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Abstract: This paper examines the performance of a half-duplex wireless sensor network (WSN) by
using cooperative non-orthogonal multiple access (NOMA) integrated with simultaneous wireless
information and power transfer (SWIPT) over Rayleigh fading channel to improve the performance
of far and cognitive users in terms of spectrum efficiency, prolonging the coverage area, and network
lifetime. Two distinct scenarios: one where a direct link exists between the source node S and the far
user F, and another one where communication relies on an indirect path incorporating relay node N
between node S and F. A new cooperative NOMA based SWIPT cognitive relay protocol is proposed,
where a primary user S transmits a composite signal containing information of a near N and far user
F, N which acts as an energy harvesting relay first apply NOMA to decode far user information to
get its own information The remaining power is harvested by the relay node, and this harvested
power is used to transmit information to both the far and cognitive users, respectively. The outage
probabilities and throughputs are calculated. Simulated results show that the outage probability of
far users with relay and direct link is reduced when compared with N after 25 dB SNR. This, in turn,
improves the data rate of far/cell edge users.
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1. Imtroduction

Recently, the rapid expansion in the number of devices within the WSN has resulted in
substantial connectivity and a heightened demand for spectrum and power usage (Kurniawati et
al., 2023; Hendrarini et al., 2022). Enhanced spectral efficiency, prolonging the coverage area, and
network lifetime are major concerns in the area of WSN (Priyadarshi & Gupta, 2020; Yetgin et al.,
2017; Jorswieck et al., 2014).

Enhancing the spectral efficiency of a WSN through NOMA has received considerable
importance (Abuajwa & Mitani, 2024; Khan et al., 2020; Sedtheetorn & Chulajata, 2016). Unlike,
conventional multiple access (MA) schemes (Ramly et al., 2023; Adriansyah et al., 2015; Sun et al.,
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2015), NOMA differentiates users in the power domain rather than frequency, time, and code
division MA (Ding et al., 2016). At the base station, the simultaneous sharing of resources is
achieved by utilizing power-domain multiplexing, also known as power-domain superposition
coding (SC) (Su et al., 2016a).

In NOMA, more power is allocated to users with poor channel conditions, while less power is
assigned to users with better channel conditions. At the receiving end, users can decode the desired
information using successive interference cancellation (SIC) techniques (Haci, 2018; Ali et al., 2016;
Su et al., 2016b). Moreover, NOMA can support a significantly larger number of users compared to
OMA through the utilization of non-orthogonal resource allocation, which meets the rapidly
growing demand for user access needed for the Internet of Things in future WSN (Dai et al., 2018;
Hojeij et al., 2015).

In addition to spectral efficiency, another key objective is to reduce the probability of outage
events for cell edge users, which results in improved WSN performance. The challenge of providing
reliable service to cell-edge users from the base station is well-documented, primarily due to the
inherent weakening of signal strength over distance and interference from other base stations
(Mukherjee et al., 2021; Park et al., 2016; Tseng et al., 2012). As reported in (Shin et al, 2017) NOMA
can improve the channel conditions of cell-edge users. However, it still has limitations that prevent
cell-edge users from achieving the same throughput as users closer to the base station. Achieving
equitable data rates between cell-center and cell-edge users requires a significant reduction in the
power allocated to users closer to the cell center (Huang & Zhou, 2021; Vinh et al., 2019). Cooperative
NOMA played a part in reducing the probability of outage events for cell edge users and improve
throughput, by successfully decoding the information of the far users at the near users having good
channel conditions. These users will act as relays to provide strong channel conditions to the far
users who have worse channel conditions from the base station (Elsaraf et al., 2021; Yang et al.,
2017).

To elevate network performance to the next level by prolonging the lifetime of a WSN, radio
frequency (RF) based wireless power transfer (WPT) is used to increase the lifetime of energy-
constrained wireless sensor nodes in the network. An emerging solution is to scavenge energy from
the ambient RF signals present in the environment (Varshney, 2008). The major advantage of this
solution is that the RF signal can carry both (information and energy) at the same time. Thus, the
idea of SWIPT was proposed that the energy-limited sensor nodes at the receiving end with the
capacity for simultaneous information decoding and energy harvesting, the receiving nodes utilize
the RF signal for dual purposes, which does not hold in practice (Zuhra et al., 2022) (Fouladgar &
Simeone, 2012) (Popovski et al., 2012). To address this limitation, a practical receiver design with
dedicated components for information decoding and energy harvesting has become widely
accepted in the recent literature (Arakawa et al., 2024; Clerckx et al., 2022; Clerckx et al., 2019). Recent
research has predominantly focused on (point-to-point) communication systems with SWIPT,
building upon the extensive work already present in the. The integration of SWIPT into wireless
cooperative sensor networks and two popular cooperative relaying networks (amplify and forward)
and (decode and forward) has been a prominent theme in recent research. In addition to this, for
(amplify and forward) relaying, time switching (TS) and power splitting (PS) based relaying
protocols were proposed by (Nasir et al., 2013). In contrast, authors (Liu et al., 2016) proposed a new
antenna switching protocol for (decode and forward) relaying to lower its complexity. To enhance
both spectral and power efficiency, the concept of a SWIPT-based cognitive relay network was
proposed by (Gurjar etal., 2020). In (Zhou et al., 2021) authors presented a GS-Dinkel Bach algorithm
aimed at improving energy efficiency in NOMA-SWIPT cooperative relay networks. The proposed
algorithm leads to substantial gains in both direct-link and cooperative transmission modes while
also decreasing the computational overhead. Authors (Ahlgren et al., 2022) centre their attention on
conducting an in-depth analysis of system performance metrics, including outage probability,
throughput, and energy efficiency, specifically within the context of IoT networks that operate
under the conditions of Nakagami-m fading. In (Li et al., 2023), introduced two innovative SWIPT-
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based cooperative protocols, namely SWIPT-CNOMA-PS and SWIPT-CNOMA-TS. These protocols
are specifically engineered to elevate the quality of communication experienced by users situated at
the edge of the cell coverage area. In (Baranwal et al., 2024), the authors explore a full-duplex
cooperative NOMA system that utilizes SWIPT to provide service to both distant and nearby IoT
users.

While previous studies contribute significantly to the field, they exhibit certain limitations when
compared to the comprehensive scope of this work. Many focus narrowly on optimizing energy
efficiency without conducting a complete performance evaluation that includes key metrics such as
outage probability and throughput. Furthermore, several approaches propose basic cooperative
protocols but do not integrate cognitive relay strategies or adaptive power allocation mechanisms,
which are both critical for optimizing overall system performance. Full-duplex systems, though
explored, often struggle with self-interference, a challenge that this research addresses through the
implementation of cognitive relay systems, ensuring enhanced reliability, spectral efficiency, and
overall network performance.

This paper presents a new cooperative NOMA-based SWIPT cognitive relay protocol by
introducing cooperative NOMA in SWIPT-based cognitive relay networks. Where a primary user
transmits a composite signal containing information of a near and far user, the near user, which acts
as an energy harvesting relay first applies NOMA to decode far user information to get its own
information. The remaining power is utilized by the relay node for energy harvesting, and the
harvested power is then used to transmit information to far and cognitive users, respectively. This,
in turn, improves power efficiency, spectral efficiency, and the coverage range of the WSN.
Additionally, the outage probabilities and throughputs are calculated for half-duplex without direct
link and half-duplex with direct link.

2. System model hods

Our considered system model comprises a source node (S), a near-user node (N), a far-user node
(F), and a cognitive node (C). In this model, the near user (N) is an intermediate energy-limited relay
node to assist the S-to-F data transmission. The process begins with the relay node (N) applying
Non-Orthogonal Multiple Access (NOMA) to decode the information intended for the far user (F).
This integration of NOMA allows multiple users (N and F) to share the same frequency spectrum
by assigning different power levels, significantly enhancing spectral efficiency by allowing
simultaneous data transmission within the same bandwidth.

Once the far user's signal is successfully decoded, the near user (N) employs the Power-Splitting
Relaying (PSR) protocol to simultaneously decode its own signal and harvest energy from the
incoming transmission. This ensures that the relay node utilizes only the minimum necessary
energy for decoding while efficiently harvesting the remaining energy. This dual functionality
significantly improves power efficiency, as the harvested energy can be reused for multiple
transmissions, eliminating the need for additional external power sources.

The harvested energy is then split between forwarding the far user’s information signal and
relaying its own sensed data to the cognitive user (C). This process enables N to opportunistically
reuse radio resources, thereby performing simultaneous N-to-F and N-to-C communications. Such
opportunistic spectrum reuse maximizes available bandwidth utilization, further enhancing
spectral efficiency. Moreover, this approach extends the coverage range, as the near user (N) acts as
a cooperative relay, assisting the far user (F) in overcoming transmission limitations and effectively
extending the communication range of the network.
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Figure1 A schematic representation of the system model

The system model under consideration is illustrated in Figure 1, where ‘d” and ‘h’(Lj € {S, N, C,
F}) represent the distance and channel coefficients between the nodes, respectively. All the channel
gains between the WSN nodes are modeled as quasi-static Rayleigh fading channels; for each
transmission block, channel coefficients are constant but vary independently between different
transmission blocks. A distance-dependent path loss model has been modeled between the
communicating nodes with a rate d~%, where d is the distance between nodes and a is the path loss
exponent.

Furthermore, in this paper, we have considered two different cases.

Case I: When a direct communication link exists for transmitting information between nodes (S
and F) in addition to the relay node link.

Case II: When a relay node is required for communication between nodes (S and F) and has no
direct link.

2.1. Cooperative NOMA, Energy harvesting, and Cognitive Radio operations
As illustrated in Figure 1, the overall communication process consists of two phases. In phase
one, source node S transmits a signal containing information of a near and far user z;x; + z,x;
during time slot W;. Where z; and z, are the power allocation coefficients and x; and x,are the
information of far node F and near node N, respectively. The signal observed at N and C is given
by Equation 1 and Equation 2:

h

YN =/ Ps Xke1,2) ZkXk —\/1:—115‘ + 14 (1)
h

Yo = \/Ps Xkeq1,2} ZiXk —\/;—dg + N4 (2)

Where Yy represent the signal observed at N, Ps is the transmit power from the source node S, h,
is the small-scale Rayleigh fading from S to R, n; is the additive white gaussian noise (AWGN) at N
having a variance 02, d; is the distance between Sand N, and a represents the path loss exponent
in Equation 1. In Equation 2, Yy represent the signal observed at C, P is the transmit power from
the source node S, h, is the small-scale Rayleigh fading from S to C, n, is the additive white gaussian
noise (AWGN) at C having a variance 02, d, is the distance between S and C, and a represents the
path loss exponent

For NOMA to be effective |z, | > |z, | with |z;| + | 25| = 1. To detect x;, the received signal to
noise ratio (SINR) at N is given by Equation 3:

plhy|*|z,|? 3
VBN = Dlny iz, 7+ 1+af ©)

Where yg_y represents the SINR of F at N, p represents the transmit signal-to-noise ratio (SNR)
(assuming g?n = g2f = g2 ). It is assumed that the near node is equipped with a rechargeable
battery and the ability to split received power for SWIPT. The signal observed at relay node N is
divided into two parts. A portion of the energy is dedicated to decoding information, while the rest
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is harvested to support the transmission of node S information to F and its own information to node
C (see Equation 4). Thus,

v = \/P_SZke{l,z} Zy Xy % +m 4)

Where f represents the power splitting coefficient, which dictates the portion of received signal
energy allocated for harvesting (Varshney, 2008), h; represents the channel coefficient from S to N,
1, is AWGN at node N, with variance o?n and d; is the distance between node S and N.

Node N employs a SIC technique to decode both its own information and that of node F. More
specifically, N initially decodes F's message and then extracts its information by subtracting this
decoded message from its received signal. Thus, SINR at N for detecting the message x; of F can be
expressed as (see Equation 5):

plhy|?|z1 1> (1-B)
VPN = oz Pa=py+1+af ©)
The received SNR of N to detect x, of a near node N is given by (see Equation 6):
_ Plhal?Izz*(1-p)
YN-N & 1+d% (6)
The amount of harvested energy determined by N solely depends upon the power splitting
coefficient . Based on Equation 5, the data rate supported by medium from S to N for decoding the

F message x; is given by

1 hqi|?|z¢]?(1—

R, =3log (1+ p|hf||2|;lz||2(11|—;)+€)+di‘) @

For our analysis, we assumed that the energy consumed in receiving and processing information
is considered negligible relative to the energy required for transmission. In this scheme, dynamic
PSR protocol is applied. This implies that  is not a constant value; rather, it is a variable dynamically
tuned to maximize the assistance provided to node N during transmission

Our target is to first ensure the detection of far NOMA user F message at near NOMA user N
and the detection of near NOMA user N message at N. Then the remaining energy is harvested by
N. In this case, based on Equation 7, to guarantee that N can successfully decode the message of F,
we have a rate R; = R, . Therefore, the f8 is set as follows

B = max {0,1 — M} (8)

Psh,z,
Where the threshold of F (t1 = 22F1 - 1), here B = 0 signifies that all the energy is used by N for

information decoding, with no energy left for harvesting. The energy harvested at N is given by

_ WnPsBilhy |? 9

N 20+a9) 9)

Where W represents the entire duration of the transmission process, encompassing both the

source-to-destination transmission and the relay-aided transmission and n represents the energy
harvesting coefficient. The transmit power at N can be expressed as:

_ nBi|h1|2
N 14ag (10)

In phase two, by utilizing the harvested energy, node N forwards the combined far user
information signal and its sensed information to nodes F and C, respectively. Note that here, N
reuses both the radio and power resources of the primary network. Therefore, the received signal
at nodes F and C can respectively be expressed as:

P P

Yn_r = f d—ghle(L) + / d—ghzxn(l —L)+n, (11)
P P

Yn_c = f d_ghsxn(l - L)+ ’ d_gh3x1(L) + 13 (12)

Where Yy_f Equation 11 represents near user N signal (containing F and C user information) at
F and Yy_ in Equation 12 represents near user N signal (containing F and C user information) at C,
x,, represent the information of near for C user, and L represents the power allocation coefficient for
the F user.
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Based on Equation 11 and Equation 12, the received SINR at nodes F and C can respectively be

written as
_ Pnlha|L
VF-F = B Inyl(1-1)+1+ag (13)
_ _Pnlhs|(1-L)
Ye-C = pying|L+1+al (14)
Since node C has already received the message of F in phase I (see Equation 2), the interference
cancellation technique is applied to get the desired message of node C. Based on this, we can rewrite

the SNR of node C.

Pnlhs|(1-L)
Vec = = rgw (15)

Case I: Direct Link
Case 1I: Without a direct link

2.2. QOutage probability and throughput analysis

The sensor node experiences an outage if the received (SNR/SINR) falls below a predefined
threshold. The probability of outage events occurring in the primary communication links (S to N,
N to F, and S to F) under Case I conditions can be calculated as:

Pout' = Pe(vp < th_g) + P.(Yp-n < th_g,¥n-n < th_y) (16)
Q1= R(r < th—f)
Q2 = (Yr-n <th_g,¥n-N < th_p)

Where th_; and th_, represents the threshold of F and N users and the terms Q; and Q, in
Equation 16 indicate that an outage event in the primary communication link (S to N) occurs when
the received SNR/SINR at N for both N and F is below the decoding threshold.

Pourcan = P(Ymre < th_p,vp-n 2 th_p) + P(yer < th_s,vp_n < th_j) (17)
Uy = B.(Ymrc < th_s, Y-y = th_y)
U, = P(yrr < th_s,vp_n < th_y)

Here yyrc represents (ymyre = SINR of F direct link at F + SINR of F through N at F) and the
terms U; and U, in (equations 17) shows that the probability of outage events occurring in the
primary communication link (S to N and N to F) and (S to F) direct link occurs when the received
SNR/SINR of F at F, F at N, and yygc of F at F is less than the decoding threshold.

PE = P(ve <th_p,¥p-n = th_f) + B(yrr < th_syp-n < th_s) (18)
Vi, = Pr(YF < th—fJYF—N = th_f)
V, = P.(vrr < th_s,yr_n < th_g)

The terms Vjand V,in Equation 18 shows that the probability of outage events occurring in
primary communication links without direct link case II (S to N to F) occurs when the received
SNR/SINR of F at F and F at N is less than the decoding threshold.

Pgl?t = Pr(yC—C < th—c) (19)

In Equation 19, the probability of outage events of the secondary communication link (N to C)
occurs when the received SNR/SINR of C at C is less than the decoding threshold.

Based on PEN and PI Fin Equations 16 and 17, the achievable throughput of the primary
communication link (S to N) and (S to N and N to F) with (S to F) direct link case I is given by

Oy = (1- PERN)R (W /2)/W (20)

Cr = (1= Poutian)R2(W/2)/W (21)
Where W /2 indicates the actual time available for successful transmission.
Based on P& the achievable throughput of the primary communication link (S to N and N to F)

case I is given by
Ce = (1—Powd )Ro(W/2)/W (22)
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Based on PSY the achievable throughput of the secondary communication link (N to C) is given
by
Cc= (1—Psa)R,(W/2)/W (23)

3. Performance evaluation

In this section, simulation results are presented to provide a detailed understanding of the WSN.
The impact of varying system parameters on network performance is assessed. Unless otherwise
stated, we set the energy conversion efficiency n = 0.8, and power allocation coefficients are (z;=
0.60 for far user F) and (z, = 0.40 for near user N). The distance between the source-to-near node is
set to 4 m, the near-to-far node is set to 2 m, and the near-to-cognitive node is set to 2 m. The
transmission rates for near, far, and cognitive users are ( R;= 0.5, R,= 0.5, and R3= 0.3) bits/s/Hz,
respectively.

The outage probability and achievable throughput of near (N), far (F), cognitive (C), and far with
direct link, with varying transmit SNR, are shown in Figures 2(a) and 2(b), respectively. It’s shown
in Figure 2(a) that the outage probability at N, F, and C nodes decreases as the value of transmitting
SNR increases. As the value of SNR increases, the received SINR at destination nodes increases,
which as result decreases the outage probability at destination nodes [see equation (16, 17, 18, and
19)]. More specifically, in Figure 2(a), as the transmit SNR increases from 25 dB onwards, the outage
probability of far node F with direct link starts reducing as compared to near node N. At low
transmit SNR, the effect of the direct link on the maximum ratio combining MRC is not significant
due to the large distance between node S to F, which results in high path loss and greater outage
probability. This indicates that the direct link becomes more beneficial at higher SNR values,
improving the far user’s reliability.

In addition to this, as shown in Figure 2(b), achievable throughput at destination nodes S, F, and
Cincreases as the SNR increases. As the outage probability depends upon the transmit SNR, outage
probability decreases as transmit SNR increases because it results in higher SINR at the receiving
nodes. Consequently, the system's overall throughput improves, demonstrating that the proposed
protocol effectively utilizes available energy and spectrum resources, enhancing communication
performance in wireless sensor networks.
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Figure 2 Transmit SNR with a = 2, and R;= 0.5, R,= 0.5 and R3= 0.3 bits/s/Hz versus (a) Outage
probability (b) Throughput

Figure 3(a) and 3(b) illustrate the impact of increasing the far user's rate from 0.5 to 0.55- and
0.60-bits/s/Hz on the outage probability of both the near user (N) and the far user (F). A higher
data rate for the far user leads to a greater frequency of outages for both the far user and the far user
with a direct link. Furthermore, it can be seen that the outage probability for the near user rises as
the data rate (R,) of the far user increases. This is due to the design of our proposed protocol, where
the near user N must first decode the message intended for the far user F (x;) before decoding its
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message (x;). Therefore, increasing (R;) makes decoding (x;) more challenging, resulting in a higher
outage rate. A critical observation is that the outage probability will always be one if (R;) and (R;)
are not chosen correctly. Specifically, for the selection of R; it should satisfy the condition ( |z;|* —

|z,1%7, > 0) to guarantee the successful implementation of SIC. The choice of R2 should ensure that
the energy split required to detect (x;) is also sufficient to detect (x;). This emphasizes the
importance of selecting optimal power allocation coefficients to maintain reliable communication.
If these parameters are not carefully adjusted, it could lead to system inefficiencies and significantly
degrade the overall network performance.
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Figure 3 Outage probability of the near, far, and cognitive users versus SNR with a = 2, R,= 0.5 and
R3= 0.3 bits/s/Hz (a) Ry= 0.55 bits/s/Hz and (b) R;= 0.60 bits/s/Hz

The outage probability of near, far, and cognitive users was evaluated by changing the path loss
exponent coefficient from a = 2, to 3 and 4. The path loss exponent values (a = 2, 3, and 4) were
selected in our simulations based on their relevance to practical wireless communication
environments. Specifically, a=2 represents an ideal free-space propagation scenario with minimal
obstacles, while a = 3 and a = 4 correspond to more realistic environments with moderate to high
signal attenuation due to obstacles, such as urban or indoor settings. Figures 4a and 4b visually
represent the relationship between outage probability, SNR, and path loss coefficients for near, far,
and cognitive users. It can be seen in Figure 2 that the outage probability of near, far, and cognitive
is low when the path loss exponent is a = 2. By changing the path loss exponent to 3 and 4 we can
see that the outage probability increases with the increase in path loss exponent coefficient. This
shows that the proposed protocol has low outage and high throughput for path loss exponent
coefficient 2.

As the path loss exponent increases, signal degradation becomes more pronounced, which
highlights the importance of deploying this protocol in scenarios with favourable propagation
conditions for optimal performance.
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and R;= 0.3 bits/s/Hz (a) a =3 and (b) a = 4
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4. Conclusions

This paper presents a novel cooperative NOMA-based SWIPT cognitive relay protocol for WSNs.
By using cooperative NOMA for efficient resource allocation and SWIPT for energy harvesting at
the relay node, we aimed to improve overall network performance. The protocol uses the relaying
energy limit node to enhance the power efficiency, spectral efficiency, and coverage range of the
WSN by successfully sending far and cognitive user information. The simulation result
demonstrated the protocol's ability to improve reliability (lower outage) and data rates (higher
throughput) for (near and far) users as the relay node has no power. Notably, the far user with the
direct link has low outage and high data rate as compared to the near user as the SNR increases
from 25 dB. Moreover, simulation results show the impact of far user data rate revealed a trade-off
between improving far user performance and maintaining reliable communication for the near
user. This underscores the importance of careful parameter tuning to optimize the system's overall
performance. Finally, our analysis of the path loss exponent highlighted the protocol's sensitivity
to signal attenuation. The results indicate that the protocol is most effective in environments with
lower path loss, such as those characterized by a path loss exponent of 2. In conclusion, this research
establishes the potential of the proposed protocol to enhance the performance of WSNs, especially
in scenarios with moderate path loss. For future work investigation of adaptive power allocation
strategies to dynamically adjust to varying channel conditions using machine learning techniques.
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