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Abstract: Single-relay selection techniques based on the max-min criterion can
achieve the highest bit error rate (BER) performance with full diversity gain as
compared to the state-of-the-art single-relay selection techniques. Therefore,
in this work, we propose a modified max-min criterion by considering the
differences among the close value channels of all relays while selecting the
best relay node. The proposed criterion not only enjoys full diversity gain
but also offers a significant improvement in the achievable coding gain as
compared to the conventional one. Basically, in this article, an improved
bi-directional three-phase single-relay selection technique using the decode-
and-forward protocol for wireless cooperative communication networks that
enhances the overall network performance in terms of BER is proposed and
its performance is proved analytically and through Monte-Carlo simulations.
More specifically, the proposed criterion is first used to select the best relay-
node. After that the selected relay-node forwards the information symbols
of the communicating terminals after performing a digital network coding
to minimize power consumptions. In our simulations, we show that our pro-
posed technique outperforms the best-known single relay selection techniques.
Furthermore, we prove that the BER results obtained from our conducted
simulations perfectly match those obtained from the theoretical analysis.

Keywords: Performance analysis; cooperative diversity schemes; digital
network coding; relay selection schemes

1 Introduction

In wireless communication systems, the overall performance and the data rate are highly
affected by the multi-user interference and channel impairments such as the time varying fading
caused by multi-path propagation [1–9]. Those channel impairments can be mitigated by using
distributed beamforming techniques [2–6], distributed space-time-coding techniques [5–9], and
relay-node selection techniques [10–22]. Such techniques allow the destination node to receive
many copies of the same data signal through different paths and with different amplitudes and
phases, which will be combined in a way to improve the overall system performance in terms
of the whole network achieved data and bit error rate (BER). In cooperative communication
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networks, relay-nodes will jointly process the received data messages before broadcasting them
using their antennas toward the final receiving entities, which will combine all the received
copies from different paths to improve the spatial diversity gain. Such techniques are called
the multi-antenna diversity techniques that incorporate the use of one-way or two-way relaying
schemes [1–7].

In some scenarios, perfect channel state information (CSI) is assumed to be available at
all nodes with slow fading channels [2,3,10,23]. In other scenarios, partial CSI is assumed to
be available at the receiving antennas only [8,24,25]. Recently, the need for CSI data becomes
unnecessary at both the sender and the receiver sides due to the usage of non-coherent and
differential strategies [4–9,25–27]. Even though those techniques with no CSI data eliminate the
overhead involved in channel estimation, they suffer from a low BER and spectral efficiency, as
well as, high latency and decoding complexity.

In bi-directional communication scenarios, two entities send and receive messages through
many relay-nodes [2–7]. Bi-directional relaying schemes can be classified based on the number
of time slots required for exchanging the messages between the participating entities into three
groups: two-phase [9,25,26], three-phase [13,25,26], and four-phase [2–6] protocols. The spectral
efficiency of the four-phase protocols can be improved by reducing the number of transmission
periods from four into three slots (three-phases) or two slots (two-phases). This reduction in
the needed number of transmission slots has improved the overall performance of the two and
three phase schemes compared to the four-phase ones [7,25]. In addition, relay-nodes trans-
mit the received signals on orthogonal channels or encode them using either orthogonal or
non-orthogonal coding. Full diversity gain with low decoding complexity is achieved by using
orthogonal coding techniques such as space time block coding (STBC) [8,25] compared to the
high decoding complexity resulted from using non-orthogonal coding techniques. To obtain a
full spatial diversity gain with low decoding complexity in non-orthogonal relay-node networks,
relay-node selection techniques can be adopted [13,21,22]. Therefore, many single- and dual-relay
selection strategies have been recently proposed.

Note that the 5G deployments adopt quite a few numbers of small cells with low power levels.
Therefore, considering interference is crucially important, different kinds of detectors, cognitive
radio methods, and cross-layer designs can be used to help improving the performance such as
sigmoid function detectors and optimized target packet error rate [28–31].

In single-relay selection techniques, a single relay-node is selected among a group of relays
to maximize either the signal to noise ratio (SNR) or the achievable data rate [10–13] where the
best known single-relay selection algorithm, which is the optimal one, is the max-min algorithm
proposed in [11]. However, this algorithm is applicable for single relay selection techniques. In [10,
13,21,22], dual-relay selection techniques have been suggested. However, two relays should be used
in the network in the case of dual-relay selection techniques instead of just one in the case of
single-relay section techniques. Even though some promising algorithms are recently proposed to
be used in dual-relay selection techniques [10,13,21,22], e.g., in [10], the authors suggested to use
the double-max criterion to select the best two relays.

The state-of-the-art articles investigating the single-relay selection techniques consider only the
weakest or the strongest channels to select the best one or two relay nodes [10–13], e.g., they
choose the best relay among all available relay nodes that owns the strongest forward or backward
channel or they select two relays where one of them has the strongest forward channel and the
other owns the strongest backward channel. Therefore, the motivation of this work is that the
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current techniques are not considering the differences among the close value channels while this
can significantly improve the performance of the relaying techniques. For instance, the authors
of [11–13] are selecting two relays using a certain criterion like the max-min criterion, which is
considered as the optimal technique for selecting only a single relay. In this paper, the proposed
algorithm, explained in Section 2, verifies whether the selected relays using the max-min criterion
are the best ones before using them. Therefore, in this paper, we introduce a new two-relay
selection strategy based on STC using the three-phase relaying protocol. In the suggested strategy,
two relays out of N available relay-nodes are chosen in a way to optimize the system performance
in terms of BER. Additional improvement is achieved by performing a digital network-coding
scheme at the selected relay-nodes, which reduces the power consumption by merging the symbols
of the communicating terminals in a single symbol with the same constellation.

Although single-relay selection techniques based on the max-min criterion enjoys a full diver-
sity gain, there is still a margin to improve its coding gain [10–13,27]. Note that the diversity
gain is related to the slope of the BER curve at very high SNR values while the coding gain is
related to the horizontal shift of the BER curve to the left or the right, e.g., by doubling the
power, the BER curve will be shifted 3 dB to the left without any change to the slope of the
BER curve. Therefore, these techniques can achieve the highest diversity gain, however their BER
curve can be enhanced by improving the coding gain. Thus, in our paper, we modify the max-min
criterion by considering the differences among the nodes with close value channels. By applying
this, we can improve the coding gain without losing any diversity gain. Through our simulations
and analytical results, we have proved that our proposed technique outperforms the best-known
state-of-the-art single-relay selection techniques [10–13]. In addition, we show that the BER results
obtained from the conducted simulations match the ones obtained from the theoretical analysis.
This paper is summarized as follows: Section 2 discusses the material and methods describing
the system model. Section 3 explains the theory and calculation of the BER. Sections 4 and 5
demonstrate the achieved results and the related discussion of results. The conclusion is drawn in
Section 6.

2 System Model

In this section, we discuss our system model, in which we assume having a network composed
of two single-antenna peripheral entities T1 and T2 that are separated by a distance exceeding
their own transmission range, but want to exchange data messages between them. Therefore, a
possible way to complete this needed communication between T1 and T2 is by selecting a single
relay-node located between them. This intermediate relay-node is selected from a group of R
single-antenna relay-nodes (R1, . . . , RR), that are located between T1 and T2 as shown in Fig. 1.

Figure 1: Two-way relay network
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The two communicating peripheral entities T1 and T2 and all the intermediate relay-nodes
R1, . . . , RR have a limited average transmit powers PT1 , PT2, PR1 , . . . , PRR, respectively. In this
work, we consider a rich scattering environment without any line-of-sight components between
the transmitter and the receiver; therefore, the channels follow a Rayleigh distribution. Also, we
assume that the communication channels, from the intermediate relay-nodes to the peripheral
entities and vice versa, are reciprocal for transmissions, and we denote them as fr (from T1 to
Rr) and gr (from T2 to Rr). Considering the example shown in Fig. 2 where the network channel
values are given. Based on the max-min selection criteria, R1 will be selected as the optimal
relay-node as it has the maximum value link of 5 among the group of minimum value links (5,
4.9, and 3). However, we can clearly see that R2 will probably have a much better performance
compared to R1, as the difference between the minimum value links between R1 and R2 is only
2% ((5 – 4.9)/5) × 100%, while the maximum value link for R2 is 20 compared to 6 for R1, which
is about 70% difference. Therefore, our proposed technique selects the best two relay-nodes based
on the max-min criteria, and then it will check the difference between their minimum value links.
If this difference is above a certain threshold, then the first selected relay-node will be chosen as
the optimal relay-node.

Figure 2: Two-way relay network example

On the other hand, if this difference is below the selected threshold, then we need to check
the expected performance of both selected relay-nodes, and then we select the one with the highest
performance. A detailed flow-chart that clarifies the operation of the proposed technique is shown
in Fig. 3.

We assume here that all the relay and terminal-nodes have limited average transmit powers
denoted as PTj , j = 1, 2 for terminal nodes and PRi , i ∈ [1 : N] for relay-nodes. Furthermore,
all intermediate communication channels between terminal and relay-nodes are assumed to be
reciprocal for transmissions, and are denoted as fi from T1 to relay-node i and gi from T2 to
relay-node i. Furthermore, in our scenario we consider that the vision between the transmitters
and receivers is obstructed thus only the non-line of sight scenarios are taken into consideration.
As a result, fi and gi follow the Rayleigh distribution.

Finally, we use the following notations |.|, �.�, (.)*, [a]i, mod (a, b), and E(.) to denote
the absolute value, the floor function which rounds toward zero, the complex conjugate, the ith
element of the vector a, the remainder of the division of a by b, and the statistical expectation,
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respectively. In addition, the following abbreviations are used in this paper, BER: Bit error rate;
bpcu: Bit per channel use; BPSK: Binary phase shift key; CSI: Channel state information; DF:
Decode and forward; MGF: Moment generation function; ML: Maximum likelihood, SNR: Signal
to noise ratio; STC: Space time coding; and QAM: Quadrature amplitude modulation, XOR:
Exclusive OR, MA: Modular arithmetic.

Figure 3: Flowchart of the proposed relay-node selection technique

2.1 The Modified Max-Min Criterion
In this proposed technique, one intermediate relay-node will be chosen from the available R

relay-nodes using the modified max-min selection criterion. The used selection technique consists
of three steps. In the first step, the best two relay-nodes (Ra) and (Rb) will be selected among
the available R intermediate relay-nodes based on the max-min selection criterion, in a way that
the selected relay-nodes are the best ones that maximize the minimum value channels between the
chosen relay-nodes and the two peripheral entities T1 and T2. The second step consists of defining
a new parameter, called Diff , which calculates the difference between the minimum link values
of the chosen relay-nodes in step 1. In step three, the best relay-node will be chosen based on a
comparison between the calculated Diff value and the selected threshold. The threshold value is
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selected in a way to maximize the network performance through minimizing the BER, as will be
shown in the next Section, i.e., Section 3.

In the first step, the first optimal single relay-node Ra is chosen among the R available inter-
mediate relay-nodes according to the max-min selection technique based on the below equation:

Ra= argamaxmin (|fa| , |ga|) ; a ∈ [1 :R] (1)

Then, the second-best relay-node Rb is chosen from the remaining (R− 1) relay-nodes based
on the max-min selection technique as shown in the below equation:

Rb= argbmaxmin (|fb| , |gb|) ; b ∈ [1 :R− 1] ; and b �= a (2)

As it is observed from (1) and (2), the proposed technique chooses two relay-nodes (Ra
and Rb) according to the max-min relay-node selection criteria. The third step of the proposed
technique consists of calculating the difference in the quality of links between the sender and the
first selected relay-node Ra and the receiver, with the link between the sender and the second
selected relay-node Rb and the receiver according to the following equation:

Diff = min (|fa| , |ga|)−min (|fb| , |gb|)
min (|fa| , |ga|) × 100% (3)

This Diff parameter allows us to select the best relay-node, i.e., Ra or Rb, based on com-
paring the obtained Diff value with the selected threshold value, i.e., 10%. In this step, there are
two possible findings as shown below:{
Diff >Threshold

Diff <Threshold
(4)

If the calculated Diff >Threshold, then the best selected relay-node is Ra since it has the best
links between the sender and the receiver, and the difference between its links quality to the node
with the second best links quality is greater than the specified Threshold, which offers the best
performance. For Diff <Threshold, the selected relay-node (Rs) will be chosen as follows:

Rs=
{Rb |fb| . |gb|> |fa| . |ga|

Ra |fb| . |gb|< |fa| . |ga|
(5)

This means that relay-node Rb will be selected only if there is a slight difference between its
minimum value link and that of relay-node Ra, and its overall expected performance is higher
than the expected performance from relay-node Ra.

2.2 The Proposed Three-Phase Single Relay Selection Technique
In this part, three-phase decode and forward communication protocol will be performed. The

first peripheral entity, T1, will transmit its data message sT1 in the first time slot, then, the second
peripheral entity, T2, will transmit its data message, sT2, in the second time slot, such that the sth
relay-node Rs receives the following messages:

yR1,s =
√
PT1fssT1 + nR1,s (6)
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yR2,s=
√
PT2gssT2 + nR2,s (7)

where nR1,s and nR2,s denote the noise signals received at the sth relay-node Rs in the first and
the second time slots. Now, the sth relay-node Rs decodes the data messages received from the
first and the second entities using the maximum likelihood (ML) decoder as shown below:

s̃T1,s = argsmin
∣∣∣yR1,s−

√
PT1fssT1

∣∣∣ (8)

s̃T2,s = argsmin
∣∣∣yR2,s−

√
PT2gssT2

∣∣∣ (9)

Note here that the relay-node decoding complexity is very low, as a symbol-wise decoder,
which enjoys a linear decoding complexity is being used to detect the received data messages. At
this stage, the rth relay node Rr will combine the two received messages, s̃T1,r and s̃T2,r , to form
a single message as follows:

sR,s =F (
s̃T1,s , s̃T2,s

)
(10)

where F (., .) is a function used to combine the decoded symbols. Recently, many functions have
been proposed, e.g., modular arithmetic (MA) function [25]. Note that sR,s ∈ SR, s̃T1,s ∈ ST1 and
s̃T2,s ∈ ST2 where SR, ST1 and ST2 denote the constellation of the information symbols transmitted
from the selected relay node, the first terminal, and the second terminal, respectively, and |SR| =
max

{∣∣ST1

∣∣ , ∣∣ST2

∣∣}. Let us consider the jth entry s of a constellation S as S(j) where j∈ {0: |S| − 1}
and the inverse as S−1 (s)= j. Let us define kT1 and kT2 as ST1

(
kT1

)= s̃T1,s and ST2

(
kT2

)= s̃T2,s ,

the MA function can be written as Fm
(
s̃T1,s , s̃T2,s

) = SR
(
mod

(
S−1
T1

(
s̃T1,s

)+S−1
T2

(
s̃T2,s

)
, |SR|

))
=

SR
(
mod

(
kT1 +kT2, |SR|

))
. Moreover, the exclusive OR (XOR) combination function suggested

in [1] and the other combination function proposed in [3] can also be used to merge the informa-
tion symbols. After that, the selected relay-node broadcasts the combined data message toward the
two communicating peripheral entities in the third time slot. Thus, the second receiving peripheral
entity receives the below message:

yT2 =
√
PRagssR,s+ nT2 (11)

where nT2 represents the noise signal at the second peripheral entity T2 received in the third time
slot. Similarly, the ML decoder is performed to recover the received data at the second peripheral
entity T2. It is worth mentioning that this peripheral entity can recover the data message using a
symbol-by-symbol detector, which has a linear decoding complexity instead of applying the ML
decoder, based on the knowledge of its own data message sT1 and by applying the inverse of the
combination function used at the rth relay node Rr.

3 BER Performance Analysis

In this section, we will discuss the mathematical model derivation of the BER of the
proposed selection technique using binary phase shift keying (BPSK) modulation under the
assumptions discussed in Section 2 earlier. Here, it is also assumed that all relay nodes are ideal as
in [2,9,12]. In addition, all noise signals are assumed to be identically drawn from an independent
Gaussian distributed random function with zero mean and σ2IT covariance. Our proposed relay-
node selection technique defined in (5) picks up the sth relay-node having PRs = PR. Now, given

that the SNR of the link between Rr and T1 is denoted by γ
T1
r = γ |fr|2, the SNR of the link
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between Rr and T2 is denoted by γ
T2
r = γ |gr|2, and γ= PR/σ2 is the mean SNR at the rth relay

Rr, let us rearrange γ
Tt
r , r∈ [1,R] increasingly such that γ

Tt
1 ≤ γ

Tt
2 ≤ . . .≤ γ

Tt
R and denote wT1

1 = γ
Tt
1

and wT1
l = γ

Tt
1 −γ

Tt
(l−1) for l ∈ [2,R] . Note here that those independent factors, wl for l ∈ [1,R], are

derived using a probability distribution function, expressed as [13,22,27]:

fwl (wl)=
R− l− 1

γ
exp

(
−R− l− 1

γ
wl

)
(12)

In the proposed technique, the ath relay-node Ra is selected among the R available relay-nodes
based on the max-min criteria explained in (1) given that fa is the link between Ra and T1 with

γ
T1
u1 = γ

T1⌊
R
2

⌋, and ga is the link between Ra and T2 with γ
T2
u2 , where γ

T2
u2 ≥ γ

T1⌊
R
2

⌋ and u2 is any

uth greater than
⌊
R
2

⌋
, i.e., u2 =

⌊
R
2

⌋
+ 1, . . . ,R. After that, the bth relay-node Rb is selected from

the remaining (R− 1) relay-nodes based on the max-min criteria explained in (2) given that fb is

the link between Rb and T1 with γ
T1
u3 = γ

T1⌊
R−1
2

⌋, and gb is the link between Rb and T2 with γ
T2
u4 ,

where γ
T2
u4 ≥ γ

T1⌊
R−1
2

⌋ and u4 is any uth greater than
⌊

(R−1)
2

⌋
, i.e., u4 =

⌊
(R−1)

2

⌋
+1, . . . ,R. Assuming

that γ
T2
u2 ≥ γ

T1⌊
R
2

⌋ ≥ γ
T1⌊
R−1
2

⌋, then, the average BER for the first round of the max-min relay-node

selection technique, (selecting Ra), can be expressed as:

P1 (γ )= 1
2
E

⎛
⎝ 2∑
j=1

Q
(√

2γ
Tj
uj

)⎞⎠= 1
2
E
(
Q
(√

2γ T1
u1

)
+Q

(√
2γ T2

u2

))

= 1
2
E

⎛
⎝Q

⎛
⎝√2γ T1⌊

R
2

⌋
⎞
⎠+Q

(√
2γ T2

u2

)⎞⎠= 1
2

(L1+L2) (13)

where u2 >
⌊
R
2

⌋
.

L1 =E

⎛
⎝Q

⎛
⎝√2γ T1⌊

R
2

⌋
⎞
⎠
⎞
⎠

=
√

γ

2

⌊
R
2

⌋
∑
p=0

(⌊
R
2

⌋
P

)
(−1)P

1√
P+ γ

(14)

L2 =E
(
Q
(√

2γ T2
u2

))
=

√
γ

2

u2∑
p=0

(
u2
P

)
(−1)P

1√
P+ γ

(15)
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Similarly, the average BER for the second round of the max-min relay-node selection
technique, (selecting Rb after excluding Ra), can be expressed as:

P2 (γ)= 1
2
E
(
Q
(√

2γT1
u3

)
+Q

(√
2γT2

u4

))
= 1

2
E

⎛
⎝Q

⎛
⎝√2γT1⌊

(R−1)
2

⌋
⎞
⎠+Q

(√
2γT2

u4

)⎞⎠= 1
2

(L3+L4)

(16)

where u4 >
⌊

(R−1)
2

⌋
.

L3 =E

⎛
⎝Q

⎛
⎝√2γ T1⌊

(R−1)
2

⌋
⎞
⎠
⎞
⎠=

√
γ

2

⌊
(R−1)

2

⌋
∑
p=0

(⌊
(R−1)

2

⌋
P

)
(−1)P

1√
P+ γ

(17)

L4 =E
(
Q
(√

2γT2
u4

))
=

√
γ

2

u4∑
p=0

(
u4
P

)
(−1)P

1√
P+γ

(18)

Therefore, the average BER for the proposed relay-node selection technique can be expressed
as:

P (γ )=
⎧⎨
⎩
P2 (γ ) , Diff >Threshold, |fb| |gb|> |fa| |ga|

P1 (γ ) , otherwise
(19)

From (19), it is clearly shown that the BER is a function of the number of relays, the
transmitted power, and the constellation size.

4 Results and Discussion

In this section, we discuss the obtained results from both Monte Carlo simulations, as well
as, analytical models discussed in Section 3. In the simulations, we have assumed a wireless relay
network with single-antenna relay nodes and independent flat Rayleigh fading channels where the
power is distributed among the two terminals and relays similarly as in [11–13], the number of
Monte Carlo runs is 1010, the number of relays available in the network varies between two to
seven, and the applied modulation technique is either BPSK or 4-QAM. For fair comparison of
the BER performance of all techniques, the same total transmitted power and bit rate are used.

Fig. 4 shows the BER vs. the SNR results of a wireless cooperative network composed of
two entities (T1 and T2) with no direct communication links available, and four relay nodes
(R= 4) where the 4-QAM constellation is used in this scenario. More specifically, this figure shows
the performance results of a single [11] and dual [10] relay-node selection strategies using the
three-phase relaying protocol with 4-QAM modulation in the presence of four relay-nodes under
different threshold values (i.e., Threshold varies between 0 and 10).

The BER results for our proposed single-relay-node three-phase selection technique using
4-QAM modulation and with four relay-nodes available under different threshold values is
depicted in Fig. 5. It is clearly shown that the BER decreases with the increase of the threshold
value. The BER reaches its minimum for a threshold value equal to 4. After that, the BER
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increases with the increase of the threshold value. From (19), the BER is a function of the
number of relays, the transmitted power, and the constellation size. By changing any of these
factors, the optimal threshold value will change as well. Fig. 6 shows the BER vs. the SNR
for a single and dual relay-node selection strategies using the three-phase relaying protocol with
4-QAM modulation in the presence of five relay-nodes (R= 5) under different threshold values
i.e., Threshold varies between 0 and 10. Fig. 7 shows the relation between the BER performance
of the relay-node network scenario discussed for Fig. 6 and the Threshold values. Similarly, Fig. 8
shows the BER vs. the SNR results for a single and dual relay-node selection strategies using the
three-phase relaying protocol with 4-QAM modulation in the presence of seven relay-nodes (R=
7) under different threshold values i.e., Threshold varies between 0 and 10, and Fig. 9 shows the
relation between the BER performance of the relay-node network scenario discussed for Fig. 8
under different threshold values.

Fig. 10 shows a comparison in BER performance vs. the SNR between the single-relay
three-phase selection technique proposed in [11] and double-relay three-phase selection technique
proposed in [10] with 8-QAM modulation using different number of relay nodes (i.e., R = 2, 4,
6). Finally, in Fig. 11, we show the theoretical and simulated BER performance vs. SNR for the
proposed technique with binary phase shift keying (BPSK) modulation, using various numbers of
relay-nodes, R= 3, 4, and 7, with a selected threshold value of four (Threshold = 4). Hence, it
can be concluded that the BER curve at a certain threshold value can be found using either (19)
or Monte Carlo simulations and is changing based on many factors such as the used constellation
size, the total transmitted power, and the number of relay nodes. Based on the conducted Monte
Carlo simulations, we found that the optimal threshold value varies between 4 to 8.

Threshold = 0 [11]

Threshold = 2
Threshold = 4
Threshold = 6
Threshold = 8
Threshold = 10
DRS [10]

Figure 4: BER vs. SNR for single and dual relay selection strategies using the three-phase relaying
protocol with 4-QAM modulation and R= 4
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Figure 5: BER vs. Threshold value for single relay selection strategies using the three-phase
relaying protocol with 4-QAM modulation, R= 4, SNR = 20 dB

Figure 6: BER vs. SNR for single relay selection strategies using the three-phase relaying protocol
with 4-QAM modulation and R= 5

From Fig. 4, it is clearly shown that our proposed three-phase single-relay-node selection
technique under different threshold values outperforms both the three-phase double-relay-node
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selection technique proposed in [10] and the three-phase single-relay-node selection technique
proposed in [11]. Noting that our proposed technique using a threshold value of zero. It is
worth mentioning that the proposed technique which implements a three-phase relaying protocol
outperforms the current state-of-the-art strategies that perform the same relaying protocol. Fig. 5
shows the relation between the BER performance of the relay-node network scenario discussed
for Fig. 4 and the threshold values. It is observed that the BER will improve while increasing the
threshold value, until the best performance is achieved at threshold value of four (Threshold =
4), then the performance will degrade for threshold values smaller than four.

Figure 7: BER vs. Threshold value for single relay selection strategies using the three-phase
relaying protocol with 4-QAM modulation, R= 5, SNR = 20 dB

SNR (dB)

B
E

R

Figure 8: BER vs. SNR for single relay selection strategies using the three-phase relaying protocol
with 4-QAM modulation and R= 7
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Figure 9: BER vs. Threshold value for single relay selection strategies using the three-phase
relaying protocol with BPSK modulation, R=7, SNR = 12 dB

DRS R = 2 [10]

SRS R = 2 [11]

DRS R = 4 [10]

SRS R = 4 [11]

DRS R = 6 [10]

SRS R = 6 [11]

Figure 10: BER vs. SNR for single and dual relay selection strategies using the three-phase
relaying protocol with 8-QAM modulation and R= 2, R= 4, and R= 6

Fig. 6 clearly shows that our proposed three-phase single-relay-node selection technique under
different threshold values outperforms both the three-phase double-relay-node selection technique
proposed in [10] and the three-phase single-relay-node selection technique proposed in [11]. Fig. 7
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shows the relation between the BER performance of the relay-node network scenario discussed
for Fig. 6 and the threshold values. It is very obvious that this relation is similar to that noticed
in Fig. 5, the BER will improve while increasing the threshold value, until the best performance
is achieved at threshold value of six (Threshold = 6), then the performance will degrade for
threshold values smaller than four. Furthermore, we note here that the BER has been reduced
by more than 85% when we change the threshold value in our proposed technique from zero
(standard max-min selection criteria) to six.

Figs. 8 and 9 confirm the results we have achieved and discussed above for the scenarios of
four and five relay-nodes network. Also, Fig. 9 shows almost a 70% reduction in BER when our
proposed technique is used compared to the standard max-min selection technique.

Fig. 10 shows that the single-relay selection technique [11] outperforms the double-relay selec-
tion technique [10] with increased SNR levels for most of the time. Finally, Fig. 11 clearly shows
that our simulation results are highly matching with our theoretical results, obtained from (27) in
Section 3, under all scenarios. As explained in Section 4, the optimal threshold value is affected
by many factors such as the constellation size, the total transmitted power, and the number of
available relay nodes. Therefore, the optimal value depends mainly on the previous three factors.
Using Figs. 4–10, we have proved that our proposed single-relay selection technique outperforms
the best-known state-of-the-art single-relay selection techniques theoretically and through Monte
Carlo simulations. It is also observed that the optimal threshold value varies between four to eight
depending on the adopted scenarios. Thus, the optimal threshold value will change if the scenario
is changed, i.e., if any of the previous three factors is changed.

R = 3, Simulation

R = 3, Analysis

R = 4, Simulation

R = 4, Analysis

R = 7, Simulation

R = 7, Analysis

Figure 11: Theoretical and simulated BER performance vs. SNR for the suggested technique with
BPSK modulation. R= 3, R= 4, and R= 7, Threshold = 4
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5 Conclusion

In this work, we have proposed an improved bi-directional three-phase single-relay-node selec-
tion technique for cooperative wireless communications. The new proposed selection technique
will select one relay node among R available relay nodes based on the modified max-min relay-
node selection criterion, where in the first step, the best two relay-nodes (Ra) and (Rb) will be
selected among the available R nodes based on the max-min relay-node selection criterion. In the
second step we calculate the difference between the minimum link values of the chosen relay-nodes
(Ra) and (Rb). In step three, the best relay-node will be chosen based on a comparison between
the calculated difference value and the selected threshold. Also, we have shown through detailed
simulations and theoretical analysis that our proposed selection technique outperforms the best-
known state-of-the-art single-relay-node selection techniques, and that our simulation results are
almost matching the analytical results.
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