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Abstract. In this paper, an efficient relay selection (RS)
algorithm for non-orthogonal amplify-and-forward (NAF)
cooperative systems over block-fading channels, also
known as block-fading NAF (BFNAF) protocol, is developed. The best relay is selected from a subset of available
relay nodes based on the maximum criterion of their capacity bounds in half-duplex (HD) mode, together with the
power allocation, to obtain the energy efficiency (EE) for
the proposed RS scheme. We derived an exact closed-form
expression of the outage probability and throughput for
evaluating the system performance. The energy consumption was also numerically evaluated to determine the optimized EE of the proposed RS scheme for each transmission
protocol with two modulation schemes. The numerical
results indicated that the proposed RS scheme with the
BFNAF protocol outperforms the previous RS scheme with
orthogonal AF (OAF) protocol in terms of both the outage
probability and the throughput as the number of relays is
increased and the average transmit power is optimally
allocated for each transmission phase. Moreover, in the
case of the optimized EE, it is found that by using quadrature amplitude modulation (QAM), the EE of the proposed
RS scheme is 48.9% higher than that of binary phase-shift
keying (BPSK) modulation.

Keywords
Block-fading, capacity bound, efficient relay
selection, energy efficiency, non-orthogonal amplifyand-forward, power allocation

1. Introduction
Cooperative networks in the wireless channel have
been proven to increase the data rate and coverage area,
and reduce the transmission power constraint in the communication process [1]. Generally, a better performance
gain of cooperative systems can be obtained by relaying
protocols such as decode-and-forward (DF) [2–4], and
amplify-and-forward (AF) in [2, 5–7]. The DF protocol is
more complicated than the AF protocol because the relay
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nodes must first decode the received signal from a source
node and then forward the re-encoded signal to the destination. In contrast, the AF protocol is more straightforward
because the relay node only needs to amplify and re-transmit the amplified version of the information signal without
other signal processing. The AF protocol, also called orthogonal AF (OAF), was first introduced by Laneman et al.
[2], in which time-division multiplexing (TDM) is used to
split the transmission process into two phases. The first
phase is called the broadcasting phase, where the source
node transmits the information signal to the relay and the
destination. The second phase is the cooperative phase,
where the relay node re-transmits the amplified version of
the information signal to the destination. However, this
approach causes a loss of the data rate (bandwidth) as
a result of an inactive source node in the second phase.
To overcome this limitation, Nabar et al. [8] proposed
a new AF protocol for half-duplex cooperative networks,
called the non-orthogonal AF (NAF) protocol, where the
source continuously transmits a new information signal
during the second phase. By using the NAF protocol, the
broadcast range and the received signal-to-noise ratio
(SNR) can be maximized [9] and the relay nodes can
transmit during both transmission phases simultaneously.
For the block-fading channel scenario where the channel
condition is changed during the second phase, Krikidis et
al. [10] proposed another NAF-based protocol, called the
block-fading NAF (BFNAF), which is compatible for low
spectral efficiency. The BFNAF protocol has a similar
transmission process to that of the classic NAF, except that
the source re-transmits the same information signal during
the second phase to increase the diversity gain.
The improvement of the diversity gain in distributed
networks such as cooperative and multiple-input multipleoutput (MIMO) systems can be achieved by orthogonal
transmission, pre-coding, maximum ratio combining
(MRC), or distributed space-time coding (STC). The orthogonal transmission has low spectral efficiency and suffers from a rate loss or bandwidth penalty [4]. In addition,
with pre-coding design [11] and STC [12], the system
needs exact channel state information (CSI) and precise
symbol-level synchronization, which is hard to obtain.
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In this research, a selection process is proposed as
a practical and efficient method to solve the above-mentioned problems by selecting the “best” antenna in the
MIMO systems and the “best” relay in cooperative networks. In our previous work [11], we introduced a NAF
relaying scheme for the cooperative MIMO system by
designing the linear pre-coding to increase the transmit
gain by using the minimum mean square error (MMSE)
criterion in HD mode. The numerical result shows that the
proposed pre-coded scheme outperforms the un-pre-coded
and the zero-forcing (ZF) pre-coded-based schemes. For
cooperative networks, the relay selection method uses the
limited power and bandwidth resource efficiently. A relaying scheme that prevents the excessive use of resources
is called opportunistic relay selection (ORS) or best relay
selection (BRS) [13], [14]. In ORS, the source either
broadcasts or encourages one of the available relay nodes
to receive the signal via a selection method that contains
the trade of CSI between the relay nodes and the transceiver pairs.
Krikidis et al. [15] proposed a relay selection scheme
for full-duplex (FD) OAF relaying networks by using both
global and partial CSI. The relay selection strategies are
analyzed in terms of outage probability using a closed-form
high SNR that enables better performance gain. However,
due to the residual loop interference at the relay, FD relaying results in zero diversity order despite the relay selection
process. Nevertheless, despite the advantage of FD relaying
systems, the complexity level in the context of multiple
relays and RS strategies still becomes the main problem.
Due to the existence of the NAF relaying, which is considered as degeneration of linear relaying to FD operation in
[16], the extra residual self-interference can be omitted.
The performance of non-orthogonal single relay cooperative systems is degraded by the existence of direct
transmission in the second phase. Therefore, an efficient
technique has recently been proposed for NAF relaying
systems in underlay spectrum sharing networks [17].
Elsaadany et al. solved the problem by using power allocation as the energy efficiency (EE) technique to increase the
performance gain of a cooperative network. The EE design
for a combined RS and power allocation of the OAF systems has been studied in [18], where the EE maximization
design is obtained by optimizing the minimum data rate
and the maximum transmitted power for each node.
An efficient RS algorithm for orthogonal cooperative
networks has been proposed in [19], using the idea of the
multi-branch switched diversity system called the “switchand-examine node selection (SENS)” algorithm. The proposed scheme provides much lower complexity and channel estimation, which results in reduced energy consumption at the relay node. The error performance of this system
was similar to that of the ORS scheme in the low SNR
regime, but lower in the high SNR regime. Do & Le in [20]
introduced a new non-orthogonal multiple-access (NOMA)
scheme based cognitive AF relaying, in order to increase
the performance gain and the EE by means of employing
the ORS and partial relay selection (PRS) scheme under
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hardware impairments. The outage performances show that
NOMA provided a better performance gain compared to
that of the orthogonal case. As for the EE, the ORS scheme
is more efficient than that of the PRS schemes due to the
increasing function of transmitted power at the source
node. To the best of our knowledge, an efficient RS scheme
for the cooperative system with BFNAF protocol has not
been investigated previously.
In this paper, we propose an efficient RS algorithm
for non-orthogonal HD cooperative networks with the
BFNAF protocol over block-fading channels. We consider
the BFNAF protocol in cooperative systems with a new
relay selection method. The BFNAF protocol, introduced
in [10], can increase the performance of a single relay system besides using the NAF protocol that has been a focus
of cooperative protocol in our previous works. Furthermore, Krikidis et al. [10] also suggested some ideas for
future works to consider a multi-relay system using a relay
selection scheme to achieve better performance. Hence,
based on this motivation, we proposed a new relay selection algorithm based on the capacity bound of source-torelay and relay-to-destination links for the multi-relay system by using the BFNAF protocol as a cooperative transmission that has not yet been proposed in open-access
literature.
The relay is selected by maximizing the capacity
bound of the available relay nodes. Performance analysis in
terms of outage probability and throughput for this proposed scheme was carried out. The numerical results show
that the proposed scheme has a better channel capacity
compared to that of the OAF protocol and outperforms the
OAF both with and without the relay selection method. The
outage performance and the throughput of the proposed
scheme can be significantly improved by increasing the
numbers of relay nodes and/or by allocating the average
transmit power of the relay node optimally as a part of the
amplification process. In addition, an EE analysis was also
performed to determine the energy consumption of the
proposed scheme with the BFNAF and OAF protocol.
Based on the simulation results, the EE of the proposed
scheme is 85.80% for M-quadrature amplitude modulation
(16-QAM) and 36.9% for binary phase-shift keying
(BPSK) with the amount of the total available power
transmission.
The main contributions of this paper are:
1) An efficient RS algorithm for a BFNAF protocol in
multi-relay HD cooperative networks based on the
maximum criterion of the capacity bounds of relay
nodes.
2) The outage and throughput performance of the
BFNAF protocol based on the upper-bound capacity
of the source-to-relay and relay-to-destination links
for different numbers of relays.
3) An analysis of the energy consumption of the proposed RS algorithm with additional optimal power
allocation for the BFNAF protocol to determine the
optimized EE in the HD cooperative system.
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The remaining parts of this work are formatted as
follows. The system model and the proposed RS algorithm
for a non-orthogonal HD cooperative network with the
BFNAF protocol are presented in Sec. 2 and Sec. 3,
respectively. The outage and throughput and the EE
analysis are investigated in Sec. 4 and Sec. 5, respectively.
The numerical results for capacity, outage performance,
throughput, and EE are presented in Sec. 6. Finally, a brief
conclusion is presented in Sec. 7.

2. System Model
In this section, we present a system model of the HD
cooperative networks with NAF relaying over block-fading
channels. The system model for the non-orthogonal relaying network with multiple relays consists of one source, S,
one destination, D, and a number of K relay nodes, with
R = {R1, R2, …, RK}, each equipped with a single antenna
as illustrated in Fig. 1. The communication process is divided into two transmission phases: the broadcasting and
cooperating phases, respectively. In the first phase, S
transmits the information signal with an average transmit
power PS(1) to D and all K relay nodes, using the considered
modulation schemes. The k-th relay, denoted by Rk, is
selected out from K relay nodes, and then amplifies the
information signal in the analog domain and retransmits it
with an average transmit power PRk to D in the second
phase. For non-orthogonal transmission, S also retransmits
the information signal to D with an average transmit power
of PS(2).
We assume that the channel between every two of the
three nodes is Rayleigh block flat-fading with bandwidth B
[Hz] that keeps varying during each transmission phase.
The signal received at D and the k-th relay, respectively,
can be written as
(1)
y D(1)  PS(1) hSD
x1  nD(1) ,

(1)

(1)
yR(1)k  PS(1) hSR
x  nR(1)k
k 1

(2)

where yD(1) and yRk(1) denote the signals received at D and
the k-th relay, Rk, where k = 1, 2, . . ., K, during the first
phase, respectively. x1 denotes the transmitted signal in the
first phase with an average transmit power E(x1x1*) = 1.
hSD(1) and hSRk(1) denote the channel coefficients for links
S → D and S → Rk in the first phase, respectively. nD(1) and
nRk(1) are the additive white Gaussian noises (AWGN) at D
and Rk in the first phase, respectively. For simplicity, all of
the noise vectors are assumed to have the same variance σ2.
After the relay selection process, discussed in the next
section, the signal received at the selected k-th relay, Rk, is
multiplied by an amplification factor β, which can be
written as [4]

xR k   yR(1)k ,
with   PR
k

P

(1)
S

(1)
hSR
2
k

.

(3)

Fig. 1. A system model of a non-orthogonal half-duplex
cooperative network with multiple relays.

Furthermore, by assuming that the system operates in
non-orthogonal HD transmission mode, S continues to
transmit the information signal, and the selected relay Rk
simultaneously forwards the amplified signal defined by
(3) to D in the second phase.
Thus, in this phase, D receives signal vectors both
from S and from the selected relay Rk written as follows:





(2)
y D(2)  PS(2) hSD
x2  PR k hR(2)k D  y R(1)k  nD(2)

(4)

where hSD(2) and hRkD(2) denote the channel coefficients for
the direct link and the link Rk → D in the second phase,
respectively. x2 denotes the new transmitted symbol in the
second phase with an average transmit power of
E(x2x2*) = 1, and nD(2) is the power of the noise term at D in
the second phase with the variance σ2.
As well as the NAF relaying, the transmission process
for the OAF scheme is also performed in two phases. For
the first phase, S transmits its information signal with
transmit power PS(1) to R and D simultaneously. The
selected relay Rk then amplifies and forwards the noisy
version of its signal received from S to D during the second
phase. In other words, during the second phase only the
selected relay is active in the transmission process while S
is inactive; (PS(2)= 0). However, the NAF protocol has been
proven by Elsaadany & Hamouda in [9] as an optimal
scheme for HD single relay channels in terms of diversitymultiplexing-tradeoff (DMT) compared to the OAF. In
particular, to prevent the data transmission rate loss which
appears from the idleness of the S during the second phase
for the OAF protocol, the classic NAF protocol permits the
S to also participate in direct transmission during the
second phase. This feature arises from the fact that the S
continuously maintains the transmission of new data (x2)
while the relay node retransmits the amplified version of
the data signal from the source node (x1), x1  x2.
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The advanced study of the cooperative protocols for
the quasi-static block-fading channels resulted in another
new NAF-based protocol called block-fading NAF
(BFNAF). This new cooperative protocol provides an extra
diversity order and permits the S of the classic NAF protocol to retransmit the same information signal during the
second phase to improve the diversity gain at the D. We
also assume that the channels are the block flat-fading that
(1)
(2)
 hSD
keep invariant during the cooperative phase ( hSD
).
Thus, the information signals transmitted during the first
phase indicated in (1) and the second phase indicated in (4)
are equal (x1 = x2 = x). Therefore, the total received signal at
D during both transmission phases can be expressed as:
(1)

PS(1) hSD

y  
PS(1) PRk
 
(1) (2)
h
hSR
y 
k Rk D
 1 P  2 h(2) 2
Rk
Rk D

(1)
D
(2)
D


 x
(2)
    Ζ
PS(2) hSD
 x
2
2 (2)

1 PRk  hRkD

0

(5)
 is the noise vector at D.
nD(1)
where Ζ  
 (1) (1)
(2) 
  hSR k nR k  nD 

3. Proposed Relay Selection Algorithm
In this section, we investigate a new relay selection
algorithm for the non-orthogonal cooperative protocol
using the maximum criterion of the capacity bounds of the
relay nodes. Then, we present the application of the ORS
scheme for non-orthogonal protocol based on the maximum-minimum criterion of the end-to-end received signalto-noise ratio (SNR) of source and relay nodes.

3.1 Opportunistic Relay Selection
The ORS method in [13], [14] offers the best performance gain with low complexity and is considered the
most proportional scheme for non-orthogonal transmission
cases such as the NAF and BFNAF relaying systems.
However, the continuous transmission in non-orthogonal
relaying does not always provide the best performance. In
poor channel conditions, these relaying processes also
greatly amplify the noise variable, which could result in
a degradation of the performance of the direct transmission.
To prevent such deficiency in the ORS as the best solution,
the selected relay Rk is the relay node with the best end-toend received SNR related to its average transmit power
written as [13]

 

(1)
R k _ ORS  arg max min SNR SR
,SNR (2)
Rk D
k
k 1,2,.... K



(6)

(1)
where SNR (1)   (1)  PS h (1) 2 is the instantaneous endSR
SR
SR
N0
to-end received SNR for link S → Rk in the first phase and
(1)
 SR
 R(2)k D
k
is the instantaneous end-to-end
SNR (2)

Rk D
(1)
(2)
 SR



1
Rk D
k
k

k

k

received SNR in the second phase, where  (2)  PR k h (1) 2
Rk D
R D
N0 k
is the end-to-end received SNR for link Rk → D.
Based on (6), we can see that the selection method for
the ORS scheme is related to the exchange of the channel
condition or CSI between the source and the relay node. To
achieve a better performance gain, both source and relay
must have a perfect knowledge of the CSI to allow the
retransmission process of the information signal to the
destination. Moreover, the ORS scheme also requires continuous channel feedback from all available links, which
causes high energy consumption. Therefore, we proposed
a new RS scheme which uses the channel capacity bound
as the measurement of the channel condition and implies
the optimal power allocation scheme for EE purposes for
non-orthogonal cooperative networks.

3.2 Proposed Relay Selection
The EE has recently been an interesting issue in cooperative research areas [17–20], and is the solution for the
limited resource problem by using the broadcast nature of
the wireless channel. In this work, we propose an efficient
RS scheme for the BFNAF protocol in HD cooperative
networks based on the channel capacity bounds of the
source-to-relay and relay-to-destination links.
The new proposed RS algorithm for the BFNAF relaying system can be described as the three following steps:
1) In the first step a subset of available relay nodes (K),
which can overhear each other and the destination, is
initialized and maintained in listening mode during
the transmission process.
2) Calculate the instantaneous end-to-end received SNR
at the k-th relay nodes during the first phases based on
(6). In this work, we proposed an efficient RS scheme
where the instantaneous capacity (CRK_coop) of available relay nodes for link S → Rk can be used to facilitate the selection process by applying maximum-ratio
combining (MRC) given by

 1

(1)
CR K _ coop  min  R0 , log 2 1  SNR SR

K
2







(7)

where R0 is the desired data transmission rate of the
systems in bits per second (bps) and the factor of 1/2
corresponds to the two transmission phases.
3) Based on (7), for the case where the capacity of each
relay node is lower than the desired data transmission
rate (CRK_coop < R0), the relay is selected based on its
instantaneous received SNR maximum during the first
and second phases (ORS scheme). On the other
hand,if the capacities of the relay nodes are higher
than the desired data transmission rate (CRK_coop > R0),
the best relay is selected with the maximum capacity
bound among all of the available relay nodes. The
best relay, Rk, is selected based on the maximum
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criterion of the capacity bounds, which can be
expressed as follows:





R k  arg max CR k _ coop .
k 1,2,.., K

(8)

Given the instantaneous capacity of the selected relay
in (7), the proposed RS scheme still requires an optimization scheme that can simplify the complexity of the system
analysis. The instantaneous capacity for each of the considered cooperative protocols that were analyzed by Krikidis
et al. [10] is given by

CR k _ OAF 

1
(1)
log 2 1  SNR SD
+SNR R k D ,
2







(9)





(1)
CR k _ NAF  log 2 1  SNR SD
 1+SNR R k D  SNR SD(2) , (10)

CRupper

k _ BFNAF

1
(1)
(2)
log 2 1  SNR SD
 SNR SD
 SNR R k D
2





(11)

P (1) (1) 2
P (2) (2) 2
(1)
(1)
(2)
(2)
where SNR SD
and SNR SD
  SD
 S hSD
  SD
 S hSD
N0

N0

is the instantaneous end-to-end received SNR for link S → D
during the first phase and second phase, respectively.
To optimize the system’s performance, the transmit
powers of the S and the selected relay during both phases
are fairly allocated. Hence, an efficient selection criterion
for the BFNAF protocol can be obtained by maximizing
the capacity of the upper bound in (11) given as





R k _ BFNAF  arg max CRupper
.
k _ BFNAF
k 1,2,.., K

cooperative networks in HD mode with optimal power
allocation based on analytical expressions. The outage
probability of the ORS scheme for non-orthogonal multiple-access (NOMA) with fixed power allocation has been
investigated by Do & Le in [20], in which the best relay
was decided based on the end-to-end received SNR for the
Rk → D link. From their observation, despite the limitation
of the noise addition at the receiver, the outage performance still causes a slight degradation with the considered
SNR regimes. In this work, we analyze the outage probability for the proposed RS scheme based on the channel
capacity of all AF cooperative protocols, such as OAF,
NAF, and BFNAF.
We analyze the outage probability of the proposed RS
scheme for the BFNAF cooperative networks in HD mode.
The selection algorithm in the previous section is obtained
by maximization of the capacity upper bound and still
requires the optimization process. The optimization criterion is an outage probability function that corresponds to
the minimum power consumption during both transmission
phases. For cooperative systems, the transmit power has to
be fairly allocated to all of the links and transmission
phases. We assume that P is the total transmission power in
the communication process, and refers to the total available
energy for information transmission. Generally, the outage
probability is defined as the probability that the channel
capacity is lower than the desired transmission rate, which
is written as
min

(12)

s.t

The summary of the new proposed RS algorithm for
BFNAF protocol is given as follows:
Algorithm 1 Efficient RS Algorithm for BFNAF
1: Initialize K relay; R0 = 1; P = 1; PS(1) = 4P/9;
PS(2) = P/3; PRk = 2P/9 PRk  2P 9
2: for (each K relay) do
3:
Calculate SNRSRk and SNRRKD according to (6)
4:
Calculate CRk_BFNAF according to (11)
5:
if CRk_BFNAF < R0 then
6:
The outage happens, and the best relay is not
among K relays.
7:
return Rk  arg max min  SNRSRk ,SNRRk D  .
k 1,2,.... K

8:
9:

else
R k  arg max CRupper
.
k _ BFNAF
k 1,2,.., K





In this section, we analyze the outage probability and
the throughput of the proposed RS scheme for the BFNAF




PS(1)  PS(2)  PR k  P
(13)
 (1) (2)
(2)
 PS , PS , PR k  0  except PS  0 for OAF  .

We also adopt the optimal power allocation policies
for all cooperative schemes in [10] as the reference to optimize the transmission cost of the information signal to the
destination. Krikidis et al. proposed the optimal power
allocation policies based on the upper bound of capacity for
the BFNAF protocol. In this work, we assume that the
optimal power allocation policy for the BFNAF protocol is
equal to the NAF protocol. However, the instantaneous
capacity of this protocol is known for its high complexity,
which makes it unable to obtain a closed-form of outage
probability. Therefore, we use the capacity of the upper
bound to determine the outage probability for the BFNAF
protocol, which is given by



Pout _ BFNAF  Pr CRupper
 R0
k _ BFNAF

10: end
11: end

4. Outage Probability and Throughput
Analysis



Pout_coop.  Pr CR k _ coop.  R0

s.t



(1) (2)
 1


 SR
R D 
(1)
(2)
 Pr  log2  1   SD
  SD
 (1) k (2)k
 R0 


 SRk   Rk D  1 
 2


4
1
2
PS(1)  P, PS(2)  P, PR k  P.
(14)
9
3
9

The analytical expression of the outage for the
BFNAF protocol in (16) can be derived based on Lemma 1
as follows:
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Lemma 1: Let u 
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4 (1) 2
4 (1) 2
2 (2) 2
hSD , v  hSR
, w  hRD
,
9
9
9

1 (2) 2
be the independent exponential random
and z  hSD
3
variables,   P 1 , and    22 R0  1  be the threshold of

5.1 Direct Transmission
In non-cooperative systems, the S directly transmits
the information signal with the transmit power PS = P to D
without the help of relay nodes. The total energy consumption for direct transmission can be written as

SNR. Hence, equation (14) can be written as

Edirect 

vw


  22 R0  1 P 1  .
Pout_BFNAF = Pr u  z 

1
v w P

 (15)

vw
; thus the cumulative
v w
distribution function of a can be given by
We define a  u  z 

F  a  = Pr a   2

2 R0

1  .

 1  2  22R0 1  / uwzK1

 22R

0



1  / uwz ,

(16)

B
log 2 1  SNR SD  .
2

(20)

5.2 Orthogonal AF Protocol

where K1(.) is the Bassel function defined in [21].
Following the calculation in [20], the outage probability in
(5) can be re-written as

Pout_BFNAF 
1

   2  2 R0  1    2  2 R0  1  (17)
 K1  2
.
1  1  e v  2R0 1   2
(1) (2)
(1) (2)

  uwzPS PS   uwzPS PS 

The throughput for each cooperative protocol based
on the considered outage probability and threshold
throughput th can be written as

 BFNAF  1  Pout_BFNAF  th .

(19)

where PSD is the total received power of the direct transmission and RD (in bits per second) is the data rate for the
direct transmission, according to Shannon theorem [22],
and can be expressed as
RD 



PSD
[Joule/bits]
RD

(18)

5. Energy Efficiency Design
In this section, we analyze the optimal EE design for
the proposed RS scheme with different protocols (orthogonal and non-orthogonal) in HD cooperative networks. For
optimal EE design, the transmit power allocation scheme is
considered in [17] as the measurement of effectiveness by
the normalized end-to-end received SNR at the relay node.
The transmit power of the set of relays is acquired based on
the maximization of their end-to-end SNR during the second phase. The combination of RS and optimal power
allocation schemes based on the maximum end-to-end
received SNR value at the relay node proposed in [18] can
provide a better EE in both the low and high SNR regimes
compared to that by using the exact SNR expression.
Motivated by these advantages, we investigated the
optimal EE for the orthogonal and non-orthogonal cooperative systems of the proposed RS scheme by using the
optimal power allocation for the end-to-end received SNR
at the considered transmission. For the optimization process of the total EE in cooperative networks, it is necessary
to calculate the total energy consumption first. The energy
consumption for each transmission process is addressed in
the next subsection.

The EE for the OAF protocol has been proposed in
[19], in which the energy consumption is calculated based
on the optimal power minimization of the maximum endto-end received SNR values for the source and the selected
relay node. In this paper, we calculated the energy consumption of the OAF protocol based on our proposed RS
scheme along with the optimal power allocation of the
transmission powers for the source and the selected relay
node during the first and the second phases, which can be
formulated as
EOAF 

(1)
PSD
 PSR k  PR k D
[Joule/bits]
ROAF

(21)

where PSRk and PRkD are the received powers for the link
S → Rk and Rk → D with the distances between two nodes
dSRk and dRkD, respectively. ROAF is the data rate for the
OAF relaying system expressed as
ROAF 

B
log 2 1  SNR SD  SNR SR k  SNR R k D . (22)
2





For the non-line of sight (NLOS) case, a direct link in
the worst condition due to the poor environment or a long
distance between link S → D, the data rate in (22) can be
rewritten as
ROAF 

B
log 2 1  SNR SR k  SNR R k D .
2





(23)

5.3 Block-Fading NAF Protocol
The optimal EE design for non-orthogonal AF transmission protocol in underlay spectrum sharing systems has
been proposed in [18], in which the optimization of the
power allocation is obtained by the normalized end-to-end
received SNR at the relay node. We adopt this scheme
together with the proposed RS process for the NAF protocol by using the optimal power allocation based on the
instantaneous end-to-end received SNR at the selected
relay node. For the conventional NAF transmission proto-
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col with x1  x2 and hSD(1)= hSD(2), the energy consumption
for the proposed RS scheme can be obtained by
E NAF 

(1)
(2)
PSD
 PSR(1)k  PSD
 PR(2)
kD
[Joule/bits]
RNAF

(24)

where RNAF (in bits per second) denotes the data rate for the
NAF transmission protocol expressed as
RNAF 

B
(1)
(2)
log2 1  SNRSD
 SNRSD
 SNR SRk  SNR Rk D . (25)
2





For the NLOS case, the poor channel conditions make
the total end-to-end received SNRs during both direct
transmissions in (25) close to zero. Thus, the data rate for
the NAF protocol is equal to the data transmission rate for
the OAF protocol in (23).
The EE for the BFNAF protocol has not yet been proposed in the literature. Therefore, we refer to the EE design
for the conventional NAF in [17], where the optimization
of the power allocation is also obtained by the normalized
end-to-end received SNR at the relay node. However, due
to the change of channel conditions in both transmission
phases for block-fading channels, the S retransmits the
same information signal (x1 = x2) to D during the second
phase with different channel gains from the first phase
(hSD(1) hSD(2)). The energy consumption for the proposed
RS scheme for the BFNAF protocol along with the optimal
power allocation is the same as the energy consumption for
the NAF protocol in (24) and the data rate for this protocol
is equal to the data rate of the NAF protocol in (25).
Furthermore, the EE for each cooperative transmission can be calculated by
Edirect  EOAF
 100%,
Edirect
Edirect  ENAF
 EE BFNAF 
 100% .
Edirect

EE OAF 
EE NAF

(26)
(27)

6. Numerical Results
In this section, we present the numerical results of the
channel capacity bounds for each protocol, outage and
throughput performance, and the EE for the proposed RS
scheme with the OAF, NAF, and BFNAF protocols for HD
cooperative networks. The Monte Carlo simulations of
numerical analysis were carried out by using MATLAB
R2015b release over a Rayleigh block-flat fading channel.
All channel coefficients of the block-flat fading model are
assumed to be independent and invariant during both
transmission phases (hSD(1) hSD(2)), in which the S continuously maintains the transmission of the same data (x1 = x2)
while Rk retransmits the amplified version of the data signal from the source node.
Two different modulation schemes are considered in
this paper, i.e. BPSK for outage performance and
throughput and BPSK/16-QAM for the EE comparison.
The parameters are considered for the outdoor 4G wireless

Parameter
Channel bandwidth, B
Operation frequency, f
Total transmission power, P
Path-loss exponent, 
Thermal noise power spectral density, N0
Noise variances, σS2 = σR2 = σD2 = σ2
Threshold rate, R0
No. of information bits
Threshold throughput
Distance ratio between S–Rk, Rk–D, dRD ,dSR
Modulation scheme
No. of relays, K
SNR regime
Average time consumption of simulation

Parameter value
200 MHz
2.3–2.5 GHz
250 mW/24 dBm
2
1
1
1 bit/s/Hz
106 bits
1 Gbps
0.1–0.9
BPSK, 16-QAM
1–4
0–30 dB
190.8 s

Tab. 1. Parameter setup.

technology with channel bandwidth B = 200 MHz and
working frequency range 2.3–2.5 GHz. The transmit power
for the mobile-user is equal to P = 250 mW or 24 dBm and
the number of information bits is assumed as N = 106. The
distance ratio between links S → D, S → Rk, and Rk → D is
varied to 0–1, 0.1–0.9, and 0.9–0.1, respectively. We assumed that the threshold rate is equal to R0 = 1 bit/s/Hz and
the threshold SNR given by  = (22R0– 1) with  = P–1. In
particular, the parameters set up are given in Tab. 1. The
proposed simulation model of this paper can be found at
the author's Research Gate profile1.

6.1 Capacity Bounds
The capacity bounds for the considered cooperative
transmissions, i.e. the OAF, the NAF, and the BFNAF
protocols, have been analyzed in Sec. 3 based on (9), (10),
and (11), respectively. In this section, we compared the
capacity bounds of these three protocols for two different
power allocation policies to determine the best policy to be
used in the next simulations. For the first policy, we assumed that the transmission power for S and the selected
relay Rk during both transmission phases were equal for
both non-orthogonal and orthogonal protocols. For the
second policy, the orthogonal and non-orthogonal protocols
had a different power allocation for each node during both
transmission phases.
The comparison of the channel capacities of the three
cooperative transmission protocols for the two power allocation policies is illustrated in Fig. 2. More specifically, we
compared the Shannon capacity for the direct link, the
OAF, NAF, and BFNAF relaying protocols with the symmetric power allocation policy, i.e., for the BFNAF and
NAF (PS(1)= PS(2)= PRk= P/3) and the OAF (PS(1)= PRk= P/2);
and the optimal power allocation, i.e., for the BFNAF and
NAF (PS(1)= 4P/9, PS(2)= P/3, and PRk= 2P/9) and the OAF
(PS(1)= 2P/3, PRk= P/3).
We assumed that the transmission power for each
node during the first and the second phase is equal to the

1

https://www.researchgate.net/profile/Yunida_Yunida
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Fig. 2. Channel capacities comparison for orthogonal and
non-orthogonal protocols with different power
allocation policies.
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Fig. 3. Outage performance of the proposed RS scheme for
the BFNAF protocol using BPSK modulation with
different numbers of relay nodes (K).

linear SNR value. The comparison of power allocation
policies shows that the optimal power allocation policy
provided a slightly better channel capacity than that of the
symmetric power allocation. From the illustration, it can
also be observed that the BFNAF protocol significantly
outperforms both the OAF and the NAF protocol in the
lower SNR regime (0–18 dB) while the NAF outperforms
both the OAF and the BFNAF in the higher SNR regime
( 18 dB).
At a higher SNR regime, the capacity gains for the
NAF protocol compared to those of the BFNAF and the
OAF are respectively equal to 1 dB and 2 dB. It can be
concluded that the non-orthogonal protocols provide a
better capacity than the orthogonal protocol. This result
proves that the inactivity of the source node during the
second phase (PS(2)= 0) for the OAF protocol causes a loss
of the transmission rate. Hence, the optimal power allocation policy is that in which the transmission powers are
differently allocated for the optimal EE purpose.

6.2 Outage and Throughput Performance
The outage performance results of the proposed RS
scheme for non-cooperation, the OAF, NAF, and BFNAF
protocol are shown in Fig. 3. We varied the numbers of
relay nodes from 1 to 4, using the BPSK modulation
scheme with the optimal power allocation policies over the
block-fading channel. The simulation result shows the
outage probability (Pout) comparison of the direct link,
BFNAF, and OAF protocol of the proposed relay selection
for different numbers of relay nodes, K = 1, 2, 3, 4. Based
on the simulation result, we can see that the outage probability of the BFNAF protocol with the proposed RS scheme
provides a better performance gain along with the increase
of the number of relay nodes K.
For example, at a 10–6 outage probability, it can be observed that when the numbers of relays are increased from
K = 2 to K = 4, the performance gain obtained is approximately 2.5 dB at low SNR regimes (0–14 dB). On the other

Fig. 4. Throughput of the proposed RS scheme for the
BFNAF protocol using BPSK modulation with
different numbers of relay nodes (K).

hand, for high SNR regimes (( 14 dB), the outage provides a greater performance gain, especially for K = 4. This
indicates that the outage performances for the BFNAF
protocol with the proposed RS scheme can be improved not
only by adding more relay nodes but also by increasing the
transmit SNR.
Next, we observe the throughput for the BFNAF protocol using the proposed RS with a different number of
relays as illustrated in Fig. 4. Contrary to the outage performance, the overall performance shows that the BFNAF
with the proposed RS scheme provides a higher throughput
by increasing the transmit SNR and the number of relays.
Based on the illustration, the BFNAF with K = 4 relays is
significantly approaching the data rate threshold (R0 =
1 bit/s/Hz).
The outage performance comparison of the proposed
RS scheme for the BFNAF and the OAF protocols with
different power allocation policies for K = 4 is shown in
Fig. 5. More specifically, for the first policy, we assumed
that all nodes have equal or symmetric power allocation for

394

Y. YUNIDA, R. MUHARAR, Y. AWAY, ET AL., EFFICIENT RELAY SELECTION ALGORITHM FOR NAF COOPERATIVE …

due to the inactive source node in the second transmission
phase.
In addition to the power allocation, we also compared
the throughput of the proposed RS scheme for the BFNAF
and OAF protocols with symmetric and optimal power
allocation, as shown in Fig. 6. It is shown that the BFNAF
protocol with the optimal power allocation provides higher
throughput than other schemes along with increasing the
transmit SNR. In the case of the symmetric power allocation, the BFNAF also provides a better throughput compared to the OAF protocol. Thus, we can conclude that the
improvement of the throughput for the BFNAF protocol is
obtained by the optimal power allocation policy and by
increasing the transmit power at the relay and source nodes.
Fig. 5. Outage performance of the proposed RS scheme for
BFNAF and OAF protocols using BPSK modulation
with different power allocation (PA) policies and
K = 4.

Fig. 6. Throughput of the proposed RS scheme for BFNAF
and OAF protocols using BPSK modulation with
different power allocation (PA) policies and K = 4.

both the OAF and BFNAF protocol. On the other hand, the
second policy is the optimal power allocation policy with
different transmit power during both transmission phases
for each node. From the illustration, we can see that the
proposed RS scheme with the BFNAF protocol outperforms the OAF protocol in both symmetric and optimal PAs.
Specifically, the optimal PA provides a better outage
performance gain compared to the symmetric PA with the
diversity gain up to 0.5 dB in the high SNR regime. This
indicates that the optimal PA can dominate the power constraint, which is related to the end-to-end SNR value at the
relay node. Thus, we conclude that the proposed RS
scheme for the BFNAF protocol with optimal PA can obtain a better diversity gain compared to the OAF protocol
because there is an additional transmission by a source to
the destination during the second phase. Furthermore, for
the OAF protocol, the maximum amplification factor cannot compensate the result of the amplified noise signal at
the destination and fails to increase the performance gain

6.3 Energy Efficiency
In this subsection, we provide the optimized EE performance under the proposed RS algorithm for the BFNAF
and the OAF protocols and compare it to the ORS scheme
with a number of relays K = 3. The total energy consumptions for both protocols are calculated with the given optimal power allocation during both transmission phases. The
EE performance comparisons were performed based on
improvement of the distance ratio between the two nodes
(S → Rk and Rk → D) by using BPSK and 16-QAM modulation, depicted in Fig. 7 and Fig. 8, respectively.
By observing these two results, we can see that the
BFNAF protocol with the proposed RS algorithm achieves
the highest optimized EE among the other schemes for both
modulation schemes. As an example, at the same distance
ratio of 0.1, the optimized EE by the proposed RS with the
BFNAF protocol for the 16-QAM can be up to 85.80%
higher than that of the BPSK, with only 36.9%. Moreover,
for the BPSK scheme, the OAF protocol with the proposed
RS achieves a higher optimized EE compared to the
BFNAF with the ORS scheme, with a difference of 18.9%.
Meanwhile, for the 16-QAM scheme, the BFNAF protocol
with the ORS scheme provides a higher optimized EE
compared to the OAF protocol with the proposed RS, with
a difference of 11.02%.
Based on the analysis of the proposed RS scheme, the
relay selected is the one with a maximum capacity bound
that is equal to the maximum end-to-end received SNR at
the relay node. Therefore, the optimized EE under the proposed RS scheme automatically depends on the distance
ratio between Rk → D. In other words, the farther the distances between the selected relay and source, the greater
the transmit power needed to send the information signal to
the destination.
Furthermore, it can be concluded that the proposed
RS algorithm with the BFNAF protocol can reduce the
total energy consumption at the destination by the selection
of a cooperating node to forward the information from S to
the D with the minimum overall energy provided in the
communication process. Due to the complexity of the analysis of the outage probability using M-QAM, we decided to
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been done to observe the diversity gain and the optimized
EE performance for each cooperative protocol. The simulation results show that our proposed RS scheme with the
BFNAF protocol provides a better outage performance and
throughput together with the addition of a power allocation
policy compared to those of the ORS and the OAF protocol. The throughput can also be improved by increasing the
number of relays and by allocating power constraints at the
relay node. Based on the EE comparison, the average optimized EE of the proposed RS algorithm with the BFNAF
protocol is up to 85.80% higher than that of the ORS
scheme with the OAF protocol in previous work, with only
62.60% for 16-QAM.

Fig. 7. Optimized EE for the BFNAF and OAF protocol in
HD cooperative networks using BPSK modulation.
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