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Abstract—In this paper, a round-robin based relay protocol
dubbed round-robin relaying with source selection protocol
(R3SSP) is proposed to achieve full cooperative diversity in multi-
source cooperative communication networks. In R3SSP, all the
sources transmit their individual information in turn. The relays
then forward the messages of some specific sources in a fixed
order according to the limited feedback information. Compared
with traditional relay selection based protocols, R3SSP is based
on round-robin relaying, thus avoids relay selection and requires
no specific channel state information (CSI) feedback. R3SSP can
therefore be implemented with lower complexity. Furthermore,
the exact and asymptotic expressions of the outage probability are
derived. The diversity-multiplexing tradeoff (DMT) performance
is also analyzed. Theoretical analysis shows that R3SSP achieves
full cooperative diversity, and provides better DMT performance
than relay selection based protocols in a system where the
number of sources is higher than that of the relays. Based on the
DMT analysis, we further propose an adaptive relay activation
(ARA) scheme which is capable of achieving higher DMT by
dynamically selecting the number of relays to be activated in the
entire network. Simulation results also verify the validity and
superiority of R3SSP.

Index Terms—Cooperative communication, round-robin re-
laying, diversity-multiplexing tradeoff (DMT), adaptive relay
activation.

I. INTRODUCTION

He use of diversity is considered as one of the most

effective means to mitigate channel impairment caused
by random fading in wireless environments [1]. Cooperative
communication has emerged as a promising solution to achieve
cooperative diversity in a distributed manner [2]. So far, a
variety of cooperation methods have been introduced, for
example the amplify-and-forward (AF) and the decode-and-
forward (DF) schemes. In a multi-relay cooperative network,
a simple method to achieve full cooperative diversity is that
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all the relays assist the source to transmit in a round-robin
fashion. However, the traditional round-robin relay protocol
imposes considerable loss of spectral efficiency because each
message from a single source is transmitted in multiple time
slots. To solve this problem, strategies such as relay selection
and space-time coded cooperation were exploited [2]—[8], [12].
Among these strategies, relay selection, which is also known
as opportunistic relaying, attracts much attention. Protocols
with relay selection do not rely on the assumption of precise
time synchronization and are well-suited for both AF and
DF systems. A range of relay selection algorithms with full
cooperative diversity have been proposed [4]-[11], [30]-[32],
and both centralized and distributed relay selection algorithms
[7] can be employed in these protocols. However, specific
channel state information (CSI) feedback is required in all
relay selection based schemes, which increases the implemen-
tation complexity and decreases the transmission efficiency of
the network.

On the other hand, some schemes have been recently
proposed to increase the achievable throughput of a practical
relay system which usually works in a half-duplex way [13]—
[16], [24]-[27]. The basic idea of these works is to use fewer
time slots for relaying by sharing a single relay time slot
among different sources, which implies that a relay has the
potential to assist the transmission of multiple sources si-
multaneously. However, these relay sharing schemes exploited
network coding (NC) [19] to achieve throughput improvement,
thus are more complicated and typically not applicable to AF
relay systems.

For the purpose of dispensing with the specific CSI feed-
back, and inspired by the idea of relay sharing, in this paper,
we propose a new relay protocol capable of achieving full co-
operative diversity in AF systems. Observing that the operation
of relay selection requires CSI feedback, we instead use all the
relays in a round-robin fashion. To avoid the spectral efficiency
loss which is caused by round-robin relaying, in this paper
relay sharing is achieved by introducing source selection.
Hence we dub the proposed protocol as round-robin relaying
with source selection protocol (R3SSP). To be specific, un-
like traditional time-resource allocation framework in which
the relays serve one source immediately after the source’s
transmission, a new time-resource allocation framework is
exploited, which includes two phases: the broadcast phase
and the relay phase. In the broadcast phase, all the sources
broadcast their individual information in turn. Then during the
relay phase, all the relays help the transmission one by one.
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In each relay time slot, one relay provides diversity for all the
sources by assisting the transmission of the “worst” source
whose information most needs to be relayed. In this way,
the “worst” source obtains retransmission diversity, whereas
the other sources achieve selection diversity as a result of the
source selection. The main contributions of this paper are listed
as follows.

1) We investigate the system outage probability and the
diversity-multiplexing tradeoff (DMT) performance of
the proposed R3SSP. Our analysis demonstrates that
R3SSP is capable of achieving full cooperative diver-
sity and is superior to traditional relay selection based
protocols in terms of the DMT performance when we
have more sources than relays. It means that R3SSP is
capable of improving the reliability/efficiency without
loss of efficiency/reliability in certain scenarios. This
conclusion is intriguing. By taking advantage of source
selection, R3SSP makes the sources share the relays
and hence greatly reduces the required time slots. To
elaborate a little further, in the uplink of a centralized
wireless network, such as the long term evolution (LTE)
[22] and the worldwide interoperability for microwave
access (WiMAX) [23] where the number of sources N is
usually larger than that of the relays M, R3SSP occupies
totally N + M time slots because all the sources share
M relay time slots. By comparison, the relay selection
based traditional protocols occupy 2N time slots. There-
fore, the proposed R3SSP attains significant throughput
improvement when there are more sources than relays,
while maintaining the same level of reliability as its relay
selection based counterparts do.

2) In contrast with traditional protocols that achieve full
cooperative diversity with the aid of relay selection,
R3SSP does not require CSI feedback to carry out
source selection, rendering much convenience for prac-
tical implementation. The source selection is performed
by means of the quality record of each source, which is
simply characterized as the signal-to-noise ratio (SNR)
of the combined signals of each source, and may be
easily obtained by SNR estimation algorithms [20], [21]
at the destination.

3) Based on the DMT analysis of R3SSP, an adaptive relay
activation (ARA) strategy is then proposed to further
improve the DMT performance of R3SSP. Noticing that
activating all the relays is not always optimal in terms
of DMT, we design an adaptive strategy that activates
a proper number of relays in the whole system in light
of the desired multiplexing gain. This ARA strategy can
also be extended into the relay selection based schemes.
However, R3SSP still outperforms the relay selection
based schemes when ARA strategy is also exploited in
all the benchmarking schemes concerned.

The rest of this paper is organized as follows. The motivation
of our work and the system model are presented in Section II.
The proposed R3SSP is described in Section III, followed by
Section IV where the performance of R3SSP is analyzed. Then
in Section V, the ARA scheme is proposed, and simulation
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results are provided in Section VI. Finally, conclusions are
drawn in Section VII.

II. MOTIVATION AND SYSTEM MODEL
A. Motivation of Our Work

Recently, some NC based relay schemes were also proposed
for increasing the spectral efficiency by reducing the required
number of time slots [13]-[16], [24]-[27]. In [13], [14],
the authors proposed bit-wise soft NC schemes for four-
node networks consisting of two sources, one relay and one
destination. In [15], [16], [24]-[27], the authors focused on the
usage of Galois field NC (GFNC) in multi-source DF relay
networks. In these works, GFNC was exploited at the relay
node for providing cooperative diversity to multiple sources.
In [16], a three-time-slot transmission scheme for a four-node
DF network containing two sources (S; and S3), one relay
(R) and one destination (D) was proposed. This scheme is
illustrated in Fig. 1(a), where S; and S, intend to send their
respective symbols x; and x4 to D. At first, S; and So
broadcast x; and x, to the relay R and the destination D
in time-orthogonal channels, and R decodes x; and x5 as &
and g, respectively. Then R employs GFNC and forwards
1 @ T2 to D, where & denotes the bit-wise XOR operation.
Both analysis and simulations show that this scheme provides
a diversity order of two for both sources [16]. The authors
of [24], [26], [27] studied more general network models. In
[24], the authors extended the scheme of [16] to general
multi-source single-relay networks and analyzed its error rate
performance. In [26], the authors extended the network model
and the scheme of [24] to a cooperative diversity scheme
designed for wireless systems employing both NC as well as
the combination of bit-interleaved coded modulation (BICM)
and orthogonal frequency division multiplexing (OFDM). In
[27], the authors investigated the design of the GFNC at
the relay nodes of a two-source two-relay network from the
perspective of linear block codes, and proposed several four-
time-slot communication schemes. Inspired by these works, in
[25] the authors studied the GFNC design for general multi-
source multi-relay networks. These studies lead to a conclusion
that the DF system can exploit GFNC to achieve the “relay
sharing” effect, which means multiple sources are able to
benefit from one single relay time slot. However, these works
either focus on some special networks [13]-[16], [24], [26],
[27], or fail to achieve full cooperative diversity [25], [27].
Furthermore, GFNC is not applicable to AF systems because
AF relays have no decoding capability. Therefore, the protocol
design for a general multi-source multi-relay network remains
an open problem, especially for AF networks.

In this paper, we will show that AF systems are also capable
of achieving ‘“relay sharing” effect with the aid of a well-
designed protocol. The reason is that in essence the ‘“relay
sharing” effect comes from selection, and GFNC constitutes
one of the tools to carry out selection. From the perspective
of linear block codes, GFNC provides redundancy to all the
original data for ensuring that the incorrect decoding of some
encoded data would not affect the correctness of the whole
original data. Consider the scheme in [16] as an example, the
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(b) Selection based relaying for AF

(a) GFNC based relaying for DF

Fig. 1. An example to improve spectrum efficiency in a four-node network.

original symbols x1, zo are encoded to x1, zo, and 1 @ Ts.
If D decodes any one of x1, x2, &1 @ X2 in error, it can still
correctly recover x1, xo with the aid of the other two received
symbols. All D has to do is to pick out the most unreliable
symbol and to decode z;, x; with the two most reliable
symbols. Therefore, potentially, other operations instead of
GFNC may be exploited in AF systems to attain ‘“relay
sharing” effect as long as the right selection can be made.
To gain more insights into the above mentioned conclusion,
in this paper we propose a source-selection based relay scheme
which is suitable for both AF and DF systems. The proposed
scheme is exemplified in Fig. 1(b). After receiving x; and
x9 from direct links, D determines which received symbol is
more unreliable and calls R to retransmit the selected symbol.
Then R sends its observation of the selected symbol to D. It
can be proved that in this scheme both S; and Sy achieve a
diversity order of two. We are interested in the fundamental
mechanism how both sources obtain the diversity order of two.
To elucidate this point, we give an intuitive explanation here.
Without loss of generality, let us suppose x; is selected to
be relayed. Obviously, since D receives two copies of x1,
x1 obtains a diversity order of two through retransmission.
On the other hand, since z2 is a more reliable sample out
of the two independent direct transmissions of x1 and xo, 22
is supposed to be successfully recovered unless both samples
from the independent direct links are decoded in error (i.e.,
when 27 and %, are both erroneous). As a result, albeit being
transmitted only once, zo also enjoys a diversity order of
two. We contend that this diversity gain comes from selection
operation. It implies that the unselected sample gets selection
diversity.

B. System Model

We consider a network with N + M + 1 nodes, where N
sources (S,,1 < n < N) transmit individual information
to one destination (D) with the aid of M relays (R,,,1 <
m < M). In the uplink of wireless communication systems
such as LTE and WiMAX, it is reasonable to assume that
N > M. The system model is shown in Fig. 2. All the nodes
are assumed to have single antenna and transmit with power
E,, and to operate in half-duplex mode. All the channels
(S, = Rm, Sp — D, R,, - D ') in the network are

'The notation A — B represents a link from node A to node B.

assumed to be independent Rayleigh block fading channels
with additive white Gaussian noise (AWGN). It means that
the channel coefficients remain fixed during each time slot
and change independently among different time slots.

Fig. 2. System Model.

III. BASIC PROTOCOL DESCRIPTION

The whole transmission is divided into two phases: the
broadcast phase and the relay phase. First, all the sources
transmit in a round-robin manner in the broadcast phase.
Hence the broadcast phase occupies IV time slots. Then in the
relay phase, the relays assist source transmissions one by one,
and the relay phase lasts for M time slots. Fig. 3(a) illustrates
the time resource allocation.

Broadcast Phase Relay Phase
' | | | | | | |
TS1: | Vo TSn: ) y TSAN: TSN+I: | \ TSN+m: | \ TS N+M:
Source 1 i .. i Sourcen 1 .. 1 Source N | Relay/ i .. i Relaym 1 ..1 RelayM
transmits E E transmits E E transmits | transmits i i transmits E E transmits
| | | | I | 1
N+M Time slots
(a)
K— Ist Transmissior 2nd Transmissic K— Nth Transmissior—)
| . T . 1 .
TS I: H TS 2 TS 3: H s 4 TS 2N-1: | T8 2N
1 Selected i Selected ~ 1 Selected
Source I 4 Source 2 Source N
B I relay . ' relay ) . I relay
transmits 1 . transmits 1 . transmits 1 .
| transmits | transmits | transmits
2N Time slots
(t)
Ist Transmission Nth Tr
! bl TS LTS 1 TS
o 5 1 . ' [
STS ! N RTIS,“' S T%S{w\]/i MN+I: b MN+2 L1 MN+N:
ource © | Redy ) 4.} teay! Source N 1 Relay / 11 Relay M
transmits 1 tra 11 transmit L PRI .
! ! ! transmits | transmits ! | transmits
MN+N Time slots
()
Fig. 3. Time-resource allocation for (a) R3SSP, (b) relay selection based

protocols and (c) traditional round-robin protocols.

A. Broadcast Phase

In the broadcast phase, each source broadcasts its data in
turn. For the source S,,, the received signals at relay R,,, and
the destination D are

YS, Ry = Ps,R,, Tn + N5, R, (1)
Ys,p = hs, pTn + s, D, 2

respectively, where hg gr.  and hg, p are the fading coeffi-
cients of the links S,, — R,, and S,, — D in the nth time
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slot of the broadcast phase, respectively. hs, r,, and hg, p
are modeled as independent zero-mean circularly symmetric
complex Gaussian (ZMCSCG) random variables (RVs) with
variances s, r,, and g, p, respectively. x,, is the transmitted
symbol of S,. ns, r,, and ng, p denote the AWGN with zero
mean and variance Ny. After each source’s transmission, D
initializes the SNR of the signal of each source by estimating
the SNR of the corresponding received signal. Denote £ p as
the SNR of the received signal at D from .S, in the broadcast

phase. {s, p may be written as

2
E IhSnD|

Ny ’
where E; is the average transmit power in each node.

3)

£s.D =

B. Relay Phase

The relay phase lasts for M time slots, in which all the
relays participate in transmission one by one, i.e., in a round-
robin fashion. For example, in the first relay time slot, R;
transmits, then in the second relay time slot, Ry transmits,
and this procedure goes on until all the relays have assisted
the transmission. Briefly speaking, the relays assist the multi-
source transmissions with round-robin scheduling. In each
time slot, the “worst” source is selected according to the
quality records (i.e., the SNRs of the combined signals of
all the sources) stored at D, and one relay in operation
amplifies the received signal from the selected source and
forwards the signal to D. Upon receiving the relayed signal,
D combines all the received signals related to the selected
source and then updates the quality record of each source to
prepare for the next relay time slot. The combined signals
are transmitted from different nodes in different time slot,
and thus improves diversity performance. A variety of data
combining schemes can be exploited, such as maximum ratio
combining (MRC) [28], equal gain combining (EGC) and
selective combining (SC). Since SC is able to yield diversity
with rather low complexity, we focus on SC in this paper,
while the other combining schemes can also be invoked by
R3SSP straightforwardly. The details of R3SSP are presented
as follows.

We denote f,(Lm) as the SNR of the combined signals of S,
recorded at D before the mth relay time slot, and SN R,, as

the set {f,(Lm) l1<n<N } The quality records of the sources

stored at D can be characterized by f,(Lm). For the ease of
exposition, the detailed calculation and updating of §£Lm) will
be explained later.
In the mth relay time slot, D first selects the “worst” source
and broadcasts its index number 6,,,,2 where
0,, = arg min f,(Lm),lngM. @)
n=1,...,N
It should be noted that one source can be selected multiple
times during the whole relay phase. In other words, if one
source is selected as the “worst” source in one relay time slot,
the relay has to forward its observation of the signal from
this source regardless of the fact whether this source has been

2This limited feedback information occupies [logs N bits.
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selected in previous relay time slots or not. Then R,, amplifies
its observation of the signal from Sy, and forwards it to D.
D receives the relayed signal of

yR'mD = hRm.D‘re'm + anLD? (5)

where hp, p is a ZMCSCG RV with parameter yr_p and
represents the channel fading coefficient of the link R,, — D
in the mth time slot of the relay phase, and ng,_p is the

AWGN with zero mean and variance Ny, while Ty is the
amplified signal of zy,, at R,, and is expressed as
- hs, R, NSy, Rim
xe?n = ’ Bm Ie?n + em * (6)
|h59 —|— Ny |h59 —|— Ny

After R,, finishes the transmission, D employs SC to
perform data combining. Finally, D updates §§T) to & (S:H)and
reconstructs a new SNR set SNR,,+1 to record all the
sources’ quality of the next relay time slot, and the current
mth relay time slots ends.

The relay phase continues until all the relays finish assisting
transmission and thereby lasts for M time slots.

To be more specific, the calculation and updating of
are described as follows.

In each relay time slot, D decides which source’s message
should be relayed in the next relay’s transrnission according
to each source’s quahty record fn , then performs data
combining and renews fn ™) o gD,

For the initialization, fn Y is the SNR of the received signals
at D from .S, after the broadcast phase, and obviously it is
equal to &g, p which is expressed in (3).

In the mth relay time slot, from (6), the SNR of the received
signal at D (i.e., the SNR of ygr, p) is

2
ES |h59'm RmhRmD|
2
No (s, 0 + Il + o)

_ &sy, Ru€R.D
£y, R +ERD + 17

where s, g,,is the SNR of the link Sy, — R, in the
mth broadcast time slot and can be expressed as {s, R,
E, |hs,. r,|* /No, €r,,p is the SNR of the link R, — D
in the mth relay time slot and can be expressed as (g, p =
Eq |hg,.p|* /No.

After data combining, 59 is updated to &, - is
the SNR of the combined signal at the output of the selection
combiner, thus it is written as

55’;’“) =max {fé:), &S, R,,,LD} : ©)

Since only the signal of the selected source is relayed, the
unchosen sources’ quality records remain unchanged. Thus the
elements in the updated SNR set SN R, are

£(m+1) o ("L)v n 7& 9m
max {fn 7€S6m anD} ’ n= em

It should be noted that R3SSP can be easily extended into
DF systems with minor changes in data combining, SNR

57(’Lm)

(7

§Sp,, RD =

®)

(m+1) §9m+1)

(10)
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calculation and updating, because the SNR expressions of
the relayed signals in DF systems are different from their
counterparts in AF systems.

C. Comparisons with traditional protocols

Below we will compare R3SSP with traditional protocols
that use relay selection and round-robin relaying. Fig. 3
demonstrates the time-resource allocation of R3SSP and the
traditional protocols. The total numbers of time slots of R3SSP
and relay selection protocols are N+ M and 2N, respectively,
whereas that of traditional round-robin relaying protocol is
(M + 1) N. Compared with traditional round-robin relaying
protocol, R3SSP and relay selection based protocols greatly
improve spectral efficiency by the selection operation. In ad-
dition, R3SSP requires less time resources than relay selection
based protocols, thereby it has potential to provide higher data
rate in wireless networks where there are more sources than
relays. To show the superiority of R3SSP, in the next section
we will prove that R3SSP is able to achieve full cooperative
diversity and can yield a better DMT performance when
compared with traditional round-robin and relay selection
protocols.

Moreover, the complexity comparison between R3SSP and
its relay selection based counterparts is performed. To be
specific, in each relay time slot of relay selection based
protocols, D selects the best relay from all the M relays,
thus the complexity of relay selection operation per relay
time slot is O (M). There are N relay time slots in relay
selection based protocols, hence the total selection complexity
during the whole transmission is O (N M). In contrast, as far
as R3SSP is concerned, D selects the “worst” source from
all the N sources in each relay time slot. Therefore, the
complexity of source selection operation per relay time slot
is O (N). Since there are M relay time slots in R3SSP, the
total selection complexity of the whole transmission is also
O (NM). Therefore, both the relay selection based protocols
and the proposed R3SSP have the same level of complexity
with respect to the selection algorithm.

Another important issue is to compare the degree of
difficulty for obtaining the required CSI in each scheme.
Specifically, in relay selection based schemes, global CSI is
required to provide full cooperative diversity. Centralized and
distributed schemes [7], [8] have been proposed to carry out
relay selection when using relay selection based protocols
[4]-[11]. In the centralized relay selection scheme, a central
controller (i.e., D) conducts the selection operation. The
central controller has to know the global CSI before it makes
the decision on relay selection, which includes all the channels
between the sources and the relays. That is to say, D has to
know the instantaneous CSI of the links irrelevant to it. This
CSI can only be obtained via CSI feedback. To get rid of the
demand of global CSI, the distributed relay selection scheme
uses the method of distributed timers to perform selection. To
elaborate a little further, each relay gets the instantaneous CSI
of the link from itself to D, and then starts a timer whose
duration is inversely proportional to a metric that depends
only on the quality of its received signals and on the quality

of the channel from itself to D. Because the timer of the
“best” relay has the shortest duration, the “best” relay starts
transmission first. The other relays stop their timers as soon
as they detect the “best” relay’s signal (readers interested in
details of this approach are suggested to refer to [7], [8]).
Indeed, the distributed relay selection scheme reduces the
implementation complexity. However, each relay has to know
the instantaneous CSI of the link from itself to D. It means
that the CSI of the link is required at the transmitter side,
thus CSI feedback still cannot be omitted. Furthermore, since
all the relays compete for transmission according to their
own channel conditions, there is a possibility of collision that
multiple relays access the wireless medium simultaneously [7],
[8]. On the other hand, if each relay could not listen to each
other, it would be more complex to perform the selection task
in the distributed relay selection scheme (please refer to [8] for
the details). In summary, specific CSI feedback between the
relays and the destination are required in both the centralized
and the distributed schemes for selecting the “best” relay. This
requirement restricts the applications of relay selection based
protocols in practice. In contrast with relay selection protocols,
R3SSP works in a round-robin manner, thus avoids relay
selection operation. R3SSP makes source selection according
to the quality records of all the received signals at D. Note
that D calculates the quality record of each source according
to the SNRs of its already received signals, which can be easily
obtained by using SNR estimation. Therefore, we contend that
there is no requirement of CSI feedback in R3SSP. D only has
to notify the relays of the index number of the selected source
with a short broadcast message.

IV. PERFORMANCE ANALYSIS

In this section, we study the performance of the proposed
scheme in terms of outage behavior and DMT performance.
The outage behavior is derived in both exact and approximate
expressions. In order to provide a comprehensive insight
into the proposed R3SSP, the DMT of the proposed scheme
is investigated to show both its diversity and multiplexing
performance in the high SNR regime.

For sake of clarity, the following definitions are made before
starting analysis.

A. Definitions

AS,R,.» As,p and Ag, p are defined as the average SNRs
of the link S,, = Ry,, S, — D and R,, —> D, respectlvely
They can be expressed as B WJ:SRm Ewsn E:.’YR =
respectlvely, where 75 Rums> VSnD and YR,,D are expectations
of |hs, r.|% |hs,p|” and |hg, p|?, respectively. Thus the
SNRs of all the links S,, - Ry, S, & D and R,, — D
are RVs following exponential distributions with parameters
AS,R,.» As,p and Agr,_ p, respectively.

Define U = {uy,...,ug,...,untnr} as the set of SNRs of
the received signals at D in the broadcast phase and the relay
phase. More specifically, uy, is defined as the SNR of the kth
broadcast time slot if k¥ < N, and the SNR of the (kK — N)th

relay time slot if k& > N. Considering (3), (7) and (9), uy, is
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written as
1<kE<N

)
up =" .an
fsek,Nkasza N<kE<N+M

We assume the elements of the set U are ordered as u,l <
u2 < N+M

Based on (10), 5 M+ ) represents the SNR of the combined
signals of S, at D after the whole transmission. For the sake

of clarify, we denote §n +1) as vy, 1.€.,
vy = EMHD), (12)
We then define V as the set of wv,, ie, V =

{vpln=1,2,..
ordered as 1/1 < v2 <...< UN

An ordering (¢1, . .. ,1/)N+M) of (1,...,N + M) is called
a source-selection ordering if u;c = Uy, forany 1 < k <
N + M. It means that the kth smallest SNR of all the received
signals at D during the whole transmission is w.,. All the
possible source-selection orderings compose the ordering set
v,

The vector (61, ...,0,) is called a source-selection result
where 6, is defined as (4). It is readily verified that there exists
and only exists one source-selection result corresponding to
any given source-selection ordering.

The average transmit SNR of the network is defined as

E, NE;
No (N +M)N,
where I}, is the normalized average transmit power in the

network. It should be mentioned that the specific modulation
constellation is not considered in (13).

N I% whose elements are assumed to be

p= (13)

B. System Outage Probability

A system outage event occurs when D is not able to
correctly decode all the sources’ information. Denote I,, as
the maximum average mutual information between .S,, and D.
For a given end-to-end data rate of R bit/s/Hz, S, suffers
an outage if I, = N+Mlog (1+v,) < R. Thus the system
outage takes place if the condition min {1, ls,..., Iy} >R
is not satisfied.

By the definition of the system outage event, the system
outage probability is expressed as

Pout (R) =1 —Pr(min{]l,lg,...,IN} > R)
=1-Pr (min {v1,v2,...,on} > 9 IR _ 1)
=1—-Pr (vl > IR 1)
=F, (8, (14)
where F / (.) is the cumulative distribution function (CDF) of
N+JWR
Ula /3 2 1.

To begin with, we study the equivalent SNR of the combined
signal at D for each source after the whole transmission. As
described in Section III, there are N + M signals transmitted
during the whole transmission. Since one signal is discarded
while making data combining in each relay time slot, N
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signals are kept for the final decision. We proceed to reveal that
the most “useful” signals are selected for the final decision,
i.e., in R3SSP, each “selected” signal (the received signals kept
for the final decision of each source’s information) has higher
quality than any discarded signals. Obviously, all the elements
in U are independent RVs. Based on (10) and the definition of
(™) we readily have €™ e U forall nand m (1 <n < N
and 1 S m < M) and V C U. From (4) and (10), we have

= ¢MFD > glmtl) _ lm) gé? if n # 0,,. It means
that whenever S, is not selected in one relay time slot, we
can find an element f ) €U that is less than vn Similarly,

if n = 6,,. It means that once 5, is selected in the relay
phase, an element min {Eé:),fssm RmD} €U is found to be
less than v,. In summary, after each relay time slot, we can
always find an element in U which is less than v,,. Therefore,
after the whole relay phase, there are at least M elements in U
which are less than v, i.e., v > un 1 ar- On the other hand,
note that V C U, we have vn § un - Therefore, we have

Up = Up s (15)
which indicates that v,, is the (M + n)th smallest SNR of all
the received signals during the whole transmission. Thus (14)
can be rewritten as

=F.

LSVER]

Pout (R) (6) ) (16)

(.) is the CDF of u;w_H.

1) Symmetric Network: First, we analyze the outage be-
havior and diversity order of R3SSP in symmetric networks.
A symmetric network is a network where Ag, g, = ... =
AS, R, = --- = ASyR,, for all n and any fixed m. Hence
we can denote A\g g, as Asg, = Eg"J/\Q‘OR in symmetric
networks. Note that in a symmetric network, the distribution of
uy, is irrelevant to the source-selection ordering, i.e., no matter
which source is selected at each relay time slot, the distribution
of uy remains the same. Define F,,, (.) as the CDF of uy, in
a symmetric network, when 1 < k < N, uy, is the SNR of the
direct link S — D and its CDF is given as

where F
Upnrt1

Fu., (r) =1—exp(=As,px) . 17

When N +1 <k < N+ M, ug is the SNR of the two-hop
link Sp,_, — Rx—n — D and its CDF is [17]

Fo, () =1 —exp(—Asg,, — AR,, D)
X 2v/AsR, AR, 0T (€ + 1)
x K1 (2\/)\SR,,,L)\R,,LD$ (33 + 1)) R

(18)

where K (.) is the first order modified Bessel function of the
second kind.

According to the Total Probability Theorem and (16),
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F,  (B) can be written as It can be observed from (23) that the proposed R3SSP
M+41 . . . . .
" provides a diversity order of M + 1 in a symmetric network.
. (B) This conclusion agrees with the intuition that the diversity
=Pr (at least M + 1entries of Uare less than or equal to (3) order of R3SSP is supposgd to be M + 1 because the most
NaM “useless” M samples are discarded.

= Z Pr (exactly [ entries of U are less than or equal to 3).

I=M+1
19)

Let us assume j; < ... < j; are the indices of the [ smallest
elements in U, and j; 11 < ... < jny4ar are the indices of the

N + M — [ largest elements in U. For given j1,...,iN+M,
we have
Pr (ujl,...,ujl <p< ujHl,...,ujNM{)
1 N+M
=1IF.. ) I] (1 -Fu, 8). (20)
i=1 i=l+1

The probability that exactly ! entries of U are less than or
equal to [ can be expressed as the sum of the probabilities

Pr(uj,,...,uj, < B <uj,,,...,Ujy,, ) over all the possi-
ble ji,...,jn+ar. Therefore, (19) is calculated as
“2\44-1 (6)
N+M
Z Z PI‘(’U,]‘“...,UjlSﬂ<Ujl+l,...7UjN+M)
=M +1 all the possible
JisdN+ M
N+M l N+M
= > > ¥, ® II 0 -Fu, ).
I=M+1  1<j1<j<N+M =1 i=l4+1

1<jj41- <iN+MEN+M
J1#d2# - FIN+M

ey

Substituting (17) and (18) into (21), the closed form of
the outage probability is obtained. To give insights into the
diversity order of the proposed R3SSP, we investigate the
asymptotic performance in the high SNR regime. As the SNR
of each link goes to infinity, Agp, Asg and Agp approach
zero.> With the aid of the approximations that exp (t) ~ 1 —t

and K, (t) ~ 1 when ¢t — 0, (21) is further formulated as

Fu/M+1 (6)
M i M+1
%Z Z HB )\SRJ't +)\RJ'1,D) H ﬂ)\sjt,D
1<j1...<j; <M t=i+1
1<J1+1 <J1VI+1<N
_Z Z (M)>AI+1( Nﬂ >]VI+1
1<j1...<j; <M Eb N+ M
1<_‘IL+1 <JM+1<N
i M+1
x ,‘YSRJ't + fYRth 1 (22)
i=1 VSR YR; D =, 78D

M+1
o (No . (23)
E,
3t sho]l\l]lg be noted that this conclusion holds subject to the condition that
pler;o PINFA) = = 0, where 3 is a constant and this condition is satisfied for
any given fixed data rate.

2) Asymmetric Network: Different from the symmetric net-
works, in the general asymmetric networks where the distri-
butions of SNRs from different source-to-relay links are char-
acterized by different parameters, the distribution of un .,
is also varying corresponding to the distinct source-selection
orderings. Note that for a given source-selection orderings,
UN+m Obeys a distribution having deterministic parameters.
In this case, the calculation of the system outage probability is
very complicated, and the analysis and calculation procedure
are detailed in Appendix A. For the sake of simplicity, an
alternative approach is that we can construct two special
symmetric networks, and use the outage probabilities of these
two symmetric networks as the upper bound and the lower
bound of the outage probability of the original asymmetric
network, respectively. Specifically, the upper bound and the
lower bound of the system outage probability are derived
relying on the following lemma.

Lemma. Define /\(mm) as min{\s,r, -, AsyR,,} and
gnll%aX) as maX{ASlRma ...y ASyR,, }» respectively. Then
iy, (B) is upper bounded by

F(UB)

Whgen (B8)

N+M

- Z Z HF (UB)
I=M+1 1<j1-..<j<N+M Ji
15jl+1~-~<jN+]\/[§N+J\4
J1#i2F - AINF M
N+M

< 11 <1 —F,ws (5)) : (24)

i=l+1 Ji

where

1—exp(—As,pf), 1<k<N
1= exp (MG 8~ Am,_nf)

F s (B) =

<K ( VASE Mg (82 + B))

XQ\/)\EHIZX_)N)\Rk_ND (8% + B), else

(25)
and lower bounded by

F@B)

Upnria (ﬂ)

N+M

= > > HF wn (
I=M+1 1<j1--<j  <N+M Ji
lfjl+1'“<jN+Z\/ISN+1W
J1Ai2F - FIN+ M
N+M
I (1-Fm @), 26)

i=l+1
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where
1 —exp(—Ag,pB),1<EkE<N
1—exp ( )\(SHEE)NB — )\kaNDB>
R Y VAR PR
><2\/)\gr;:jN)\kaND (B2 4+ B).else
27)
Proof: Please refer to Appendix B. ]

Intuitively, the asymmetric nature of the network would not
impact the diversity order performance, thus a diversity order
of M +1 is supposed to be achieved as in symmetric networks.
To verify this point rigorously, with the same procedure used to
arrive at (22), the approximated upper bound and lower bound
of system outage probability for the asymmetric networks in
the high SNR regime are derived as*

pUE)
“M+1 (6)
M+1
~Z > Hﬂ(kgﬁf)“fw) II 2s,0
1<j1...<j; <M t=i+1
1<71+1 <7M+1<N
(28)
NO M+1
— 2
“(&) , 29)
and
FUs)
uM+1 (B)
M M+1
NZ Z Hﬁ( (mln)+>\R D) H BAs,, b
1<j1...<j; <M t=i+1
1<JL+1 <JM+1<N
(30)
No M+1
— 31
() o

respectively. From (29) and (31), we conclude that the pro-
posed R3SSP achieves full cooperative diversity order of M+1
in asymmetric networks. It should be mentioned that there are
N sources and M relays in the entire network, thus a diversity
order of N + M + 1 is achievable when both cooperative
diversity and multiuser diversity are obtained [17], [18]. Note
that unlike the schemes in [17], [18] where only the “best”
source is allowed for transmission, we exploit round-robin
scheduling to allocate the opportunities of transmission equally
to all the users in R3SSP. Although round-robin scheduling
would cause the loss of multiuser diversity, in this paper we
focus on the issue of achieving of full cooperative diversity.
It is also noted that if R3SSP exploits the greedy scheduler
to select the “best” source in each time slot of the broadcast
phase, R3SSP obtains both cooperative diversity and multiuser
diversity, which results in a total diversity order of N + M +1
as [17], [18].

4These approximations hold under the same limiting condition as that of
(22).
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C. Diversity Multiplexing Tradeoff

The DMT theory proposed by Zheng and Tse [29] is a
fundamental and comprehensive performance metric to charac-
terize both reliability and spectral efficiency of a communica-
tion system in high SNR regime. In this subsection, the DMT
performance of the proposed scheme is analyzed to verify its
superiority. To derive the DMT of the proposed scheme, the
relevant definitions are presented below.

In a data-rate adaptive communication system with data
rate R bit/s/Hz, where R is set to be a function of p, the
multiplexing gain is defined as [29]

(32)

Denote P,,: (R (p)) as the average system outage proba-
bility for the given average SNR p and data rate R (p). The
diversity gain is defined as [29]

log Py,
d=— lim Ogt—(R(p)). (33)
p=oo log(p)
This definition is also written as Py, (R (p)) = p~? in the

exponential equality notation as used in [29].
With the above definitions, the following theorem is derived.

Theorem. An N-source M-relay R3SSP with multiplexing
gain r achieves the DMT of
+

Proof: Please see Appendix C. [ ]
It is well known that traditional protocols with optimal
relay selection and round-robin relaying achieve the DMT of
(M+1)(1—2r)" and (M +1)(1— (M +1)r)", respec-
tively [2], [15]. Clearly, in the network where number of the
sources is higher than that of the relays, the proposed protocol
provides better DMT performance, i.e. R3SSP achieves higher
spectral efficiency than traditional protocols while maintaining
the same level of reliability, or it provides larger diversity gain
than traditional protocols with the same data rate. As an exam-
ple, we illustrate the DMT curves for various communication
strategies in a five-source three-relay network in Fig. 4. It can
be seen that the diversity gain d of R3SSP decreases slower
than that of the existing protocols as the multiplexing gain r
increases.

N+ M

d=(M+1) <1— (34)

where ()% represents max {z,0}.

V. ADAPTIVE RELAY ACTIVATION

In this section, we aim to further improve the DMT perfor-
mance of the proposed R3SSP in a data-rate adaptive system.
To accomplish this goal, the impact of the number of relays
on DMT is discussed based on the analytical result, and an
ARA scheme is proposed to achieve better DMT.

According to (34), in a network with fixed number of
sources, the achievable diversity gain increases in the low
multiplexing gain region but decreases in the high multiplexing
gain region as the number of relays increases. Take the five-
source three-relay network as an example, it can be calculated
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——R3SsP
== Optimal relay selection|]
D Tradtional round robin
Direct transmission

Diversity gain (d)

0 0.2 0.4 0.6 0.8 1
Multiplexing gain (r)

Fig. 4. An example of DMT comparison among the proposed R3SSP, the
optimal relay selection scheme and the traditional round-robin scheme. There
are five sources and three relays in the network (i.e., N =5, M = 3).

that the three-relay network provides the highest diversity gain
in the low multiplexing gain region. As multiplexing gain in-
creases, in the medium multiplexing gain region, the two-relay
network and the one-relay network achieve the best diversity
gain successively. In the high multiplexing gain region, the
network employing only direct transmission harvests the most
diversity gain than the other three networks considered.

This result indicates that it might be unwise to activate all
the available relays in the entire network. A better way is to
select the optimal (in terms of DMT) number of the activated
relays with regard to the desired multiplexing gain. Further-
more, turning off some unnecessary relays also leads to a better
energy efficiency. Therefore, based on (34), we propose an
ARA scheme which dynamically turns on a proper amount
of the relays to achieve optimal DMT performance. To be
specific, for an N-source M -relay network with multiplexing
gain r, the optimal number of the active relay is given as

N+m

+
M(m—|—1)<1— N ’I“) . (35

It is noted that to achieve the minimum system outage
probability, the optimal selection of the M™* (r) activated
relays is based on (40). However, (34) shows that the DMT
performance only depends on the number of the activated
relays in a N-source network with multiplexing gain r, re-
gardless of the fact which particular relays are chosen to serve.
Therefore, we can randomly activate M™* (r) relays to reduce
the computational cost while achieving the optimal DMT.

This sort of ARA strategy can be extended into the tradi-
tional relay selection based and round-robin based protocols
straightforwardly. For the traditional relay selection based
protocols, if m > 1, the DMT of (m+1)(1—2r)" can
be achieved. Otherwise if m = 0, which indicates only the
direct transmission is used, a DMT of (1 — r)+ is obtained. In
summary, the relay selection based protocols achieve the DMT
of (m+1)(1—min{m+1,2} x7)" for 0 < m < M. It
can be seen that the optimal number of activated relays is M or
0 in the traditional relay selection based protocols. Therefore,

M* (r) =arg max

m=0,...,

it is always beneficial to use all the relays in the entire network
if direct transmission is not optimal, i.e., the optimal number
of activated relays is

M(*TRS) (r)

=arg max

m=0,...,

=M or 0.

(m+1)(1—min{m+1,2} xr)* (36)

In other words, in the traditional relay selection based proto-
cols, it is suggested to switch between activating all the relays
and hibernating all the relays. In the traditional round-robin
relaying protocols, the optimal number of activated relay is

M{pgpy (r) =arg max (m+1)(1—(m+1) )t
m=0,....M
(37
Apparently, in a network where there are more sources than
relays, since (1 — N%T)Jr > (1 —mazx{m+1,2} xr)" >
(1—(M+1)r)" forall 0 < m < M, we have

M*(r) = M{pgg) (r) = Mirgg) (r).

Therefore, the proposed R3SSP also outperforms its coun-
terparts when ARA strategy is invoked in all the schemes
considered.

(38)

:
—— R3SSP
350 | = = = Optimal relay selection |
‘\ Traditional round robin
3 \ ,
\
% A}
2 o5t . ]
c AY
§ .
2 2 *\ il
% .
[ AY
= 15 A q
o \
AY
1F A 4
\
A
N
0.5F S— |
S
S
0 L L L L e L
0 0.2 0.4 0.6 0.8 1

Multiplexing gain (r)

Fig. 5.
network.

Comparison of different protocols using ARA in a five-source

Consider the five-source three-relay network as an example.
Fig. 5 shows the improvement on the DMT performance by
employing the ARA strategy. It can be seen from Fig. 5
that the ARA leads to significant improvement on the DMT
performance for all the protocols considered, and the proposed
R3SSP always achieves better or at least equal performance
compared to the existing protocols.

VI. SIMULATION RESULTS

In this section, numerical results are presented to demon-
strate the performance of the proposed R3SSP in terms of
the average system outage probability with different values of
the multiplexing gain, and the results corroborate the validity
of the proposed R3SSP and consolidate the analytical results
presented in the previous sections. The horizontal axis Ej /Ny
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, defined in Section IV-A, represents the ratio of the average
transmit energy per bit to the noise power spectral density
in the network. The simulations are performed over Rayleigh
block fading channels with AWGNs. We consider two sorts of
transmission strategy: the fixed data rate strategy and the data-
rate adaptive strategy. For the fixed data-rate strategy, R is set
to be a constant and is unrelated to the average SNR of the
network. For the data-rate adaptive strategy, R is a variable
which matches the transmission rate with the average SNR of
the network.

A. Fixed Data Rate Transmission

Two scenarios are considered: the symmetric scenario and
the asymmetric scenario. In the symmetric network, all the
links are assumed to have equal average SNR (ys.gr,, =
YR,,D = Vs,p, 1 <n <N, 1 <m < M). The asymmetric
network is generated in a two-dimensional plane where D is
located at the coordinates of (1,1), and the other nodes are
uniformly distributed in the first quadrant of the 1 x 1 square.
The path loss exponent is 2.

>
5 \3 N
g 4 \5 ~
0 iy
g N=5,M 2;
£ N=5,M=1,R3SSP Analytical(21) o
O 10° | .+++++ N=5,M=1,Simulation
g - % - N=5,M=2,[7] i
1 O N=5M=2,R3SSP,Analytical(21)
@ o® | - - -~ N=5,M=2,Simulation
- B>-N=5,M=3,[7] D
O N=5,M=3,R3SSP,Analytical(21)
_1o| — N=5,M=3,Simulation ‘ ‘
10 0 5 10 15 20 25 30
Eb/NO(dB)

Fig. 6. Outage probability comparisons between the traditional protocol with
optimal relay selection [7] and R3SSP under fixed data rate R = 1bit/s/Hz
in the symmetric network. (N = 5)

From Fig. 6 to Fig. 9 we show the system outage probabil-
ities of the proposed R3SSP and the protocol with optimal
relay selection [7] under fixed data rate in the five-source
networks. Both the symmetric scenario and the asymmetric
scenario are considered. Simulation results of Fig. 6 to Fig. 9
show that R3SSP achieves the same diversity order of M + 1
as the optimal relay selection protocol does under fixed data
rate. Moreover, it is observed from Fig. 6 to Fig. 9 that,
when the number of relays is small, in practice R3SSP attains
a considerable improvement over the optimal relay selection
based protocol [7] in terms of the system outage probability.
For example, when the number of relays is M =1 or M = 2,
this improvement is up to 2 ~ 3.5 dB at system outage
probability of 10~%. Furthermore, theoretic curves of R3SSP
are provided. From Fig. 6 and Fig. 7, it can be seen that the
analytical results of the system outage probabilities (21) match
the simulation results perfectly in the symmetric network. Fig.
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Fig. 7. Outage probability comparisons between the traditional protocol

with optimal relay selection [7] and R3SSP under fixed data rate R =
1.5bit/s/Hz in the symmetric network. (N = 5)
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Fig. 8. Outage probability comparisons between the traditional protocol with
optimal relay selection [7] and R3SSP under fixed data rate R = 1bit/s/Hz
in the asymmetric network. (N = 5)
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Fig. 9.  Outage probability comparisons between the traditional protocol

with optimal relay selection [7] and R3SSP under fixed data rate R =
1.5bit/s/H z in the asymmetric network. (N = 5)
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Fig. 10. The upper bound (24) and the lower bound (26) of system outage
probability in the asymmetric network under fixed data rate R = 1bit/s/Hz.
(N =5)

10 illustrates the upper bound (24) and the lower bound (26)
of R3SSP in the asymmetric network. It is shown that the
simulation curves reside between the upper bound and the
lower bound, and that both the upper bound and the lower
bound are very tight and indicate a diversity order of M + 1.
To conclude, the analysis in Section IV is validated by the
simulations. Therefore, we contend that R3SSP is able to
provide full cooperative diversity with round-robin relaying
as achieved by [7].

Besides, two facts are observed from Fig. 6 to Fig. 9.
First, the performance advantage of R3SSP over the scheme of
[7] gradually grows as R increases. Second, the performance
advantage of R3SSP over the scheme of [7] gradually reduces
as M increases. The reason is that R3SSP lowers down the
required transmission rate of each link by allocating more time
resource to direct transmission. To be specific, in order to
achieve an end-to-end data rate of R bit/s/Hz , the actual
data rate of each link in R3SSP and the scheme of [7] is
NEM T bit/s/Hz and 2R bit/s/H z, respectively, because
~oar and % of all the time resource available are allocated
to transmit “fresh” data in R3SSP and the scheme of [7],
respectively. Hence the gap of the required data rate in each
link between R3SSP and the scheme of [7] grows as R
increases and reduces as M increases. It implies that R3SSP
is capable of supporting higher-rate data transmission than
the scheme of [7]. Moreover, it should be noted that as M
increases, the complexity of the relay selection in [7] also
increases due to the fact that more specific CSI feedback
channels are required. By contrast, R3SSP requires no specific
CSI feedback and hence can be implemented with lower
complexity.

Additionally, in Fig. 11 we provide the system outage
probability comparison between R3SSP and the GFNC based
scheme of [25] in the context of an asymmetric network
composed of two sources, two relays and one destination. We
extend R3SSP to DF systems so that both schemes can be
fairly compared in a common system. There are four time
slots in the GFNC based scheme. In the first and the second
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Fig. 11. System outage probability comparison of the GFNC based scheme

of [25] and R3SSP under fixed data rate R = 1bit/s/H z, where SC is used.
(N=M=2)

time slots, S7 and Sy broadcast x; and x5, respectively, and
Ry decodes x1 and x2 as z; and &, respectively, whereas
Ro decodes x1 and x2 as 1 and Zs, respectively. Then in the
third and the fourth time slots, Ry and Ry forward 27 & Zo
and I, respectively (i.e., we use NC-3 of [25] as the network
coding scheme). As shown in Fig. 11, the diversity order of the
GEFNC based scheme is two, which is lower than the diversity
order of three achieved by R3SSP. The reason is that the
GEFNC based scheme cannot guarantee correct decoding of
both x; and x5 if D obtains two wrong estimates during the
whole transmission. More specifically, if D fails to correctly
decode x; from the direct link and Z; @ Z5 from the relay
link, D is not able to recover x1. Therefore, the GFNC based
scheme provides a diversity order of two to S; although
it provides a diversity order of three to S,. However, the
overall diversity order of the entire network depends on the
“worst” source, hence the diversity order of the network is
two. In contrast, R3SSP always improves the “worst” source’s
performance, and provides a diversity order of three for all
sources. Therefore, we contend that R3SSP achieves a more
efficient relay sharing among all sources.

B. Adaptive Data Rate Transmission

Simulations are also performed under the adaptive data
rate strategy to show the DMT performance of R3SSP and
the scheme of [7]. In the adaptive data rate strategy, the
desired data rate is determined by the average SNR of the
network and the multiplexing gain as R = rlog (1 + %) +c,
where c is a constant and set to be zero in the following
simulations.” As analyzed and verified previously, both the
symmetric networks and the asymmetric network achieve the
same diversity order. Therefore, we consider the five-source
three-relay asymmetric network which is generated in the same
fashion as the asymmetric network of the above subsection.

5Obviously, the fixed data rate strategy is a special case of the adaptive
data rate strategy when » = 0 and c is a positive constant.
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Fig. 12. Outage probability comparisons between the traditional protocol

with optimal relay selection [7] and R3SSP in the asymmetric network under
different multiplexing gains. (N =5, M = 3)

Fig. 12 illustrates the system outage probabilities of R3SSP
and its counterpart in [7] with a range of different multiplexing
gains. The result agrees with the DMT analysis and shows that
R3SSP achieves higher diversity gain than the scheme of [7]
when r > 0. It is also shown that the performance advantage of
R3SSP over its counterpart in [7] becomes more significant as
r increases. This is because the diversity gain reduces faster
in the relay selection based protocols than in R3SSP when
r becomes larger. For example, the diversity gain of R3SSP
reduces from 2.08 to 1.44, whereas the diversity gain of the
scheme of [7] reduces from 1.6 to 0.8, when r grows from
0.3 to 0.4.

- % -r=0.6,M=3
—©—1=0.6,M'(r)=1

5| - +-r=0.5M=3
—B—r=0.5M(r)=2

| =03 MM (=3
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System Outage Probability

Fig. 13. The performance improvement of ARA in R3SSP. The dashed and
the solid lines are the system outage curves of R3SSP with and without ARA,
respectively. (N =5, M = 3)

Fig. 13 shows the improvement of the system outage
performance caused by the ARA in R3SSP. According to
(35), we randomly select M* (r) relays to serve for improving
the DMT performance. As observed from Fig. 13, it is not
always optimal to use all the relays to assist transmission
in R3SSP. The ARA strategy achieves better diversity gain

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY

and hence significantly reduces the system outage probability
by hibernating unnecessary relays according to the desired
multiplexing gain and the average SNR of the network, which
also improves the energy efficiency of the network .

=
3
©
Qo
<]
o
S s . ]
g -+ —r=0.6,M(TRS)(r)=O N 1}
2 | or08M =1 >
@ 107 *
3 - % =105 M (=0 s
B r0sM (=2
10° »
-p- r=0.3,M(TRS)(r)=3 D
o —©—r=0.3,M'(r)=3 : ‘ ‘
0 5 10 15 20 25 30
Eb/NO(dB)
Fig. 14. Comparisons between R3SSP and the scheme of [7], both with

ARA. (N =5, M = 3)

Comparisons between R3SSP and the optimal relay selec-
tion protocol of [7] are illustrated in Fig. 14, where both
protocols use the ARA strategy. Unsurprisingly, with the ARA
strategy, R3SSP still performs better. As we analyzed in
Section IV, the reason accounting for this superiority is two-
fold: i) R3SSP achieves better DMT than the scheme of [7]
when both protocols turn on the same amount of relays; ii)
R3SSP provides more flexible usage of the relays than the
optimal relay selection protocol of [7] which only makes a
binary decision: to use all the relays or to use none of the
relays.

From Fig. 12 to Fig. 14, it can be summarized that R3SSP
significantly improves the DMT performance and constitutes
a more efficient resource-use strategy than the traditional relay
selection based protocols. As a result, R3SSP is well-suited for
the uplink of future wireless communication systems which are
expected to serve an enormous amount of users. Furthermore,
the proposed ARA strategy is proved to be effective to further
enhance the DMT performance of R3SSP whilst improving
the energy efficiency of the network.

VII. CONCLUSIONS

A novel relay protocol R3SSP is proposed in this paper,
which works in a round-robin manner and dispenses with
relay selection. Compared with the traditional relay protocols
using relay selection to achieve full cooperative diversity, the
proposed R3SSP requires no CSI feedback, hence it is featured
with a lower implementation complexity in practice. Moreover,
the outage probability and DMT performance are investigated.
Theoretical analysis indicates that R3SSP achieves better DMT
than the traditional protocols in the uplink of a centralized
wireless network such as LTE and WiMAX. It means that
R3SSP significantly improves the system throughput whilst
maintaining the same level of reliability, or R3SSP enjoys a
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much more reliable transmission with the same data rate. An
ARA strategy is also proposed to further improve the DMT
performance of R3SSP. Simulation results corroborate the
effectiveness of R3SSP and show that the proposed protocol
outperforms the existing protocols in terms of the DMT
performance and the implementation complexity.

APPENDIX A
THE CALUCATION OF THE OUTAGE PROBABILITY OF THE
ASYMMETRIC NETWORK

As mentioned in Section IV-B, for a given source-selection
ordering, un4., obeys a distribution having deterministic
parameters. Therefore, (14) can be written as the sum of a
series of probabilities that a given source-selection ordering
and system outage occur simultaneously, i.e.,

Pout (R) Pr (u’M < 5)

S Pr (Wi < 85 s nar) 39)
v

where Pr (ulM 1 SB Y1, YNy M) denotes the probabil-
ity that both the system outage event and the source-selection
ordering (¢1,...,%¥nN4n) take place, and is formulated as

Pr (UIMH < B, ... ,1/)N+M)

B
:/ fuppgey Enr1ln, - N )
0

x Pr (le, sy Uy, <p< Unpyyqse - ,U¢N+M) dtpr+1
/00 /OO /B /tM+1 /tz

IN+M—1 tmy1 JO JO 0
N+M

H fuy, (teltn, .. ¥ngnr) dbr .o dtng, (40)
k=1

where f,,, (.[¢1,...,%Nyn) is the probability density func-
tion (PDF) of u.;, under the condition that the source-selection
ordering is (¥1,...,¥N4n)-

To calculate (40), we need to obtain the expression
of f“wk (:|¥1,...,¥N+r). As pointed out in Section IV-
A, there exists and only exists one source-selection result
(61,...,0n) corresponding to any given source-selection or-
dering (¢1,...,¥N+a)- (01,...,0r) can be found out using
a specific procedure to be detailed below. The procedure
determines which source’s information is the most unreliable
and hence is required to be relayed in each relay time slot
of R3SSP according to the given source-selection ordering
(¥1,...,¥N+a)- The detail of the procedure is summarized
in pseudocode form as shown in Table I. It should be noted
that this procedure is used to obtain the exact expression of
the system outage probability of R3SSP, rather than to carry
out R3SSP.

According to the source-selection result (6y,...,0y),
the CDF of wu; under a given source-selection ordering
(¥1,...,¥ N4+ ) is presented as follows. When 1 < ¢, < N,
Uy, is the SNR of the direct link Sy, — D and its CDF is
given as

Fu,, @|Y1,...,¥n+nm) =1 —exp (_)\ka[)l') . 4D

TABLE 1

The procedure of calculating (61, ...,0,7)

1) Define m as the current relay time slot. As shown previously, in
each relay time slot, the quality record of each source (i.e., {flm),
n = 1,...,N,) can be represented by an element of U. Define wy as
the index that indicates which element of U denoting the quality record
of source n in the current relay time slot, i.e., §%m> = U, . Initialize
wy =n, and m = 1.

2) Since the source-selection ordering is known, we can figure out which
source’s quality record is the “worst” in the current relay time slot.

N

min ' I1 (T/)k—wn)‘~

Compute 60,, = arg
k=1,...,N+M |,=1

3) Update the index w,, after current relay’s transmission, and prepare for

the next relay time slot. Compare un 4, With Uy, - funym > Uwg,

then wy,, = N + m; otherwise, wg,, = wy,, . Update m = m + 1.

4) Repeat step 2 and 3 until m = M.

When N +1 < v, < N+ M, uy, is the SNR of the two-hop
link Se"/’ka — Ri_n — D and its CDF is [17]

F"wk (IWJl, e
=1 —exp (—)\s%k_NRk,Nx - )\RR,NDI)

X 2\/)\stk7NRk—NARk—ND‘/E (.13 =+ 1)

JUONM)

x K3 (2\/Asewk_NRkN)\RkNDI (z+ 1)) . 42)
Therefore, £, (z|t)1,...,¥N1am) can be written as
dFu (CC|¢1,---,¢N+M)
fuwk ($|¢17 R 7¢N+M) = L dr . (43)

By substituting (41) and (42) into (43), the closed form
expression of fy, (x|1)1,...,¥ N4 ) is given as (44) and (45)
(Please refer to Appendix B). Then by substituting (44), (45)
into (40), the exact system outage probability can be calculated
numerically in principle.

APPENDIX B
THE EXPRESSION OF fuwk (x|, ..

If 1 <y <N,
fuy, (@Y1, ¥Nsm) = As,, D X exp (—)\kamU) . (44)
IfN+1<p <N+ M,

f“wk (I|w17

=exp <_>\Sewk_NRk’Nx — /\RkiNDx) X

<2\/)‘597%N Re_nARy_yDT (T +1)

_/\S%k—N Ry n ARy D (22 + 1)) +
(Ko (2\/A59wkNRkN)\RkNDx (z + 1)) +
K, (2\/)\?9%1\, Ri_nAR,_nDT (T + 1)))

XASewk_NRk—N)\Rk—ND (2‘T + 1)} )

S UNM)

S UNM)

(45)
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where K, (.) is the gth order modified Bessel function of the
second kind, ¢ = 0,1, 2.

APPENDIX C
PROOF OF THE LEMMA

As described in Section III-B, the closed form expression of
the system outage probability in the asymmetric networks is
rather complicated since the distribution of w4, is related to
the source-selection ordering. uy4,, depends on the quality
(i.e., average SNR) of both the Sy, — R,, and R,, — D
links. Different source-selection orderings result in different
quality of the source-to-relay link, thus yield a different
distribution of uy.4.,. To derive the upper bound and the
lower bound of the system outage probability for a given
asymmetric network, we consider two special (N + M + 1)-
node symmetric networks. In the first symmetric network,
we assume that the qualities of the source-to-relay links are
lower than or equal to those of the corresponding links in
the original asymmetric network, and that the qualities of
the source-to-destination and the relay-to-destination links are
the same as those of the corresponding links in the original
asymmetric network. Intuitively, since the quality of each
link in the first symmetric network is not better than the
corresponding link in the original asymmetric network, it
suffers a higher system outage probability. Thus the upper
bound is obtained by calculating the system outage probability
of this special symmetric network using (21). Similarly, we can
generate the second symmetric network where the source-to-
relay links have higher or identical qualities compared to the
corresponding links in the original asymmetric network, and
get the lower bound.

For any given network with fading coefficients Ag, p,
As, r,and A, p (1 < n < N,1 <m < M), the SNRs
of the received signals at D during the whole transmission
phase are written as

1<kE<N
N<kE<N+M

£s.D>

U = ﬁsek_NRk,NﬁRk,ND

€59, Br—nTER,_NyDFL?

where {g, p, s, R,, and &g, p defined in (3) and (8) obey the
exponential distributions with parameters Agr, p, Ag, r,, and
AR, D, respectively.

Denote max {\s,R,,;---;AsyR,, yas AGx* . Let us con-
struct the first symmetric network where the SNRs of the
received signals at D during the whole transmission phase

are given as
€810 1<k<N
T N
TR , N<k<N+M

€sr;,_nTER_nyDHL

UB . =
where féRkEN = min {gssk_NRk*N’g‘Sek_NkaN}’ £s,.Ds

€s.Rr,.» &s, R, and g, p obey the exponential distributions

with parameters As, p, As, R, » Agﬁ? —As, R, and Agr, p,

respectively (here we define that when )\gn;::) - A$,D,, =

0, és,r, = -+00). Obviously, ggj) obeys the exponen-
(max

tial distribution with parameter Agp . It can be seen that
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ug > quUB). Let u;C(UB) represent the kth maximum value of
(ugUB), e ,ug\[ff]\z), then we have u;c > uk(UB). Readily, we

can prove that F,, () < Fu;é,‘ﬁ> (x), where Fu;&Uj) (.)is

'(UB)

the CDF of w,;~ ~’. From (21), F /5 () is formulated as
Upnr41

F s (2)
Unr41
N+M l
=2 >, Fges@
I=M+1 1j1... < <N+M i=1 7

Lipg1-<iNtmMSN+M
J1AJ2F - FIN+ M

N+M
X H <1 — Fu(_UB) (1‘)) s

i=l+1
where
1—exp(—As,pz), 1 <k<N
1 —exp (f)\(SHEi)Nx - /\Rk,NDfL')
F o (z) =

x K <2\/)\glll%i.x)1\;>‘RkND (z% + z))

X2\/>‘grll%ii)1\, ARy_nD (22 4 ), else
(46)
As a result, we get the upper bound of F,; () as (24).
M+1

Similarly, denote min {\s, r,,,-- -, A\sSyR,, } S )\(Sl?%iz). The
RV &5y, Ri_n can be derived as the minimum value of

two exponential distributed RVs 5;65)_N and §

where 5;%5;)7N and & So,

9
So,,_ N Br—N

Rin obey the exponential dis-

tributions with parameters Ag‘{:}

-N
(min)

SR
(here we also define that when As, R, y — )\g”};z) =0,

= +00), respectively. With the same procedure

and )\Sek:—NRk*N —

280, _nBr-n

for deriving the upper bound, the lower bound of ', ()
M+1
is obtained as (26).
APPENDIX D
PROOF OF THE THEOREM
From (33), the diversity gain is calculated as
log P,
d= — lim 0g Fout (R (p))
p—00 log p
logF  (B)
= — lim =, (47)
p—r00 log p
where
B=pmiT — 1. (48)
According to (28),
log FS/JB) (8)
d> — lim Mt (49)
p—ro0 log p
Note that F(U?) (8) <1, thus we have
Upnr41
log F/® ()
— lim ML > 0. (50)
p—00 log p
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Similar to (23), (28) holds when lim = 0. Since
P

NB
1 SN+

lim % = lim J\H—LMP( N}M“l), it can be seen that
p—00 p—00
(28) holds in the case of r < M_LM Substituting (13) and

(28) into the right-hand side of (49), we have
log U5 (8)

— lim Cat
p—ro0 log p
M
log (/f(M*l) (7NIY£\4) +1>
=— lim
p—00 logp
log (p_(M‘H) (pr)MH)
=— lim
p—00 log p
log (p*(MJrl)(l*wr))
=— lim
p—+00 log p
N+ M
(M) (1_]+Vr), (51)

if r < NfM. According to (49), (50) and (51), we obtain
(UB)
d>— lim logF",M“ " =(M+1)(1- NtM :
T p—oo log p N ’
(52)
Similarly, we can get
(LB)
de e O (N
T p—oo log p N '
(53)
As a result, the DMT of R3SSP is d =
(M +1) (1 — XM ™
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