob(min min h <u‘82{n n n })
Gy £C2(0) | (dGa(a) meSnes "SR B
2 da? da ' (2% —1)02
. . 0
. . . i =1- Prob( min min A, , > 7’
Proof: The proof is provided in Appendix A. ] meS nes P,
Lemma 2: We have S = {n1,na, -77%})
. d®(a, N) . -
m ———— = —00 Fer 2
am0t  da ’ —1- Prob(h (27 — 1oy
. dd(a, N) H [T Pro (e > P, )
lim ———~ = +4o0. i=1pnesS
a—1— da R k
. . . . (21-s —1)o3
Proof: The proof is provided in Appendix B. m =1l—exp ( - p Z Z dzi,n)- 9)
Now we can prove the following theorem. " =1 pnes

Theorem 1: The equatioA®%") — 0 has a unique root  Then, using also (2) and (3) and the Total Probability Thegre
on interval(0, 1), and the root is exactly the optimal solutiorthe outage probability of the proposed scheme for the worst

for the optimization problem (8). case with relay selection error can be found as
Proof: The proof is provided in Appendix C. | (2§ — )02
As shown in the proof of Theorem I‘% >0 holds  Fout = H (1 — exp ( - TOdZ))
for a € (0,1), which means thaw is monotonically N1 neN . .
increasing witha. Thus, the root fori®@) — ( can be n 3 {exp ( (2% —1)ag S an )
numerically found by simple root-finding algorithms such as — N P — i
a bisection search. This root is used to approximsitethe Thismsnasesmest , =
locally optimal point of outage probability in Region Il of. X[ (1 ~exp ( ~ (29 = 1)y d”))}
Overall, for the proposed scheme, we seleds eithera! e P "
or 1, whichever achieves a lower outage probability, expressed " n -
as (27« —1)o
{8 Puio=al) < Rula= (1o (- E S g D) o
“ 11 otherwise " =1 nes
in which P, (o = at) can be evaluated via (4) with = af, Furthermore, in the high SNR regime, we have
and the expression df,,;(a = 1) is given in (7). 1, a—0
5 2 -1 i ', a—1
00 Jasym — ns
Poui | = P2Y™ — ¥ = (11)

V. DISCUSSION FORRELAY SELECTION ERROR AND 1
MIXED RAYLEIGH/RICIAN FADING _—QQ’F(a;1,2), otherwise
Y

In this section, we further discuss the performance of thghere @’ £ uzfj,:l dy Yo nenn (o} o )- This result
proposed cooperative multicast scheme and time allocatigh\ys that the diversity ordef,; of the proposed scheme
when there exists a relay selection errorand whenthe clannge . — (if o — 0, Gy = 1if o — 1, andGy = 2 if a is
in the system follow mixed Rayleigh/Rician fading. sufficiently away from0 and 1. '

A. Worst-Case Analysis When There Exists a Relay Selection  B. Mixed Rayleigh/Rician Fading
Error
Mixed Rayleigh/Rician fading has been considered as a

In the relay selection of the proposed cooperative multicagseful channel model in many practical scenarios, such as in
scheme, the aim is to select the successful user whose wengtro/macro cellular multi-hop transmissions [11]. Hevnes
relaying channel gain is the highest among the worst regayifurther discuss the outage performance of the proposed-coop
channel gains of all successful users. However, since tite esrative multicast scheme in mixed Rayleigh/Rician fadive.
mated channel gain information in the Channel Gain Acquisissume that the links between the source and users exgerienc
tion Portion may not be accurate, it is possible that a difier Rayleigh fading and the links between users experiencaRici
successful user is selected. Here we investigate the wasst cfading? The probability density function (pdf) of channel gain
i.e., the case when the successful user whose worst relaying
channel gain is théowest is selected as the relay. In other

S 3 wcC
words, the S_e.IeCted successful uggn?s_ arg Mlnes gn : when the links between the source and users experiencenRamitng and
The conditional outage probability,,¢|s—{n,ns,...n,} IS the links between users experience Rayleigh fading.

°The results in Section V-B can be straightforwardly extehttethe case
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hn n 1S given by [12, eq. (2.16)]

’ (SC) = An,n/eiKn’n/ exp(_An,n/x)IO (2 An,n’Kn,n/x)
(12)

whereA,, ,, =d! ,(1+ K, ), K, , is the Riciank -factor

Ph

n,n

of the link between usersandn’, andly(-) is the zeroth-order
modified Bessel function of the first kind [10, p. 911]. Simila

to (1), the conditional outage probabilify,.¢|s—{n, n,,....n.}
in mixed Rayleigh/Rician fading can be computed as

i=1 nes
k S
—Kn,n
=TTt T fart g Avene™0 exp(- A )
i=1 nes Pr

x Io(2 Ani_,nKnmx)dx)

@ H (- TL @ (vaFum, V )
i= nes

where substitution: = ¢* and [, t exp(—p?t?/2)Io(at)dt =

totic expression for outage probability in (13) can be aixdi
as

11 a—0
or 1 X
300 _as ~ ZdZ, a—1
P "2 P = =
1 N—-1
ey Q(k, N\F(a; k,N), otherwise
k=0

A (15)
with Q(k, N') being defined as

SR (1 (o)
1<ni<..<np<N i=1 ;3
Q(k,N) 2 X(Hdz)uk}, k=1,.,N—1
nes N
[Id. k=o.
n=1

(16)
From (15), it can be seen that the proposed cooperative
multicast scheme in mixed Rayleigh/Rician fading can still
achieve a full diversity order when is sufficiently away

(1/p*) exp(a®/(2p*))Q1(a/p, bp) [13, eq. (9)] are used in from 0 and 1. Furthermore, when comparing (15) with the

step (d) and Q:(-,-) denotes the first-order Marcur®-

asymptotic outage probability in (5), the only difference i

function [12, eq. (4.34)]. Then, using (2) and (3) and theallotip 5t the termQ(k, N) in (5) is changed ta)(k, N) in (15).

Probability Theorem, the outage probability is obtained as ReplacingQ(k, N) in (8) with Q(k N)

o= T (1o (- 25 )
+ >

neN
(28 —1)02 &
hm1 1<n) <nae o <ng<N { exp ( - QT:GO ;dz)
i e (T

N—-1
T e (- 2250 a))]
nes

%]

Using the series representation of the Marc@¥function
[12, eq. (4.41)] and considering that = 1P, /o2 goes to

infinity, the term Q1(\/2K,, n, \/2Ani,n(2% —1)o¢/P,)
can be asymptotically expressed as
_R_

0 (V2o \/ 2“1“%“(3 =

R
y— 00 An n(2T-a —1
’Yz 1- exp(_Knmn)\/M = ( )

Knlnﬁ/
A, K, (2T —1
x11(2\/” i Fnin ))
¥
(e) ,UAm-,n(zﬁ -1

~ 11— eXp(_Km.,n)

(14)

gl

, it can be seen that
Lemmas 1 and 2 as well as Theorem 1 are still valid when
the mixed Rayleigh/Rician fading is considered. Thereftire
same method as in Section IV can be used to find the optimal
time allocation facton* in mixed Rayleigh/Rician fading.

VI. PERFORMANCEEVALUATION

In this section, we evaluate the performance of the pro-
posed cooperative multicast scheme. System parameters are
R = 1bps/Hz, the noise power is? = 1, the path loss
exponent is) = 2.6, andu = P, /P, = 1.

First, we verify our proposed time allocation method for the
i.n.i.d. fading scenario. Sourceis located at the coordinate
(0,0) and all users are randomly distributed inside a circle
centered at (0,10) and with radius of 5. When the system
SNR isy = 30 dB, Fig. 3 shows the exact outage probability
(calculated from (4)) wher varies. The derived time alloca-
tion factor o* is also shown in the figure, together with the
actual optimal time allocation factor obtained by an extiges
search. The derived* is very close to the actual optimal point,
thus verifying the accuracy of our approximation preseiited
Section V.

In our approximation, since the asymptotic outage proba-
bility is used, it is accurate for high SNR values. Therefore
it is necessary to evaluate the extreme case when the SNR is
low and the distance between users is longer than the déstanc
from the source to users. Consider that sourég located at
(0,0), and there are two users, located(2t0) and (—2,0)
(i.e., the source is in the middle point of the two users). W lo
SNR is considered a$ = 20 dB. Since? is the ratio of the

where,(-) means thesth-order modified Bessel function ofsource transmit power (rather than received power at users)

the first kind [10, pp. 911], and stefe) uses/,(z) =20

to noise variance, 20 dB is considered a low SNR value. The

(2/2)" /0! [14, eq. (9.6.7)]. Using (14), the high SNR asympnumerical results are shown in Fig. 4. As a comparison, the

case withy = 30 dB is also shown. Whery = 30 dB, the
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10 T T T 10
ctual optimal = 0.6695,0.6453,0.6266
Derived o = 0.6763,0.6537,0.636
N =14,6,8 107k 5
10° E
z 2
a 810
2 1nt 2
210 ¢ 1 a,
& & 107k
g g
= 3
Qo o Exact, o = o*
10 "5 . —x- Asymptotic, a = o*
O Simulation, a = a*
Exact outage probability 10784 - - - Exact, a = 0.5
O Actual optimal —+— Asymptotic, « = 0.5
X Derived o O Simulation, a = 0.5
1072 L L L L 10_7 T T L
0 0.2 0.4 0.6 0.8 1 20 25 30 35 40 45 50
a System SNR ¥ (dB)
Fig. 3. Comparison of the derived time allocation factdr with the actual Fig. 5. Outage probability of the proposed scheme with tlepgsed time

optimal time allocation factor when the system SNRyis= 30 dB. allocation and fixed time allocationoa(= 0.5) when the channels follow

Rayleigh fading.

10 v —
[ Exact outage probability P o
‘\ Y O Actual optimal : 10 T ‘ —
\ \ X Derived a* ’ AF Exact, a =a
\ M - - - Asymptotic ’ o RN -x--Asymptotic, « = o*
10 AN 0 Simulation, a = o*
AN Exact. o —
> . - - -Exact, a = 0.5
= 1072 —+-Asymptotic, a = 0.5 |J
E :T O Simulation, « = 0.5
° 2
& 5100 4
& 2
] a
= ) 4|
o %D 10
=
S . N=6
10 °F E
10 , |
-3
10 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 \Q\
« 107 . . . A . LN
20 25 30 35 40 45 50
System SNR 7 (dB)
Fig. 4. Comparison of the derived time allocation factdr with the actual
optimal time allocation factor when there are only two uskfsre the source Fig. 6. Outage probability of the proposed scheme with tepqsed time

is in the middle point of the two users, and the system SNR is 20 dB

or 30 dB allocation and fixed time allocationa( = 0.5) in mixed Rayleigh/Rician

fading channels, where the Ricidki-factor is K = 5 dB.

deriveda! (approximate locally optimal point in Region Il of

«), which is also the derived.*, is still close to the actual Now we verify our theoretical results by simulation. For
optimal point. Wheny = 20 dB, the deriveda! is not the the proposed scheme, the numerically calculated exacteuta
locally optimal point of outage probability in Region Il of probability (based on (4) and (13)) and the asymptotic caitag
«. However, since the locally optimal point in Region Il ofprobability (based on (5) and (15)) are shown in Fig. 5 for the
« (i.e., o = 1) achieves a lower outage probability than thease with Rayleigh fading and in Fig. 6 for the case with mixed
deriveda’ does, our proposed scheme selects= 1, which Rayleigh/Rician fading. In the two figures, the results foe t

is the actual overall optimal point. Therefore, althougk thproposed time allocation and fixed time allocatien=€ 0.5)
deriveda' is not accurate in the extreme case, our proposace shown, where the number of usersNs= 4,6,8. The
method can still select the actual overall optimal pointe Thsource s is located at(0,0) and all users are randomly
above observations verify the effectiveness of our progosedistributed inside a circle centered at (0,10) and with uadi
time allocation method for the high SNR cases as well as fof 5. It is clear from the figures that our derived outage
the extreme cases (i.e., with low SNR, a fewer number of usgn®bability perfectly matches the simulations and theveeri

N =2, and a longer distance between users than the distaasgmptotic outage probability is a tight bound for the exact
from the source to users). outage probability in the high SNR regimg ¢ 35 dB), which
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validates our theoretical analysis. For the proposed seham
the number of users increases frdnto 8, the magnitude of
the slope of the outage probability curves also increasen fr
4 to 8, which verifies that the proposed scheme can achie
a full diversity order. Furthermore, the proposed schentl wi
the derivedn* has lower outage probabilities than the schen
with fixed time allocationae = 0.5, which demonstrates the
efficiency of the proposed time allocation method.

For the worst case with relay selection error (i.e., the ca
when the successful user whose worst relaying channel gait
the lowest is selected as the relay), Fig. 5 also shows tlageut
performance when the proposed time allocation and fix
time allocation { = 0.5) are used. Here all channels follow
Rayleigh fading. The magnitude of the slopes of the outa
probability curves are equal &y which verifies that a diversity
order of two is achieved in the considered worst case. Rec
that the proposed time allocation is to minimize the outag
probability in theideal case without relay selection error.
Therefore, for the considered worst case with relay selecti

error, the proposed time allocation does not achieve arbetta. 7.

10°

10"

10°

Outage probability

10

10

-x-GA-CM
-0- D-CM

-+ - Proposed
-0~ BRS-CM

-6 -0 ©0-6-C -0--O0-9

5

10

15 20
Number of users N

Outage probability of the proposed scheme, the D-Cheme, the

performance (in terms of a lower outage probability) tham tH>A-CM scheme, and the BRS-CM scheme, with= 35 dB.

fixed time allocation, as shown in Fig. 5. Some insight about

this is provided below. For the considered worst case, bas
on (11), we can minimize the asymptotic outage probabili

PX™ — (1/3%)Q'F(c; 1,2) in Region Il of a, i.e., whena | |-+ -Proposed 4
is sufficiently away from 0 and 1, by using a similar metho 48 _?_2{2%%%1 o8 -
to that in Section IV. From (17) in Appendix B, it is known 46 [ 8- D-CM = -
that aal g=87
R _R_ _R_ R =®
dF(a;1,2) — RIn2 (2a —1)21*04 (21*0‘ —1)2a Py X% % % X B X K X XXX=X=Xo X X X X% X% % %K K H XXX
dov - (1—a)? B o? ’ o’
me

Thus, the approximation of the locally optimal point in Ragi

) -
Il of ais af = 0.5 due to 38 d./
dF(a;1,2) 36} |
- =0. Q90606 ETOCTIOCTHOE DO B GHCTOG
do a=0.5 34+ 4

Therefore, it can be concluded that the fixed time allocatic
(a = 0.5) minimizes the outage probability in the considere
worst case.

Next we perform comparison with the following existing

schemes: the D-CM scheme [6], the GA-CM scheme [6],

a
o

Average total transmit power in relaying phase (dB)
w B
N o

w
o

o

10

15 20 25
Number of users N

30

?—_nd the BRS-CM SChem?_ [3]. Since_ these _SChemeS ConSiﬂﬁ.rB. Power consumption in the relaying phase of the prepssheme, the
i.i.d. channels, we use i.i.d. Rayleigh fading channels f@rCMm scheme, the GA-CM scheme, and the BRS-CM scheme, ith35

these schemes and our scheme. For the user-aided cooperdiv
schemes (i.e., the proposed scheme and the D-CM scheme),

we setd, = 10 andd,, ,» = 3 for n,n’ € N,n # n’. For

the relay-aided cooperative schemes (i.e., the GA-CM sehesince the diversity order of the proposed schem#’is

J Fig. 8 shows the power consumption in the relaying phase of
drp = 3, wheredgsg, dsp and drp denote the distance the schemes when the number of users increases ffom2

and the BRS-CM scheme), we hadgr = dsp = 10 and

of the source-relay links, source-destination links, asldy-
destination links, respectively, and the number of relay8.i

to N = 30. It is seen that the proposed scheme and the
BRS-CM scheme have almost the same power consumption

Fig. 7 shows the outage performance of all aforementiongdthe relaying phase, since only one user or one dedicated

schemes when the number of users increases fom: 2

relay is selected to forward information. On the other hand,

to N = 30. It is observed that the outage probabilities othe power consumption of the D-CM and GA-CM schemes is
the GA-CM and BRS-CM schemes increase with This is much higher than that of the proposed scheme and the BRS-
because a larger number of users means that the probabgitheme. Furthermore, the power consumption of the D-CM
that not all users can be eventually successful is largetHeo scheme increases with the number of users, because when
D-CM scheme, its outage probability decreases withwhen there are a larger number of users, it is likely that moresuser
N < 10. When N further increases, the outage probabilitare successful and thus, help forward their received messag
converges. Different from these schemes, the outage probar the GA-CM scheme, since the number of dedicated relays
bility of the proposed scheme significantly decreases with is fixed to 8 in our simulation, its power consumption remains
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unchanged with the number of users. it can also be proved that the inequality

A2Gy(a dGs(a)\?
VIlI. CONCLUSION Ga(a) da2( )>< doE )>
In this paper, we propose a cooperative multicast schemelds fora € (0, 1).
where a successful user is selected to further relay itsveste
message to unsuccessful users. A procedure is also proposed
to obtain the required CSI. The outage performance of the
proposed scheme is derived in i.n.i.d channels, where both APPENDIX B

exact and asymptotic outage probabilities are derived in a
closed form. The analytical result indicates that the psejlo
scheme can achieve a full diversity order. We also invetgiga

PROOF OFLEMMA 2

the optimal time allocation, and derive an approximately The first order derivative o@(a N)is
optimal time allocation factor. N_
APPENDIXA 7 =0 da
PROOF OFLEMMA 1 with
The first and second order derivatives@f(a) are dF(o; k, N)
R do
del(Oé) _ _R(lnz)Qa 7 _ [Gl(a)]kafl[GQ(a)]kfl
a o dGs () dGi(a)
@ In2)2 [k 2 4 (v - (e L
Gila) = B(ln2) (RIn2 + 2a). ' do ’ do
do? o — (24 —1)N-k-lorfs _)k-lig2d — 1
Letting z = R/, the inequality =2 -1 ( -1 [ (2= —1)
R
2 2 R27-a1n2 R24 In2
Gl(a)d Gl(a) > dGl(a) X W (N k)( T-a _1)Ti| (17)
da? da

with « € (0,1) is equivalent to the inequalit” — 1

(0.5In2)x with z € (R,+oc0). For notational convenience,

we definel; (z) = 2 — 1 andIz(z) = (0.5ln 2)x, whose first dF(a; k,N)
order derivatives are readily obtained as ot da
R
dh(@) _ o In 2, = (In2)R(2" — 1)* ! lim ( 2;
dldf ) a—0+ (1 _ 04)2/(2? 1)N—k—1
€z
T =052, x k(1 — 27 8)27% — (¥ — B) (@~ =125 — 1))
It is known thatl; (0) = I>(0) = 0 and =
Al (z)  dL(x) 0 Furthermore, sinc&(k, N) > 0 as shown in (6), we have
_— > —— >
dzx dzx N-1
. dP(a, N . 1 dF(a; k, N
for z > —1. Therefore, the inequalitg® — 1 > (0.5In2)z  lim a2 V) lim — Y Q(kaN)¥
. . . a—0t da a—0t 7y do
holds forz € (R, +00), which means that the inequality k=0
= —o0.
d2Gl (a) dGl(a) 2
Gi(a) da2 > dov Similarly, whena is close to 1, following (17) with some
o ] algebraic manipulations, we have
holds fora € (0,1). Similarly, the first and second order _
derivatives ofG(«) are lim dF(ak, N)
R a—1- da
dG2 (Oé) R(ln 2)2m — (hl 2)R(2R o 1)N—k—1
—a)2
Jooo el 2 (2R — - (N - k(1 -2 e
T—a X l1m
d ?250‘) - Rginz)z)l (RIn2+2(1 — a)). a1~ a?/(275% — 1)k-1
« —
et he i y - {—(ln2)RN2R(2R - )N k=0, 18)
By letting z = R/(1 — «), the inequality Yoo k=19, N-1.
2
G (a)de‘z(Oé) 5 (9G2(9) Thus, we have
2 da2 do N—1
i i i i im 92O N LS o @R N
for « € (0,1) is also equivalent to the inequalid® — 1 > g T PO 7N 5 do =

(0.5In2)x for = € (R, +o00). Then, with the same procedure,”

Whena — 0T, for k = 0,..., N — 1, following (17) with
some algebraic manipulations, we have
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APPENDIXC
PROOF OFTHEOREM 1

(3]

The second-order derivative &f(«; k, V) can be expressed [4]

as
dd—ZF(a k,N)
= (G1 ()" (Ga()"
< |V = R = k= D@ (4
Y = B (@)[Ga(a)? Lo

dGi (o) dGa(a)

+ 2k(N — k)G1(a)G2(a) ———— do da
k[Gl(a)]2G2(a)%jéz(a)

+ k(k — 1)[Gy ()] <%§l))2]

> (G1(0) ¥ 2(Ga(e)) "2 kG ()

el

dG2 (Oé)
da

+ (N = k)Ga(a)

where the inequality follows by applying Lemma 1, i.e., ie th

big square brackets of (19) we use
d2Gl (a) dGl(a) 2
Gi(e) da? - ( da
in the second summation term, and use

Cale) LGy(a) (ng(a)>2

da? da
in the fourth summation term.
SinceG1(a) > 0 andGz(«) > 0, from (19) we have
d?F (o k,N)

do? >0

which means that'(«; k, N) is strictly convex. Moreover, it
N —-1.

is known from (6) thatQ(k,N) > 0, k = 0,1,...,
Thus, it can be seen that

2®(a, N) 1 K,
Taar v 2 QRN g >0

holds fora € (0,1). So ®(«
(0,1), which means that the equation
d® (o, N)

=0
do

has at most one roat within the interval (0, 1). Together

,N) is strictly convex fora €

(5]

(6]

(7]

(8]

El

[10]
[11]

[12]
(23]
[14]

with the results in Lemma 2, it can be seen that the equation

d<I>(a N)
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