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Abstract—In this paper, we investigate the scheduling scheme

to combine cooperative diversity (CD) and multiuser diversty
(MUD) in multiuser cooperative networks under the time re-
source allocation (TRA) framework in which the whole transmis-
sion is divided into two phases: the broadcast phase and thelay
phase. The broadcast phase is for direct transmission wheas
the relay phase is for relay transmission. Based on this TRA
framework, a user selection based low complexity relay praicol
(US-LCRP) is proposed to combine CD and MUD. In each time
slot (TS) of the broadcast phase, a “best” user is selected rfo
transmission in order to obtain MUD. In the relay phase, the
relays forward the messages of some specific users in a fixedler
and then invoke the limited feedback information to achieveCD.
We demonstrate that the diversity-multiplexing tradeoff (DMT)
of the US-LCRP is superior to that of the existing schemes, wdre
more TSs are allocated for direct transmission in order to jantly
exploit CD and MUD. Our analytical and numerical results shav
that the US-LCRP constitutes a more efficient resource utiliation
approach than the existing schemes. Additionally, the US-CRP
can be implemented with low complexity because only the dir
links’ channel state information (CSI) is estimated during the
whole transmission.

Index Terms—Cooperative diversity, multiuser
diversity-multiplexing tradeoff, low complexity.

diversity,

I. INTRODUCTION

On the other hand, it is well known that multiuser diversity
(MUD) constitutes an inherent resource of diversity in a-mul
tiuser network[[6]. Since many users experience independen
fading, the probability that the “best” user has a “strong”
channel is very high. Therefore, by allowing only the user
with the highest instantaneous signal-to-noise ratio (BNR
to transmit, MUD can be obtained to improve the outage
probability and/or capacity performance.

In multiuser cooperative networks, it is potentially fddsi
to achieve both CD and MUD, and there have been some
studies focusing on the combination of CD and MUD [7]-
[12], [20]-]25]. More specifically,[[l7] and_[8] discussedigh
combination in some specific cooperative networks from the
capacity perspective, other literature investigated d¢tialility
performance of the combined use of CD and MUD. The
authors of [[9] established a multiuser cooperative network
model where each user transmits with the aid of one ex-
clusive relay, and analyzed the diversity order for both the
amplify-and-forward (AF) and the decode-and-forward (DF)
protocols. Furthermore, in_[10], they extended the analysi
of [9] to a more generalized multiuser network model in
which each user has multiple exclusive relays. However, the
assumption of exclusive relay might not be realistic altjfou

Diversity serves as one of the major solutions to combltPrings convenience to theoretical analysis. The autlobrs
channel impairment caused by random fading in wirele£Js1] considered a more practical scenario where all thesuser

environments[[1]. Recently, cooperative communicatios hhare all the relays, and proposed an optimal “user-relay” p

emerged as a promising technique of achieving spatial diveplection strategy to achieve CD and MUD simultaneously.

sity in a distributed fashion. A variety of cooperation sehess  NeVertheless, global channel state information (CSl) &xled
such as opportunistic relaying and space-time coded coog@r Perform such “user-relay” pair selection. Namely, in an
ation [2]-[5] have been proposed to provide full coopeeatiy" USer M-relay nework, the CSI of all thev (M +1)
diversity (CD) in multi-relay networks. Among these schemel'nks in the network is required for a single “user-relay’impa

opportunistic relaying achieves full CD by selecting thestf
relay to support transmission. Moreover, it is outageropti

under an aggregate power constraint, and can be implemerft8d'

with low complexity, hence it attracts much attention.
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transmission[[12]. This requirement makes the complexity o
selection excessively high for largé and M. To reduce the
plexity, the authors of [12] proposed a two-step sedacti
scheme while still obtaining both CD and MUD. To elaborate
a little further, firstly, the “best” user with the highestreiit-

link channel quality is selected to transmit, then a “best”
relay is chosen to support the transmission. In this wayy onl
the CSI of theN direct links and the2M links related to

the relays are needed for the user selection and the relay
selection, respectively. The existing studies [11]] [12]lbased

on the time-resource allocation (TRA) framework that two
time slots (TSs) are allocated for each transmission reques
In the first TS the selected user broadcasts its information,
and then in the second TS the selected relay forwards its
observation. However, considering the two TSs as a whade, th
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framework is essentially the same as those in the traditiona
non-cooperative systems. In this framework, using two TSs
together to serve one user causes a degradation of spectrum
efficiency.

Recently, a two-phase TRA framework (TP-TRA) is ex-
ploited to improve the spectrum efficiency [14]-17]. In TP-
TRA the whole transmission is divided into two phases:
the broadcast phase and the relay phase. Firstly, the usersg@
broadcast their messages in the broadcast phase, and ¢hen th s
relays assist in transmission in the relay phase. [14] sHowe
that all the users can achieve a diversity order of two by
transmitting a network coding (NC) combined packet within
one relay TS in single DF-relay aided systems.| [15],] [16]
studied the cooperative schemes in general networks with
multiple users and multiple DF relays. More specifical\g][1 Fig. 1. System Model.
proposed a Galois field NC based scheme to achieve full CD,
and [16] developd a criterion for binary field NC to guarantee
full CD. In [L7], the authors showed that the diversity gain ~ and can be estimated by using some SNR estimation
of NC based cooperation comes from selection, and based on algorithms. Hence the US-LCRP imposes a significantly
this revelation, they further proposed a user selecticategy lower implementation complexity in practice compared
in the relay phase to achieve full CD for both AF and DF  With existing protocols.
networks. Attributing to the TP-TRA framework, these full-The rest of this paper is organized as follows. The system
CD schemes can improve the spectrum efficiency significantipodel and the proposed US-LCRP are described in Section
However, the problem of jointly exploiting CD and MUDII. The DMT performance of the US-LCRP is analyzed in
in multiuser multi-relay cooperative networks has not bee®ection Ill, and simulation results are provided in Sectién

studied yet under the TP-TRA framework. Finally, conclusions are drawn in Section V.
In this paper, we propose a user selection based low
complexity relay protocol (US-LCRP) which is capable of II. SYsTEM MODEL AND THE PROPOSEDUS-LCRP

achieving both CD and MUD under the TP-TRA frameworka System Model
I h broadcast TS, the “best” ith the st o] . . .
n each broadcas © best userwi € strongesttiire We consider an AF cooperative network with+ M + 1

link broadcasts its data block. Then in the rel h all t
ik broadcas’s [is data bloc en in the relay phaseh nodes, whereV users §,,,1 < n < N ) transmit individual

relays serve the transmission in a round-robin fashionatrhe . f tion t destinati ith the aid of M rel
relay TS, instead of selecting relay, the destination $elac information to one destination’X) wi eado relays

“worst” data block which most needs to be relayed accordhﬁﬁm’ 1d§ m < M). The Zy?terr? modgl "T’ sho¥vn In F'dl£ Al i
to the quality record of each block. Afterwards, a singlayel _(tehno es aée asscl;me Ot ?Vehsi?%e lan ennz anA” rtarl]nsm|
transmits its observation of the selected data block, ard f{ 'th power £, and operate in hall-aupiex mode. €

destination performs data combining and qualit recorctalltyfpdC ann_els in the ngtwork are assgmed t(.).be independenF flat
ing. To shovF\)/ the effectiveness of th?e US-ﬂCRP),/ the dive{sitRayle'gh block fading channels with additive white Gaussia

, . . Ve oise (AWGN). We further assume that the variances of the
Ln;;t;};:lexmg tradeoff (DMT) performance is analyzed mah'channel coefficients of the, — D. S, — R, andR,, —» D

The merit of the US-LCRP is twofold: links are s, p, ¥s.r,., andg,.p, respectively, while the

1) With the aid of good design, the US-LCRP achieved ©rag€ NOISE power of each link in the networkii

higher spectrum efficiency while obtaining both CD
and MUD. To be more specific, let us suppose th@- The Proposed US-LCRP
broadcast phase and the relay phase last fand M In [11] and [12], the relays serve one data block immediately
TSs, respectively. Then, the US-LCRP provides bettafter the data block’s direct transmission has been finistmed
DMT performance in the scenario df > M, which this TRA, the relays are dedicated to assist one data block
indicates that the proposed protocol achieves highier each relay time slot and brings no benefits for the other
spectrum efficiency than the existing protocols [11]) [12ata blocks. Differently, we exploit the TRA as in [14]-
while maintaining the same reliability performance, or ifL7] where all the relays are shared by all the sources. To
attains higher diversity gain than the existing protocolschieve this effect, the relays do not participate in asgjst
[11], [12] despite providing the same data rate. the signal transmission until all the direct transmissibase

2) The US-LCRP requires the CSI of only thé direct been finished. Therefore, the whole transmission is divided
links for user selection in each broadcast TS. The datsto two phases: the broadcast phase and the relay phase.
block selection in the relay phase is based on the qualfrst, the sources transmit data blocks in the broadcastepha
record of the previously transmitted data blocks. Thiafterwards, the relays assist the transmissions in theyrela
quality record may be simply characterized as the SNphase. Studies show that with the aid of a well-designed
of the corresponding signals received at the destinatigirptocol, it is attractive to achieve the effect of “relayashg”,



TO BE PUBLISHED IN IEEE TRANSACTIONS ON SIGNAL PROCESSING)23 3

which means that multiple sources are able to benefit fras 2L TSs

a single relay TS. The design objective of US-LCRP is to

achieve both CD and MUD under the TP-TRA framework. | Brouest | Relay TS | Broadeast | Relay T8 Broadeast | Relay TS
Different from [11], [12], in the proposed US-LCRP, we

exploit the TRA framework as in [14]=[17]. The whole trans- @

mission is divided into two phases: the broadcast phase and

the relay phase. First, the sources transmit data blockisein L+M TSs

broadcast phase. Afterwards, the relays assist in tragemgs

in the broadcast phase. Studies show that with the aid of @t | Broeast | | Broadeast | Relay TS | Relay TS | | Relay TS

well-designed protocaol, it is attractive to achieve theeefffof

“relay sharing” which means that multiple sources are able 't )

benefit from a single relay TS. The design objective of US-
LCRP is to achieve both CD and MUD under the TP'TRéig. 2. TRA framework of (a) the existing schemés|[1L].I[1BH&b) the
framework. proposed US-LCRP.

We assume that the broadcast phase occupi&sSs. In
each TS of the broadcast phase, the “best” user whose link
towards the destination exhibits the highest SNR is sedectdiversity order with rather low complexity, we focus on SC in
as a candidate for transmission. Then in the relay phase, tis paper. It should be noted that other combining schemes
relays assist in transmissions one by one, thus the relaseph8tch as maximum ratio combining (MRC) [18] and equal gain
lasts for M TSs. In each relay TS, a single relay aids theombining (EGC) can be readily introduced into the US-LCRP
transmission of the “worst” data block which has the lowedt the same way. The details of relay phase operation are
quality record atD. Fig. [3(a) illustrates TP-TRA, and its described as follows.
details are presented as follows. We denotepl(m) as the SNR of the received signals iat

1) Broadcast Phase:ln the broadcast phase, a greedyelated tor; after combining and before theth relay TS (i.e.,
scheduler is employed to obtain MUD. In ttth broadcast TS, the SNR of the combined signals from all the links over which
the scheduler chooses the “best” usgr whose link towards 2: has been transmitted t0 before themth relay TS),4,, as

the destination has the highest SNR. Thigian be expressedthe set ofo\™, wherel < I < L. Supposéi" ", h§" ",

as and hggfrzfgp) are the channel fading coefficients of the links
i =arg _maprﬁf’Bp), 1 S, = Rn, S. — D, andR,, — D in the mth relay TS,
T respectively, where “RP” is the abbreviation of “relay pias
where “BP” is the abbreviation of “broadcast phagéf’;BP) = For the ease 0f(e>)(positi0n, the details of the calculatioth an
B |h$ 5 : ) the updating ofp;”*’ will be explained later.
N, —— represents the instantaneous SNR of the fipk— In the mth relay TS,D first selects the “worst” data block

D in the [th broadcast TS, anﬂg;%P) denotes the channeland broadcasts its indek, | where

coefficient of this link in the/th broadcast TS. . (m)
Due to the broadcast nature of wireless environment, all Om = arg min p;7,1<m < M. @)
the relays and the destination can recef€s signal. The

received signal aD and R,,, are Then R,, amplifies its observation of the data bloel

and forwards it toD. The destination receives the relayed

ys, D = hngP)xl + nngP), signal, which is written as
1,BP 1,BP RP)~ RP
YSi,Rm = h(sian)lxl + ngiZRi’ YR,,D = hg}nl) )xem + ”ggjnp ), 3)

respectively, Wherézgi’B}il is the channel coefficient of theWherenggfr:%P) is the AWGN with zero mean and variance

link S;, — R, in the [th broadcast TSg; is the transmitted No, Ts,, iS the version of amplified signals,, at R,, and is

data block ofS;, in theth broadcast TS;;L(Slfg ) andn(bff;i expressed as

are the AWGN atD and R,,,, respectively. p,(0m BP) p,6m BP)
2) Relay PhaseThe relay phase lasts fav/ TSs, during o, = Sig,,, fim T, + Sig,, Bm _

which all the relays participate in the transmission one by \/‘h("WBP) 2 N \/‘h("’"’BP) 2 N

one, i.e., in a round-robin fashion. In the first relay TS, Sig,, Bm 0 Sig,, Bm 0

transmits, and then in the second relay Ti%, transmits. (4)

This procedure goes on until all the relays have assisted theyfior r  finishes the transmissio) employs SC to per-
transmission. In addition, the US-LCRP employs data blo%rm datamcombining. FinallyD updateSpém) to pém+1)and

sglelctlonl to faqhtati the tran_sm|SS|ofn.hBr‘|‘efly S"pgakllalbﬁ reconstructs a new SNR sgt, 1 to record all the data blocks’
single relay assists the transmission of the “worst” date _quality of the next relay TS, and the currenth TSs ends.

in each relay TS. Afte_r relays’ transmission, the de_stiman The relay phase continues until all the relays finish assgjsti
performs data combining and then updates the quality recqﬁ% transmission and thereby lasts fr TSs
of the selected data block in order to prepare for the neayrel '

TS. Since selective combining (SC) is capable of providing®This limited feedback information may be represented Witz L] bits.

O
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Below we will elaborate on the calculation and updating afith the scheme of [12].

pl(m). Note that the initial value o,f)l(m), namelypl(l), is equal

to the SNR of the received signals & from S;, after the
broadcast phase, and it is computed as

2
E, |hBD)

= (5)

9 = o0

In the mth relay TS, relying on[{4), the SNR of the receive

signal atD (i.e., the SNR ofyg,, p) is formulated as

2
(6m,BP) ; (m,RP)
Es hsigm R 'R, D

Moreover, Fig[2 illustrates the TRA of the US-LCRP and
its counterparts in [11]/[12]. We can observe from Eig. 2 tha
the US-LCRP occupied. + M TSs whereas both schemes
of [11] and [12] occupy2L TSs. It implies that ifL is set
a larger value thanV/, the US-LCRP has the potential to
achieve higher spectral efficiency than the schemes of [11],
12], because the US-LCRP requires less time resources. Thi

onclusion will be demonstrated by both the analytical ltesu
of Section Il and the simulation results of Section IV, as
detailed subsequently.

Let us now discuss the issue of feedback latency. In each

(m,RP) _
p N ‘h((-)m.,BP) ‘2 n ‘h(m,RP)‘Q LN ©) TS of the proposed US-LCRP, the destination (i.e. BS) has
O\ ["Sig,, Bm Bm D 0 to notify the selected users/relays with a limited amount of
PSig R PRy D feedback information. It should be pointed out that such
:psi9 R, +pr.D+1 @ kind of f_eed_back technique is Wide_ly exploited in wireless
o ) ~ communications, and related works include, for example, th
where ps,, g, is the SNR of the linkS;, =~ — R, In penchmark schemes of [11] arid [12] considered in this paper.

the 0,,,th broadcast TS and can be expresse®@s r,, = |n the scheme of[11], the destination performs joint “user-

relay” pair selection among all thé&' M candidates of the
“user-relay” pairs. Therefore, the destination has to decaat
[log N M bits of feedback information to reveal the selection

p(om 2P |?
g

R
P9y, T

E;

A , while pg, p is the SNR of the linkR,,, — D
in the mth relay TS and can be expressed @s,.p =

B, |nGmn|® result, wheref.] denotes the ceiling operation. In the scheme
No of [12], the destination performs “optimal” user selection

.. m) - m—+1 . B .

After d?tigomb|n|ngp§ )is updated top{"*") . Addi- among all theN candidates of users and “optimal” relay se-
tionally, p,"""’ denotes the SNR of the combined signal déction among all thé// candidates of relays in each broadcast
the output of the selection combiner, thus it is written as  time slot and each relay time slot, respectivélyg N and
e ( (m) (WRP)) ®) [log M bits feedback information is thus used for noFifying
- Po,, P : the selected users and the selected relays, respectively. B
Since only the signal of the selected data block is relayekPntrast, in the proposed US-LCRP requires smaller amdunt o
the unselected data blocks’ quality records remain unaben feedback information compared with its counterpart scleeme

Thus the elements of the updated SNR¢gt, ; are given by 1N [11] and [12], whenl, > max { M, 3}. Furthermore, feeding
back a small amount of information is not difficult in praetic
1#0m,

(m+1) Pl(m), systems such as LTE, where the feedback information is
Pl =\ max (pl(m)’ p(m,RP)) C1=0,,"

transmitted with much lower data rate and protected with
much stronger channel codes to ensure a much lower error
3) Discussions:Let us compare the proposed US-LCRFate compared with the data since it is important and of small
and the existing protocols in [11], [12]. The US-LCRP enjoysize. As a result, the feedback information could be reghrde
a lower implementation complexity. In [11], the CSI of alkth as approximately perfect. What's more important, the leagen
N (M + 1) links in the entire network has to be estimated fasrought by feedback is typically acceptable to satisfy thSQ
selecting the optimal “user-relay” pair selection. Inl[1ffje requirement in current wireless communication systems. Fo
CSlI of only the N direct links and of theM relaying links instance, in LTE the ACK/NACK is sent four subframes later
has to be estimated for selecting the “proper” user and thiean the data block’s transmission, and the retransmission
“proper” relay. In contrast, the US-LCRP requires to estenawill happen four subframes later after the NACK is sent. In
the CSI of only theV direct links in the broadcast phasecurrent wireless systems, the time granularity of scheduli
while in the relay phase it does not need to estimate aiytiny enough and typically this latency does not affectruse
CSl. In each relay TS of the US-LCRP, the destinatidn experience. In addition, in this way the resources could be
only has to evaluate the received SNR and update the userséd efficiently. The uplink and downlink usually use difer
quality records. It should be noted that in each relay TS eht frequency bands, and after the uplink/downlink feeklbac
the scheme proposed in_[12]) also has to estimate theinformation has been sent, the base station/user equipraent
received SNR of the relayed signal as in the proposed U§se the downlink/uplink channel to transmit other inforimat
LCRP scheme, because it also has to combine the origifglthe user equipment/base station.
signal and the relayed signal. Besides, only the qualityhef t
selected “data block” is changed and updated in each relay
TS of the proposed US-LCRP scheme, and the updating can
be directly accomplished after the data combining, as shownBoth the reliability performance and the spectral efficienc
in @). As a result, the calculation and updating of each daaae considered to verify the superiority of the US-LCRP. é\s i
block’s quality do not incur other overhead when comparesell known, the fundamental and comprehensive performance

m—+1
pém+ )

9)

IIl. DMT A NALYSIS
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metric to simultaneously characterize the reliability avzed B. DMT performance

pacity performance is DMT_[19]. DMT depicts the reliability

with diversity gain and the capacity with multiplexing gain Next, we proceed to analyze the DMT performance of our
It shows the achievable diversity gain of a given protocéfS-LCRP with the above definitions. Obviously, we need
under a certain multiplexing gain. In this section, the DM{0 evaluate the system outage probability with regard to the
performance of the US-LCRP is analyzed. For convenience®ferage SNR and the required end-to-end data rate. Relying
exposition, let us start with the definitions that will be dge N the definition of the system outage event, the system eutag

our analysis. probability is expressed as
Pout (R) =1 —Pr(min{]l,lg,...,IL} 2 R)
. L4+M
A. Definitions =1-Pr (mm {v1,02,...,00} 2277 R 1)
’ L4+M
We defineU :{ul,...,uk,...,uLH\,{} (1 SkSL—FM) :1_PY(U1 >2 2 R_l)
as the set of SNRs of the received signals A&t in _ (8) (15)
the broadcast phase and the relay phase. Considdrng (5), U1 ’
@ and [8), we haveU — {pl(ll,BP)ll =1,2,.. .,L} U whereFvi (.) is the cumulative distribution function (CDF) of
{pmBP)m =1,2,..., M}, thusy, is defined as v, BE2FTTR 1,
(k,BP) To begin with, let us study the equivalent SNR of the
U = Pi, s l<k<L _ (10) combined signal received d? for each data block after the
pF=LRP) [ <k <L+ M whole transmission is finished. In total there dre- M data

blocks transmitted during the whole transmission. Since on
, data block is discarded while making data combining in each
Uy S oo S ULy relay TS,L data blocks are retained for the final decision. First,

DefineV = {v|l =1,2,..., L}, wherev; represents the we prove that the retained data blocks have better qualtity th
SNR of the combined signals of; at D after the whole the discarded data blocks. This conclusion is summarized in
transmission. Apparently, the following Lemma 1.

We assume the elements of the $efare ordered as; <

M+1
= p Y. (11) Lemma 1. The SNRs of the retained data blocks are higher

We also assume the elements of the\éetre ordered as, < than that of the discarded data blocks, i.e.,

UQS...SUL. vl/:u2+M7 (16)
The average transmitted SNR of the network is defined as . ]

IE and uerM is the! + Mth smallest SNR of all the data blocks
p= m, (12) as defined in Section IlI-A previously.
0

where E, is the transmission power at each node.
A system outage event occurs whéndoes not correctly

decpde all the blopks after the whole t_ransmisgion. Let us Pt (R)=F, (B), (17)

definel; as the maximum average mutual information between M1

x; and the corresponding received signal/at For a given whereF (.) is the CDF ofu’MH, and can be formulated

end-to-end data rate oRbit/s/Hz, S; suffers an outage as M

if I, = t57log(1+v) < R. Thus the system outage

Proof: Please see Appendix A. ]
With Lemma 1, [(Ib) can be rewritten as

takes place if the conditiomin {/y,I5,...,I,} > R is not Fv/M+1 (8)
satisfied. =Pr (at leastM + 1 entries ofU are less than/equal t6)
The multiplexing gain is defined as [19] L+M
. R(p) = Z Pr (j entries ofU are less than/equal 1) . (18)
vt (13) =M1
whereR (p) is the end-to-end transmission data rate charac-10 calculate[(1B), we try to obtain the expressiodrf (53).
terized as a function of the average SKR Forl <k < L, F,, () represents the CDF of the SNR of
The diversity gain is defined as [19] the strongest direct link in a single broadcast TS. Thus it is
oo P ’R expressed as
d=— lim —82out 2P 01?( (o) (14) N
— 00
K gr ) Fu, (8) = [T Pr (o5 < ) (19)
where P, (R (p)) is the average system outage probability ne=1
for the givenp and data rateR (p). This definition is also N
written as Py, (R (p)) = p~¢ in the exponential equality =[] (0 = exp(=As,08)), (20)

Il
-

notation as used i [19]. n
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wherels,p = =22 . ForL <k < L+ M, F,, (B) is the

Esy, n 8
CDF of the SNR of the relayed signal in tlie — L)th relay deal : MISO
TS. However, in general networks where the distributions 7t :
the SNRs of all the links are characterized by different peea | Proposed, L=20

ters, and hence the distribution @f is varying corresponding Proposed, L=10

to the specific values df,,_r. As a resultF,, (5) is written Sl i

as 'g Proposed, L=5
L 2 *l 111 and 1121 |
Fuk (ﬁ) = ZPI‘ (ek—L = l) Fuk (ﬁwk—L = l)7 (21) 23l B

o
=1

where 2l Direct transmission )
Fu, (Bl0k-1 =1) ! ]
=1 —exp (_)‘Sigk% Ry T — ARk—LD'r) % 02 04 06 08 1

Multiplexing gain (r)
X 2\/)\51’9167[‘ Rk—L)\Rk—LDI (I + 1)

Fig. 3. An example of DMT performance comparison across tiopgsed
x K 2\//\&_ Ri_1 MRy DT (T + 1) , (22) US-LCRP, the existing protocols of [11], [12] and the idealS® scenario.
Ok—1L There are five sources and three relays in the network (Ves 5, M = 3)
N N considered.
0 0

with Ag r,.. Ar,,p being Frsrs FomnoD’ respectively,
and K (.) being the first order modified Bessel function of

the second kind. for various communication strategies in a five-source three
With the expression of the system outage probability, welay network in Figl B. When the multiplexing gain(ist, the
can derive the DMT of the proposed US-LCRP. existing protocols combining CD and MUD [11], [12] achieve

a diversity gain ofi.6, while the US-LCRP achieves a diversity
gain of 2.88, for L = 5. It demonstrates that the US-LCRP
achieves higher diversity gain than the existing protoadige

providing the same data rate. Moreover, the existing pasoc

Theorem 1. In an N-user M -relay network with multiplexing
gain r, the proposed US-LCRP protocol with broadcast
phase TSs achieves the DMT of

L+M\" of [11], [12] achieve a diversity gain d¢f.2 with multiplexing
d=(M+N) (1 L r) ’ (23) gainr = 0.3, while our US-LCRP achieves a diversity gain of
N 3.84 and4.32 with multiplexing gainr = 0.4 for L = 10 and
where(z)" representsnax {z, 0}. L = 20, respectively. This result implies that the US-LCRP is
Proof: Please see Appendix B. m capable of offering higher data rate (i.e., larger multipig
gain) with higher reliability (i.e. larger diversity gairf) L is
C. Discussions set to be sufficiently large.

It is not difficult to prove that the existing protocols
combining CD and MUD [[11], [[12] achieve the DMT of IV. SIMULATION RESULTS

(M +N)(1-2r)". Clearly, the proposed US-LCRP pro- | this section, simulation results are presented to demon-
vides a diversity order of\/ + N, similar to the existing sirate the performance of the proposed US-LCRP in terms of
protocols. However, in the network whefe> M, the US- the average system outage probability with different value
LCRP achieves better DMT performance. In other words, thg mytiplexing gain. These results corroborate the validi
US-LCRP achieves higher spectral efficiency than the @gstiof the proposed protocol and consolidate our DMT analysis
protocols while maintaining the same level of reliability, presented in Section Ill. Her&,/N, represents the ratio of
it provides higher diversity gain than the existing protscohe average transmit power to the noise power of the network.
with the same data rate. Moreover, as is well known, thehe simulations are performed over Rayleigh block fading
ideal DMT of an (M + N) -input one-output network (an channels with AWGNs. The network is generated in a two-
instance of the multiple-input single-output (MISO) netko gimensjonal plane wher® is located at the coordinate of
is (M +N) (1 —r)". However, it is practically infeasible to (1 1) and the other nodes are uniformly distributed in the first
achieve such an ideal DMT in a cooperative network due Eﬂjadrant of thel x 1 square as [12]. The path loss exponent
the potential excessively high complexity. It is demortsitia g get t09.
that_ asL increases, the DMT of our US-LCRP approaches Fig.[d shows the impact a¥/ and N on the system outage
the ideal casB.As an example, we illustrate the DMT Curvesyerformance of the proposed US-LCRP under fixed data rate
2(23) implies that as the value df goes to infinity, the achievable DMT R = 1bit/s/Hz. Observe that the US-LCRP achieves the
performance of the US-LCRP approaches that of the ideal MéSehario. diversity order of N + M, equal to that of the existing

In practical communication systems, the required buffee sh each relay gy, complexity scheme of []_2]_ Moreover. in terms of the
linearly grows upon increasing the value 6f because each relay has to i ’

store all theL data blocks. Therefore, the value bfshould be set as large SySte.m OUtage prObab”'ty*_ the proppsed F.JI’O'[.0C0| attains a
as possible subject to the limitation of the buffer size & thlays. considerable improvement in comparison with its countérpa
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R=1.5bit/s/Hz
10 g > 107F 1
= 3
[ [
Ko} Ko}
S S
& 107 . & 107 g
[=)) [=))
g g
=} =}
o] o]
§ 10°] -8 -N=4,M=2[12] § 107} ]
2 -©-N=4,M=3,[12] 3
@ -+ -N=5M=2,[12] @ -B>-112]
.| —6—N=4,M=2,1=6,Proposed R _.| —&— Upper Bound,Proposed
1071 —s¢— N=4,M=3,L=6,Proposed Ny 10 —+— simulation,Proposed N
—/— N=5,M=2,L=6,Proposed i} —O©— Lower Bound,Proposed| . AN . ] >
0 2 4 6 8 18 0 2 4 6 8 10 12 14 16 18
Eb/NO(dB) Eb/NO(dB)

Fig. 4. System outage probability performance comparidmetsveen the Fig. 5. System outage probability performance comparisetwéen the
scheme of{[1R] and the proposed US-LCRP under the fixed deaf&k = scheme of[[12] and the proposed US-LCRP under the fixed dgafdRk =
1bit/s/Hz. 1bit/s/Hz and R = 1.5bit/s/Hz, respectively ¥ = 5, M = 3).

in [12] in terms of the system outage probability. For exaempl 10
this improvement is about ~ 2dB when system outage
probability is equal tol0—* in Fig.[4.

Fig.[3 shows the impact of data raeon the system outage
performance of the existing low complexity schernel [12] an
the proposed US-LCRP. We sét = 6 in this simulation.
The system outage probabilities of the proposed US-LCF
and of its counterpart [12] are illustrated in a five-usee#hr
relay network under fixed data rat® = 1bit/s/Hz and
R = 1.5bit/s/Hz, respectively. The upper bounf,,, and
the lower boundP,, are also illustrated, and the achievabl _s| —&—r=0.4,L=4,Proposed
simulation curves ofP,,; reside between them. Thus oui r=0.5,L=6,Proposed
analysis of P,,; is consolidated. It is shown that when the 5 :X:r:OA,L:&PrOposed
system outage probability is equal 10~4, the improvement v = & & 10 12 14 16 18 2\8
of the proposed US-LCRP over the existing low complexit_ Eb/NO(dB)
scheme of[[12] is about.5dB and2dB for R = 1bit/s/Hz » ,
and R = 1.5bit/s/Hz , respectively. We can also observé;':gh'eg]'e Ofsﬁtze]mar?;t%gee p"rgopboitggtyug‘?fggpalﬁplc(;’yrgg"‘irﬁh'we%%
that the performance advantage of the proposed scheme G¥@fork subject to different multiplexing gain&V(= 5, M = 3).
the scheme of [12] becomes more significant upon increasing
R. This is because the proposed scheme allocates more time
resource to direct transmission (i.e., for the transmms®b of [12]. For example, if we sef. = 6, the diversity gains
“fresh” data), and hence the required transmission rat@dfi e of the US-LCRP are3.2 and 2 whenr = 0.4 andr = 0.5,
link is reduced. More specifically, in order to achieve an-en%spectivew’ whereas those of the existing schemeé ih [ﬂQ] a
to-end data rate oR bit/s/Hz, the actual data rates of each;.¢ and 0, respectively. Furthermore, Figl 6 shows that the
link in the proposed scheme and in the scheme_of [12] amvIT of the US-LCRP becomes more attractivelasicreases.
LEMR bit/s/H=z and2R bit/s/H z, respectively. Therefore, This result confirms that the proposed scheme has the paitenti
the gap of the required data rate in each link between theachieve better DMT performance than the scheme of [12]. It
proposed scheme and the schemeé of [12] grov/8 a&reases. also implies that the proposed US-LCRP is the asymptogicall
As a beneficial result, it is demonstrated that the US-LCRP ¢ptimal in the sense that the DMT of the US-LCRP becomes
more powerful in supporting high rate transmission than thgpitrarily close to that of the ideal MISO scenario wheris
scheme of[12]. N sufficiently large.

Fig. [8 illustrates the system outage probabilities of the imylation results for the network configured with other
proposed US-LCRP and the scheme [of|[12] under a ranggrameters are also presented. For example, in some systems
of different values of multiplexing gain. The desired dader tne relays are almost in the middle between the source and
is determined by the multiplexing gain and the average SNRe destination to assist in the user’s transmission. Hevece
of the network askR = rlog 1+ 5—3) It is observed that assume that the sources are clustered arqond) and the
the US-LCRP achieves higher diversity gain than the schemeays are clustered arouitd.5, 0.5), whereas the destination

=% -r=0.5,[12]
10| -+ - r=0.4,[12]
—5—1r=0.5,L=4,Proposed

System Outage Probability
=
o
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0 and1 < m < M), andV C U. From [2) and[{(9), we have
10 : ; ; ; ‘ ‘ ‘ ‘ _ M) (mAl) _(m) (m)
v = p > p =p; > pp, If1# 0Oy It means
that whenever; is not selected in one relay TS, we can find
an elemenpé’z) € U that is less tham;. Similarly, we obtain

D v = pl(M+1) > pl(erl) > min p‘g’:)’p(m,RP) if 1 =6, It

means that once; is selected in the relay phase, an element
min {pg’z),p(mﬁp) € U is foundl to be less thany. In
summary, after each relay TS, we can always find an element
in U which is less thany;. Therefore, after the whole relay
phase, there are at leakf elements inU which are less than

\ v, i.., v, > uy, . On the other hand, note thatC U,

10*| = - RetbitsHz,[12] then we havey, < u,,,,. Therefore, we obtain the result of
—E— R=1bit/s/Hz,US-LCRP v; = uy, 5, Which indicates that, is the (A7 + I)th smallest

2 4 6 8 Elg/NO(dlé) 14 16 18 20 SNR of all the received signals during the whole transmissio

10

-
OI

Outage Probability

| -&-r=0.5,[12]
—6—r=0.5,US-LCRP
- % -r=0.3,[12]

—A—1=0.3,US-LCRP

=
o

Fig. 7. System outage probability performance comparisetwéen the APPENDIXB

scheme of [12] and the proposed US-LCRP subject to diffemauitiplexing PROOF OFTHEOREM 1

gains (v =5, M =3, L = 6). It is very difficult to obtain the exact numerical results
of 1) for general networks due to the complicated math-

remains staying atl, 1). Additionally, larger path loss eXpo_ema\tlcal structure. ngever, in a spegal .network. where
nent, for instanca.5, is considered. The comparison betweefu (510k—z = 1) remains unchanged with differert (i.e.,

the proposed US-LCRP and the scheme of [12] is depictdd: k. Can be expressed by a constanig,, for all the

in Fig. [1. From Fig[7 we can see that with fixed data raté, = [ < L) , the expreLSS|on ot',, (8) can be derived
i.e. =0, the scheme in [12] and US-LCRP both achieve thgraightforwardly becausd_ Pr (0, = 1) = 1. Therefore,
same diversity gain of 8. However, as the multiplexing gain
increases, the diversity gain of the scheme in [12] decaysthFu’M+1 (6)
faster than the proposed US-LCRP. Based on the theoreticgl (8)

analysis, the US-LCRP achieves the diversity gain.dfand Unrta

2 whenr = 0.3 andr = 0.5, respectively, whereas the scheme 1+

in [12] achieves diversity gain &.2 and0, respectively. These = Z Z Pr (“jw cealy, S B < Ui, U.7L+M)

i I 1 i— M +1 all possiblejq ,
results are validated in Fif] 7. ¢ T

=1
can be obtained as

L+M

V. CONCLUSIONS =3 > li[Fujt (8)
t=1

This paper addresses the problem of joint exploitation of i=m+1  1<ii<..<j<r+m

1<ji41<---<dp4+m<L+M

both CD and MUD under the TP-TRA framework, in which AL M
the whole transmission is composed of the broadcast phase r+um
and the relay phase. Based on the TP-TRA framework, a user-x H (1—-Fu, (8). (24)

selection based low complexity relay protocol (US-LCRP) is  t=i+1
proposed to achieve both CD and MUD. The DMT perfofye refer to this special network as the symmetric network.

mance of the proposed US-LCRP is analyzed, and simulatiqfsinis appendix, we show that the DMTs of the two special

are car_ried out.to corroborate the analysis. Both the tlieate symmetric networks serve as the upper bound and the lower
analysis and simulation results demonstrate that the 8880 5und of that of the original network, respectively, and the

US-LCRP combines CD and MUD successfully and achievegner hound coincides with the lower bound. Therefore, we
total diversity order ofV + M in an N-userM-relay network. gptain the DMT of the US-LCRP in general cases.
Furthe_rmore, it provides better_DMT performance and_ has_theNote that deriving DMT entails the analysis of the asymp-
potential to approach the optimal DMT when certain milgstic performance. Specifically, we can construct some sym-
conditions are satisfied. Finally, the proposed US-LCRRIS€&yetric networks to facilitate the DMT analysis of the origiin
the CSI of only the direct links in each broadcast TS dur'@“%lsymmetric network. For any given general network, we
whole transmission, which results in a simpler implemeotat osiaplish two specidlV + M + 1)-node symmetric networks.
We assume that the SNRs of thg, — D, S, — R,.

and R,, — D links in the first symmetric network obey the
exponential distributions with parametexg ,, \g » and

Obviously, all the elements irJ, which is defined in A\» . respectively, and the SNRs of tsg — D, S,, — R,
Section Ill-A, are mutually independent random variables ™

(RVs). Accqrding to (%) and the definitions in Section IlI- 3we havemin pé::)’p(m,RP)}e U because bo“"Pé:) and p(m-RP)
A, we readily havep,’e U for all l andm (1 <1 < L are the elements dj.

APPENDIXA
PROOF OFLEMMA 1
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andR,,, — D links in the second symmetric network obey th&ubstituting[(IP) and_(27) intd_(P6), we have

exponential distributions with parametexs, ,,, )\« and ,
g g RoD: 250 log Py (rlog p)

XI; p» respectively. In the first symmetric network, we set — lim 1
7 ’ pP—00 (0]
)\SnD/: ASHD’ ASan = maX{ASIR7n7)\S2R7n""7)\S71Rm} gp I M+N
and\p p = Ar,,p. Obviously, since the quality of each link log (p‘(MJFN) (Ti{) )
in the first symmetric network is not better than that of the = — lim
corresponding link in the original network, it suffers a thég proo log p
system outage probabilit®,,, (R). Th.u_s the upper bound of log (p—(M-i—N) (pL;MT)MJrN)
the original network’s outage probability is obtained bycca - lim
lating the system outage probability of this special symimet p—00 lo
g Y gep y p Y 2P
network _using [(2K). Similarly, we can genera?e the second log (pf(MJrN)(lf#r))
symmetric network where the source-to-relay links are guar — _ lim
anteed to have higher/equal qualities than/to the correfipg proo log p
. . . . " _ L M
I|r,1,ks in the or|g|nal network, namely we have, = AS, D> — (M +N) <1 L+ T> ’ (29)
SR — mln{)\ism,/\52Rm,...,)\San} and )\RmD = L
Ar, p- As a result, we can obtain the lower bound of thﬁ L . .
. ' . . r < —=—. According to and(29), we obtain
original network’s outage probability by calculating thestem L+M g to(25) )
outage probability”,,, (R) of the second symmetric network. PR log P, (rlog p)
The mathematical derivation is represented below. =7 0 log p
L+M \"
:(M+N)<1— + r) . (30)
From [19], the diversity gainl is computed as
PR 10g Pyt (R) i 1og Pyut (log p) Similarly, we can get
p—rc0 log p p—00 log p d< — lim log P, (rlog(p))
p—00 log p
L+M \7"
SinceP,,, (rlog p) is the upper bound aP,,; (rlog p), we =M +N) (1 L r) : (31)
have log P!  (rlog p) As a result, the DMT of the proposed US-LCRP ds=
o ou L+M +
dz—lim == e, (25) (M +N) (1 - LM )7,
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