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Abstract

In a single-source and multi-relay amplify-forward (AF) cooperative network, the outage
probability and the power allocation are two key factors to influence the performance of an
entire system. In this paper, an optimized AF relay selection by an exclusive method and near
optimal power allocation (NOPA) is proposed for both good outage probability and power
efficiency. Given the same power at the source and the relay nodes, a threshold for selecting
the relay nodes is deduced and employed to minimize the average outage probability. It mainly
excludes the relay nodes with much higher thresholds over the aforementioned threshold and
thus the remainders of the relay nodes participate in cooperative forwarding efficiently. So the
proposed scheme can improve the utility of the resources in the cooperative multi-relay system,
as well as reduce the computational complexity. In addition, based on the proposed scheme, a
NOPA is also suggested to approach sub-optimal power efficiency with low complexity.
Simulation results show that the proposed scheme obtains about 2.1dB and 5.8dB performance
gain at outage probability of 10, when compared with the all-relay-forward (6 participated
relays) and the single-relay-forward schemes. Furthermore, it obtains the minimum outage
probability among all selective relay schemes with the same number of the relays. Meanwhile,
it approaches closely to the optimal exhaustive scheme, thus reduce much complexity.
Moreover, the proposed NOPA scheme achieves better outage probability than those of the
equal power allocation schemes. Therefore, the proposed scheme can obtain good outage
probability, low computational complexity and high power efficiency, which makes it
pragmatic efficiently in the single-source and multi-relay AF based cooperative networks.
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1. Introduction

Recently, with rapid developments in wireless communications, the band spectrum resources

have become more and more the bottleneck of the communication systems due to the severe
multi-path fading, the open congestion access, and the active jamming, and so on. Then the
multiple-input multiple-output (MIMO) technology was proposed to obtain the space diversity
by the multi-path effects [1], [2], which were traditionally considered as the destructive
interferences and should be eliminated as much as possible. It adopted the multi-path effect as
the independent signal component rather than the interference to improve the performance [3].
However, due to the limited physical size of the mobile terminals, as well as the requirement of
similar dimensions between independent antenna size and the licensed radio wavelength for
efficient radio emmission, multiple antennas were hard to be equipped, especially for the
mobile handset transceivers [4]. Thus the MIMO technology was difficult to be deployed
easily. Then, a novel cooperative communications have been proposed by the concept of the
virtual MIMO [5], [6], where the adjacent mobile terminals can be used to forward messages
and play a role of virtual independent antennas to obtain the cooperative space diversity.
Therefore, the wireless cooperative networks can obtain the same performance gains as the
MIMO ones, which enhance the network coverage and transmission reliability greatly.

The widely used cooperative network model was a three-node and two-hop relay model. In
this model, the selection of the relays influenced the channel capacity, the throughput, the
outage probability, and the symbol error rate (SER) and so on [7]-[10]. Therefore, the
selection of one or more relays among all available relays for the cooperation had become one
of the key techniques in cooperative networks. There were mainly three cooperative schemes,
such as the amplify-and-forward (AF) [7], the decode-and-forward (DF) [8], and the coded
cooperation (CC) [9], [10] and so on. Also the distributed space-time code can be incorporated
into the cooperative schemes for better performance [11]. Among the above three schemes, the
AF scheme just equally amplified the signals and the noises without any signal-to-noise ratio
(SNR) improvement. However, it was easily to be implemented and adopted to illustrate the
good performance of the proposed relay selection scheme. The spectral efficient protocols of
the AF and the DF scheme for half-duplex fading relay channels were investigated in [12],
and both protocols obtained a significant performance. For two-way relay channels, there were
capacity bound analyses [13] and the practical physical network coding to approach them [14].
And a joint relays/antennas selection and precoding was designed for the two-way MIMO AF
relaying systems to attain minimum mean square error (MMSE) criterion and get superior
performance in terms of bit error rate (BER) [15]. Also, a relay selection scheme for the
two-way multiple AF relay channels were proposed to obtain good transmission by
maximizing the worse received SNR of the two end users [16]. In a AF based multi-relay
network, traditional cooperative communications would not consider the link status between
any two nodes of the source, the relays and the destination. So all potential relay nodes taking
part in the AF, i.e., all relay AF (AAF), led to the cost of extra system resources, for just very
limited performance improvement. Given the AF protocol, the selection of the single optimal
relay node to join the relay AF strategy can cut down the loss of the systematic resource [17].
However, the scheme required the transient channel state information (CSI) of all relay links,
which further increased overall computational complexity. And the CSI was dependent on the
distance between any two nodes, the situation of the cooperative area, and so on, which were
hard to be obtained precisely in dynamic networks [18]. Since the estimation of all CSI of all
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relay nodes in the system was difficult, a pre-selected single relay amplify-and-forward
(SAF) was proposed to forward the information and thus reduce the resource occupations [19],
[20]. Also the power allocation accompanied by the relay selection should be optimized to
improve the performance [21]. Therefore, the optimal objectives for the power allocation
mainly lied in low complexity, maximal throughout, minimal BER, minimal symbol error rate,
minimal outage probability, etc [22]-[24].

In this paper, by minimizing the average outage probability of the relay transmission system,
the relay selection in cooperative networks by an improvement of relay node exclusion can be
proposed to improve the aforementioned optimal objectives. In this scheme, a new relay
selection threshold is deduced for the exclusion of unnecessary cooperative relay nodes by the
statistical information of the channel. So the resources, e.g., the power of the participated relay
nodes, the CSI update calculation of the related relay links, etc., can be released for much
better power efficiency and thus obtain an efficiently cooperative transmission. Meanwhile, a
near optimal power allocation (NOPA) scheme is adopted in each relay node for low
complexity. So the scheme can obtain better outage probability, when compared with the
traditional equal power allocation (EPA) scheme.

The main contributions of this paper are briefly concluded as follows:

1) By minimizing the average outage probability of the multi-relay cooperative networks,
an optimal relay node set for cooperation is selected with a sequence of the candidate relay
nodes and an exclusive method, accompanied with computational complexity reduction by
proper relay elimination improvement.

2) A new threshold for the optimal relay selection is proposed to eliminate the unnecessary
relay nodes and thus improves the utilization rate of the communication resources by the
channel statistical information. It is actual a compromise of the AAF and the SAF schemes;

3) A NOPA scheme is adopted in each participated relay node to approximately optimize
the power allocation for low complexity, rather than the huge resource consumed globally
optimal exhaustive selection of all relay nodes in the AF scheme.

The remainders of the paper are organized as follows. In Section 2, a cooperative model of
a single-source and multi-relay AF scheme is introduced. Base on the aforementioned AF
model, an optimized relay selection strategy is proposed in Section 3. It is realized by
minimizing the average outage probability and the computational complexity is reduced with
proper relay elimination improvement, i.e., an exclusive method, for less relay selection
adopted in forwarding. Simultaneously, Section 4 suggests a near optimal power allocation,
i.e., the NOPA scheme, with theoretical analyses for the optimized relay selection strategy to
improve both of the overall power efficiency and the complexity. After that, numerical
simulations and result analyses are presented to verify the proposed relay selection by a outage
performance comparison in Section 5. Finally, the summary is drawn in Section 6.

2. System Model of Single-Source and Multi-Relay AF Scheme
2.1 Relay System Model

A typical 2-hop single-source and multi-relay AF cooperative system model is given in Fig.
1. It consists of one source node from the several candidate node set {S;, i=1,...,N+1}, several
relay nodes (R;) also from the remain candidate node set {S;} other than the selected source
node, and a destination node (D). Each channel between any two nodes has independent and
identically distributed (i.i.d.) channel parameters. Since it is a simple 2-hop relay system, there
is no cooperation and thus no channel link between the relays.
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One source node

Relay set {R;}, N relay nodes
Fig. 1. A typical 2-hop single-source and multiple-relay cooperative network

Suppose that there is an AF based cooperative network of the above cooperative network
model, N+1 nodes cooperatively transmit the signals simultaneously, and the node number set
is S={1,2,---,N +1}. Each node in the number set S is recognized as a source node and it

delivers information to all relay node set {R}(R; €S, j=12,---,N+1 j=i). In this

procedure, the transmitted data from each source node is considered as a data sequence. So
there are also N+1 data sequence, including N data sequence to the relays and one to the
destination. Then, there are N potential relay nodes for each selected source node. In short, any
node other than the source node plays a role of relay and takes part in forwarding messages.

The transmission can be divided into two main stages. In the first stage (Stage 1), a source
node broadcasts the messages to the destination node, as well as all other potential relay nodes.
In the second stage (Stage I1), the selected relay node forwards the received messages to the
destination node. In the whole process, all nodes work in a manner of half duplex. So the
access of the relay should meet the requirement of all nodes not transmitting or receiving
messages under the same frequency band simultaneously.

The 2-hop single-source multi-relay cooperative network mainly works in two main manner.
One is the AAF scheme and another is the SAF scheme. In the AAF scheme, all relay
nodes participate in forwarding the messages from the source node with more complexity.
In the SAF scheme, a relay node is selected to forward the messages to reduce the
complexity. And the structure of two stages of the two schemes is shown in Fig. 2.

Stage I: source node transmitting Stage I1: all N relay nodes forwarding
(a) All-relay amplify-and-forward (AAF) scheme scheme

® ©

(=) (=)

Stage I: source node transmitting Stage I1: single relay node forwarding

(b) Single-relay amplify-and-forward (SAF) scheme scheme

Fig. 2. Two stages of the AAF and the SAF schemes
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In Fig. 2, the channel coefficient from node i to node j are marked near the channel link and
denoted as h;;. And in the more complex AAF scheme, the detailed stages of a typical diagram
for all relays taking part in forwarding can be shown in Fig. 3.

Frequency
f/Hz Stage | Stage 11
Node 1 Forwarding Forwarding Forwarding
broadcasting Via Node 2 Via Node 3 Via Node N+1
Node 2 Forwarding Forwarding Forwarding
broadcasting Via Node 1 Via Node 3 Via Node N+1
Node N+1 Forwarding Forwarding Forwarding
0 broadcasting Via Node 1 Via Node 2 Via Node N

t/s
Fig. 3. Typical access mode for the relay forwarding

In Fig. 3, at Stage I, for the AAF scheme, one of the nodes from node 1 to N+1 broadcasts the
messages to all relay nodes and the destination node. Then, at the next Stage Il, every node
other than itself sends or forwards the messages to the destination node via the possible relay.
Take a single data sequence (e.g. i(i=1, 2, ..., N+1)) transmission in a cooperative network for
example, there are M(M=0, 1, ..., N) candidate relay node set and each node transmission need
a time slot. But for the SAF scheme, there is only one selected node forwarding the messages.

In stage I, the data sequence i broadcasts the messages to all candidate relay nodes j (j € Ru')
and the destination node D. The transmitted data sequence i is supposed to be the transmitted
data sequence x, with transmission power P;i. The parameters, hip and h;; , are the channel
coefficients from the source to the destination (D) and all the relay node {R;}, respectively.

And they belong to the complex Gaussian distribution with zero mean and variance of ciD

and 0?.,.1' So the received signal of Yip and y,, at the destination node and the j-th
cooperative node, respectively, can be represented as

Yio =PihoX+n, (1)

yi,j:\/PTihi,jX-'_ni,j’jERi ; )

where n,, and n;; are the AWGN noise and they are belong to the complex Gaussian

distribution with zero mean and variance of N, , and N, ;, respectively.

ij?

In stage 1, each relay node amplifies and forwards the received messages to the destination
node at the successive M time slot node by node. And the received message from the j-th relay
node at the destination node D can be expressed as

yj,D:ﬂjhj,Dyi,j+nj,D’ (3)
where PB; is the transmitted power of the j-th relay node from the i-th source node. g is the
amplification factor and it is shown in Equation (4) as follows.

By =Py 1\Pilh o] + N, (4)

In Equation (4), h;, is the channel coefficient from the j-th relay node to the destination



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 11, NO. 7, July 2017 3529

node and it belongs to the complex Gaussian distribution with zero mean and variance of JJ.Z’D .

n;p Is the AWGN of the channel from the candidate relay node to the destination node with

Gaussian distribution parameters of zero mean and variance of N, ;. In order to simplify the
description, we also assume a rational relationship as

Nip=N;;=N;,=N,. (5)

According to the above two typical forwarding model, the number of the relay nodes other

than 1 or N can be selected to compromise the complexity and performance, which can be used
in the optimization of the relay selection. And it can be shown in Fig. 4.

@ Optimally selected relay node set Ry’

Stage I: source node transmitting Stage I1: selected M relay nodes forwarding

Fig. 4. Two stages of the proposed relay selection scheme

In Fig. 4, the procedure of the source node transmitting and the relay node forwarding at
Stage | and Il can be the sub-set R;, of those of the AAF scheme shown in Fig. 4. The

optimized selection of the sub-set of the relay node set will be investigated in the next section.
And the relay node number may be inconstant under different channel environment.

3. Optimized Relay Selection by an Exclusive Method

For a specific data sequence i, one cooperative transmission in an amplify-and-forward (AF)
multi-relay network requires M+1 time slot, when M potential relay nodes take part in the
cooperation. In addition, the destination node uses the maximum ratio combination (MRC) to
combine the received signals. So the instantaneous mutual information, which can be used to
evaluate the channel capacity, is shown in Equation (6) similar to that in [17]

1 2 2 2
=00l R [ 7+ 3 R 7 Rihyo [ 20, (6)
where y is the signal-to—-noise ratio (SNR) of the system and it is expressed as y =1/N, ,

where N is the power spectrum density (PSD) of the channel noise. The function f(x,y) is
defined as xy/(x+y+1).

When the target rate of the destination node is R bit/s, and the instantaneous mutual
information is less than it, the outage occurs. The outage probability of the data sequence i is
presented as

PO =P

out out
PF(P" ‘hinI ‘2 ¥ +Zj€R' f (P” |hi'j|2 7, PIJ ‘hj'Dl ‘2 7/) < 2(M+1)R _1)
Similar to the deduction in [9], the above Equation (7) under high SNR can be simplified

(I, <R)=
()
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and denoted as

1
PO(M)=PY =W (M 8
out ( ) out ( ) P" ? D}/M +1 HJ&RM P. U P U ( )

ii,j ij~ j,D
where there is W(M) = (2% —1)"* /(M +1)! and R is the target rate. o7,, o7;, and o,

are the variance of the channel coefficients, from source node i to destination node D, source
node i to relay node j, and relay node j to destination node D, respectively.

When the total power from all type of data sequence is constrained, a mathematical
technique can be employed to select the proper relay set and minimize the average outage
probability. And the mathematical function can be modeled and shown as follows

min P

out — Z—l out ? (9)
_iP.§P|=12--~N+l 10
jeRy U

where Py is the total power available, P;; is the power from the i-th source node to the j-th relay
node. P, and P, are the overall and the i-th outage probability, respectively. So the optimal
solution is equivalent to the optimization problem of the individual data sequence, which
reduces as much outage probability as possible, as well as the complexity.

For the i-th data sequence, the source node and the relay nodes are supposed to be allocated

with equal power P,. Then, there are M relay candidates from the relay node set R, with total
M-relay outage probability P(M) and every node is allocated with power P, = P,. After that,

out

a new relay specific node set R,, is defined as the original relay node set R;, accompanied by
an exclusive method, e.g., excluding the specific relay node k, and so on. So the outage
probability is turned out to be P!)(M —1) under the same allocated power P, =P, for each

out
relay node. In order to minimize the overall outage probability of the entire relay system, the
outage probability should be reduced after the relay node exclusion. Then there should be a
relationship as

Pt (M)/ P (M -1)>1. (11)

For the relay node k, substituting the Equation (8) into the left part of Equation (11) with
some simplification, there is

() M
LAC U [ij 1 ( ! +%J. (12)
M-1) WM-D\R) »RBlol oip

out

where y is the systematic SNR, and o7, and o} ; are the variance of the channel coefficients,
from source node i to relay node k, and relay node k to destination node D, respectively.
Due to the relationship of the same power allocation as P, =P, =P,, Equation (11) and
Equation (12) can be combined together as
WM) 111y (13)
W(M -1) 7R, |k Ok.p
Subsequently, replacing W(M) with the detailed expression of (2™™% —1)M* /(M +1)!
from the explanation of Equation (8) with some simplification, Equation (13) is turned into
MR n\M
11 yRMMADER™ - (14)

2 2 = (M+DR _ q\M+1
Oix  Oxp @ =™

For the ease of analysis, we define three new notations as the equivalent channel gain (ECG)
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about the relay node k (V, ), the relay selection threshold (T,) and the SNR threshold of the
relay system (y, ), respectively. And they are expressed as follows.
V, =1/0i2'k +1/0'k2’D, (15)
T _ZPRM DR -1
r (2(M+1)R _1)M+1
2(M+1)R _1 M +1
7/r :Vk ( MF? M
PR(M +1)(2™ -1)
where y, is the specific SNR » with respect to the relay selection threshold (T,).
If the relay node k satisfies the following condition, it will be excluded from the relay set.
V, 2T, (18)
Finally, from the above deduction, a relay node for the cooperative forwarding are mainly
decided by the equivalent channel gain of it. In addition, it also dependents on the selection
threshold of the relay node itself, target transmission rate and the potential number of all the
relay nodes available. The selection threshold of the relay node increases, accompanied by the
raise of the SNR threshold y,. Therefore, large 7, leads to large selection threshold of the

relay node, and thus more relay nodes can’t be excluded from the proposed method. So more
relay nodes are retained to participate in the cooperative forwarding and transmission, which
degenerates to the original all-relay forwarding algorithm. Based on the above analysis, the
proposed relay selection can be concluded in Table 1 as follows.

, (16)

(17)

Table 1. The proposed relay selection with an exclusive method.
Main Steps Algorithm procedures
Supposing that all potential relay node can participate in the
cooperative forwarding, there is M=N. Then the relay set is

Step 1) Initialization Ry, ={12,..,N}. In addition, the initial relay selection threshold
T =T?is calculated by Equation (16).
The equivalent channel gain (ECG) V; of each potential relay node j

Step 2) Calculation of the
max ECG V__(k) with is computed by Equation (15). Then the ECG sequence {V,} of all

the index k in all ECGs | relay nodes is obtained and the max ECG V_, (t) is got as
of the relay nodes V. (k) = max ({V,}) with the index k.
K, jeRy

Step 3) Update of the relay | If v__ (t) is larger or equal thanT,, the relay node k is excluded
selection threshold (T,)

' from the relay node set R;A . Otherwise, go to Step 5).
and the relay node set R,,

The element number of the relay node set R;A is decreased by 1 as
M =M —1and new T, is calculated by Equation (16) with the
decreased M. If M =1, goto Step 5). Otherwise, go to Step 3).

Step 5) End of the The algorithm is completed and the residual relay node set R}, is the
Algorithm optimal relay selection node set for cooperation.

Step 4) Update of the
iteration step

Because the above steps in the proposed relay selection just utilize the information about the
ECG and the relay number and so on, the relay selection threshold can be determined at the
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beginning and updated in the iteration, which reduces much system resource occupation, such
as the bandwidth spectrum, CSI calculation, power consuming, and so on. The excluded relay
nodes are just idle and need not any resource in the process. So the occupied resource of the
excluded relay nodes, e.g., the channel bandwidth occupation, power consuming, etc., can be
released and re-allocated to other relay nodes with maximum ECG for low average outage
probability of the whole system and thus high system resource utility can be achieved.

The proposed algorithm mainly excludes the relay nodes with larger ECG than the threshold
one by one and the remainders of the relay node set are united as an optimized relay node set to
participate in the cooperative forwarding. However, intuitively, the exhaustive method can
also be used to find such a set at a first glance. In other words, all potential relay nodes in the
system are enumerated to form the relay node set. So there are 2" such sets. Then, the
average outage probability of the relay sets under the equal power allocation is calculated. And
the optimal relay node set with minimum average system outage probability can be found by
global searching and comparison. The exhaustive method has obvious deficiency of highest
computational complexity. However, the proposed scheme is a relative low complex method
to find the optimal relay node set. It only needs calculate the ECG and re-order them with the
relay node index. Therefore, the proposed relay selection scheme obtains similar performance
but with lower complexity, which makes it more pragmatic in practice.

4. Near Optimal Power Allocation for the Above Relay Selection

The optimized relay system set by the above relay selection method is mainly under the
constraint of equal power allocation. But the power allocation can be further optimized for
better outage probability performance by a near optimal power allocation (NOPA) method.
And the proposed power allocation can be described as follows.

For a single data sequence i, there are M relay nodes, i.e. the relay node setR;, , to be

selected after the above exclusive method. So an optimized power allocation scheme for
assigning the power for both the source node and all the relay nodes can be considered to
minimize the overall outage probability under the constraint of M selected relay nodes

mentioned above. Then, by minimizing the outage probability of the system P{) in Equation
(8), the optimization function can be modeled as

1
M+1 H jeRy ( P”O-I i PIJO-J b J} . (19)
L+ )
ii jeRl,

Suppose that there is o, = o/, /0% -(j eR, ) Equation (19) can be deduced and expressed
as

i
POUI

=min<W (M

~—

—:13
q

st

el
IA
~0

ij

i mi ﬂ
Poul mln{W( P“ : D}/M+l H]eRM O' [P" Pij J} . (20)

st. R +ZjeR;,, Pij <R

In Equation (20), by excluding some unknow but constant variables, the optimization
function can be further simplified as

Po'm =min  1/R-[], . (L/P+a;/R)
Pii+stR' PIJ_Pt .
Then, we use a Lagrange multiplier method to solve Equation (21) and the Lagrange function

(21)
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is constructed as
1 1 29
F(RRA)=p T Fii*— +2(R+ 2, RR) (22)
Firstly, taking partial derivation of Equation (22) with respect to P
then making them equal to zero, we can get

Pz HJERM {_+F]+ZkeR;‘A $|:HjeRh,j¢k(é+%J:|(_%j+ﬁ =0, (23)

|| ij

P,(jeRy)and 2,and

1 1 « . ] ,
F“|:erR{A,k¢j(F“+?E]:|[_F;2J+ﬂ =0, JeRy, (24)
R+, Pi—R=0. (25)
Then, solving the joint Equation group, i.e., Equation (23)~(25), there is
R’ +a,RPj PR /(M +1)=0. (26)

So P, can be represented by P, as

”:[ N P2+4aPP/(M+1)J/2, jeRl, (27)

jlii jlii

which determines the relationship of B, and P,

Suppose that there are P, =7,R, and P.. =n,R.je R), . then there are 7, >0 and

ii ij
0<n;<lje Ry, - 1, is the power allocation factor of the source node, and 7; is the power

allocation factor of the j-th relay node. According to the constraint condition of Equation (20),
3 +Z . <P, with the extereme condition of equality, there is

Pt 2 P =R (28)
By the similar subordinate optimized power allocation factor technique for a single data

stream deduced in [9], i.e., the factor of all relay nodes being the same under the equal power
allocation (EPA) scheme, there is

n,=(1-7,)/M, j Ry, (29)
Substituting the result of the proposed power allocation scheme as Equation (27) into
Equation (28), there is

P+ [ &P, +\Ja?P? +4a, PR (M +1)J/2:Pt. (30)
And Equation (30) can be reorganized as
Y NP A RRI(M+1) =Y R +2(R-R). (31)

Divided by P, at both sides of Equation (31), and using the definition of 7, =P, / B, , there
IS

]ER, \/a n? +4am, [(M +1) = szR’,w o, +2(1-1,) . (32)
Then, we defined « as the average of all «; = o7,/ o7,, (j € R;A) and it is expressed as
2 2
a=1UM-Y . o;=1UMY oflol,. (33)

To get the close form of 77,, a special case of the symmetric relay node deployment is
assume as in [9], where all relay nodes are placed symmetric and allocated with equal power.
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Then, there is a simple relationship of a,=a, foranyje R;, - So for this case, there is
n; =(1-n,)/M, foranyj e R, and Equation (32) can be turned into

> N Aan, (M +1) =,y @+ 2(1-1). (34)
Therefore, the power allocation factor 7, is deduced and expressed as

o = {1— oM {1—,/1#‘(“"—_”)} (35)
1—aM) | 2(M+1) a

Then, the power allocation factor 7; at the relay node j (j e R},) is easily got by using

Equation (35) and Equation (29) in sequence.

Therefore, the power of the source node and all relay nodes can be obtained by the above
optimized power allocation. And they can be applied in Equation (8) to get the smallest outage
probability of the entire relay system under the optimized power allocation constraint.

To evaluate the complexity of the proposed scheme, we compare it with an unoptimized
exhaustive scheme. The exhaustive scheme is described as follows. The power allocation of
all combinations from N participated relay nodes are figured out and the outage probability of
them are obtained. In other words, the power and outage probability of all possible
combinations from the N participated relay nodes are tentatively calculated. Then the global
searching method is used to find the set of the minimum outage probability. The set is
considered as the optimal relay node set, which can forward the source messages optimally.
When N is large, the exhausting algorithm is too complex to be accomplished for the optimal
calculation. However, in the proposed algorithm, the relay nodes to foward the messages are
chosen according to Equation (18), e.g., total M power calculations of Equation (27), which
greatly reduces the complexity. Here, M is the number of selected relay nodes participating in
fowarding the messages and it is usually less or equal than the total number N of all relay
nodes. In the exhaustive scheme, there are N relay nodes forwarding message from the source
node to destination node. In the proposed relay selection scheme, M relay nodes are chosen in
the cooperation. So the parameter M represents the number of the relay nodes taking part in the
cooperative relay selection. Finally, for a comparison, we evaluate some complexity of the
proposed relay selection scheme and the contrast ones with some variables in the complexity
computation. Given the actual participated relay node number M in the proposed scheme and
the N relay nodes in the contrast exhaustive scheme, the complexity of them are compared as
follows. In the proposed scheme, given M relay nodes in cooperation, there are only N relay
nodes for order sorting to find M participated nodes, N calculations of V in Equation (15), and
the NOPA computations of the M participated nodes. But in the exhaustive scheme, given N
(N>M) relay nodes in the cooperation, there are total calculations of 2" outage probability, 2"
minimum value selection, and 2" power allocation. And the number 2" just come from the
exhaustive scheme by a combination theory under N relay nodes, where the calculation is
carried out with a direct link from source node to destination node (S—D), plus siutuations of
no relay node (0 chosen node from all N nodes) participated, 1 relay node (1 chosen node from
all N nodes) participated, ..., N relay nodes (N chosen nodes from all N nodes) participated,
respectively. So there is a sum of 2" for all possible cases as follow.

Number of All Cases=Cy +C;y, +-+-+C} (36)
=CI xLx1" +Cp x I x 1" o+ C <1V <210 = L+ )N =2V

where Cj is the combination expression and it represents the number of the cases of chosing j
from a total i. So there are a total of 2" calculations in the exhaustive scheme to cover all
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possible combinations of the relay forwarding cases. And there are 2" calculations of the
outage probability, minimum value sorting and near optimal power allocation, respectively.

With the increase of N, the computational complexity of the exhaustive scheme grows
quickly, approximately in proportion to the exponential growth. Also the complexity of the
partial relay node participated AF scheme is similar to that of the proposed scheme with the
same number of the relay nodes in cooperative relay selection, except for the random selection
of the participated relay nodes. So the exhaustive scheme is too complex to be implemented,
especially for large number N of the relay nodes in a cooperative network. Therefore, the
proposed scheme has less increase in computational complexity, which makes it much more
pragmatic and it can be efficiently applied in cooperative networks.

5. Numerical Results and Analysis

To validate the proposed relay selection and power allocation scheme with the exclusive
method, the outage probability performance is simulated and compared with the contrast
schemes. Following the multi-relay cooperative network model in Fig. 1, the simulation
parameters are configured as follows. The channels between alternative two nodes in the
multi-relay network are symmetric, quasi-static and flat fading channels. And they can be
approximately modeled as the additive white Gaussian noises (AWGNS) with stochastic
channel attenuation at each transmission. The variances of the fading channel coefficients are
set according to the specific simulation scenarios. The channel parameters of the above
channels are zero mean and different variances described in Section 3. Finally, three
experimental instances are performed to verify the proposed scheme with different simulation
parameters. The simulation results and the analyses are listed as follows.

Simulation I: under single data sequence, the outage probabilities of the proposed relay
selection scheme and the contrast Partial Relay Node Participated AF (PRNP-AF)
scheme with different number of participated relay nodes are simulated and compared.
And the relay nodes are randomly chosen in the contrast PRNP-AF schemes.

Take a typical data sequence for an example, suppose that the source node is node 1, the
nodes 2~7 are the potential relay nodes and the destination node is node D. The distance
of the source node and destination node are normalized as 1 and other relay nodes are
randomly scatted between them. The statistical characteristics of the channels between
any two nodes are mainly related to the distance of them. So a typical group of the variances
of the channel coefficients for different channel links is set and shown in Table 2.

Table 2. The variance of the channel coefficients of different channel links.

Channel link | Channel coefficients (variances 6;°)~N(0, 6;;°) | Simulation values
S —S, 015 0.8
S, —S; o15 0.4
S;— S, 014 0.3
S, —Ss 015 0.2
Si— S OL6 0.15
S — S 01,72 0.1

S—D OLp 15
S,—D Oo.1f 1.2
S;—D 0510 0.9
S,—D Our’ 0.4
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S5->D O5J)2 0.3
Se—D 06,1)2 0.2
S;—D 07,[)2 0.1

The power at each node is normalized as 1W and the total power is 7W for a source
node and 6 relay nodes. The target rate is R=0.5bit/s. Then, the simulation results of the
proposed scheme and the contrast Partial Relay Nodes Participated AF (PRNP-AF)
schemes with different number of participated relay nodes are shown in Fig. 5.

—6—Proposed scheme H
1 —5—PRNP-AF scheme (1 node) [
—<—PRNP-AF scheme (2 nodes)
—>— PRNP-AF scheme (3 nodes) |

10 e —%—PRNP-AF scheme (4 nodes) &
== —%— PRNP-AF scheme (5 nodes)
210 g’&% - —*—PRNP-AF scheme (6 nodes)
= ! ‘
e}
o
=,
D
g
=
(]

SNR(dB)

Fig. 5. Comparison of the outage probability of the proposed scheme and the contrast PRNP-AF
scheme with different number of participated relay nodes.

From Fig. 5, the average outage probability of the relay system with proposed scheme is
always the minimum at the selected SNR range among all schemes in the simulations.
When the SNR is low, especially smaller than 15.8dB, the outage performance of the
PRNP-AF scheme with one relay node exceeds that of the same scheme but with full six
relay nodes. Otherwise, the latter outperforms when the SNR is larger than 15.8dB. Other
cases are also similar as described above, where the PRNP-AF scheme with fewer relay
nodes has better outage performance than that with much more relay nodes at low SNRs.
Or vice visa, when the two schemes work at much higher SNRs. At outage probability of
10™ the proposed scheme obtains about 5.8, 1.1, 0.1, 0.15, 0.6, 2.1 dB SNR gains, respectively,
when compared with the contrast PRNP-AF schemes with different relay node number from 1
to 6. So only proper number of relay nodes can achieve best performance for a specific scheme
given a total number of the participated relay nodes in a cooperative network. At high SNRs,
a multiple-relay system with more relay nodes involving in the cooperation has the least
average outage probability, thus exhibits better overall outage performance. At low SNRs,
only some proper relay nodes bring best performance. This phenomena can be explained
as follows. At high SNRs, more channel links are available for high quality transmission,
and thus much diversity gain can be obtained for better outage performance. So more
relay nodes help to improve the channel capacity and thus reduce the outage probability.
For the proposed scheme, the relay selection threshold T, in Equation (16) becomes larger

r

and thus more relay nodes are remained for participating in the cooperation. It degenerates and
approaches to the PRNP-AF scheme with full-relay-node participation. However, the
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performance gain by the increase of the relay nodes is at the cost of huge computational
complexity, which greatly hinders the practical applications. At low SNRs, much more
relay nodes may work at poor channel environment, which brings less performance gains.
In other words, some relay nodes in cooperation of the poor channel links may hinder the
overall performance, since they require more power in transmission, thus they occupy
the bandwidth resources for worse performance. Therefore, only proper links with
cooperative relay nodes contribute to the overall optimal performance and it can be
optimized by the relay selection threshold suggested in the proposed scheme.

Simulation I1: under the constraint of the equal power allocation (EPA), the outage
probability of the proposed scheme and the contrast AAF and the SAF schemes are
simulated and compared.

For the generalization of the experimental results, 8 nodes are randomly generated ina 2X 2
two-dimensional plane in all simulation scenarios. Suppose that the channels are the
quasi-stationary flat fading channels. The channel fading factor between any two node, e.g.
node i and node j, satisfies the fading distribution with zero mean and variance o;°. The

relationship of the fading parameter ,,” and the distance d;; is afj =d; |, where z is the path

loss factor, and it is chosen as 3 in the simulations. The simulation iterations are 10° for the
average outage probability. In the simulations, the transmission power for each node is all set
as 1W, and the target information rate is R=0.5bit/s. The average outage probability of the
relay system is defined as the average outage probability of all data sequences passing through
all possible channels. Finally, the simulation results of the proposed scheme and the
contrast AAF and SAF ones are shown in Fig. 6.

10°

|
—o—Proposed scheme ||
10" —2— AAF scheme ||
= =S —v—SAF scheme =
B
R
2
=10
g o e
o
s
S
£ 10°
(@] SN
10 \s\
5
10 8 10 12 14 16 18
SNR(dB)

Fig. 6. Comparison of the outage probability among the proposed relay selection scheme, the
AAF and the SAF schemes.

In Fig. 6, the outage performance of the proposed scheme outperforms those of the AAF
and the SAF schemes. When the outage probability is 10, the proposed scheme has about 1.3
dB and 1dB performance gain over those of the AAF and the SAF schemes, respectively.
When the outage probability is 10, the proposed scheme outperforms the AAF and the SAF
schemes about 0.3 dB and 2.5 dB, respectively. At low SNRs, the performance of the proposed
scheme has a little better than that of the SAF scheme, and it surpasses that of the AAF scheme
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much. At high SNRs, the proposed scheme overtakes the AAF scheme negligibly, but it
superiors to the AAF scheme much. The possible reasons are explained as follows.

Firstly, the reasons for the performance improvement of the proposed scheme over the AAF
scheme are listed as follows. At low SNRs, more relay nodes take part in the cooperative
forwarding, which occupies much channel resources, such as the estimation of the CSlI, the
bandwidth spectrum and so on. However, due to poor channel, little gain can be obtained and
the transmission of different channels may interference with each other to further degrade the
outage performance. Also, some channels with worst channel state may drag back overall
performance. So the transmission efficiency is cut down and the outage performance decreases
too. At high SNRs, more relay nodes help improve the reliability, which improves the outage
performance apparently. The proposed scheme can obtain similar performance, because more
relay nodes are retained at high SNRs according to Equation (18). So it gradually degenerates
to the AAF scheme for good performance but at the cost of less reduced complexity.

Secondly, since the relay selection in the proposed scheme is optimized for the best outage
performance at high SNRs, it surely outperforms the SAF scheme, which only uses a fixed
optimal single-relay node for cooperation. However, at low SNRs, more relay nodes are
associated with poor channels, which may damage the overall performance. So only limited
relay nodes with good channel contribute to good performance. For the proposed scheme,
there are more relay nodes to satisfy Equation (18) for exclusion at low SNRs. In some
extreme cases, it even chooses a relay node for cooperation, which is just the SAF scheme.

Simulation I11: the comparison of the outage probability among the proposed scheme
with the near optimal power allocation (NOPA) and the equal power allocation (EPA),
respectively, and the exhaustive scheme with the NOPA.

The nodes are randomly generated in a 2X2 two-dimensional plane the same to those in
Simulation Il. Given a total number of the nodes as 8, two group of the 4 of them are
assigned for the data sequence nodes and destination nodes, respectively. For a single data
sequence, there are 6 potential relay nodes. In the simulations, the transmission power of each
node is set as 1W, the target rate is R=0.5bit/s. The above schemes with the NOPA or the EPA
are adopted in simulations. Finally, the simulation results are simulated and shown in Fig. 7.

10°

—+—Proposed scheme with the NOPA [
3 —2—Proposed scheme with the EPA [
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Fig. 7. Comparison of the outage probability among the proposed scheme with the NOPA and the
EPA, and the optimal exhaustive scheme with the NOPA.
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In Fig. 7, the outage performance of the proposed power allocation scheme of NOPA
outperform that of it with the EPA for about 1-1.2 dB at all SNRs. The outage performance of
the proposed scheme of the NOPA approach closely to that of the globally optimal exhaustive
scheme and there are still 0.2-0.5 dB performance gap when the SNR is less than 15dB. But
the performances of them are getting closer with the increase of the SNR. These phenomenon
can be explained as follows.

Given the same proposed scheme, the EPA allocates the power of all rely nodes equally. Due
to different channel states, some power allocation can not be efficiently used for the relay
nodes related to poor channels. This can be explained by the well-known water-filling theory
in the information theory, where more power should be allocated in the channel with better
channel conditions for better channel capacity. Therefore, the EPA scheme are not optimal in
the power allocation. However, based on the above analysis in Section 4, the NOPA are
sub-optimal scheme to approach the results of the water-filling theory with acceptable
complexity. Under the same sub-optimal NOPA, the proposed scheme can approach to the
optimal exhaustive scheme since it uses some best chosen reliable rely nodes for coopertion,
which contribute most of the performance, but at the cost of low complexity.

6. Conclusion

In this paper, an optimized relay selection and power allocation by an exclusive method in a
single-source and multi-relay cooperative network is proposed with high outage performance,
good power efficiency and low complexity. By the statistical channel characteristic, it mainly
excludes all relay nodes with higher equivalent channel gain over a fixed threshold to prevent
them from deteriorating the average outage probability of the entire cooperative system. In
addition, the threshold is deduced from the analysis of the reduction of the overall outage
probability. It need not update the instantaneous channel state information of all channels to
get the optimal relay selection, which reduces much complexity and improves the resource
utility. Moreover, a NOPA scheme for the above relay selection is also proposed by a
Lagrange multiplier method to optimize the power efficiency. Numerical simulations and
theoretical analyses show that the proposed relay selection scheme obtains better outage
performance than those of the contrast AAF, SAF and partial-relay-node-participated AF
schemes and so on. Furthermore, the NOPA for the proposed relay selection obtains similar
power efficiency of the optimal exhaustive schemes, but with much lower complexity.
Therefore, the proposed relay selection and power allocation scheme is much efficient and
pragmatic in single-source multi-relay cooperative networks with high outage probability
performance, good power efficiency, and low computational complexity.
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