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ABSTRACT

In this paper, we propose an adaptive amplify-and-forward (AF) relaying scheme that selects the best relay among the
available relay nodes opportunistically to cooperate with a source node for improvement of the spectral efficiency. This
improvement can be achieved by introducing a policy that gives the useful cooperative regions and defines a switching
threshold signal-to-noise ratio that guarantees the bit error rate (BER) of cooperative transmission is below the target. We
model all links as independent non-identically distributed Rayleigh fading channels. We then derive closed-form expres-
sions for the average spectral efficiency, average BER, and outage probability when an upper bound for the signal-to-noise
ratio of the end-to-end relay path is applied and adaptive discrete rate is considered. Numerical and simulation results show
that the proposed scheme, compared with the outage-based AF incremental relaying, AF fixed relaying, and the conven-
tional direct transmission, can achieve the maximum average spectral efficiency while maintaining the average BER and
outage probability. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Cooperative diversity (CD) is well-known as an alternative
solution of achieving spatial diversity in wireless commu-
nication systems when there is a limitation in implement-
ing multiple antennas at the transmitter and/or receiver
[1–4]. It basically enables intermediate node(s), either part
of the infrastructure of the network or existing users, to
forward the received information signal from a source
node to the corresponding destination node. Cooperative
transmission has recently become a key technology for
modern wireless networks such as 3GPP long-term evolu-
tion, WiMax, vehicular networks, and so on [5–8], because
in such networks, the transmission rate, communication
reliability, and coverage problems could be solved in an
efficient and cost-effective manner.

†Parts of this paper have been presented at IEEE Globecom 2011

Cooperative diversity can be classified into three main
approaches as follows: fixed relaying, selection relay-
ing, and incremental relaying. In fixed relaying, the relay
node always forwards the received information signal all
the time that represents the simplest cooperative diversity
scheme [9]. In selection relaying, the relay node forwards
the received information signal when the channel qual-
ity exceeds a predefined limit, otherwise, the relay node
keeps silent [10]. In incremental relaying, the relay node is
activated if a request is made from the destination node
[11]. The two well-known cooperative protocols are the
amplify-and-forward (AF) and decode-and-forward (DF),
where the main difference between them is the processing
type at the relay node.

In multiple-relay cooperative system, the relay nodes
usually transmit over orthogonal channels to avoid inter-
ference. This operation mode increases the operation
complexity and may reduce the spectral efficiency. One
approach to reduce this complexity is to use relay selection
methods where only one relay node is selected from the
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available relay nodes using a pre-defined policy [11–19].
Opportunistic relaying (OR) [12] is a simple and efficient
relay selection method that was proposed to reduce the
complexity of the distributed space time coding (DSTC)
system [20,21]. Another relay selection scheme, called
selection cooperation (SC), proposed in [13], outperforms
the DSTC system in terms of outage probability under high
signal-to-noise ratio (SNR) assumption. In [14], compari-
son between OR and SC schemes is provided in terms of
outage and bit error probability (BEP) in the DF scheme.
Numerical results show that SC has slightly lower outage
probability. However, for BEP, both schemes may outper-
form one another. In [15] and [16], AF cooperative network
with OR is investigated in terms of outage probability and
symbol error probability, respectively. Chen et al. [17] also
considers the outage probability of AF OR but for high
SNR scenario. In [18], a new relay selection method is
proposed on the basis of a threshold value. This threshold
value is exploited to decide whether to use a direct link or
to let the best relay cooperate with the source node. The
drawback of this method is the difficulty in optimizing the
threshold value, which makes it unrealistic to implement.

Recently, several cooperative schemes with variable-
rate transmission have appeared. In [9], the performance
of multiple-relay AF fixed relaying is analyzed. Results
show a reduction in the spectral efficiency as the number
of relay nodes increases. This problem is solved partially
in [19] where opportunistic AF fixed relaying scheme is
proposed. Another work considers also opportunistic AF
incremental relaying to improve the spectral efficiency in
which the relay node is activated only if the source node
experiences an outage [11]. This mode of operation is
not optimal in terms of maximizing spectral efficiency.
In [22], an efficient AF adaptive cooperative scheme is
proposed when identically distributed links are assumed.
Relay selection strategy based on OR and variable-rate
transmission are used to improve the spectral efficiency.
In [23], DF scheme is investigated with adaptive modu-
lation. The work assumed that the destination node may
receive two different modulation modes that increases the
detection complexity. This assumption is relaxed in [24]
by incorporating the variable-rate transmission in DF OR
in order to utilize the degree of freedom of the channels.

This paper focuses on the design and analysis of efficient
cooperative scheme that performs variable-rate transmis-
sion and relay selection over multi-relay systems. It aims
to improve the spectral efficiency while maintaining the
target quality in terms of bit error rate (BER) and outage
probability. Similar to other opportunistic relaying-based
schemes (e.g., [11,12,19,22,23]), the proposed scheme
uses the OR strategy to select the best relay among the
available relay nodes utilizing only local channel knowl-
edge of each relay node [12]. Although the fixed relaying
scheme is simple [9,19], the reduction of the spectral effi-
ciency is noticeable at low average SNR of the relay path.
On the other hand, the outage-based cooperative scheme
lacks to improve the spectral efficiency at high average
SNR because cooperative transmission is not activated.

This motivates the design of an adaptive scheme that has
the capability to maximize the spectral efficiency at all
time by adapting the transmission rate and the mode of
transmission (i.e., cooperative or direct). To achieve this,
a discrete adaptive modulation is introduced as a prac-
tical implementation of variable-rate transmission. Then,
a switching policy is defined to switch between coopera-
tive and non-cooperative transmissions, which depends on
the definition of the switching thresholds of each modu-
lation level as well as a switching threshold for the mode
of transmission. It is shown that this switching threshold
can be approximated from its original definition without
affecting the performance. Furthermore, the work of [22]
is extended for the case of independent non-identically dis-
tributed Rayleigh fading channels in which closed-form
expressions for the average spectral efficiency, average
BER (ABER), and outage probability are derived.

The remainder of this paper is organized as follows.
Section 2 describes the system model and its parame-
ters, which includes the channel model and the adap-
tive modulation. Section 3 presents the adaptive AF OR
scheme and its mode of operation. Performance analysis is
given in Section 4. Numerical examples are presented in
Section 5. Finally, in Section 6, the paper is concluded and
future research is presented.

2. SYSTEM DESCRIPTION

A cooperative wireless system is considered consisting of
L relay nodes .Ri ; i D 1; 2; :::; L/, where only one relay
is selected to cooperate with source node S to transfer
the information signal to destination node D, as shown in
Figure 1. All relay links are modeled as independent non-
identically distributed block Rayleigh fading channels. The
transmit power from the source and relay nodes are kept
constant because the variable rate is used [25].

The transmission of information signal takes place after
deciding the mode of operation, whether to transmit only
over the direct link or to select the best relay node among
the available relay nodes to cooperate. If the cooperative
mode is activated, the first phase of transmission starts with
broadcasting the source information signal x.t/ to the best
relay node, Rb , and the destination node. The received
signals at the relay and destination nodes are

ySRb .t/D hSRbx.t/C nSRb .t/; t D 1; 2; :::;
T

2
(1)

ySD.t/D hSDx.t/C nSD.t/; t D 1; 2; :::;
T

2
(2)

respectively, where hSRb and hSD are the fading coeffi-
cients between the source and best relay nodes, and the
source and destination nodes, respectively. nSRb and nSD
are the additive white Gaussian noise terms at the best
relay and destination nodes, respectively, with a variance
of No for all links, and T is a time-slot duration. In the
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Figure 1. Amplify-and-forward opportunistic relaying with adaptive transmission.

second phase, the best relay node amplifies the received
signal, ySR.t/, and transmits it to the destination node. The
received signal at the destination node is

yRbD.t/

DGRbhRbDySRb .t/C nRbD.t/; t D
T

2
C 1; :::; T

(3)

where hRbD is the fading coefficient between the best
relay and destination nodes, nRbD is the additive white
Gaussian noise term at the destination node, and GRb is
the amplifying gain that can be defined as [2]

G2Rb
D

ES

ES
ˇ̌
hSRb

ˇ̌2
CNo

(4)

where ES is the average symbol energy. After the com-
pletion of the two phases, destination node detects the
two received signals from the source and best relay nodes.
One way of detection is to use maximal ratio combining
that maximizes the overall received SNR. As a result, the
maximum AF effective received SNR becomes

�bAF D �SD C max
i2f1;2;:::;Lg

�
�SRi �RiD

�SRi C �RiD C 1

�
(5)

where �SRi and �RiD are the instantaneous SNRs between
the source and the i th relay nodes, and the i th relay and
destination nodes, respectively. For derivation tractability,
many research works such as [9,11,19,26,27] approximate
(5) by its upper bound as

�bAF � �SD C max
i2f1;2;:::;Lg

�
min

�
�SRi ; �RiD

��
D �SD C �SRbD (6)

where �SRbD is the upper bound of the end-to-end SNR of
the best relay path. If the cooperative mode is not activated,
the source node transmits the information signals using the
full time-slot duration, T .

For independent Rayleigh fading channels, the cumula-
tive distribution function (CDF) of the output SNR for each
link from node i to node j is given by [11,19]

F�ij .x/D 1� e
�x= N�ij (7)

where N�ij is the average SNR. The corresponding proba-
bility density function (PDF), f�ij .x/, can be obtained by
differentiating (7) with respect to x.

For practical implementation of adaptive transmission,
an adaptive M-ary Quadrature Amplitude Modulation
(M-QAM) with constellation size of 2n, n D 2; 3; :::; N is
considered, where N is the maximum spectral efficiency.
The modulation mode selection depends on a predesigned
target performance that can be represented by the target
BER .BERT/. This target performance actually divides the
range of the SNR into regions Œ�n; �nC1/, each region cor-
responds to a modulation mode. The minimum switching
threshold is �2 in which the transmission is declared to be
under outage condition if SNR < �2, where n D 0. In
M-QAM modulation with coherent detection and Gray
coding [28], BER can be approximated as

BER.n; �/�
2.
p
2n � 1/

n
p
2n

Q

 r
3�

2n � 1

!
; n� 2 (8)

where Q(.) is the Gaussian Q-function. Then, the switching
thresholds are given by

�n �
2n � 1

3

 
Q�1

 
n
p
2nBERT

2.
p
2n � 1/

!!2
; 2� n�N

(9)
and �NC1 D1. Note that if n D 0, Œ�n; �nC1/ D Œ0; �2/
because n = 1 is not considered.

3. PROPOSED ADAPTIVE
AMPLIFY-AND-FORWARD
OPPORTUNISTIC
RELAYING SCHEME

In multiple-relay cooperative system, the number of relay
nodes used for cooperative transmission has an impact
on the spectral efficiency. Although the diversity is high
(i.e., L+1 diversity order can be achieved), the operation
becomes very complicated and the system suffers low
spectral efficiency due to the transmission over orthog-
onal channels [9]. Also, the characteristics of the chan-
nel are usually under continuous change due to multipath
fading. Therefore, in order to maximize the spectral effi-
ciency, it is important to use a relay selection technique
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and let the cooperative transmission be adaptive in terms
of both cooperative and non-cooperative transmissions and
rate selection. The switching policy is defined as

(1) If �SD� �jN
2

k
C1

, do not cooperate, where bkc is

the largest integer less than or equal to k.
(2) If �SD< �jN

2

k
C1

, cooperate if �b
AF
� Tn,

(3) else
do not cooperate,

where Tn is the switching threshold SNR used to guar-
antee that the cooperative transmission can maximize the
spectral efficiency. The output SNR of this scheme can be
defined as

�OUT D

8̂̂̂
ˆ̂̂̂<
ˆ̂̂̂̂̂
:̂
�SD ;

if

�
�SD � �

j
N
2

k
C1

	
; or

if .�n � �SD � �nC1 and

�b
AF

< Tn; nD 2; :;
j
N
2

k
/;

�b
AF

; otherwise
(10)

When �SD� �
j
N
2

k
C1

, the spectral efficiency of the

direct transmission, n, is above the mid spectral efficiency,
N=2, then the cooperative transmission cannot maximize
spectral efficiency. On the other hand, when the spectral
efficiency of the direct transmission is less thanN=2, coop-
erative transmission is activated if the spectral efficiency is
larger than 2n. In addition, the spectral efficiency of coop-
erative transmission should still satisfy the target BER.
Hence, the BER of the cooperative transmission should be
less or equal the BER of the direct transmission, that is,

BER


2n; �bAF

�
� BER.n; �SD/; 2� n�

�
N

2



(11)

by substituting (8) into (11) and doing some manipulations,
�b
AF

is lower bounded by

�bAF �
22n � 1

3

(
Q�1

"
2nC1

2nC
p
2n

�Q

 r
3�SD

2n � 1

!#)2
; 2� n�

�
N

2




D Tn; 2� n�

�
N

2



(12)

For n D 0, the minimum requirement of �b
AF

is to be
larger than or equal to �2; otherwise, the cooperative trans-
mission is under outage as well. This condition represents
the policy proposed in [11]. The mathematical model of the
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Figure 2. Switching threshold signal-to-noise ratio (SNR), Tn,
and its upper bound approximation.

switching threshold SNR can be represented by

Tn D

8̂̂̂
<̂
ˆ̂̂̂:

�2; nD 0;

22n�1
3

n
Q�1

h
2nC1

2nC
p
2n

�Q

�q
3�SD
2n�1

	��2
2� n�

j
N
2

k
(13)

Furthermore, the expression of Tn can be approximated
for the analysis tractability and simplify the calculation at
the relay node. In a successful wireless transmission, the
target BER is usually less than 10�3, so the Q-function
inside the inverse of the Q-function as shown in (13) is
very small compared with the fraction multiplied with it,

(i.e., Q(.)� 1 and 2nC1=


2nC

p
2n
�
> 1 ). Therefore,

this fraction can be approximated to be equal to 1. Then,
(13) can be approximated by

Tn �

(
�2; nD 0;

.2nC 1/�SD ; 2� n�
j
N
2

k (14)

Figure 2 shows the comparison of the approximation (14)
to the exact (13). Notice that the gap slightly increases as
the SNR increases because the approximate expression of
the BER in (8) is not as accurate at high SNR. The effect
of this approximation on the performance of the proposed
scheme is further analyzed in Section 5 (see Figure 5).

The decision to cooperate or not and selecting the best
relay node under variable-rate transmission requires that
each relay node estimates the relay links by receiving a
ready-to-send signal from the source node and a clear-to-
send signal from the destination node, which includes the
SNR of the direct link, �SD . On the basis of this informa-
tion, each relay node is able to apply the proposed policy
as shown in Figure 3. Each relay node, Ri , i D 1; 2; :::L,
finds the spectral efficiency of the direct link, n, calculates
�SRiD and � i

AF
. If n is below the mid spectral efficiency

and � i
AF

> Tn, the relay node sets a timer that is inversely
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Figure 3. Flow chart of the proposed scheme at the rely node,
Ri , i D 1;2; :::L.

proportional to �SRiD [13]. If the timer of the i th relay
node expires first, a flag packet, f lagi , which includes
�SRiD , will be sent by the i th relay node to announce
its existence to the source and destination nodes and to
keep other relay nodes silent. The source node is then able
to select the modulation level for the cooperative trans-
mission mode. If the maximum listening time by which
the system can use one of the relay nodes expires (i.e.,
all the relay nodes are silent), the source node will use
the received clear-to-send signal from the destination node
to select the modulation level for the direct transmission
mode. Notice that the communication overhead of the pro-
posed scheme is due to the requirement of sending the SNR
of the direct link to relay nodes. It has been proven that the
SNR can be represented by only 6 bits using non-uniform
quantizer [29].

Special cases. Various schemes can be obtained on the
basis of the values of �SD and �b

AF
and mode of operation

as follows:

� �b
AF
D 0 (i.e., no cooperation)) The conventional

direct transmission [28].

�



�SD ; �

b
AF

�
< 1 (i.e., no restriction on their val-

ues), cooperate all the time ) AF fixed relaying
scheme [9,19].

� if �SD < �2 (i.e., the direct transmission expe-
riences an outage), cooperate ) outage-based AF
incremental relaying scheme [11].

4. PERFORMANCE ANALYSIS

4.1. Average spectral efficiency

On the basis of the mode of operation, the average spectral
efficiency of the proposed scheme can be expressed as [22]

�D
NP

nD
j
N
2

k
C1

n a.n/C

j
N
2

kP
nD2

n b.n/

C

j
N
2

kP
nD 0

n¤ 1

NP
mDIn

m
2 c.n;m/

(15)

where m is the spectral efficiency of the cooperative trans-
mission and divided by 2 due to the half duplex constraint.
a.n/ is the probability that �SD falls in region n, b.n/ is
the probability when �2 � �SD � �jN

2

k and �b
AF

< �T ,

and c.n;m/ is the probability when �2 � �SD � �jN
2

k
and �b

AF
� �T , also, In D 2 if n D 0 and In = 2n if

n¤ 0. a.n/ can be obtained as

a.n/D

�nC1Z
�n

f�SD .x/dx D F�SD .�nC1/�F�SD .�n/

D e��n= N�SD � e��nC1= N�SD (16)

where f�SD .x/ is the PDF of �SD , and F�SD .x/ is its
CDF. Let  .˛; ˇ/D e�ˇ�˛ � e�ˇ�˛C1 , then a.n/ can be
rewritten as a.n/D  .n; 1= N�SD/
b.n/ can be represented by

b.n/�

�nC1Z
�n

F�SRbD
.Tn � x/f�SD .x/dx (17)
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where F�SRbD .:/ is the CDF of the upper bound of the
best-relay end-to-end path SNR. This can be given by

F�SRbD
.�/D Pr

�
max

i2f1;2;:::;Lg

�
min

�
�SRi ; �RiD

��
� �

�

D

LY
iD1

h
1� .1�F�SRi

.�//.1�F�RiD
.�//

i

D

LY
iD1

�
1� e

� �
N�SRiD

	
(18)

where N�SRiD D N�SRi N�RiD=
�
N�SRi C N�RiD

�
.F�SRbD .�/

can be rewritten as

F�SRbD
.�/D 1�

LX
iD1

.�1/i�1
L�iC1X
k1D1

L�iC2X
k2Dk1C1

� � �

LX
kiDki�1C1

� e
��

iP
dD1

1
N�SRkd

D

(19)

The corresponding PDF is obtained by differentiating (19)
with respect to � , yielding

f�SRbD
.�/D

LX
iD1

.�1/i�1
L�iC1X
k1D1

L�iC2X
k2Dk1C1

� � �

LX
kiDki�1C1

�

iX
dD1

1

N�SRkdD
e
��

iP
dD1

1
N�SRkd

D (20)

substituting (19) into (17) and solving the integral, b.n/ is
given by (21). Finally, c.n;m/ can be represented by

b.n/�  

�
n;

1

N�SD

	

�

LX
iD1

.�1/i�1
L�iC1X
k1D1

L�iC2X
k2Dk1C1

� � �

LX
kiDki�1C1

�

2
6664 1

1C 2n N�SD
iP

dD1

1
N�SRkd

D

� 

0
@n; 1

N�SD
C 2n

iX
dD1

1

N�SRkdD

1
A
3
7775

(21)

c.n;m/�

�nC1Z
�n

Z
CR

f�SRbD
.u� x/f�SD .x/dudx (22)

where CR represents the cooperative regions that �b
AF

may fall in, which can be defined as

CRD

8̂̂
ˆ̂̂̂<
ˆ̂̂̂̂̂
:

Œ�m; �mC1/; if .nD 0;m� 2/ or



2� n�

j
N
2

k
; m� 2nC 1

�

ŒTn; �mC1/; if


2� n�

j
N
2

k
; mD 2n

�
(23)

c1.n;m/�

LX
iD1

.�1/i�1
L�iC1X
k1D1

L�iC2X
k2Dk1C1

� � �

LX
kiDki�1C12

6664 1

1� N�SD
iP

dD1

1
N�SRkd

D

� 

0
@n; 1

N�SD
�

iX
dD1

1

N�SRkdD

1
A

� 

0
@m; iX

dD1

1

N�SRkdD

1
A
3
7775

(24)

On the basis of the conditions of the cooperative regions,
c.n;m/ has two values, c1.n;m/ and c2.n;m/. For
CRD Œ�m; �mC1/, substituting (20) into (22) and solv-
ing the double integral, c1.n;m/ is given by (24). Sim-
ilarly, For CRD ŒTn; �mC1/, c2.n;m/ is given by (25).
Substituting (16), (21), (24), and (25) into (15), a closed-
form expression for the average spectral efficiency of the
proposed scheme can be obtained.

4.2. Average bit error rate

In general, the average BER (ABER) can be defined as the
average number of bits in error divided by the total aver-
age number of transmitted bits. Therefore, the ABER of
the proposed scheme can be expressed as [22]
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c2.n;m/�

LX
iD1

.�1/i�1
L�iC1X
k1D1

L�iC2X
k2Dk1C1

� � �

LX
kiDki�1C1

�

2
6664 1

1C 2n N�SD
iP

dD1

1
N�SRkd

D

� 

0
@n; 1

N�SD
C 2n

iX
dD1

1

N�SRkdD

1
A

�
e

��mC1

iP
dD1

1
N�SRkd

D

1� N�SD
iP

dD1

1
N�SRkd

D

� 

0
@n; 1

N�SD
�

iX
dD1

1

N�SRkdD

1
A
3
7775 (25)

Pe D
1

�

0
BB@

NX
nD

j
N
2

k
C1

nP
a.n/
e C

j
N
2

k
X
nD2

nP
b.n/
e

C

j
N
2

k
X
nD0
n¤1

NX
mDIn

m

2
P
c.n;m/
e

1
CCA (26)

where P a.n/e and P b.n/e are the ABER when the direct

transmission is activated, whereas P c.n;m/e is the ABER

when cooperative transmission is activated. P a.n/e can be
written as

P
a.n/
e D

�nC1Z
�n

BER.n; �/f�SD .�/d� (27)

where BER.n; �/ can be rewritten as

BER.n; �/�
2

p

2n � 1
�

n
p
2n

Q

 r
3�

2n � 1

!

D AnQ

p

Bn�
�
; n� 2 (28)

where An D 2

p

2n � 1
�
=


n
p
2n
�

and Bn D 3=.2n �

1/. To simplify the derivation, a common finite integral can
be defined as

�.s1; s2; N�; B/D

s2Z
s1

Q

p

Bx
� e�x= N�
N�

dx (29)

Solving the integral using integration by parts, (29) can be
given by

� .s1; s2; N�; B/

DQ
�p
Bs1

�
e�s1= N� �

r
B
2
N�
CB

Q

�r
2s1



1
N� C

B
2

�	

�Q
�p
Bs2

�
e�s2= N� C

r
B
2
N�
CB

Q

�r
2s2



1
N�
C B

2

�	
(30)

then, P a.n/e becomes

P
a.n/
e D An� .�n; �nC1; N�SD ; Bn/ (31)

The second part of the ABER of the direct transmission,

P
b.n/
e , can be written as

P
b.n/
e �

�nC1Z
�n

BER.n; x/F�SRbD .Tn � x/f�SD .x/dx

(32)

P
b.n/
e � An�

�
�n; �nC1; N�SD ; Bn

�
�An

LX
iD1

.�1/i�1
L�iC1X
k1D1

L�iC2X
k2Dk1C1

� � �

LX
kiDki�1C1

�

2
6664 1

1C 2n N�SD
iP

dD1

1
N�SRkd

D

� �

0
BBB@�n; �nC1; 1

1
N�SD
C 2n

iP
dD1

1
N�SRkd

D

;Bn

1
CCCA
3
7775 :

(33)

Substituting (19) and (28) into (32) and solving the inte-

gral, P b.n/e is given by (33).

The ABER of the cooperative transmission, P c.n;m/e ,
can be written as

P
c.n;m/
e

�
�nC1R
�n

R
CR

BER.m; u/f�SRbD .u� x/f�SD .x/dudx

(34)
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P
c1.n;m/
e � Am

LX
iD1

.�1/i�1
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2
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(35)
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(36)

Substituting (20) and (28) into (34) and using the

definition of the cooperation regions in (23), P c1.n;m/e

and P
c2.n;m/
e can be given by (35) and (36), respec-

tively, where Cm D .2nC 1/Bm and Dm D

2 .2nC 1/

 
Bm
2 C

iP
dD1

1
N�SRkd

D

!
. Substituting (31), (33),

(35), and (36) into (26), the overall ABER of the proposed
scheme can be obtained.

4.3. Outage probability

The outage event occurs when both the direct link SNR,
�SD , and the best AF output SNR, �b

AF
, are below �2.

Then, the outage probability can be written as

P out D Pr
h
�SD < �2; �

b
AF < �2

i
;

�

�2Z
0

uZ
0

f�SRbD
.u� x/f�SD .x/dxdu (37)

Substituting (20) into (37) and solving the double integral,
the outage probability of the proposed scheme can be given
by

P out �

LX
iD1

.�1/i�1
L�iC1X
k1D1

L�iC2X
k2Dk1C1

� � �
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kiDki�1C1
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66641� 1
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��2
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1
N�SRkd

D

1
N�SD
�

iP
dD1

1
N�SRkd

D

e
�

�2
N�SD

3
7775 (38)

The proposed scheme has the same outage probability
as the opportunistic outage-based AF incremental relay-
ing [11] and the opportunistic AF fixed relaying [19]. This
is because that if �b

AF
< �2, �SD is also less than �2

because �SD � �b
AF

, then Pr
h
�SD < �2; �

b
AF

< �2

i
D

Pr
h
�b
AF

< �2

i
. Even though the proposed scheme aims to

improve the spectral efficiency, the outage probability can
still be maintained. Further evaluation of the performance
of the proposed scheme is presented in the following
section.

5. NUMERICAL EXAMPLES

In this section, some numerical examples are presented to
evaluate the performance of the proposed scheme in terms
of average spectral efficiency, ABER, and outage probabil-
ity. The proposed scheme is compared with outage-based
opportunistic AF incremental relaying [11], opportunistic
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Table I. Setting of the number of relay nodes in the system and
their links average SNRs.

No. of relay nodes Relay path average SNRs

LD 5 N�SRi D Œ5:0;4:5;4:0;4:1;3:7��
N�Ri D D Œ4:6;4:1;3:8;3:4;3:1��

LD 3 N�SRi D Œ5:0;4:5;4:0��
N�Ri D D Œ4:6;4:1;3:8��

LD 1 N�SRi D 5:0�
N�Ri D D 4:6�

SNRs, signal-to-noise ratios.

AF fixed relaying [19], and direct transmission. Table I
gives the average SNR for each relay link (i.e., N�SRi and
N�RiD) as a function of the average SNR, �, in which all the
performance measures are depicted versus �. It is assumed
that all relay nodes are within the range of the source and
destination nodes, and the topology is as shown in Figure 1.
The setting of the average SNRs is chosen to reflect the
non-identically distributed relays [11]. Without loss of gen-
erality, other parameters are set as follows: N�SD D 13dB ,
the maximum spectral efficiency, N , to be equal to 8, and
the target BER, BERT, to be equal to 10�3 and 10�6.

Figure 4 shows the average spectral efficiency of the pro-
posed scheme, the outage-based AF incremental relaying,
the AF fixed relaying, and the conventional direct transmis-
sion. Setting BERT = 10�3 and L D 1 and 5, at low aver-
age SNR (i.e., average SNR < 10 dB), the average spectral
efficiency of the proposed scheme is similar to the outage-
based AF incremental relaying due to rarely activation of
cooperative transmission. In contrast, AF fixed relaying
experiences a reduction in the spectral efficiency due to the
continuous use of cooperative transmission even though
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Figure 4. Average spectral efficiency of the proposed scheme,
outage-based, fixed relaying, and the direct transmission for

target bit error rate of 10�3 and different values of L.
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Figure 5. Comparison between the average spectral effi-
ciency of the proposed scheme using Equation 13 and its
approximation in Equation 14 for L D 3 and for two different

target bit error rates (BERs).

the channel gain is low. On the other hand, at high average
SNR (i.e., average SNR> 25 dB), the average spectral effi-
ciency of the proposed scheme converges to that of the AF
fixed relaying because the direct transmission is rarely acti-
vated. It is clear that at this region, the spectral efficiency
saturates to the half of the maximum spectral efficiency
due to the half-duplex transmission mode. Furthermore, at
moderate average SNR, the proposed scheme has its max-
imum gain because it has the capability to optimize the
mode of operation efficiently. The gain ranges from 1 to
3 dB compared with the same average spectral efficiency
of the outage-based and fixed relaying. Finally, the average
spectral efficiency benefits from increasing the number of
available relay nodes. For instance, the proposed scheme
can achieve 4 dB gain when increasing the number of relay
node from 1 to 5.

Figure 5 shows the average spectral efficiency of the pro-
posed scheme when the switching threshold SNR, Tn, is
either calculated by (13) or by its approximated expression
given by (14). Setting LD 3 and using two different target
BERs, 10�3 and 10�6, it is observed that the approximated
value of Tn has no impact on the average spectral efficiency
for both target BERs. This verifies that the approximate
expression of Tn is simple and yet accurate.

Figure 6 shows the ABER of the proposed scheme,
the outage-based AF incremental relaying, the AF fixed
relaying, and the conventional direct transmission. Setting
L D 1 and BERT = 10�3 and 10�6, at low and moderate
average SNRs, all schemes have same and almost constant
ABER due to the use of adaptive modulation. At high aver-
age SNR, the ABER of the proposed and AF fixed relaying
schemes outperform the outage-based and direct transmis-
sion due to diversity gain improvement. Furthermore, for
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Figure 6. Average bit error rate (ABER) of the proposed
scheme, the outage-based, the fixed relaying, and the direct

transmission for LD 1, and for two different target BERs.
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Figure 7. Outage probability of the proposed scheme for target
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each target BER value, all schemes provide ABER below
the target as desired.

Figure 7 shows the outage probability of the proposed
scheme for target BER of 10�3 and using different num-
ber of relay nodes, L = 1, 3, and 5. It is clear that the
cooperative transmission improves the outage probabil-
ity significantly as compared with the conventional direct
transmission. This improvement increases with the large
number of relay nodes. Finally, on the basis of the previ-
ous results and the fact that the proposed scheme has same
outage probability as the other cooperative schemes verify
that our proposed scheme is spectrally efficient scheme.

6. CONCLUSION AND
FUTURE WORK

In this paper, we have proposed an adaptive AF OR scheme
with variable-rate transmission. The scheme provides a
solution for enhancing the spectral efficiency of the AF
cooperative wireless systems. For many applications, it is
not necessary to minimize the BER as long as the error
rate is kept below a certain level. Therefore, the advantage
of the proposed scheme is due to (i) exploiting the variable-
rate transmission in which the maximum rate is selected all
the time; (ii) selecting the best relay node that has the best
end-to-end path between the source and destination nodes;
(iii) the flexibility to avoid cooperative transmission when-
ever it is not beneficial; and (iv) the ability to maintain the
target quality in terms of BER.

Future research will investigate on the optimal place-
ment of the relay nodes for a predefined traffic demand and
target quality of service because the placement of the relay
nodes and the type of environment have direct impact on
the performance.
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