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Abstract

In new wireless ecosystems, simultaneous wireless information and power transfer (SWIPT)
and cooperative non-orthogonal multiple access (CNOMA) together make a potential
design model. These systems enhance spectral efficiency (SE), energy efficiency (EE), and
data interchange reliability by combining energy harvesting (EH), superposition coding
(SC), and relay-assisted transmission. Despite this, CNOMA'’s energy efficiency is still
constrained by the fact that relay nodes servicing multiple users require a significant
amount of power. Most previous studies look at performance as if imperfect successive
interference cancellation (SIC) were possible. To solve these problems, this study presents
a multiuser SWIPT-enabled cooperative wavelet NOMA (CWNOMA) framework that
reduces imperfect SIC, inter-symbol interference (ISI), and inter-user interference. SWIPT-
CWNOMA enhances overall energy efficiency (EE), keeps relays functional, and maintains
data transmission strong for users by obtaining energy from received signals. The proposed
architecture is evaluated against traditional CNOMA and orthogonal multiple access
(OMA) in both perfect and imperfect scenarios with SIC. The authors derive closed-form
formulas for EE, signal-to-interference-plus-noise ratio (SINR), and achievable rate to
support the analysis. Residual error because of imperfect SIC for near users shows lower
values in a varying range of SNR. Across 0-30 dB SNR, SWIPT-CWNOMA achieves, on
average, 1.4 times higher energy efficiency, approximately 4.7 lower BER, and 1.9 times
higher achievable rate than OFDMA, which establishes SWIPT-CWNOMA as a promising
candidate for next-generation energy-efficient wireless networks.

Keywords: cooperative NOMA; energy efficiency; future radio access; multiple access;
SWIPT; wavelet transform; wireless networks

1. Introduction

Sixth Generation (6G) wireless networks target higher throughput, massive connectiv-
ity, lower latency, and reduced power consumption compared to the already standardized
fourth generation (4G) and fifth generation (5G) technologies [1]. The deployment of
rapidly growing Internet of Things (IoT) devices would require applications with high
data rates and higher energy efficiency. In addition, limitations on basic communication
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resources, such as frequency, bandwidth, and transmit power, make the existing orthogonal
multiple access (OMA) techniques inadequate to meet the increasing requirements of higher
data rates, greater user connectivity, and lower latency. In this scenario, non-orthogonal
multiple access (NOMA) is being investigated as a potential multiple access technique to
fulfill the basic demands of beyond fifth generation (B5G) communication networks, as it
allows the user to use the same spectrum with lower inter-user interference and provides
enhanced spectral efficiency due to interference cancellation techniques [2].

A promising approach for improvement in NOMA is the use of cooperative NOMA
(CNOMA), in which a near user (NU) relays the intended data of the far user (FU) from the
base station (BS) to the FU. In power domain (PD) NOMA, the NU has the information of
the FU because of the successive interference cancellation (SIC) technique. In other words,
CNOMA supports data communication for both near and far users, leading to increased
spectral efficiency and thus supporting a higher number of users [3].

There is a considerable advantage in integrating the NOMA scheme and cooperative
relaying, which becomes even more significant when perfect SIC conditions are considered.
However, in real-time communication networks, SIC is imperfect due to finite-length codes,
channel estimation errors, hardware limitations, and the presence of residual errors due
to interuser interference [4]. The signaling overhead and power limitations for obtaining
channel state information (CSI) and data communication can be substantial, especially in
multiuser or multi-relay systems [5]. In these systems, the need to estimate and share CSI
between multiple users or relays demands considerable resources to maintain and manage
communication links, placing additional strain on network resources and power.

We propose a simultaneous wireless information and power transfer (SWIPT)-
cooperative wavelet NOMA (CWNOMA) approach to enhance the performance of power
domain (PD) NOMA systems and address the limitations mentioned previously. This
novel hybrid system is expected to minimize residual error, increase spectral efficiency, and
improve the coverage area, integrity, and reliability of the data for the users. The application
of the discrete wavelet transform (DWT) can effectively capture both time and frequency
information, allowing for practical multiscale analysis and signal compression. Thus, the
use of wavelet filters in the proposed scheme provides superior time-frequency localization,
resulting in more accurate signal reconstruction and reduced inter-symbol interference (ISI),
particularly benefiting users employing SIC. Furthermore, this study considers an energy-
constrained scenario in which NU employs SWIPT to harvest energy, which is then utilized
to forward the FU’s information. The proposed system improves the energy efficiency (EE)
of the system by simultaneously harvesting energy and decoding the information. The
SWIPT technique reduces the need for signal retransmission by enabling devices to harvest
energy from the received signals, thus allowing them to operate autonomously without
relying on external power sources. These features collectively contribute to lower latency,
higher reliability, and more efficient communication, making CWNOMA with SWIPT a
highly effective solution for data transmission in next-generation wireless networks.

2. Materials and Methods
2.1. Related Work

CNOMA has garnered considerable attention in recent years due to its potential to
enhance system reliability and expand coverage through user cooperation. The cooperative
NOMA network enables users to act as relays, improving signal quality for edge users and
optimizing spectral efficiency, making it a key enabler for future wireless communication
networks [6].

The CNOMA for a multi-user scenario requires an efficient transmission protocol
to ensure quality of service (QoS) and user fairness. Although cooperative relaying (CR)



Electronics 2025, 14, 4390

3 0f27

in NOMA provides additional benefits compared to the two/multi-user NOMA-based
communication systems [7], there remain issues related to system performance degradation
due to self-interference and inter-loop interference in half-duplex (HD)/full-duplex (FD)
systems. These problems, in turn, are aggravated by greater inter-user interference [8].

The NOMA scheme with and without CR is presented in Figure 1. The two users are
served by the BS but are assigned different power levels based on their distance from the
BS. The FU is assigned a higher power allocation factor. In the first phase, the BS transmits
the superposed signal to all users. The FU with the worst channel conditions considers the
signal of the NU as noise, and the NUs with strong channel conditions use SIC to extract
their signals [9]. For the second phase, known as the cooperative transmission phase, NU
relays the data to user 1, which is typically a far or cell-edge user [10].

user 1 user 2
detection —> SIC —> getection

. user1 N
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. : N
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Figure 1. Two-user NOMA scheme with and without the use of a cooperative relay.

The transmission scheme of HD and FD relays in the CNOMA system is shown in
Figure 2. In the first phase, user 2 receives the BS’s signal, detects the signal destined for
user 1, and then employs SIC to decode its signal. During the second phase, user 2 acts as
an HD or FD relay to transmit the signal to user 1. In the HD scheme, data is transmitted
in the initial phase and then relayed in the other phase [11]. For the FD relaying scenario,
the data transmission and relaying occur in a single phase [12]. The outage analysis of a
full duplex decode and forward relay-based NOMA network is performed by the authors
in [13]. The study suggests that the near user is affected by the residual error due to the full
duplex operation, and the receiver orientation has a great impact on the performance of the
CNOMA system for underwater systems.
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Figure 2. Transmission scheme for (a) half duplex (HD), (b) full duplex (FD), and relays in CNOMA.
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In the CNOMA system, NU relays the data to FU, but at the cost of battery drainage
that disturbs the power efficiency of NU [6]. Energy harvesting (EH) is one of the solutions
provided to resolve the power limitations in CNOMA [14]. Figure 3 shows the transmission
and pairing in multi-user SWIPT-NOMA systems. The first half of the direct phase is
similar to NOMA. Still, in the second half, the relaying users harvest energy from part
of the received signal energy and use the remaining energy to decode the signal. During
the second phase, the near users relay the decoded signal of FU using the portion of the
harvested energy.
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Figure 3. Transmission scheme for multi-user SWIPT-CWNOMA. Phase 1 (direct phase): base station
transmits signals to all the users and near users act as SWIPT relays to harvest energy. Phase 2
(cooperative phase): the harvested energy is used to relay the decoded signal of the far user.

Recent research on SWIPT-NOMA has focused on enhancing system performance by
optimizing power allocation, interference management, and energy harvesting in multi-
user and massive multiple-input-multiple-output (MIMO) networks. One key area of
development is the integration of advanced signal processing techniques to improve energy
and data throughput efficiency. For instance, authors in [15] proposed a joint optimization
scheme that balances power allocation for both information transmission and energy
harvesting, achieving improved spectral efficiency and energy sustainability. Furthermore,
a hybrid SWIPT-NOMA approach in multi-cell networks addressed the challenges of
inter-cell interference and dynamic power allocation to improve system performance in
dense urban environments [16]. The authors in [17] introduced a cooperative relaying
mechanism in SWIPT-NOMA systems to mitigate energy deficits and reduce the need for
retransmissions, improving overall energy efficiency and user fairness. A CNOMA scheme,
which integrates NOMA, FD communication, and EH to optimize energy and spectral
efficiency in wireless networks, was discussed in [18]. Joint transmission coordinated
multipoint cooperative NOMA (JT-CoMP CNOMA) based SWIPT-CNOMA is examined
and evaluated with residual hardware impairments and imperfect SIC in [19]. The study
analyzed that the hardware impairments and residual error are due to imperfect SIC that
degrades the system performance even at higher signal-to-noise ratio (SNR) values.

The authors in [20] investigated a cooperative reconfigurable intelligent surface (RIS)
NOMA system, where the user equipment (UE) located near the cell center operates as an
HD relay to facilitate transmission between the BS and a far or cell-edge user. A cooperative
transmission strategy was introduced, utilizing RIS to support both direct transmissions
and device-to-device (D2D) cooperative communication based on time division multiple
access (TDMA). The benefits of the RIS system integrated into CNOMA were investigated
for the uplink NOMA communication, where the transmission for the weak UE is enhanced
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by assistance from the strong UE via device-to-device (D2D) communication, and signal
improvement is facilitated by the RIS [21]. Authors in [22] introduced a new RIS-based
NOMA framework, in which the BS concurrently transmits NOMA signals to both the
near and far users. The NU operates in a 0DF HD relaying mode to assist in delivering
the FU’s intended signal. In this setup, the RIS is optimized to improve the direct link
to the near user during the initial signal transmission phase and to support the relaying
link to the far UE during the cooperative phase. An active RIS-aided multi-cluster SWIPT-
CNOMA system was considered in [23], where the user with the best channel condition
in each cluster, termed as the cluster head (CH), could harvest energy while decoding
information and use it for cooperative transmission as transmit-relaying power. These
advancements underscore the growing potential of SWIPT-CWNOMA for future wireless
systems, particularly in supporting energy-constrained IoT and 5G networks.

Another issue for NOMA and CNOMA is the insertion of cyclic prefix (CP) in inverse
fast Fourier transform (IFFT)/fast Fourier transform (FFT) that reduces the system capacity,
EE, and the overall data rate of the NOMA system [24]. The CP is required for the elimi-
nation of ISI and ICI in orthogonal frequency division multiplexing (OFDMA) symbols.
The ICI is the interference in the signal due to different subcarriers, while ISI occurs at the
same subcarrier at successive symbols. In conventional OFDMA systems, the use of a cyclic
prefix (CP) introduces additional overhead that reduces the effective spectral efficiency.
This loss can be quantified using the relation

Efficiency = L,
1+u

where y = L—IS,P represents the ratio of CP length to the number of data symbols. For
example, when y = 0.07, which is typical for short-delay channels, the spectral efficiency
is approximately 93.5%, corresponding to a 6.5% loss due to CP insertion. In scenarios
with extended multipath delay, such as urban or wideband channels where y = 0.25,
the efficiency further decreases to around 80%, implying a 20% loss in useful throughput
articlecp. Such degradation becomes critical for high-rate or energy-constrained systems.
Consequently, wavelet-based modulation schemes, which inherently eliminate the need for
a CP, offer superior spectral efficiency and are more suitable for next-generation systems
requiring compact bandwidth utilization and low energy consumption. This limitation
is particularly critical in multipath environments where long CPs are required to prevent
ISI [25]. The rectangular window in FFT-based OFDM modulation generates spectral
side-lobes that result in signal leakage to adjoining frequency bands. These aspects make
the OFDM techniques more prone to timing and frequency offsets [26]. These challenges
are particularly pronounced when designing energy-efficient communication systems or
incorporating SWIPT in OFDMA architectures. To highlight the impact of these limitations,
Figure 4 presents a comparative analysis of energy efficiency versus the transmit power
for conventional OFDMA and SWIPT-enabled OFDMA systems. The curve for SWIPT-
OFDMA shows an initial increase in energy efficiency as transmit power rises, owing to
the added benefit of simultaneous energy harvesting. However, beyond a certain power
threshold, the efficiency declines due to CP overhead and increased interference. While the
conventional OFDMA consistently underperforms in terms of energy efficiency across the
entire power range due to its inability to harness energy or mitigate redundant signaling.
These observations highlight the limitations of traditional FFT-based OFDM systems and
motivate the need for alternative modulation schemes that can reduce redundant signaling
and improve spectral containment.
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Figure 4. Performance comparison of energy efficiency versus transmit power for conventional
OFDMA and SWIPT-OFDMA under perfect SIC conditions [27].

Alternatively, the discrete wavelet modulation (DWM) is proposed in the literature to
reduce ICI and enhance spectral diversity [28]. Wavelets are composed of small waves that
split the signals into separate frequency components, hence satisfying the resolution of di-
versity in time and frequency and providing various wavelet transform basis functions [29].
The wavelet transform offers advantages over the conventional Fourier transform, in
terms of side-lobe suppression and time—frequency localization. These properties directly
enhance NOMA'’s interference management by minimizing inter-user and inter-symbol
interference during the SIC process [30]. In wavelet-based NOMA, compactly supported
and orthogonal wavelet filters confine signal energy more effectively within each sub-band,
thereby reducing spectral leakage from higher-power users, which impairs the decoding
of lower-power users. Consequently, wavelet-domain filtering enhances SIC accuracy,
leading to lower residual interference and improved reliability under imperfect channel
estimation conditions [31]. To improve bit error rate (BER) efficiency and overall capacity
of the NOMA networks, multi-wavelets are proposed in the literature for constructing
innovative pulse-shaping filters [32].

The effect of channel noise and imperfect SIC was considered for FFT and wavelet
NOMA for a multi-user scenario in [33] as imperfect SIC leads to the production and
propagation of residual error. Recent studies have explored advanced PHY-layer structures
to enhance NOMA performance under realistic channel conditions. For instance, the Dual
PHY Layer NOMA transceiver proposed in [31] introduced a single-input-multiple-output
(SIMO) configuration to improve detection reliability and interference suppression, demon-
strating that spatial diversity at the receiver can significantly enhance spectral and energy
efficiency. Based on this concept, the authors in [34] extended the framework to a massive
MIMO-NOMA architecture employing wavelet pulse shaping to mitigate unwanted chan-
nel interference and improve spectral containment. In contrast, the present study focuses
on a single-input-single-output (SISO) configuration that integrates SWIPT-CWNOMA.
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This serves as an analytical foundation for future multi-antenna extensions. Specifically,
our results establish baseline error and energy-efficiency behavior under imperfect SIC and
channel estimation, which can be directly generalized to SIMO and MIMO configurations
following the methodologies of [31,34]. The stepwise transition—from SISO to SIMO and
ultimately to massive MIMO—will allow the investigation of spatial diversity and wavelet-
domain interference suppression jointly with energy harvesting optimization, forming a
natural progression of this research direction.

Lower power requirements for frequency offsets due to interference enable WNOMA
to reduce errors from imperfect SIC. This also helps the signal to be reconstructed with
greater spectral and energy efficiency (EE) and reduces the system SER. Therefore, SWIPT-
CWNOMA may perform comparatively better under both perfect and imperfect SIC
scenarios. This improved performance can be related to good filter response and lower
out-of-band (OOB) radiation of the wavelet transform. These characteristics make SWIPT-
CWNOMA a potentially strong candidate to be used in future radio networks (FRNs). The
latest research in this regard is presented in Table 1.

Table 1. Comparison of recent techniques.

Key Features KPIs
. NOMATyPe  Relay SWIPT DWT [“;[S‘Llrﬁ' REC EE iSIC SINR I‘::tll 15311531[1{/
[30],2019  WNOMA X X v X X X X X X v
[32],2020 WNOMA X X v X X X X X X v
[33],2021  WNOMA X X v v v X v X X v
[35],2023  DF CNOMA v X X v X X v v v X
[34],2023  WNOMA X X v v v X v X X v
[36],2023 HDDFCNOMA v X X v X X X X v X
[37],2023  DFNOMA v X X X X X v X X v
[38],2023 PD NOMA X X X X X X X X v X
[15],2024 DF CNOMA v v X X X X v X v X
[39],2024  DF CNOMA v v X X X X X X v X
Thizsovggrkr SWIPT-CWNOMA v v v v v R v v

Imperfect SIC (iSIC), residual error computation (REC), achievable rate (Ach. Rate).

Table 1 presents a comprehensive comparison of recent NOMA-based communication
schemes considering various performance indices, including relaying, SWIPT, multiuser
configuration, and wavelet-based transmission. Early studies, such as [30,32], focused on
WNOMA networks primarily to enhance spectral confinement and mitigate inter-carrier
interference; however, these works lacked consideration of relaying, EH mechanisms, and
imperfect SIC error analysis. The authors in [33] extended this framework by incorporating
imperfect SIC conditions, demonstrating improved robustness at the cost of increased
complexity. More recent contributions in [34] further explored wavelet pulse shaping in
massive MIMO NOMA to suppress inter-channel interference, confirming the suitability of
wavelet filters for high-capacity systems.

In contrast, CNOMA models [35-37] use DF relays to enhance cell-edge performance.
Although these methods improved achievable SINR and outage probability, they did
not address SE degradation due to CP or redundant power usage. The recent trend to-
ward SWIPT-enabled CNOMA systems [15,39] integrates SWIPT, providing a sustainable
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solution for energy-constrained users. However, most of these designs still employ con-
ventional Fourier-based modulation, limiting their spectral compactness. The proposed
SWIPT-CWNOMA scheme bridges these gaps by jointly exploiting wavelet filtering, co-
operative relaying, and SWIPT to achieve concurrent improvements in spectral efficiency,
EH, and interference mitigation. Unlike existing WNOMA or CNOMA models, it fully
integrates residual error compensation (REC) and imperfect SIC modeling, resulting in
performance gains across all key performance indicators (KPIs), including SINR, achievable
rate, and EE. Hence, the proposed approach represents a unified, spectrum-efficient design
paradigm suitable for next-generation 6G wireless networks. While the proposed wavelet-
based NOMA framework offers improved spectral efficiency and interference suppression,
it inherently introduces additional implementation challenges. Wavelet filter banks typi-
cally require tight time—frequency synchronization and longer filter responses compared to
FFT-based systems, which may increase computational overhead and latency [40]. More-
over, the realization of DWT and inverse DWT (IDWT) modules on hardware platforms
demands higher resource utilization, making low-power mobile device implementation
more complex [41]. These factors must be carefully balanced in future designs to ensure that
the benefits of spectral containment and improved SIC performance are achieved without
compromising real-time feasibility or energy efficiency. The primary source of overhead
lies in the multi-level filter bank operations of the DWT, which can be effectively mitigated
using lifting-based implementations, parallel filter architectures, and hardware-friendly
wavelet designs. Recent studies have shown that DWT-based OFDM and NOMA systems
can achieve real-time performance on FPGA and DSP platforms through optimized lifting
schemes and memory-efficient filter structures [42,43]. Furthermore, hardware-oriented
designs such as integer wavelet transforms and reconfigurable filter banks significantly
reduce processing latency, making wavelet-domain processing feasible for mobile and
IoT devices.

2.2. Research Gap and Contributions

In wireless communication networks, significant progress has been made in enhancing
the performance of NOMA systems through technologies like CR, user clustering, MIMO,
and FD/HD operation; however, the integration of wavelet-based techniques into CNOMA
remains an unexplored area. Wavelet CNOMA has the potential to address critical chal-
lenges in future wireless networks, such as reducing inter-user interference, improving
error resilience, and enabling efficient resource allocation in highly dynamic environments.
Recent work on RIS beamforming optimization in NOMA systems [44] highlights how
adaptive reflection phase control can further enhance cooperative and interference manage-
ment performance, providing a promising direction for integrating wavelet-based signal
processing with RIS-assisted architectures. Additionally, the combination of wavelet trans-
forms with advanced technologies such as THz communication and MIMO could unlock
new possibilities to improve system capacity and reliability. Addressing this gap could lead
to innovative solutions for next-generation wireless networks, making Wavelet NOMA a
promising area for future research.

A literature review indicates that most studies consider perfect SIC for PD NOMA,
and SIC error is not incorporated into the calculations for various KPIs that impact system
throughput and data recovery. The challenges of high bandwidth demand and interference
in NOMA can be addressed by utilizing CWNOMA. CWNOMA offers a solution to the
mentioned problems with its excellent filter characteristics and low bandwidth require-
ments, even under imperfect SIC conditions. The incorporation of SWIP further enhances
energy efficiency by enabling energy-constrained devices to harness power from received
REF signals. Thus, it is expected that the proposal of a DWT-based SWIPT-CNOMA system
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would be another milestone in achieving the quality of service (QoS) and enhanced per-
formance as demanded by B5G networks. The contributions of this research work can be
summarized as follows.

* A novel SWIPT-CWNOMA system is proposed for an energy-constrained multi-
user wireless network, considering the Rayleigh fading channel conditions to reflect
realistic wireless propagation conditions. The network employs an energy-efficient
wavelet transform-based CNOMA system in which the wavelet transform is applied
to enhance signal reconstruction and SWIPT to improve reception reliability and EE.

*  Inthis research work, the expressions for SINR, achievable capacity, and EE are derived
for a multi-user SWIPT-CWNOMA system. The expressions are derived under both
perfect and imperfect SIC conditions at a variable range of SNR. For a fair comparison,
we have also presented an analysis of SWIPT-CWNOMA with reference to OMA and
CNOMA systems in the context of EE, signal-to-interference and noise ratio (SINR),
and throughput.

¢  The residual error analysis is provided for each of the multiple users under varying
power allocation strategies. The analysis highlights the impact of power factor (PF)
allocation settings on the SIC efficiency of the users.

The rest of this article is organized as follows: Section 3 presents the DWT-based
SWIPT-CWNOMA system model. Section 4 derives the SINR, achievable rate, and EE
expressions. Section 5 reports simulation and analytical results. Section 6 concludes
the manuscript.

3. System Model

The block diagram for SWIPT-CWNOMA is shown in Figure 5. Each user is assigned
powers based on its distance from the BS. Users are indexed by path loss, with user 1
the far user (highest power) and the other users k > 2 the near and intermediate users.
Superposition coding (SC) algorithm and inverse wavelet transform are applied to the
signal at the transmitter end. SC allows multiple signals to be transmitted simultaneously
over the same frequency band, thereby increasing the throughput of the communication
network. The BS and the users deploy the single-input-single-output (SISO) antenna to
transmit the signal. The signal of user 1 is more likely to be attenuated due to the larger
distance from the BS.

user 1 (FU) Coding and |
Mapping
= e ()
user 2 Coding and | %2[n] 2] = x[n] ((ﬁ))
. Mapping E %)

user U Codingand | fu[n]
Mapping hn]
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user 1 ln) e [n] :
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-Slgnal Demodulation

=
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;“IL"] Information yu,:’;{nJ
Signal Demodulation
Figure 5. System model for multi-user SWIPT-CWNOMA.

At the receiver, the wavelet transform is applied to the received signal, and the users
remove the interference from their signals using SIC. At the nearest user, SIC decodes and
cancels users in ascending power order (1,2,...,U — 1) before decoding its own signal;
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residuals from earlier cancellations are captured by B, (later in this manuscript). In the
first phase, each user first harvests a portion of the power from the signal and then uses the
remaining power to decode the signal of user 1. In the second phase (cooperative phase),
this signal is relayed to user 1. Although the portion of power harvested is low, we assume
it is enough to relay the signal to the intended user [27]. Hence, user 1 obtains one version
of the signal from the BS, and the others are relayed from the U — 1 users, respectively.
User 1 then uses a combining technique, i.e., maximal ratio combining (MRC), to obtain a
better estimate of the transmitted signal. The signals are then demodulated and decoded to
recover the transmitted signals.

3.1. Phase I: Transmission in Wavelet NOMA

The data of all the users is multiplexed by applying SC to improve the system capacity.
The superposed signal x[n] is expressed as:

u

x[n] =Y \/a;Px;[n], (1)

i=1

where x;[n] expresses the signal of user i after coding and mapping and {x;[n]} is a zero-
mean and unitary variance stationary random process, U denotes the total number of users
in the CWNOMA scheme, «; denotes the portion of the total transmission power allocated
to the i-th user such that Ziuzl «; = 1, and P is the total transmission power. The power
allocation factor «; follows a distance-based criterion, where users located farther from the
BS experience higher path loss and are consequently assigned greater power coefficients.
Specifically, the allocation is determined as a function of the users’ normalized distances
from the BS,
_ 4
il d

where d; denotes the distance between the BS and the i-th user, and 7 is the path-loss

(2)

&;

exponent. This ensures fairness in received signal power levels across users with varying
channel conditions. Such distance-based power allocation avoids the overhead of real-
time channel estimation while maintaining reliable SIC performance, particularly under
cooperative relaying. Similar distance-based strategies have been validated in prior NOMA
studies [45] for fuzzy interference systems and for three-user CR NOMA in downlink
communication [46]. The signal x[n] is submitted to the synthesis filter bank of a wavelet
filter bank (WFB). These wavelet filters are utilized as IDWT at the transmitting side
and DWT at the receiving side. After processing through the synthesis filter bank, the
modulated symbols are transformed into wavelet-modulated symbols. This process utilizes
both scaling and wavelet functions to modulate the input signal, which is separated into
its low-frequency and high-frequency components [33]. The sequence at the output of the
synthesis filter bank is denoted by x;pwr[n], which is transmitted over the channel [34]. In
OFDM, each subcarrier experiences a flat (one-tap) fading coefficient after FFT processing,
owing to the CP, which transforms the time-domain convolution into a per-subcarrier
multiplication. The equivalent per-subcarrier model is given as

yk[n]:Z,/(txjp)(hk*xj)[n]—i—wk[n] k=01,...,N—1, (3)
]

where hy denotes the frequency response of the multi-path channel on the k-th subcarrier.
In the proposed WNOMA or CWNOMA system, the DWT replaces the FFT block. The
transmitted signal is first decomposed into orthogonal sub-bands through the analysis
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filter bank represented by the operator W(-). For a Rayleigh fading channel with impulse
response h[n], the received signal after the DWT operation is

Uk = W(yk)
= Z P)diag(W (h))X; + wPWT, (4)

where h. is one-tap channel impulse response, @P"T is the transformed additive noise

component. Each wavelet sub-band (analogous to an OFDM subcarrier) can thus be
modeled as a one-tap flat-fading channel provided that the sub-band bandwidth is narrower
than the channel coherence bandwidth. The DWT matrix W is assumed to be unitary, i.e.,
WHW = I. Hence, the signal energy and noise variance are preserved under transformation,
ie, ||lyxll*> = ||¥x]|? and wy ~ CN (0, NoI) = Wy ~ CA(0, NoI). The transmitted symbols
of each user are statistically independent and satisfy E[|#;[m]|?] = 1, ensuring that inter-
user interference can be isolated in the SINR derivation.

:Z\/(“jP>Hk[ 1% + @y VT [m]. (5)
j

Each wavelet sub-band is assumed to experience approximately constant channel gain
such that Hy[m] represents a single complex gain for the m-th sub-band, and the users are
assumed to be synchronized in both time and frequency domains, so that inter-symbol and
inter-carrier interference between sub-bands remains negligible. For our SWIPT-CWNOMA
model the signal received by each user k during the phase 1 (P1) is given by:

u
Virr =i Y \JaiPxj 0 k=1,2,..,U, (6)
j:l IDWT

where
hy = flk +e, ke {0, 1,2},

where i denotes the estimated channel coefficient and ¢, represents the estimation error.
The error term is modeled as a complex Gaussian random variable, i.e., e ~ CN(0, ng).
The factors hy, hy, and h3 correspond to the channel gains of the BS—U;, BS—Uj,, and
BS—Uj links, respectively, while /iy, fip, and /i3 denote their corresponding estimated
values [14], «; is the power allocation coefficient for user j, P is the total transmit power,
x; is the information symbol intended for user j, wy is the AWGN between the BS and the
k' user, and wy are additive and stationary random processes such that w; ~ CA(0, Np).
The error and estimated channel are uncorrelated, i.e., ¢, L ﬁk, and the estimation error
has zero mean, E[e;| = 0. Taking the statistical expectation E[-] under these assumptions
yields an SINR expression with an error-inflated interference term, capturing the degradation
due to channel uncertainty and the effective noise power, becomes 02 + aPE[|e|?] and is
bounded to channel estimation error as in (21). After applying the DWT, the received
signal becomes:

yerr = W(yip1), @)

u
= Iy Z% \/Pxj + wP ™ (8)
]:

where hy, is the one-tap channel impulse response, W denotes the DWT operator (a unitary

DWT DWT

transform), and w;” """ is the noise after passing through WFB and w;”"* " are additive and
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stationary random processes such that wP"T ~ CA/(0, Ny). For SIC, the per-stage SINR
for a user k when decoding user m’s signal is given by

|hk|2amP
|| Z]‘u:m+1 a;P+ ‘Tz%’

SINRy 1, = ©)

where ¢2, is the noise variance. User 1 will directly decode the signal due to high power
allocation, and the signal can be represented as,

u
yip1 = mvVaPxy+ Z DC]‘PXJ‘ + ws. (10)
j=2

In which the first term is the required signal of user 1, while the second term presents
the interference from weaker users, and w; is the AWGN between the BS and user 1. After
applying the DWT, the expression becomes

yipr = W(y1,p1)

u
= hi\/a1Px1 + hy 2 A /Déij]' + Wiy
j=2

(11)

in which w;_ . and (i = 1,2,...,U) are the output noise after passing through DWT filter
banks. Now, the near users will use SIC to decode their signal using the harvested power.
The users will perform SIC to first decode the signal of user 1. The SIC error for near users
to decode the signal of user 1 in the three-user scenario is given as in [33],

x>0 = (hz - Ez) a1(1—¢o)P %y, (12)

where ey, _,» is the residual of user 1’s component left at user 2 after imperfect cancellation,
(h; — h;) is the channel estimation for user i and (i = 2,...,U), #; is the estimate of user 1's
signal, (hy — fiz) /a1 (1 — ¢2) P21 shows the interference term of user 1, because of imperfect
SIC. For each relaying user i (i # 1), ¢; denotes the power splitting factor, constrained
within 0 < ¢ < 1. A fraction ¢; of the received power in energy harvesting is used to
relay the data from user i to the far user, while the remaining portion (1 — ¢;) is used for
information decoding at the relaying user. Similarly, the residual error of user 1 to remove

3 = (ha —Tis) \Jar (1= g3)P 21, (13)

in which (h3 — f13) /a1 (1 — ¢3)P#%; denotes the interference term of user 1. We represent
the normalized residual PF for SIC-performing users as

user 3’s signal is:

E[|6x1—>k|2]
a1 (1 — ¢ ) Pxy|?]

Bk = B € [0,1], k€ {2,3}. (14)

B1_k gives a normalized measure of how much residual interference is left relative to the
strength of the desired signal. A higher value for 8 implies that the SIC is less effective, and
the interference is more significant. In the sequel, other users located near the BS apply SIC,
but considering practical channel impairments, the SIC will be imperfect. The signal at user
2 for information decoding is represented as:

yap1 = /1~ ¢y VP (\/ﬂﬁ + /o x2 + \/073963) + W r (15)
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User 2 will decode its data from the combined signal while taking the signal of other
users as noise. There will be some residual error present in the detected signal because of
imperfect SIC and imperfect decoding. The signal for user 2 after SIC is given by,

Yo = /1= ¢ VP (\/072962 + \/073963) + 1= (hp — o) /a1 P &1 + wop,,  (16)

where f; is the channel estimate for the channel between the BS and user i, (h; — ;) is the
channel estimation error for user i, M (hy — ﬁz) \/a1 P £1 shows the interference term
of user 1, because of imperfect SIC, and /1 — ¢ hv/P/a3 x3 shows the uncancelled user
3’s signal. For each relaying user i (i # 1), ¢; denotes the power splitting factor, constrained
within0 < ¢ < 1.

A fraction ¢; of the received power in energy harvesting is used to relay the data,
while the remaining portion (1 — ¢;) is used for information decoding at the relaying user.
Similarly, the residual error of user 2 in removing user 3’s signal is

ey 3 = (15— o) Va1 - ¢3)P 5. (17)

and the normalized residual PF becomes:

B N E[|6x2—>k|2]
e E[[aa(1 — ¢x)Pxo|? ]

€ [0,1], k e {3}. (18)

For user 3, the residual error term is introduced from user 1 as well as user 2. For the
three-user scenario, the signal after performing SIC for user 3 is expressed as,

y3,p1[n] = hay\/a3(1 — ¢3)PL3 + w3y, +

(h3 — hz) /a1 (1 — ¢3) P2y (19)

+(h3 = h3) \/mfz,

where (h3 — h13)\/a1(1 — ¢3) P21 and (h3 — f13) /a2 (1 — ¢3) P, show the interference term

of user 1 and user 2, respectively, because of imperfect SIC. Hence, user 1, being the FU,
will only experience the channel noise, while users 2 and 3 will use SIC to decode their
data. With DWT, residual interference is reduced because spectral leakage is suppressed,
and wavelet filters orthogonally separate the components of the signal. The residual error
for FFT can be related to channel estimation as:

efFT o |y — 1y, (20)

where |h; — h; |2 quantifies the residual uncertainty in the channel, which introduces distor-
tion and degrades system performance. A higher mismatch between the true and estimated
channel leads to greater residual error, which may degrade decoding performance. The
residual error for SWIPT-CWNOMA can be bounded to the channel estimation as:

7" = a;(1— ¢;) Pmax(|h; — hil?), (21)
where «;(1 — ¢;)P is the power allocated for information decoding, and it is scaled by the
worst channel approximation max(|h; — h;|?). The above equation effectively captures
the impact of both cooperative wavelet processing and energy harvesting mechanisms,
thereby making the system more robust in dynamic wireless environments. Compared to
the conventional FFT error, the DWT-based formulation provides a comprehensive and
practical error representation for energy-constrained multi-user scenarios.
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Let S5 and S5, represent the spectral leakage power outside the main lobe for
FFT and DWT modulations, respectively. It is known that:

S80s << Sbops (22)

This is due to the smoother roll-off and shorter support of wavelet basis functions compared
to sinc-based OFDM pulses [43]. Hence, inter-user and inter-symbol interference are sig-
nificantly mitigated. Wavelet transforms concentrate signal energy into fewer coefficients,
improving the efficiency of EH. For a near user k > 2, the harvested power during Phase 1
is modeled as:

P = 11 ¢ P G [, (23)

where 17 € (0,1] is the rectifier efficiency, ¢, € [0,1) is the power-splitting ratio at user
k, P is the BS transmit power, Gg ; > 0 is the effective energy-capture gain of the receive
chain (including wavelet-domain processing and EH front-end) for user k, and hy is the
small-scale channel coefficient in Phase 1. Similarly, summing over all the near users, we
obtain [47]:
Py =) ¢ PGey |yl (24)
k>2

where G i is an empirical, implementation-dependent gain that lumps the receive-chain
and processing effects relevant to energy capture. The researchers do not assume a universal
inequality, such as Gg > 1; instead, G is specified by the simulation setup (constant
across users) and reported in the parameter table.

Since wavelets concentrate most of the signal energy in fewer dominant coefficients
and noise remains unstructured, the reconstructed signal retains significantly higher energy
compared to residual noise after implementing DWT processing.

E[|x[n][*] >> E[|wpwr[n][?]. (25)

This highlights the effectiveness of wavelet transform-based denoising in preserving useful
signal components while substantially suppressing noise. This property is particularly ad-
vantageous in cooperative Wavelet NOMA systems, where accurate signal separation and
interference mitigation are critical for reliable decoding and efficient spectrum utilization.
This allows us to model an effective improvement in the SNR of the system after applying
wavelet filters.

Jr%],post = 7‘71201 (26)

v € (0,1) models DWT denoising [48]. We can represent the improved SNR of the system as

_ PE[hP] _ pE[[hP]

(27)
v o3 0

Pw

h
where " P o8
TG
where v < 1 models the denoising gain to reflect the noise reduction effect of the wavelet
transform. In practical scenarios, depending on the level and noise type, the wavelet
transform improves the SNR (o) of the signal due to the implementation of high-quality
wavelet filters, so noise levels are lower for the users. Therefore, wavelet filter-based
NOMA can efficiently recover the signal and effectively remove the unwanted noise as
compared to FFT, NOMA, and OMA. In addition, EH mitigates the impact of imperfect SIC

by providing additional energy to support the increased computational and retransmission
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demands caused by residual interference. Imperfect SIC often requires advanced signal
processing techniques, such as iterative decoding or robust interference mitigation algo-
rithms, which consume additional energy. EH enables devices to harvest ambient energy,
ensuring sufficient power for these operations without relying solely on battery reserves.
Furthermore, when decoding errors occur due to residual interference, EH provides the
energy necessary for retransmissions, maintaining reliable communication, and reducing
outage probability. The near users will now relay the data to user 1, using the energy
harvested in the first phase.

3.2. Phase 11: Cooperative Phase

During the cooperative phase, near users will be used as half-duplex, DF relays to
send signal copies to user 1. Hence, user 1 obtains one copy of the signal directly from the
BS and the other copies through the relays. The signal at user 1 from each relay in phase 2
(P2) is presented as:

u
vip2 = Y /Prix1 by + w0 (29)
i—2

where hy; is the one-tap channel impulse response between i-th user and user 1, wq_,; ~
CN(0,02) and represents the channel noise between the relaying user and user 1, and the
relay transmit power P, ; under power splitting SWIPT is given as,

P i =na;¢iP Gg,, i>2. (30)

where Gg ; is empirical gain as the ratio of harvested power in the DWT system to the power
DWT
harvested in the FFI-based system, G = lz%ﬁ 1 is the power conversion efficiency of EH

receivers, (0 < 57 < 1), P is the transmit power of the system. Since user 1 receives two
independent copies of x; (direct BS transmission and the relayed sum), MRC applies [49].
Thus, the effective SNR at user 1 is given by the sum of the SNRs from the direct link and
the aggregated relayed links. So the signal at user 1 after MRC is represented as:

u
vi = e Pxy+ Y i /Prixg 4w +wy, (31)
" =
direct link
relayed links

hy; is the one-tap channel impulse response between i-th user and user 1, wy ~ CA (0, 03)
and represents the channel noise for user 1. In (31), the first term is the desired term for
user 1, the second term comprises relayed desired signals from near users, and the last
term is receiver noise.

4. Analysis of SINR, Achievable Rate, Energy Efficiency, and
Computational Complexity of Multi-User SWIPT-CWNOMA

In wireless communication systems, the signal-to-interference-plus-noise ratio (SINR),
achievable rate, and EE are key performance metrics that are closely interrelated. The
SINR determines the instantaneous quality of signal reception under interference and
noise, directly influencing the achievable transmission rate according to the Shannon
capacity theorem. The achievable rate quantifies the maximum data rate that can be reliably
transmitted over the channel, serving as a bridge between the physical-layer performance
and the system throughput. Energy efficiency is defined as the ratio of the data rate to the
total power consumed and reflects the overall energy utilization efficiency of the system.
In the proposed SWIPT-CWNOMA model, these three metrics are analyzed to evaluate the
trade-off between spectral and energy performance under imperfect SIC conditions.
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SINRyj¢ = -

4.1. SINR Analysis

During the first phase of transmission, specifically the direct phase of downlink
WNOMA, user 1 decodes its message through direct decoding. For user 1 (direct phase),
the SINR is represented as:

100G, [11]?
1+ ol 2 X5 a;

SINR{;; = (32)

where G, (i =1,2,...,U) is an empirical DWT gain factor and represents the improved
values of SINR of the wavelet filter-based system in comparison to the FFT-based system
and py, represents the SNR of the system after the implementation of wavelet filters and
the Rayleigh fading channel, while SNR for FFT can be defined as prrr = P/0oF FT2.

For the three user cases, user 2 will first decode the data of user 1 due to its higher
power allocation (PA) factor. Hence, at user 2, the SINR to decode the data of user 1 is
given by:

a1 (1 = ¢2)pw Gy | 2]
1+ (a2 +a3) (1 — ¢2)pwlh2]*

in which &, and a3 are the power allocation factors of user 2 and user 3, respectively, h; is

SINRUl,UZ =

(33)

the channel gain between the base station and user 2, and py, is the transmit SNR at the
base station.

Near users will now perform SIC to decode their signal from the decoded data of user
1. Due to imperfect SIC, a residual term of user 1’s power is present as an interference to
user 2. The SINR of user 2, for decoding its signal, is given as:

“2(1 - (PZ) PwGwz ‘h2|2
1+ a3(1 = ¢2) pulh2|* + P1o2 a1 (1 = ¢2) pw 2|

uncancelled Uj residual from Uy

SINRyj, = (34)

where f1_,; is the normalized residual error left due to imperfect SIC shown in (14) (com-
puted for the three-user case). The value of § = 0 shows perfect SIC conditions, and =1
represents the worst-case scenario of SIC or no SIC.

For user k decoding its own data after removing k — 1 users with the residual error f:

“k(l - ¢k> Pwka |hk|2

. (35)
(1= x) pol > Y ) + (1= i) poolhil* Y, sk m
>k m<k
uncancelled j > k users with higher decoding order residual from m < k users

where B,k is the normalized residual interference from m users at user k due to imperfect
SIC as in (14) and (17). At high SNR, as noise becomes negligible, only residual interference
remains significant due to imperfect SIC, and the SINR is represented as:

. 2 Gw |hk|2
lim SINRj; = x . (36)
pove 2%+ D Pusk
>k m<k

where a; is the power allocation factor of user k, G, denotes the dimensionless SNR
gain due to DWT-domain denoising for user k; it does not include the small-scale fading
term |l |2, which is kept explicit in all formulas. This equation highlights that even at
infinite transmit power, SINR saturates due to multi-user interference and residual SIC
errors. It formalizes the idea that NOMA performance is not noise-limited at high SNR but



Electronics 2025, 14, 4390

17 of 27

interference-limited. It also shows why improving channel estimation (reducing ) and
denoising via DWT (increasing Gy, ) are crucial to achieving performance gains.

In the sequel, user 3 will follow the same series of steps. The SINR of user 3 to decode
the data of user 1is given as:

ay(1—¢3) PwGuws |h3|2

SINR = '

(37)

Now user 3 will use SIC and decode the data for user 2 (after cancelling U; imperfectly),
and the SINR is given as:

0‘2(1 - 4)3) prW3|h3|2
14 a3(1 = ¢3) pwlha|? + (1 = ¢3) pw|h3|? P13 as

SINRUZ,LB = (38)
in which B1_,3 is the normalized residual error as shown in (14). User 3 will now decode its
signal as,
a3 (1 — ¢3) pw Guy ‘hS‘Z

1+ (1= ¢3) pw 132 (Brss 21 + Pa—sz a2)

During the cooperative phase, the relaying users will transmit the already decoded
data of user 1. User 1 will use MRC to combine the signals of the users to decode its data.
The SINR for user 1 after MRC can be expressed as:

SINR;, = (39)

SINRYRC = Mo Gw21 |hL1[|2 + ) (12 ¢ GE,i) pw G 1 |1 (40)
1 + pw |h]| Z]:Z DC]‘ i=2 ,
direct link sum of relayed-branch SNRs

In which the first term is from the direct decoding of the signal for user 1, and the second
term is the signal relayed from energy harvesting and the SIC performing users.

4.2. Achievable Capacity Analysis

According to the given SINR, the standard Shannon capacity expression under half-
duplex (due to two-phase operation) for SWIPT-CWNOMA will now be expressed as
in [15]

1
Ri,j = Elogz(l + SINRUi,U]-)r (41)

where j is the user that is decoding the data of i-th the user. The achievable data rate of
user 1 is now given by:

Ri=3 logz(l +SINR{I4§C). (42)
X1 Pw Gw |h1|2 U 2
Ry = Llog, |1+ 1 + a;d; G i Guw, |hil* |. 43
1= 13 gz( 1+Pw‘h1|22ju:206]' Z; (77 i Pi E,z)Pw w1| 1z| (43)

The far user’s achievable rate is boosted by cooperation, as it benefits from both the
direct transmission and the relayed signals forwarded by near users who harvest energy
using the SWIPT mechanism. The denominator captures the effect of interference from other
users sharing the channel. The achievable rate shows how energy harvesting efficiency
and relay cooperation directly translate into higher achievable rates for far users. The
achievable data rate of SIC-performing users in the SWIPT-CWNOMA system is given by:

1- Gk |hi?
Ry = %10g2 14 a ( 2¢k)Pw w k||
1+ (1= @)oo el Ty ) + Tt Bkt )

), k=2,...,U. (44)
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According to (44), the numerator contains the allocated PF scaled by G, while the
denominator collects the residual interference from users with lower power levels. Thus,
the achievable rate of an SIC-performing user is governed by the tradeoff between the
assigned power and the interference that remains after imperfect cancellation. The factor
(1 — ¢ ) further emphasizes the SWIPT constraint: each user must divide the received signal
between energy harvesting and information decoding, so greater energy harvesting reduces
the effective SNR. At high SNR, the achievable rate of user k can be approximated as:

HighSNR 1 2 Gy k
R — Zlog,| 1+ . 45
k 2 g2< Ej>k uj + Lin<k Bm—sktm ) )

Unlike the low-to-moderate SNR region where additive noise dominates, here the
rate saturates to a finite ceiling determined solely by the multiuser interference structure
and SIC performance. Gy, highlights the role of wavelet-domain processing in enhancing
adequate channel strength, while the denominator captures the penalty from residual
interference cancellation errors. This result demonstrates that in SWIPT-CWNOMA, system
capacity at high SNR is constrained not by noise but by residual interference and power-
allocation imbalance, thereby underscoring the critical importance of accurate SIC design
and optimized resource allocation. In SWIPT-CWNOMA, the SIC receiver at user k attempts
to decode and cancel out the signals of far users (those with higher power). At high SNR,
noise becomes negligible, so the only limiting factor is how effectively the interference
from those users is removed. At a perfect SIC where the normalized residual error is 0, the
expression for SINR becomes:

1
Ry = ~logy (1+ (1 = ¢i)paGua i) (46)

This gives the best-case scenario for rate analysis. Since SIC is perfect, there is no
interference, and user k experiences only the desired signal attenuated by channel effects
and power splitting. This rate helps to benchmark the upper limit of system performance.
For the worst-case scenario, § = 1 the equation becomes:

(xk(l - (Pk)Pwka ‘hk‘z > . 47)

: 1
RM™M = ~ 1o 1+
kT2 gZ( T+ Lo (1= 1) oo 2+ Lot (1 — @10) puol 2

The numerator with the residual error will dominate the fraction and will decrease
the achievable rate of the user. This helps evaluate the system’s robustness. In real-world
deployments, especially with imperfect hardware or channel estimation errors, some
SIC failures are expected. Thus, this model helps ensure QoS guarantees under such
adverse scenarios.

4.3. Energy Efficiency Analysis
The total power of the simple PD NOMA system is represented as in [27],

u
Pe=CY Pc+Pe. (48)
k=1

in which ( is the reciprocal of the efficiency of the power amplifier, P, is the power consumed
by the system hardware, and is usually taken as a fixed value for simulations. The total
power consumption of the SWIPT CWNOMA is compensated by the EH at the receivers
and is modeled as:
POWIPT — 73" P+ P. — Py, (49)
k
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in which Pp is the harvested power (23). The minus sign indicates that the receiving nodes
or users can harvest a portion of the power from the transmitter. The EE is the ratio of the
sum rate and the total power of the system. So, the EE of the system is expressed as:

By, log,(1+ SINRy)

EE = .
IS P+ Pe — E[Zlg:ZW(PkPGE,k‘hk‘z}

(50)

The authors evaluate (50) using average harvested power under normalized Rayleigh
fading, i.e., E[|t]?] = 1 and P, = a; P, where B is the bandwidth of the NOMA network.
The EE expression captures the trade-off between the total achievable throughput and the
consumed power. The numerator represents the overall system throughput, accounting for
the spectral efficiency of each user under realistic decoding conditions with imperfect SIC.
The denominator models the effective power consumption, incorporating both the actual
transmission and circuit power, while also deducting the energy recovered through wireless
energy harvesting. This comprehensive formulation reflects a practical energy-aware
communication environment, where users not only decode information but also harvest
part of the received energy. The expression enables performance evaluation under both
ideal and non-ideal conditions, allowing for system optimization in terms of throughput
per unit of energy consumed.

As P — oo, R; saturates, the transmit power increases linearly. As the transmit power
requirement increases, the denominator dominates:

EEMSh=SNR _, 0, (51)

So, EE decreases at high SNR, a fundamental trade-off in power-limited systems, as in the
case of SWIPT-CWNOMA. Hence, optimizing power levels is crucial for maintaining a
balance between throughput and energy consumption, particularly in energy-constrained
applications. This research defines the DWT versus FFT baseline gains as:

INR ppWT
G = oNROWE g T 52)
SINREgpT Py
For the FFT baseline, the harvested power at relay i is:
PHT =y ¢i P |1l (53)

where PEFT and SINRggr represent the harvested power and SINR, respectively, for FFT-
based SWIPT-NOMA system.

4.4. Computational Complexity Analysis

Computational complexity is an important consideration in system design. In con-
ventional FFT-based NOMA, the fast Fourier transform exhibits a computational cost of
O(Nlog N), where N denotes the number of modulated symbols. In contrast, WNOMA
utilizes the DWT, which performs multi-resolution signal decomposition through filter
banks and requires only O(N) operations [28]. Since the prototype filter length in DWT
implementations is typically much smaller than N, the associated overhead is negligible.
Therefore, WNOMA achieves a lower overall computational burden compared to FFT-
based NOMA schemes. The SIC process required for user detection in CNOMA contributes
a complexity of O(U?M), where U represents the number of users and M is the number of
data symbols per frame. The channel estimation further adds a complexity of O(S) that
is proportional to the number of pilot sub-bands S. The SWIPT functionality introduces
additional operations associated with power-splitting (PS) control, EH estimation, and
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relay power computation. The EH estimation is lightweight, typically O(Sgy) where Sgi
is the number of pilot samples used for energy measurement. If joint optimization of
power factors and PS ratios is executed, the complexity may increase up to O(U?) per
optimization run, but this is usually performed at a slower timescale and amortized over
several frames. Consequently, the total per-frame complexity can be expressed as,

Ototal = O(N) + O(UZM) + O(S) + O(SEH) + Oopt.

Since the DWT and SIC dominate the arithmetic load, the additional SWIPT operations have
a negligible impact on the overall computational cost; however, their processing energy is
accounted for in the total circuit power when evaluating the system’s energy efficiency.

5. Results and Discussion

This section discusses the simulation results of SWIPT-CWNOMA using OMA and
CNOMA as benchmarks. The simulation parameters for the scenarios presented are given
in Table 2. The simulation parameters for OMA and CNOMA are kept consistent with
the SWIPT-CWNOMA scheme to ensure a fair comparison across the mentioned schemes.
Figure 6 shows the SIC error versus SNR for user 2 and user 3 for OFDMA, CNOMA, and
SWIPT-CWNOMA. The simulations are run on MATLAB for residual error under three
different power allocation schemes (A, B, C) with varying levels of SNR.

O Scheme A o Scheme B A Scheme C o o A user2 ooa user3

-t OFDMA and CNOMA —— SWIPT-CWNOMA

Residual Error

SNR (dB)

Figure 6. SIC error versus transmit SNR for user 2 and user 3 in the three-user case for SWIPT-CWNOMA.

Considering the case that the transmit power increases, the SNR improves, which
is evident from the fact that the quality of the received signal improves relative to noise
and interference. This leads to improved performance in decoding the desired signal and
mitigating interference during SIC; however, the rate of decay and absolute values vary
significantly with the PF settings. Consequently, the SIC error of user 2 and user 3 is
expected to decrease with increasing transmit power. Higher SNR levels in the context
of SIC improve the reliability of the received signals, making it easier for users 2 and 3 to
cancel interference and accurately decode their signals. However, the value of SIC error
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is less for user 3 than for user 2 because user 3 is the closest user and has good channel
conditions compared to the other two users.

Table 2. Simulation parameters for multi-user SWIPT-CWNOMA.

Parameters Values

Wavelets Level 2

Wavelet Family Daubechies

Signal Bandwidth 1000 kHz

Modulation Scheme quadrature phase shift keying (QPSK)
Sub Carriers 128

Channel Model Rayleigh Fading Channel
Path Loss Exponent 4

PF 0.8,0.15,0.05

Antenna Configuration 1Tx and 1Rx

Interference Cancellation SIC

SIC Perfect and Imperfect
Energy Harvesting Efficiency 0.10

Energy Harvesting Gain 0.7

Relay Scheme DF

The PF for different schemes is shown in Table 3. This setup enables the investigation
of how PF allocation affects the efficiency of SIC. A higher power gap, as in Scheme A, leads
to more effective interference cancellation and thus lower residual errors, especially for
users with weaker channels. This approach helps quantify the trade-off between efficiency
and fairness, showing that while fairer allocations (Schemes B and C) may enhance user
equity, they can significantly degrade SIC performance. Figure 6 shows that Scheme C has
a lower residual error in the low-SNR region. This behavior is due to the nonlinear relation
between power allocation and interference cancellation. At lower values of SNR, Scheme C
provides each user with sufficient received power to ensure more reliable detection, thereby
reducing the residual error propagated during imperfect SIC. Conversely, in Scheme A, the
weaker users receive lower power, resulting in detection uncertainty and increasing the
cumulative SIC error at the receiver. As the SNR increases, however, this trend reverses.
The dominant-power user in Scheme A benefits from higher instantaneous SINR, enabling
more accurate decoding and less interference to subsequent users. Thus, at high SNR, the
residual error of Scheme A decreases more sharply than that of Scheme C. This highlights
that SIC error is not solely a function of SNR but also strongly depends on the relative
power allocation for the users, as in [50]. Moreover, the results highlight the advantage of
CWNOMA over CNOMA, as wavelet-domain processing consistently yields lower residual
errors across all schemes and SNR levels. Overall, this analysis underscores the pivotal role
of optimized power allocation and advanced signal processing in enhancing the reliability
and energy efficiency of future SWIPT-NOMA systems.

Table 3. Power allocation factors under scheme A, B, and C for the residual error versus SNR graph

(Figure 6).
Power Factor Allocation
Users
User1 User 2 User 3
Scheme A 0.8 0.15 0.05
Scheme B 0.6 0.25 0.15

Scheme C 0.5 0.3 0.2
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Residual error because of imperfect SIC for user 2 and user 3 at 5 dB is 6.2 x 1073
and 2.6 x 1073, respectively, for OFDMA and CNOMA, while for SWIPT-CWNOMA the
values for user 2 and user 3 are 5.8 x 1073 and 6.9 x 1075, respectively, at the same SNR
for Scheme A. This validates that allocating a higher PF to a user 1 (a strong user) and
smaller shares to weaker users minimizes mutual interference and yields a lower residual
SIC error. This property of filter banks can be used in an FD-NOMA system to decrease
spectral leakage due to self-interference. In contrast, Schemes B and C, which distribute
PFs more evenly, exhibit noticeably higher error floors, especially for user 3. This highlights
a fundamental trade-off: while fair PF allocation may improve fairness in data rates, it can
increase decoding complexity and degrade SIC performance due to tighter power margins
among users.

Figure 7 represents the EE versus the transmit power curves for different approaches
under both perfect and imperfect SIC. We have applied the constraint for Pmax = 20 W,
the minimum target rate for the user as 1 Mbps, the drain efficiency of the power amplifier
is taken as 38%, and the terminals are assigned the power to obtain the maximum data
rate [27]. The EE for the perfect SIC case in all the schemes is higher than that of the im-
perfect SIC, highlighting the critical role of effective interference cancellation. EE increases
with transmitted power until a certain level, beyond which it saturates or declines. The
trend is consistent with the analytical EE expression in Section 4.3. It can be observed that
although the EE increases with SNR, the SINR and rate expressions converge to constant
values at high SNR. Due to the presence of residual interference from imperfect SIC, the
SINR of SIC users saturates and no longer increases with SNR, as derived in (45). Con-
sequently, the achievable rates and EE decline at high transmit powers. This asymptotic
behavior highlights a fundamental limit in CNOMA systems, especially under practical
imperfections, and justifies the use of wavelet filtering to mitigate residual leakage. The
graph shows that for both cooperative NOMA schemes, the energy efficiency initially
increases. After a certain power level, it decreases as the entire transmit power is allocated
to maximize the data rate. The curve for SWIPT-CWNOMA has higher values for the EE as
compared to other approaches, as the use of the wavelet transform decreases the SIC error
and efficiently recovers the signal, hence increasing the signal power compared to noise.

Figure 8a shows the simulation findings for EE of the system against the number
of users. As the number of users in the system increases, the interference between users
increases, and the power allocation factor for users becomes less distinct, which in turn
increases the SIC error [27]. This trend is the result of the combined effects of power
imbalance, increased interference, and processing overhead. As more users share the fixed
total transmit power, the per-user SNR decreases, leading to higher decoding and residual
interference errors. In addition, the SIC complexity grows nonlinearly with the number of
users, which raises the circuit and processing energy consumption. Furthermore, the finite
resolution of the wavelet filter bank limits the number of effectively separable sub-bands,
and when user density exceeds this limit, inter-sub-band leakage and interference further
degrade performance. Consequently, the power consumption of the system is much larger
than the harvested energy; hence, the EE of the system with limited power constraints
decreases significantly. The EE for SWIPT-CWNOMA drops to 4.5 x 10° bits/joule for the
number of users exceeding six. For the case of CNOMA and OMA systems, the same drop
in EE is observed for the number of users exceeding five and six, respectively. The high-SNR
saturation behavior in Figure 8 arises from the quasi-concave nature of the energy efficiency
(EE) function, defined as EE(P) = Blogy(14P)

P+P;
7 is the effective SINR coefficient, P is the transmit power, and P. represents the circuit

, where B denotes the system bandwidth,

(static) power consumption. The function is quasi-concave with respect to P; as P — oo, the
numerator log, (1 4 yP) grows logarithmically, whereas the denominator (P + P;) increases
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linearly, resulting in a saturation of EE at high transmit powers. The optimal transmit
power P* that maximizes EE(P) satisfies the stationary condition ﬁ = 1%2 . %,
which can be solved numerically for P*. Moreover, as the number of users U increases, the
level of inter-user interference rises, effectively reducing <. This reduction shifts the EE
curve downward and moves the saturation point toward a lower P*, indicating a decrease

in the maximum achievable energy efficiency.

4 SWIPT-NOMA o SWIPT-CWNOMA * OMA ---- Perfect SIC (Simulated)

Imperfect SIC (Simulated)
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Figure 7. Energy efficiency versus the transmit power (P) for the three-user cases.
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Figure 8. (a) Energy efficiency versus the number of users (P = 10 W). (b) Energy efficiency versus
required harvested power (normalized) for a system with limited power constraints.

Figure 8b represents the EE of the system corresponding to the required values of
harvested energy. As the demanded harvested energy increases, the EE decreases, which
leads to a decrease in the value of ¢ (due to the increased ratio of harvested energy time). In
addition, to meet the QoS requirements, extra transmit power is required, which creates the
imbalance between the data rate and power requirement of the EE equation. If the value
of the harvested energy coefficient becomes zero, then the energy efficiency of the system
declines rapidly under the given constraints. If the required harvested power is increased
by 40%, the EE for the SWIPT-CWNOMA decreases by 12%. The EE of the CNOMA and
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OMA system decreases by 20% and 29%, respectively, for the same increase in harvested
power requirement.

Figure 9 compares SWIPT-CWNOMA with OFDMA and CNOMA over a Rayleigh
fading channel. A distance-dependent path-loss model with an exponent n = 4 is used
to reflect a cluttered NLoS environment, so the received power follows Py (d) o« d~". For
Figure 9a the BER-SNR curves for each user were generated in MATLAB for all schemes.
In SWIPT-CWNOMA, the far user is assigned a larger power share and benefits from
MRC combining, which drives its BER below that of the other schemes. For the near users,
imperfect SIC and residual interference increase the error rate: user 2 is mainly affected
by residuals from user 1, while user 3 experiences residuals from both users 1 and 2. Even
so, the wavelet-domain processing in SWIPT-CWNOMA provides an SNR advantage,
yielding a lower BER for user 2 than in OFDMA and CNOMA. For user 3, proximity
to the BS together with the wavelet gain improves reliability, giving a lower BER than
conventional NOMA variants.

O wuserl O wuser2 A user3 === OFDMA ---- CNOMA

SWIPT-CWNOMA (Simulated) % SWIPT-CWNOMA (Analytical)
15

Achievable Capacity (bps/Hz)

5 10 15 20 25 30 35
SNR (dB) SNR (dB)
(a) (b)

Figure 9. (a) BER for three users, (b) achievable capacity of three users (path loss exponent = 4).

Figure 9a shows the BER value user 1 is 0.68 x 103 at 19 dB, while the same is offered
for CNOMA at 26 dB and OFDMA at 24 dB. The BER for user 2 for SWIPT-CWNOMA
is 8.02 x 1073 at 19 dB, while the same is offered for CNOMA and OFDMA at 22 dB and
23 dB, respectively. Similarly, the BER value of user 3 for SWIPT-CWNOMA is 2.6 X 102
at 19 dB, while the same BER is offered for CNOMA at 22 dB and OFDMA at 23 dB. Hence,
SWIPT-CWNOMA provides a gain of 7 dB, 3 dB, and 4 dB under Wavelet transformation
for user 1, user 2, and user 3, respectively, as it reduces the interference due to the property
of wavelets to impart greater resilience to signal distortion due to reduced OOB radiation
as compared to OFDMA and CNOMA.

With more power allocated and the cooperation from near users, user 1 achieves a
higher data rate than the other users, as illustrated in Figure 9b. For users 2 and 3, the
use of imperfect SIC leaves residual interference, which reduces their achievable rates. In
practice, imperfect SIC means that not all interference from stronger users is fully canceled,
so users 2 and 3 must cope with the residual components when decoding. At high SNR, as
expressed in (45), the achievable rate saturates rather than grows logarithmically with SNR,
owing to both imperfect SIC and the leakage-suppression effect of the wavelet transform.
Despite these challenges, the combined benefits of DWT processing and power allocation
allow users 2 and 3 to sustain reasonable data rates. At 21 dB, the SWIPT-CWNOMA
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system improves capacity over CNOMA by approximately 1.7, 0.8, and 2.1 bps/Hz for
users 1, 2, and 3, respectively, and by 1.9, 1.03, and 2.7 bps/Hz compared with OFDMA.

6. Conclusions

This paper presents a novel multi-user SWIPT-CWNOMA framework that integrates
wavelet-based signal processing with cooperative non-orthogonal multiple access and
energy harvesting to enhance the efficiency of wireless communication systems. The incor-
poration of the DWT in CNOMA networks effectively mitigates the impact of imperfect
SIC, resulting in improved BER, throughput, and energy efficiency. The proposed system
operates in two cooperative phases: first, implementing DWT-based NOMA with SWIPT-
enabled transmission, and second, enabling near users to serve as DF relays that assist the
far user, who applies MRC for reliable decoding. While conventional CNOMA architec-
tures primarily improve far-user performance, near users often experience performance
loss due to low power allocation and residual SIC errors. The proposed SWIPT-assisted
CWNOMA model addresses these shortcomings through energy-harvesting relays and
wavelet-domain interference suppression, providing significant gains in spectral efficiency,
capacity, and error robustness under imperfect SIC conditions. Future research direc-
tions include extending this framework first to multi-antenna systems to study spatial
diversity and combining gains, and subsequently to massive MIMO architectures, where
hybrid beamforming and wavelet-domain processing can be jointly optimized for scalable
and energy-efficient communication across various communication channels. Further-
more, future work will investigate dynamic user grouping, adaptive power allocation,
and optimized energy harvesting policies to meet SIC-related energy demands, along
with hybrid energy-efficient interference management strategies for robust next-generation
multiuser systems.
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