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Performance Enhancement of SWIPT by Utilizing
the Distance Dependent Bandwidth of Underwater
Channel for Cooperative NOMA based UASN s

Deepa R.
Goutham

Abstract—Underwater acoustic sensor networks (UASNS)
support a variety of oceanic applications but suffer from limited
communication bandwidth, reliability, and energy efficiency.
Cooperative non-orthogonal multiple access (CNOMA) with
simultaneous wireless information and power transfer (SWIPT)
schemes are proposed for UASNs to meet these constraints. The
unique characteristic of underwater acoustic channels compared
to terrestrial wireless channels is the distance-dependent
bandwidth, which provides additional bandwidth to the near
user compared to the far user in NOMA-based UASNs. In
this research work, we propose to enhance the performance of
power splitting (PS) and time switching (TS) SWIPT schemes by
utilizing this additional bandwidth at the near user in NOMA-
based UASNs. We consider a CNOMA-based UASN and derive
closed-form expressions for average achievable rates, energy
efficiency, and outage probability with improved PS-SWIPT and
TS-SWIPT schemes. From the analytical results, it is evident
that the average achievable rate, energy efficiency and outage
probability performances are significantly improved with the
proposed methods. The analytical results are corroborated with
extensive simulation studies.
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https://latamt.ieeer9.org/index.php/transactions/article/view/9685

Index Terms—Average achievable rate, Energy efficiency, Non-
orthogonal multiple access, Outage probability, Simultaneous
wireless information and power transfer, Underwater acoustic
sensor networks.

I. INTRODUCTION

NDERWATER wireless sensor networks (UWSNs) are

increasingly utilized in oceanic applications such as
military surveillance, ocean exploration, underwater multime-
dia, assisted navigation, pollution management, etc. These
networks comprise of wirelessly connected autonomous under-
water vehicles (AUVs), buoys, and multiple sensor nodes that
are strategically placed in critical region of ocean. Wireless
communications among these network components can be
achieved by using optical, acoustic, or radio frequency (RF)
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signals. Although RF signals offer greater bandwidth, they
suffer significant absorption losses in underwater conditions.
Similarly, optical wireless communications face challenges
including dispersion from underwater particles, absorption
losses, and interference from ambient light, limiting them
to shorter ranges. As a result, UWSNs primarily rely on
acoustic signals due to their ability to support long-distance
communications [1]. Despite of its advantages, acoustic signals
in underwater communications are constrained by bandwidth
limitations, high transmission loss, multipath effects, long
propagation delays, and Doppler spread. The available band-
width in UASNSs are limited to maximum of 100 kHz, which
is significantly lower than terrestrial wireless sensor networks
(WSNSs) [2]. This results in lower throughput and transmission
rates for UASNs compared to WSNs [3]. Recently, NOMA is
considered to be an effective candidate to improve the achiev-
able data rates in terrestrial WSNs. In order to achieve higher
data rates within the constrained communication bandwidth,
NOMA is also viewed as a potential approach for the next
generation UASNs. Authors in [4], [5], [6] proposed NOMA
for UASNs to enhance achievable data rate. Either the power
domain or the code domain can be used to implement NOMA.
In the power-domain NOMA, the transmitting node can simul-
taneously send multiple users information in a single resource
block by splitting the transmission power among the users
based on their distance from the base station. The principle
of NOMA is based on superposition coding and successive
interference cancellation (SIC) techniques [7]. CNOMA is a
technique that enables users with better channel conditions
to decode and forward information for users with weaker
channels, thus acting as relays in a cooperative transmission
strategy [8], [9]. This approach improves reliability and spec-
tral efficiency, particularly in challenging environments such
as UASNs, where channel conditions can fluctuate greatly
with distance. By integrating power-domain NOMA with user
cooperation, CNOMA proves to be particularly effective for
underwater networks where direct transmission link to distant
users often suffer severe signal degradation.

In UASNSs, another significant challenge is to achieve en-
ergy efficiency. AUVs and sensor nodes typically rely on
batteries. However, replacing or recharging a battery in a
deep underwater environment is an extremely difficult task.
Therefore, an important objective for researchers is to reduce
the power consumption of underwater nodes, which can im-
prove the energy efficiency and lifetime of the nodes [4].
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Energy harvesting techniques provide an effective solution for
extending the lifespan of sensor nodes by converting ambient
energy into electrical energy. In the literature, different energy
harvesting strategies have been proposed for UASNSs, such
as piezoelectric transducer, microbial fuel cell (MFC), hybrid
harvesting utilizing MFC and piezoelectric transducer, etc.
Acoustic signals from the nearby nodes, AUVs, and aquatic
animals are converted into electric signals by piezoelectric
transducers [10]. Whereas in a microbial fuel cell, the chemical
action of bacteria is used to generate electrical energy [11].
MFCs and piezoelectric transducers are both used in hybrid
energy harvesting, which is an innovative method to gather
energy from several sources [12]. In a galvanic cell, zinc and
brass are used as electrodes in the sensor node, with seawater
as an electrolyte [13]. In ocean thermal energy harvesting,
energy is harvested by using the temperature difference on the
surface and at some depth of the ocean [14]. The utilization
of acoustic signals for energy harvesting is also known as
the wireless power transfer technique (WPT). However, the
acoustic signals are capable of carrying information as well
as energy, which allows us to perform simultaneous WPT
and wireless information transmission in UASNs. This has
led to simultaneous wireless information and power transfer
(SWIPT) in UASNs. SWIPT is classified as power-splitting
SWIPT (PS-SWIPT) and time-switching SWIPT (TS-SWIPT).
In PS-SWIPT, the received acoustic signal is divided into
energy harvesting and information decoding components based
on a specific power-splitting ratio [15]. Conversely, TS-SWIPT
alternates between energy harvesting and information decod-
ing modes over time [16].

The unique characteristics of the underwater acoustic chan-
nels are their distance-dependent usable bandwidth, acoustic
spreading, propagation loss, and fading effects [17]. Among
these, a unique feature of UASNs compared to terrestrial RF
systems is the dependence of the transmission bandwidth on
the transmission distance [18], [19], [20]. The bandwidth is
broader for shorter communication distances and narrower for
longer communication distances. As a result, the near user that
is closest to the transmitter receives higher bandwidth than the
other users. In this research work, we propose a novel SWIPT
technique for CNOMA-based UASNs, which will make use
of the additional bandwidth of the near user, achieved by
the virtue of its location close to the AUV, to enhance the
harvested energy. As previous works have not considered this
effect, we address the gap by introducing improved PS-SWIPT
and TS-SWIPT schemes that utilize this feature for enhanced
system performance.

The rest of the paper is organized as follows: Section II
consists of a literature survey. Section III presents the system
model, which consists of a channel model of the UASNs
and also presents the network scenario considered in our
work. Section IV describes the proposed SWIPT schemes for
CNOMA in UASNSs. Section V presents results and discus-
sions. Section VI summarizes the results and concludes the
work.

II. LITERATURE SURVEY

In this section, we present a detailed literature review
on NOMA, energy harvesting, and SWIPT techniques for
UASNSs. Recently, NOMA has advanced significantly to meet
the challenges of bandwidth and energy constraints of UASNSs.
In [4], the authors present full-duplex cooperative relaying
with NOMA (FD-CR-NOMA) for UASNs for improving the
channel capacity and energy efficiency. With the spatial diver-
sity, the cooperative relaying strategy is found to be effective
in improving the reliability and energy efficiency of UASNS.
To provide efficient simultaneous communication for UASNS,
the authors propose a hybrid NOMA-based MAC protocol
(HN-MAC) in [6]. HN-MAC assigns communication resources
and classifies users by combining power-domain and code-
domain NOMA. In [5], the authors discuss a receiver archi-
tecture based on a deep neural network for downlink NOMA
for acoustic communication in an underwater channel.Energy
sources such as thermal, solar, radio frequency, wind, and
mechanical vibration can be used for energy harvesting in sen-
sor networks [21]. Studies investigate the potential of energy
harvested from these sources to effectively recharge low-power
electronic devices, including wireless sensor nodes, portable
electronics, and communication systems. In [22], the authors
analyze piezoelectric transducers, which transform acoustic
signals from sources such as the base station, near node, AUV,
and aquatic animals into electrical signals. In [23], authors
study microbial fuel cells that generate electrical energy from
the chemical reactions of bacteria. In [12], the authors present
a hybrid energy harvesting method that combines microbial
fuel cells with piezoelectric transducers to enhance energy
capture efficiency.Furthermore, SWIPT for terrestrial networks
has been proposed for maximizing the network lifetime [24],
[25], [39], [27], [28]. Power-splitting relaying SWIPT (PSR-
SWIPT) and time-switching relaying SWIPT (TSR-SWIPT)
are the two most common types of cooperative SWIPT for
terrestrial networks. In [29], the authors compare the effective-
ness of full-duplex users utilizing these two different protocols,
PSR and TSR, for wireless energy harvesting applications.The
authors of [30] examine the impact of using the TSR protocol
with NOMA for both direct and coordinated transmissions.
In [25], the authors investigate the process of selecting opti-
mal relays for multi-relay downlink CNOMA networks with
SWIPT in the presence of interference. Additionally, SWIPT
can be modified for relay node-based CR-NOMA commu-
nications by utilizing the TSR or PSR protocols. Recently,
several studies have proposed SWIPT for UWSNs [30], [31],
[32]. The authors of [30] propose a novel reinforcement
learning (RL) based method to enhance throughput and WPT
in acoustically enabled SWIPT systems, resulting in more
sustainable UWSNs that utilize AUVs for data transfer. In
order to maximize harvested energy to prolong the battery life,
the authors of [31] propose time reversal TR-NOMA, which is
centered on outfitting AUVs with SWIPT capability. The au-
thors examine current methods for underwater wireless power
and data transfer in [32], emphasizing developments from the
last five years of research.In [33], [34], the authors discuss
the channel modeling of UWSNs. The distance-dependent



982 IEEE LATIN AMERICA TRANSACTIONS, Vol. 23, No. 11, NOVEMBER 2025

bandwidth refers to the phenomenon where the bandwidth
available for transmission decreases as the distance between
communication nodes increases. This reduction is primarily
due to signal attenuation caused by absorption and scattering
in the underwater environment. In [35], the authors study the
relationship between effective use of the available bandwidth,
energy consumption,and transmission delay in UASNs.To the
best of the authors’ knowledge, this is the first research work
to propose underwater-specific SWIPT schemes that utilize
the distance-dependent bandwidth of underwater channels to
harvest additional energy to enhance the performance of the
conventional SWIPT schemes. In this manuscript, differently
from the existing research works, which consider conventional
terrestrial SWIPT schemes for underwater networks, we pro-
pose improved PS-SWIPT (IPS-SWIPT) and improved TS-
SWIPT (ITS-SWIPT) schemes for CNOMA-based UASNs.
The major contributions of this research work are as follows:

1) We propose IPS-SWIPT and ITS-SWIPT schemes for
CNOMA-based UASNs, which utilize the additional
bandwidth available at the near user due to the distance
dependence on the bandwidth in the underwater channel
to harvest additional energy.

2) We derive accurate analytical expressions for average
achievable rate, energy efficiency and outage probability
for the proposed IPS-SWIPT CNOMA and ITS-SWIPT
CNOMA schemes by considering the underwater spe-
cific characteristics, such as distance dependent usable
bandwidth, transmission power, acoustic spreading, and
underwater path losses.

3) From the analytical results, it is evident that the pro-
posed IPS-SWIPT CNOMA and ITS-SWIPT CNOMA
schemes have significantly improved the average achiev-
able rates and outage probability performance as well
as energy efficiency compared to the conventional PS-
SWIPT CNOMA and TS-SWIPT CNOMA schemes.
Finally, the analytical results are corroborated with ex-
tensive simulation studies.

III. SYSTEM MODEL

A. Channel Model

The power output of the underwater acoustic transmitter
is represented by the source level. Underwater receivers are
usually arrays of hydrophones. At the receiver, the received
signal-to-noise ratio (SNR) in decibels (dB) is provided by
d = (SL+ DI)— (TL + NL), where DI is the directivity
index and N L is the noise level that varies with environmental
factors like turbulence, marine activities, and thermal noise.
Hence, SL is the source level that depends on signal intensity
at a reference distance (Iggr), 1 is the power conversion
efficiency, and T'L is the transmission loss that accounts
for absorption as well as spreading losses [30], [38]. SNR
(linear scale) between any transceiving nodes is given by
0 = m and Yo = wxi#, where P is the total
transmitted power and 1 is 2w H for shallow water and 47 for
deep water [4]. The analysis considers underwater channels
with rayleigh fading and distance-dependent bandwidth. We

also consider ambient noise from turbulence, shipping, wind,
as well as thermal sources.

B. Network Model
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Fig. 1. SWIPT based CNOMA in UASNs.

We consider an underwater scenario that includes an AUV
and two underwater sensor nodes at different locations, one of
which is close to the AUV (near user) represented as U; and
the other is the far user represented as Us, as shown in Fig.
1. The distances between AUV and U; as D and Uy as Do
where D1 < Dy. The bandwidth available to U; and U, is
By as well as Bs, respectively, where By > By. The symbol
intended for U; is X and U, is X». The distance dependence
of the underwater channel leads to larger communication
bandwidth to nodes located at shorter distances from the
transmitter. Hence, the respective bandwidths of U; and U,
are calculated by By = bD; % By = bD,? where b is the
bandwidth coefficient and ¢ is the bandwidth exponent [9].
In bandwidth By, AUV sends the superimposed signals X
and X5 for U; and Us,. So additional bandwidth at the U; is
calculated as Bopp = By — Bs. The AUV sends the acoustic
signals to U; in additional bandwidth for energy harvesting.
U, also serves as a relay, which first decodes the far user
symbol X, and performs SIC to obtain its own symbol X;.
After successful decoding, U; sends symbol X5 to Us in the
next time slot by using the harvested energy.

IV. PROPOSED SCHEMES

This section presents the details of the proposed schemes:
(1) Improved power splitting SWIPT CNOMA in UASNs
by utilizing additional bandwidth (IPS-SWIPT CNOMA) and
(2) Improved time switching SWIPT CNOMA in UASNs by
utilizing additional bandwidth (ITS-SWIPT CNOMA). This
section also covers the various aspects such as energy harvest-
ing, system model, average achievable rate, outage probability,
and energy efficiency of the proposed schemes.
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A. Improved Power Splitting SWIPT CNOMA in UASN by
utilizing the Additional Bandwidth (IPS-SWIPT CNOMA)

1) Energy Harvesting Mechanism of IPS-SWIPT CNOMA:
We consider the PS-SWIPT scheme at Uy, which operates in
half-duplex mode and also acts as a relay for Us. The system
model is shown in Fig. 2. U; implements piezoelectric energy
harvesting based on the PS-SWIPT, where the p portion of
the received power is utilized for energy harvesting and the
remaining (1 — p) portion is used for information decoding,
with 0 < p < 1 serving as the PS factor [39]. Accordingly,
the energy harvested by U; using the PS-SWIPT scheme is
given by [36]

p(SL—TL—NL)+RVS
10

0.7n x 10

P = 1
h(PS) 1Rp (D

where n is the number of hydrophones, RV S is the receiving
voltage sensitivity of the hydrophone, and Rp is the load
impedance of the harvesting hydrophone. The harvested en-
ergy at U; using additional bandwidth is given by [36]

0.7n x 105L TL-NL+RVS
Prappy = 1Ry 2

where the signal sent in the B4pp is exclusively used for
energy harvesting. The total energy harvested by U; in the
IPS-SWIPT scheme is given by

Py1psy = Pups) + Priapp) €)]
Prrpsy value is used to calculate the average achievable
rate, outage probability, and energy efficiency. The proposed
schemes can be implemented with minor hardware changes,
allowing the harvesting of additional energy with minimal

additional processing power. This provides a positive energy
balance to support energy limited UASNSs.
2) System Model of IPS-SWIPT CNOMA: The superim-

posed signal transmitted from AUV, which consists of symbols
X, and X5, is given by [4]

t) = \/ OélPXl(t) —+ 1/ O[QPXQ(t) (4)
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where «; and «s are the power allocation factors for the
symbols X7 and X, respectively, as > a1, and oy + g = 1.
The signal received by U; from the AUV is given by [4]

M (JaPX1(t) + \JasPXa(t) )+n1
\/1/JcTL1(df (
()

where h is the channel coefficient between the source and Uy,
and nq(t) represents noise. The signal-to-interference-plus-
noise ratio (SINR) for the symbols X; and X, at U; is given
by [4]

Yi(t) =

X as(1 — p)dy|h[? X ai(1 - p)di|h[?
ST (L= p)di ha P+ 17 5% Can(1 = p)di|ha [ + 1
(6)

where §; = m is the SNR between AUV and U7,
¢ is the SIC 1nefﬁc1ency, with ( = 0 being perfect SIC and
0 < ¢ < 1 indicating imperfect SIC. The signal received by
U, from the AUV is given by

" (\Ja PXi(t) + \JasPXa(t) )+n2
\/wcTL2(df (
@)

where ho is the channel coefficient between the AUV and Us.
In the proposed IPS-SWIPT CNOMA, U; transmits symbol
X5 to Uz using harvested energy in the next time slot. Hence,
the received signal at Uz from Uj is given by

hi2

W\/ Ph(IPS)X2 (t) + n12(t) (3)

where hio is the channel coefficient between U; and Us.
U, implements selection diversity to choose the symbol Xs,
which is received from both the AUV and Uy, to enhance the
SINR. Subsequently, the SINR for the symbol X5 at Uz can
be obtained by

Ya(t) =

Yio(t) =

202 ha?

52 = —— 5 hio|? 9
Yol max{a152|h2|2+1, n(1ps)|hiz| } )

Pprps)

m is the SNR between U1

where 6h(IPS) =
and Us.
3) Average Achievable Rate of IPS-SWIPT CNOMA: The

average achievable rate at U; is given by [9]

1 [fu
OXl(IPS) = 2/f E
1

where f; and f, are the lower bound and upper bound
). From (6),

logy (14433, ) [ ar (10)

frequencies. Let assume, A; = log, (1 +’Y§r}1
A, is expressed as

a1 (1 — p)dy|hy|? > (11

A =lo 14+
1 gQ( Ca(L = p)oulhuf? +1
Let U is random variables, which is denoted as, U 2
%, by.sul?stltutmg U into (11), the average
achievable rate at U; is given by

CXl(IPS)

1 [ e
- 5/ / log, (1 n U)fU(u) du df (12
fi 0
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By using [ logy(1+U) fu(u)du = &5 [;° ! fflf“)du the
cumulative distribution functions (CDF) of randon variable u

with the rate parameter \; is given by

A u
—e 10— p)(al uCag) 1 Q1
(1 e ) if u < o

1 if u> 2

Caz

Fy(u) = (13)

The analytical expression of the average achievable rate at U
is obtained as

Jo = —FU )
CXl(IPS) = 21”2/ / ———du df (14)

The average achievable rate at the Us is given by

1 f’u,
,/ B
2 fi

Let assume A, = log, {1 -+ max (
by substituting (9) in (15). Assume Y and Z are random

: A o |h)?
which are denoted as Y = FPY I IEES )

z2 (6n(rps)|hi2|*> ) and W 2 max{Y, Z}. The CDFs of
the above random variables are given by

- (>\2 E ) @2
— do(ag—za 22
1 —e d2(x2 1 y < o

CXz(IPs) =

log, (1 + 7U12)‘| df (15)

a262|h

variables, and

Fy(y) = (16)
1 y=> 52

Fz(z) = <1 - e_5h<112p;> a7

P (w) = {fY(y)FZ(Z) Zii as)

where the rate parameter of Y is Ay and Z is Aj2. The
analytical expression of the average achievable rate at Us is
obtained as:

Ju (1— FW w))
CX2(IPS) = 21”2/ / ——————dwdf (19)

The average achievable rate of IPS-SWIPT CNOMA is given
by, CXI(IPS) + CXz(zps)'

4) Outage Probability of IPS-SWIPT CNOMA: The outage
probability is determined when the received power falls below
the threshold power. Assume that the threshold levels for
symbols X and X5 are Ry and R,. The bandwidth is divided
into L narrow sub-bands, each undergoing flat fading, to
simplify the outage probability analysis for frequency-selective
channels [9]. The outage probability for the X; symbol [39]
across these sub-bands is then expressed by

L
ul 1 X X
P%:(IPS) - ¥ Z [1 —Pr (75(2]1 > 0, 75[1]1 > 01)}
j=1

out — l — —_ )\102
PXl(IPS) = I ; [1 exp ( ((1 _ p)al(az — 92a1)
)\1(91
B 20
(1—p)di(a C01a2)>>] e

@103l ha2F1° Sn(1Ps) |hi2|? ) }
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The outage probability for the X5 symbol across the sub-bands

is expressed as follows [39]
2) < 92} X {Pr (’yé%l) > 91}

w33

—I—{ Pr ('yg%l) < b5, Pr (7?&2) < 92}]
(21)

L
P = %Z l{(lewﬁf—(’ém)

_ 21202 P90y
1 —e °nupPs) | ¢~ (T=p)81(az—0za7) } +

M ____A2fr
{(1 —e (1—0)51(&2—92(11)> (1 — e B2laz—0za7) )}

(22)

5) Energy Efficiency of IPS-SWIPT CNOMA: One of the

key factors that determines how much energy is harvested and

efficiently utilized by the sensor nodes is the energy efficiency.
The energy efficiency is given by [9]

(1 - P)O(tht)cxl(IPS) + (1 - P}O(Zt>CX2(1PS)
Erps

where Epg is the total energy used by the sensor nodes in
the IPS scheme.

EErps =

(23)

B. Improved time Switching SWIPT CNOMA in UASN by
utilizing the Additional Bandwidth (ITS-SWIPT CNOMA)
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Fig. 3. Time Switching SWIPT CNOMA for UASNs.

We consider U; operates in half-duplex mode, implement-
ing piezoelectric energy harvesting based on the TS-SWIPT
scheme where the 7 portion of the total time 7" is allocated
for energy harvesting, and the remaining (1 — 7) portion is
used for information decoding, with 0 < 7 < 1 serving as the
TS factor [40] as shown in Fig. 3. Accordingly, the energy
harvested by U; using TS-SWIPT is given by [36], [40]

(SL-TL—NL)4+RVS
0.7n7T x 10— 1
4Rp

where T is the total duration of the time slot. The available
transmit power at U; is given by [36]

Enrs) = (24)

(SL-TL—NL)4+RVS
10

0.7n2710
(1 - T)4RP

Pyrs) = (25)
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where ((1—7)/2)T represents the effective duration for infor-
mation transmission after allocating 77" for energy harvesting.
The total available power harvested by U; using TS-SWIPT
scheme can be calculated by

Phiyrsy = Prrsy + Prapp) (26)

The signal received by the U; from AUV is given in (5). Based
on the TS-SWIPT scheme, the SINR for the symbol X; and
Xy at the U; are given by

04151|h1|2
Cagdr|hi|? +1
27

1| ha[? X

X
Yo ars) = 16| 2+ 1’ Tu,ars) =

The signal received by Us from the AUV is calculated as in
(7), and Us combines the symbol X5 from the source and U,
using the selection combining technique as in (9). The average
achievable rate at U, and U; is calculated as in (10) and (15).
The analytical expression of the average achievable rate for
Us and U; are given by

1—7 [fu [ (1= Fy(u))

= — — 28

CVXz(ITS) 212 /fz /0 1+u dudf (28)
1—7 fu ]. — FW/ ))

CXI(ITS) = 2In2 / / ————dwdf (29)

The average achievable rate of ITS-SWIPT CNOMA is given
by Cx,rs) + CXz(m) The outage probabilities of X5 and
X; are calculated as in (20) and (21) by considering 6; =

2AfJ<1 Hr _ 1and 6y = 2“1“ T _ 1 is the threshold power
for Uy and Us in ITS-SWIPT CNOMA. The energy efficiency
of the ITS scheme is calculated as in (23).

V. RESULTS AND DISCUSSIONS

The analytical results are obtained by using the mathe-
matical models presented in Section IV-A and IV-B. Monte
Carlo simulations are performed using MATLAB 2024b. The
parameters used for plotting the figures are summarized in
Table I. We averaged the simulation results over 50 simulation
runs. The results are plotted with 95 percent confidence
interval. Fig. 4 shows the variation of average achievable rate

TABLE I

SYSTEM PARAMETERS
Parameter Symbol Value
Transmitted Power P 10 W
Power Allocation for bit x1 (%1 0.9
Coefficient b 19.76 dB re kHz
Exponent q 0.59 dB re kHz/km
Receiver voltage sensitivity RVS -150 dB
Threshold level for bit x1 R1 1.5
Threshold level for bit xo Ro 1.75
Power Splitting Factor p 0.25
Time Switching Factor 0.35

of IPS-SWIPT CNOMA with the distance between the source
and the far user. It is evident that the average achievable rate

Average achievable rate of IPS SWIPT CNOMA
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Fig. 4. Average achievable rate vs Distance for IPS-SWIPT CNOMA,
(based on Egs. (14) and (19).

of IPS-SWIPT CNOMA decreases as the distance increases,
primarily due to the dependence of the SNR on transmission
distance. However, the introduction of additional bandwidth
significantly improves the average achievable rate compared
to the conventional PS-SWIPT CNOMA. Fig. 5 illustrates the
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Fig. 5. Outage probability vs Distance for IPS-SWIPT CNOMA,
(based on Egs. (20) and (22).

outage probability for symbol X as a function of the distance
between the source and the far user. The outage probability
increases with distance, but the use of IPS-SWIPT results
in lower outage probabilities across all distances compared
to the conventional PS-SWIPT CNOMA. Fig. 6 presents the
energy efficiency of the IPS-SWIPT scheme. The energy
efficiency decreases with increasing distance, consistent with
the average achievable rate and outage probability trends. It
can be observed from the results that the proposed IPS-SWIPT
CNOMA scheme, the energy efficiency, can be substantially
improved compared to the conventional PS-SWIPT CNOMA.
Fig. 7 shows the variation of the average achievable rate of
ITS-SWIPT CNOMA with the distance between the source
and the far user. Fig. 8 illustrates that the outage probability
increases with distance. But from the results, it is evident that
the use of ITS-SWIPT results in lower outage probabilities
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Fig. 6. Energy efficiency vs Distance for IPS-SWIPT CNOMA,
(based on Eq. (23).
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(based on modified Egs. (20) and (22).

across all distances compared to the conventional TS-SWIPT
CNOMA.

Fig. 9 presents the energy efficiency vs distance for the
ITS-SWIPT scheme. It can be observed from the results that
the proposed ITS-SWIPT NOMA scheme leads to significant
improvement in the energy efficiency compared to the con-
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Fig. 9. Energy efficiency vs Distance for ITS-SWIPT CNOMA,
(based on Eq. (23).

ventional TS-SWIPT CNOMA. The simulations consider a
maximum distance of 4 km and a depth of 1 km, reflecting
practical UASN deployment, and for longer ranges the usable
bandwidth and harvested energy decrease, which can be ad-
dressed by employing multi-hop NOMA-based architectures
with SWIPT relays to extend coverage. The proposed IPS
and ITS schemes require only minimal hardware changes,
as bandwidth allocation is adapted based on node distance
without the need for additional components.

VI. CONCLUSION

In this research work, we have proposed IPS-SWIPT and
ITS-SWIPT schemes for CNOMA that make use of the
distance-dependent bandwidth of the underwater channel to
harvest additional energy, which can significantly enhance
the performance of conventional PS-SWIPT and TS-SWIPT
schemes in UASNs. We have derived accurate analytical
expressions for average achievable rate, energy efficiency, and
outage probability for the proposed schemes by considering
the underwater specific characteristics. From the analytical
results, it is evident that the average achievable rate, energy
efficiency, and outage probability performances are signifi-
cantly improved with the proposed schemes, which exploit
the additional bandwidth available to the underwater near user
for harvesting energy. The analytical results are also validated
with extensive Monte Carlo simulation.
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