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Abstract: For the next generation of manufacturing, the industrial internet of things (IoT) has been
considered as a key technology that enables smart factories, in which sensors transfer measured
data, actuators are controlled, and systems are connected wirelessly. In particular, the wireless sensor
network (WSN) needs to operate with low cost, low power (energy), and narrow spectrum, which are
the most technical challenges for industrial IoT networks. In general, a relay-assisted communication
network has been known to overcome scarce energy problems, and a spectrum-sharing technique
has been considered as a promising technique for the radio spectrum shortage problem. In this
paper, we propose a phase steering based hybrid cooperative relaying (PSHCR) technique for the
generic relay-assisted spectrum-shared WSN, which consists of a secondary transmitter, multiple
secondary relays (SRs), a secondary access point, and multiple primary access points. Basically,
SRs in the proposed PSHCR technique operate with decode-and-forward (DF) relaying protocol,
but it does not abandon the SRs that failed in decoding at the first hop. Instead, the SRs operate
with amplify-and-forward (AF) protocol when they failed in decoding at the first hop. Furthermore,
the SRs (regardless of operating with AF or DF protocol) that satisfy interference constraints to the
primary network are allowed to transmit a signal to the secondary access point at the second hop.
Note that phase distortion is compensated through phase steering operation at each relay node before
second-hop transmission, and thus all relay nodes can operate in a fully distributed manner. Finally,
we validate that the proposed PSHCR technique significantly outperforms the existing best single
relay selection (BSR) technique and cooperative phase steering (CPS) technique in terms of outage
performance via extensive computer simulations.

Keywords: Industrial IoT; wireless sensor networks; 5G; cooperative communications; spectrum
sharing; outage probability; cooperative phase steering

1. Introduction

The fourth industrial revolution (Industry 4.0) is a new generation of technology that
allows collecting and processing data across machines, enabling monitoring, decision-making
and automation to improve productivity, product quality, and services at low costs. Especially
for the massive connectivity in the future wireless communication networks in the industry,
the Internet of Things (IoT) has been considered as a key technology to provide wireless
control of the systems in Industry 4.0 [1]. Especially in the industrial field, industrial IoT
is considered that connects manufacturing robots, sensors, and control systems with the
internet, such as smart factory. All sensors and actuators are wirelessly connected with
the internet and their data are usually critical for operating factory so that highly reliable
wireless communication is needed for wireless sensor networks (WSNs) in industrial IoT [2].
However, sensors usually are powered by internal batteries, thus they cannot utilize high
power for reliable data transmission. To solve this problem, the relaying technique can be a
reasonable solution to help communication between power limited nodes and access points
(AP). On the other hand, in industrial IoT, there is another problem involving the coexistence
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of heterogeneous networks with the same spectrum bands, such as unlicensed spectrum
bands [3]. Because of the coexistence of networks using the same spectrum bands, there
is interference among the different networks, which might cause performance degradation.
To deal with the interference among the different networks, the cognitive radio technique has
been considered in recent research. Consequently, to reflect these problems, relay assisted
WSNs for the cognitive radio environment need to be considered.

Meanwhile, for the relay-assisted wireless communication network, a cooperative
communication networks has been considered as the technology that can support multiple
distributed relays. In the cooperative network, the multiple relay nodes deliver the received
signal from a transmitter to a receiver, so that the transmitter can communicate with the
receiver even if the transmitter cannot directly communicate with the receiver. Moreover,
by multiple relays, spatial diversity can be achieved by the same signal traveling along
different paths or selecting the best relay [4]. Typically, two relaying protocols are commonly
used, the amplify-and-forward (AF) and the decode-and-forward (DF). In the AF relaying
protocol, all relays only amplify the received signal and forward it from a transmitter to
a receiver without decoding and encoding. Since relays operate only as an amplifier, the
AF relaying protocol has an advantage in that it has simple computational complexity for
relays. By contrast, in DF relaying protocol, relays firstly decode the received signal from
a transmitter and deliver decoded signal to a receiver. As a result, the performance of
DF relaying protocol is commonly better than AF relaying protocol because the noise at
relays is amplified, and it acts as additional interference and degrades signal-to-noise ratio
(SNR) at the receiver. Therefore, even DF relaying protocol has higher complexity than AF
protocol, DF protocol is firstly considered since it can achieve better performance than AF
relaying protocol by re-transmitting the original signal without any noise amplification [5].
However, for the environment in which relays are difficult to decode the original signal,
DF relaying protocol experiences significant performance degradation due to a lack of
available relay nodes.

To overcome both problems of AF and DF relaying protocol, another protocol called
the hybrid amplify-or-decode and forward (HADF) technique has been proposed in [6,7].
The HADF relaying protocol is a new relaying protocol that combines the AF and DF relay
protocols to take advantage of both relay technologies. The principle of the HADF relaying
protocol is that the relay nodes can automatically select the most suitable cooperative
diversity protocol (AF or DF) to process the received signal according to the channel state
information (CSI) between users [8].

Meanwhile, for the cooperative communications in spectrum sharing-based cognitive
radio networks, many techniques for different system environments have been proposed.
Typically, the best single relay (BSR) technique is mostly considered for the multiple-relay
cognitive radio networks to improve the outage performance of the secondary network
communications, while both the secondary transmitter (ST) and secondary relays (SRs)
should control their transmit powers such that the interference at primary networks is
always below an allowable level [9–13]. In addition, several techniques are proposed for
cooperative cognitive radio networks, such as for two-way relays [14], for full-duplex
relays [15,16], turbo-coded cooperation of relays [17], and buffer-aided cooperation [18].
Note that, even though various cooperative relaying techniques have been proposed
for various system environments, they are based on single relay selection techniques
with different relay selection metrics that suit for considered system environments [19].
However, the selection based technique has a basic problem that it requires the relay state
notification process and feedback process to select the best relay. Briefly, to decide which
relay is the best one, another node has to gather the state of each relay, where the state
notification process is needed. Then, to notify the chosen relay that another node has to
transmit a signal to the chosen relay, the feedback process is needed.

To manage the signaling overhead problem of selection-based cooperative technique
for cognitive radio networks, we propose another spectrum sharing-based relaying tech-
nique that is a cooperative phase steering (CPS) technique for spectrum sharing-based
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WSNs [20]. In the CPS technique, relays compensate the phase distortion of transmit signal,
which will be caused by the channel between themselves and the receiver. As a result, the
phase of all received signals at the receiver are aligned, and are added at the same phase.
Most importantly, local channel state information (CSI) is enough for the relays to operate
the CPS technique, which means that feedback operation, which is needed in the selection
technique, is not required [21].

Meanwhile, to the best of the authors’ knowledge, the HADF protocol has not been
applied to the CPS technique for the spectrum sharing-based wireless networks. There-
fore, as the main contributions, we propose the phase steering based hybrid cooperative
relaying (PSHCR) technique for the spectrum sharing-based networks in this paper. Most
importantly, only SRs that cause less amount of interference than predefined interference
constraints to primary access points (PAPs) can relay the signal to the secondary access
point (SAP) with the PSHCR technique. Note that, if the secondary relay exceeds the inter-
ference constraint, it terminates transmission and saves energy since power management is
a complicated process for IoT devices. Due to this transmission control of relays, the inter-
ference to the primary network is always maintained at less than the allowable interference
level. Furthermore, the simulation results show that the PSHCR technique outperforms the
conventional CPS technique and BSR technique in terms of outage probability.

The rest of this paper is organized as follows. A brief description of the considered
system model and about the overall procedure of the proposed PSHCR technique is written
in Section 2. In Section 3, simulation results about the outage probability of the proposed
PSHCR are shown and compared with the conventional CPS technique and BSR technique.
Finally, conclusions are written in Section 4.

2. Phase Steering Based Hybrid Cooperative Relaying Technique for Spectrum
Sharing Relay Networks

In this section, we explain our considered system model and overall procedure of
the proposed PSHCR technique. The conventional CPS technique only operates with DF
relaying protocol, in which only SRs that succeeded in decoding can relay the original
signal from ST. However, if many SRs fail in decoding, the DF relaying protocol can not
perform well by a lack of available SRs. Therefore, in the PSHCR technique, AF relaying
protocol is applied for the SRs that failed in decoding for additional diversity. Briefly, for
the SRs that operate with AF relaying protocol, they compensate for both phase distortion
of first-hop and second-hop channels.

2.1. System Model

As shown in Figure 1, we consider spectrum sharing wireless networks with multiple
HADF relay nodes. The system consists of a secondary transmitter (ST), a secondary access
point (SAP) node, K secondary relays (SRs), and J primary access points (PAPs). The
channel between the ST and the k-th SR, between the k-th SR and j-th PAP, and between the
k-th SR and the SAP are defined by hS,k, hk,j, and hk,D, respectively. Moreover, it is assumed
that all the channel coefficients follow the complex Gaussian distribution, but a variance of
them is different from each other for general system environments, i.e., hS,k ∼ CN

(
0, σ2

S,k

)
,

hk,j ∼ CN
(

0, σ2
k,j

)
, and hk,D ∼ CN

(
0, σ2

k,D

)
. All channel coefficients are assumed to be

static for each overall transmission (i.e., one two-hop transmission) and independently
change after the overall transmission is over.

Due to the severe fading by relatively far distance and small transmit power of source
node, we assume that ST does not impact any interference to PAPs, and source of the
primary network does not impact interference to SAP either. As ST cannot interfere with
PAPs, ST also cannot communicate with SAP directly. Consequently, ST communicates
with SAP only through relaying operation of the SRs.

For the phase steering technique, which will be described later, each k-th SR is assumed
to know the CSI that is associated with itself (e.g., hS,k, hk,j, and hk,D), which is called the local
channel state information (CSI) assumption. If each SR requires only local CSI, then the overall
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signaling overhead can be significantly decreased since only reference signal transmission from
ST and SAP is enough to acquire all necessary CSIs. Consequently, the local CSI assumption is
more practical for the multiple relaying systems than the full CSI assumption.

ST

SR
PAP 1

SR 1

SR

PAP  

SAP

,

,

,

1st hop 2nd hop

,,

2nd hop DF

1st hop

Inter-system
Interference

,

,

2nd hop AF

,

,

Not Available

Figure 1. Considered system model of the PSHCR technique for spectrum sharing cognitive radio
networks.

2.2. Overall Procedure

We explain the overall procedure of the PSHCR technique in this subsection.

2.2.1. First Hop

In the first-hop, if ST needs to transmit data, ST transmits a request-to-send (RTS)
packet to SAP to acknowledge the signal transmission. Meanwhile, SRs can overhear the
RTS packet from ST, in order to acquire the local CSI between ST and themselves. After
SAP received the RTS packet, SAP broadcasts a clear-to-send (CTS) packet to all nodes in
the network (i.e., ST and SRs). The same as RTS transmission, SRs can overhear the CTS
packet from SAP and acquire the local CSI between themselves and SAP. After ST receives
CTS packet, the ST transmits a signal to all SRs in the first-hop, and the received signal at
each k-th SR is given by:

yk =
√

PShS,kxS + nk, (1)

where PS and xS respectively represent the transmit power of ST and the transmit signal
of the ST. Moreover, nk denotes additive noise at the k-th SR, which is assumed to follow
complex Gaussian distribution, i.e., CN (0, 1) without loss of generality.

After receiving the signal from ST, all SRs try to decode the received signal, then there
will be a set of SRs that succeeded in decoding, or failed in decoding. Thus, the set of SRs
that succeeded in decoding is defined as follows by outage criterion:

D ,
{

k ∈ K | log2(1 + PS
∣∣hS,k

∣∣2) ≥ 2R
}
=
{

k | PS
∣∣hS,k

∣∣2 ≥ ρth

}
, (2)

where R represents a required spectral efficiency from ST to SAP and ρth =
√

22R − 1.
Moreover, K = {1, 2, · · · , K} represents the entire set of SRs. Note that, since the proposed
HADF technique is a half-duplex relaying system, the required spectral efficiency of each
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hop (i.e., first-hop or second-hop) needs to be twice that of R. On the other hand, the
opposite set of D, which is the set of SRs that failed in decoding, can be defined as

D̄ ,
{

k ∈ K | PS
∣∣hS,k

∣∣2 < ρth

}
. (3)

Here, we assumed that each SR knows local CSI between ST and itself by receiving RTS
packet from ST, and between itself and SAP by receiving CTS packet from SAP. Therefore,
all SRs know the amount of phase distortion caused by their local channels and they
compensate for phase distortion at the second hop.

2.2.2. Second Hop

In the second-hop, we distinguish the operation of D and D̄ as aforementioned,
which are DF protocol for D, and AF protocol for D̄. In addition, first of all, there is
one more condition to decide whether each SR transmits a signal in the second-hop, the
interference power of SRs to the PAPs in the primary network. To set the criterion for the
interference power, we define the interference power limit at each PAP as Q, also known as
interference constraint. Specifically, to determine each SR can transmit a signal or not, we
define distributed interference constraint (DIC) as Q/K. Then, if the maximum interference
from each SR to all PAPs exceeds DIC, this SR is terminated and cannot transmit a signal.
Note that the DIC is calculated by normalizing an interference constraint with the number
of entire SRs’ K, not the number of relays that are finally allowed to transmit signals at the
second-hop. This is because additional signaling overhead might be required to measure
the number of possible SRs. Moreover, if DIC is satisfied for each SR, the total interference
constraint at each PAP is automatically satisfied, since the number of available SRs is
always less than K, (i.e., Q

K |AAF +ADF| < Q, where |·| represents cardinality of a set).
Note that AAF and ADF denote that available SRs operate with AF protocol and with DF
protocol, respectively, which are defined in (5).

Now, the set of SRs that does not exceed DIC to the PAPs is defined as

V ,
{

k ∈ K
∣∣∣ max

j∈J
Pk

∣∣∣hk,j

∣∣∣2 <
Q
K

}
, (4)

where J = {1, 2, · · · , J} and Pk denotes the transmit power of the k-th SR. Please note
that the partial interference CSI (e.g., channel gain value) from each SR to the PAP can be
acquired at each SR by overhearing the sounding signal of the PAPs, which is broadcasted
periodically. Consequently, the available SR set that respectively operates with DF protocol
and AF protocol, and does not exceed DIC can be derived by finding SRs that belongs to
both D and V , and belongs to both D̄ and V as:

ADF , D ∩ V , AAF , D̄ ∩ V . (5)

Again, the SRs that belong to the ADF will operate with DF protocol; on the contrary,
the SRs that belong to the AAF will operate with AF protocol.

For the SRs in ADF, they only adjust the phase distortion which will be caused by the
local channels between themselves and SAP, hence the phase distortion of all signals that is
received at the SAP is zero. Then, the transmit signal of the l-th SR is given by

xl = exp(−i∠hl,D)xS, (6)

where l ∈ ADF and ∠a represent the phase of a, hence ∠hl,D is a phase of channel between
l-th SR and SAP.

On the other hand, the SRs that belong to AAF failed to acquire the original signal of
ST, hence they cannot transmit a clear signal without noise. Therefore, they simply amplify
the received signal from ST and adjust both phase distortions, one is caused by the local
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first-hop channel and another one will be caused by the local second-hop channel at m-th
SR, where m ∈ AAF. The transmit signal of m-th SR is defined as

xm =
1√

PS
∣∣hS,m

∣∣+ 1
exp(−i(∠hS,m +∠hm,D))ym (7)

where ∠hS,m represents the phase distortion that is caused by the local first-hop channel of
m-th SR.

Then, the received signal of the SAP in the second-hop is given by

yD = ∑
l∈ADF

√
Plhl,Dxl + ∑

m∈AAF

√
Pmhm,Dxm + nD (8)

= ∑
l∈ADF

√
Pl
∣∣hl,D

∣∣xS + ∑
m∈AAF

(√
Pm
∣∣hS,m

∣∣∣∣hm,D
∣∣

√
PS
∣∣hS,m

∣∣+ 1
xS +

√
Pm
∣∣hm,D

∣∣ exp(−i∠hS,m)√
PS
∣∣hS,m

∣∣+ 1
nm

)
+ nD,

where nD represents additive noise at the SAP, which follows complex Gaussian distribu-
tion, i.e., CN (0, 1). For a fair comparison, the total consumed power in the second-hop
(i.e., ∑k∈(ADF∪AAF)

Pk) needs to be similar to the conventional techniques. Therefore, we
set the Pk as PR/K to normalize total consumed power, where PR is the maximum total
power budget of all SRs. Note that, since the actual number of available SRs (i.e., SRs in
the ADF ∪ AAF) is always less than, or the same as K, the total consumed power in the
second hop is always less than PR. However, as will be described in Section 3, it achieves
better performance even though it uses less power. Finally, the outage probability of the
proposed PSHCR technique can be calculated by

Pout = Pr


(

∑l∈ADF

√
PR
K

∣∣hl,D
∣∣+ ∑m∈AAF

√
PR|hS,m ||hm,D|√

K(
√

PS|hS,m |+1)

)2

1 +
(

∑m∈AAF

√
PR|hm,D|

K(
√

PS|hS,m |+1)

)2 < ρth

. (9)

3. Simulation Results

In this section, we compare the performance of the PSHCR technique with the con-
ventional BSR technique and the CPS technique in terms of outage probability by computer
simulations. For the simulation, we used MatLab 2019a software, and an internal function that
generates the value that follows normal distribution is used for channel generation (i.e., randn).
The variance of hS,k, hk,D, and hk,j is set to be σ2

S,k = 0 dB, σ2
k,D = σ2

k,j = −10 dB, respectively.
Moreover, PS = PR = Transmit SNR required spectral efficiency between ST and SAP is
R = 1 bit/s/Hz in all simulations and other parameters are mentioned in each figure.

In Figure 2, the outage probability performance of the PSHCR technique is compared
with that of the BSR technique and CPS technique for varying transmit SNR, where the
number of SRs is K = 7, 10, 13. It is shown that the proposed PSHCR technique achieves
higher performance than the BSR technique, which requires more signaling overhead by
feedback for the SR selection. In addition, the proposed PSHCR technique outperforms
the original CPS technique, in which only the SRs operate with DF protocol. The result
that PSHCR is better than original CPS is because additional channel gain from SRs that
operates with AF relaying protocol is much larger than the effect of amplified noise of
AF relaying protocol. It is also observed that the proposed PSHCR technique achieves
the same performance as the original CPS technique with high transmit SNR because all
available SRs succeeded in decoding and operating with DF protocol, which is the same
operation as the original CPS technique.

Figure 3 shows the performance of the PSHCR technique according to the number of
SRs, where SNR = 10, 12, and 14 dB. It is worth noting that the PSHCR technique achieves
significantly higher performance than other conventional techniques as the number of SRs
increase since the PSHCR technique acquires more benefits from the spatial diversity gain.
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More specifically, the PSHCR technique significantly outperforms the BSR technique with
a large number of SRs. Moreover, it is shown that the PSHCR technique is always better
than the original CPS thanks to the additional channel gain of SRs that operates with AF
relaying protocol. On the other hand, the BSR technique requires more signaling process as
the number of SRs increases, which might be critical for the IoT network that consists of
many devices. Therefore, the selection-based technique is inappropriate for the relaying
system for which the number of SRs is large and the PSHCR technique is better than the
BSR technique since it operates in a distributed manner.

S R

S D

Figure 2. Outage probability performance of the PSHCR technique for varying transmit SNR.

S D

Figure 3. Outage probability performance of the PSHCR technique for varying number of SRs.
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Figure 4 represents the performance of the PSHCR technique with the varying inter-
ference constraint of PAPs, where the SNR = 15 dB with a different number of SRs. It
is shown that the outage probability performance of the PSHCR technique outperforms
the BSR technique and the original CPS technique with a large amount of interference
constraint. Moreover, the performance of the PSHCR technique improves significantly as
the number of SRs increases, such as we described in Figure 3. The reason that the enhance-
ment of the PSHCR technique is more significant than the BSR technique as the number
of SRs increases is that interference power does not linearly increase. More specifically,
transmit power of the BSR technique linearly increases as the number of SRs increases
in our simulation since we normalized the power that is consumed in all SRs, so that a
single SR utilizes all transmit power in BSR. Thus, interference power towards the primary
network also linearly increases in the BSR technique. However, by contrast, all of the SRs in
PSHCR operate anyway, and transmit power is distributed. Since the interference channels
of each SR are not identical, the summation of the interference signal at PAP is not linearly
added. As a result, the PSHCR technique can effectively utilize higher total transmit power
at SRs than the BSR technique while interference power to PAP does not increase severely.

S D

Figure 4. Outage probability performance of the PSHCR technique for varying interference constraint.

In Figure 5, the outage probability performance of the PSHCR technique for the varying
amount of variance of the channel between SRs and SAP is shown in Figure 5. As the variance
of the channel is smaller, the channel usually has more poor channel gain because of the
severe path loss, long communication distance, deep fading, etc. As shown in Figure 5, the
PSHCR technique and the original CPS technique outperform the BSR technique when the
second-hop channel is poor in the spectrum sharing wireless networks. From this result,
it is observed that, when the second-hop channel is poor, the spatial diversity with many
SRs can achieve better performance than the selection, even though total transmit power is
distributed to all SRs.

Finally, in Figure 6, the outage probability performance of the PSHCR technique is
validated according to the required spectral efficiency. Note that there is an optimal transmit
SNR for the minimum outage probability for a given condition as shown in Figure 2 because
outage occurs often if the transmit SNR is low, and the interference constraint might not
be satisfied if the transmit SNR is high. Hence, before verifying the outage probability
performance according to the required spectral efficiency, we have derived the best transmit
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SNR value for each required spectral efficiency by computer simulation as following Table 1.
Please note that the best transmit SNR value of the CPS and the PSHCR technique for 0.5
bps/Hz is out of scope when we tried 107 realizations, hence we blanked it. First of all, as
shown in Table 1, usually conventional techniques require a higher transmit SNR for the best
outage probability, especially the BSR technique. Moreover, even though the BSR technique
requires a higher transmit SNR value to achieve the best outage probability performance, the
outage probability performance of the BSR technique is always poorer than the proposed
PSHCR technique as shown in Figure 6. Consequently, we can understand that the PSHCR
technique can achieve better performance than the conventional selection technique with
small total consumed power.

D

S

Figure 5. Outage probability performance of the PSHCR technique for a varying amount of second-
hop channel variance.

S D

Figure 6. Outage probability performance of the PSHCR technique for varying required spectral efficiency.
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Table 1. Best transmit SNR value of all techniques for given required spectral efficiency.

Required Spectral Efficiency (bps/Hz) 0.5 0.75 1 1.25 1.5 1.75 2

K = 10

BSR (dB) 14.7 15.6 16.3 17.2 18 18.9 19.9

CPS (dB) 13.3 13.8 14.4 15 15.6 16.2 16.9

PSHCR (dB) 13 13.4 14.1 14.5 15.2 15.8 16.5

K = 15

BSR (dB) 14.5 15.5 16.4 17.3 18 18.9 19.8

CPS (dB) - 13.9 14.4 14.8 15.4 15.9 16.6

PSHCR (dB) - 13 13.7 14.4 14.8 15.4 16.1

4. Conclusions

In this paper, we proposed the phase steering based hybrid cooperative relaying
(PSHCR) technique for the spectrum sharing-based wireless sensor networks (WSNs) of
industrial IoT. The considered system consists of a single secondary transmitter (ST), a
single secondary access point, multiple secondary relays (SRs), and multiple primary
access points (PAPs). Most importantly, in the proposed PSHCR technique, SRs that
failed in decoding operate with amplify-and-forward (AF) relaying protocol, and SRs
that succeeded in decoding operate with decode-and-forward (DF) relaying protocol.
Moreover, for the protection of the spectrum sharing primary network, the interference
power to the PAPs has to be less than the allowable interference constraint. Therefore, the
SRs that exceed the interference constraint to the PAPs are terminated and cannot relay
the signal from ST to the SAP. By computer simulations, we validated that the PSHCR
technique significantly outperforms the best single relay technique with outage probability,
especially when the number of SRs is large. Furthermore, it is also shown that the PSHCR
technique outperforms the cooperative phase steering technique by the additional gain of
the SRs that operates with AF relaying protocol. For the future work, the proposed PSHCR
technique with multiple transmitters for more practical IoT systems can be considered as
an interesting topic.
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Abbreviations
The following abbreviations are used in this manuscript:

IoT Internet of things
WSN Wireless sensor network
PSHCR Phase steering based hybrid cooperative relaying
ST Secondary transmitter
SR Secondary relay
SAP Secondary access point
PAP Primary access point
AF Amplify-and-forward
DF Decode-and-forward
BSR Best single relay
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CPS Cooperative phase steering
HADF Hybrid amplify-or-decode and forward
SNR Signal-to-noise ratio
CSI Channel state information
RTS Request to send
CTS Clear to send
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