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ABSTRACT In this work, we introduce a propagation delay-tolerant ALOHA-NOMA-based cross-layer
protocol for enhancing the performance of Underwater Acoustic Sensor Networks (UASNs). Various
phenomena such as multi-path fading, Doppler spread, frequency as well as distance-dependent path
loss, and limited available distance-dependent bandwidth have a significant impact on performance of
UASNSs. Due to these distinct characteristics, ALOHA is often considered a viable medium access control
(MAC) protocol for UASNs, even though ALOHA is inefficient as far as channel utilization is concerned.
Recently, non-orthogonal multiple access (NOMA) has been envisioned as a thriving enabling technology
to meet the burgeoning demands of energy-constrained and bandwidth-constrained UASNs. As a result, we
propose propagation delay-tolerant ALOHA-NOMA, where NOMA is employed in the physical layer with
optimal utilization of distance-dependent bandwidth and transmission power, to improve the performance of
ALOHA-based UASNs. We derive closed-form expressions for the MAC layer utilization factor, goodput,
and energy consumption in UASNs by taking into account UASN channel characteristics. Results show
that the proposed ALOHA-NOMA scheme significantly improves the performance of UASNs. Finally,
we also derive mathematical expressions for the optimal channel attempt rate to maximize the MAC layer
utilization factor. The analytical results are validated through extensive ns-3 simulations.

INDEX TERMS ALOHA-NOMA, energy consumed per bit, goodput, MAC layer utilization factor,
non-orthogonal multiple access, underwater acoustic sensor networks, underwater ALOHA, Internet of
Underwater Things.

. INTRODUCTION

HE OCEAN, covering more than 70% of the Earth’s

surface, plays a vital role in sustaining life. It regulates
global climate, influences weather patterns, and provides
essential resources for human societies. Additionally, it
serves as a key avenue for international trade and trans-
portation. Despite its immense significance, more than
95% of the ocean remains unexplored and uncharted.

This underscores the need to carry out ocean exploration
and environmental protection in a conscious, long-term,
and appropriate manner. In recent decades, underwater
networking technologies have gained considerable attention
due to their broad range of applications, including natural
disaster monitoring, tactical surveillance, underwater medical
research, and ocean exploration [1], [2], [3]. With the grow-
ing number of these applications, it is foreseeable that the
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widespread deployment of underwater devices, facilitating
the expansion of the Internet of Underwater Things (IoUT)
on a larger scale [4], [5], [6]. The realization of cost-
efficient underwater sensor networks that can support diverse
communication requirements contributes to the expansion
of the Internet of Things into the oceanic realm, often
referred to as IoUT [7]. Underwater wireless networks
predominantly use radio, optical, and acoustic technologies,
each used for specific requirements. Radio communication
utilizes electromagnetic waves, but their effectiveness is
limited to short distances due to high absorption losses in
conductive seawater. Optical communication, which employs
light waves for data transfer, is similarly constrained to
short-range applications due to line-of-sight requirements
and signal scattering caused by particles in the water.
Acoustic communication, which relies on sound waves,
is often preferred over radio and optical communication
technologies due to its relatively lower absorption losses,
and enabling successful long-distance underwater wireless
communication. However, the underwater acoustic medium
presents lot of challenges, including long propagation delays,
low data transmission rates, and high bit error rates. Besides
the higher propagation delays, frequency-dependent and
distance-dependent signal attenuation further impact energy
consumption, making power requirements heavily reliant on
both transmission distance and available bandwidth.

Underwater acoustic sensor networks (UASNSs) also face
significant energy constraints due to the limited battery
capacity of wireless sensor nodes. Recharging or replacing
these batteries is often impractical. Moreover, a substantial
portion of node’s energy consumption is associated with
signal transmission and reception. In UASNSs, the energy
required for data packet transmission rises with increasing
transmission distance. Elevated energy consumption leads
to faster depletion of a node’s power resources, ultimately
reducing the lifetime of the network. Therefore, optimizing
energy consumption per bit is a key consideration in the
design of communication protocols for UASNs. Given the
unique characteristics of the underwater communication
channel, a comprehensive system-level approach is essential
to achieve minimal energy consumption per bit, enhanced
data transmission rates among underwater nodes, and the
interconnection of myriads of underwater devices (larger
connectivity).

In recent years, extensive research has focused on under-
water medium access control (MAC) protocols [2], [8],
[9], [10], [11], [12], [13], [14], [15], [16]. To reduce and
prevent data packet collisions, it is essential to implement
a control mechanism for efficiently allocating underwater
channel resources. Here, the fundamental objective of MAC
protocols is to minimize collisions while maintaining energy
efficiency, reducing channel access delays, and ensuring
network fairness. Essentially, MAC protocols govern how
nodes share channel resources. Similar to terrestrial wireless
sensor networks (WSNs), MAC protocols play a crucial
role in UASNs and significantly impact overall network
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performance. However, UASN MAC layers encounter sub-
stantial challenges due to long propagation delays, low data
transmission rates, and the limited bandwidth of acoustic
communication [14], [17], [18], [19], [20], [21], [22], [23].
Traditional multiple access techniques such as TDMA,
FDMA, and CDMA are generally inefficient for low-duty-
cycle traffic networks. Moreover, the long propagation
delays in UASNs further complicate MAC layer design by
limiting the effectiveness of centralized access control and
time-slotting methods [13], [14], [24]. Additionally, carrier
sensing becomes highly expensive due to these propagation
delays. Consequently, distributed random access protocols
like ALOHA are considered the most feasible MAC layer
solutions for UASNs [2], [14]. ALOHA is one of the earliest
multiple access protocols initially designed for terrestrial
WSNs [25]. In its original form, pure ALOHA allowed
nodes to transmit data immediately whenever they needed
to send information. Later, the concept of slotted ALOHA
variant was introduced, segmenting the transmission time
into discrete slots. In this scheme, nodes are only allowed to
transmit at the beginning of each time slot, thereby reducing
the probability of packet collisions. Given its simplicity
and the inherent challenges of acoustic communication,
such as significant propagation delays—ALOHA remains
one of the most extensively studied MAC protocols for
underwater networks. The study in [11] analyzed the effect
of spatio-temporal uncertainty on UASNs and concluded
that slotted ALOHA does not offer significant advantages
over pure ALOHA in such networks. In [12], an analytical
framework was presented to assess the performance of both
pure and slotted ALOHA protocols in UASNS, revealing that
propagation delay has minimal impact on the performance
of pure ALOHA in single-hop UASNs. Furthermore, several
studies [9], [14], [21], [26] have explored cross-layer design
strategies aimed at enhancing throughput, reducing energy
consumption, and prolonging network lifetime in UASNSs.
Non-orthogonal multiple access (NOMA) has emerged
as a promising technology for addressing the growing
demands (especially in achievable channel rates) of next-
generation UASNs. Generally, NOMA can be implemented
by utilizing either the power or code domains [27], [28],
[29], [30], [31], [32], [33], [34]. The fundamental concept
behind NOMA is to exploit the power or code domain
to facilitate multiple simultaneous transmissions within a
single resource block. In power-domain NOMA, the source
node transmits multiple users’ information by allocating
different power levels to each user within a single resource
block, which may be defined in terms of time, frequency, or
code domain. The key techniques enabling NOMA include
superposition coding and successive interference cancellation
(SIC) [35]. In this work, our main focus is on up-link
data transmission using NOMA, where multiple users non-
orthogonally transmit their signals in the power-domain
to the autonomous underwater vehicle (AUV) within an
orthogonal resource block. The AUV employs SIC to decode
the transmitted signals by first extracting the stronger user’s
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signal and then removing it from the composite signal to
decode the weaker user’s information. A major challenge in
uplink NOMA is ensuring a sufficient disparity in received
signal power levels from different nodes, allowing the SIC
receiver at the AUV to decode them accurately. To address
this, fractional power control (FPC) has been adopted in
terrestrial wireless uplink NOMA, ensuring differentiated
reception of signal strengths at the base station. Given the
bandwidth limitations in UASNs, NOMA presents a viable
approach for enhancing data rates without any requirement of
the additional bandwidth. Several studies have explored the
application of NOMA in underwater wireless communication
to improve system throughput. The works in [36], [37], [38],
[39], [40] examined potential of NOMA for increasing the
sum rate in underwater networks. Additionally, the studies
in [40], [41] proposed a method for boosting underwater
channel data rates by incorporating full-duplex cooperative
relay techniques with NOMA.

By considering the simplicity of ALOHA alongside the
superior spectral efficiency of NOMA and its capability to
resolve collisions through SIC receivers [42], this research
introduces ALOHA-NOMA as a promising MAC protocol
for bandwidth-limited and energy-constrained UASNs. The
integration of ALOHA with NOMA helps to mitigate
ALOHA’s inherent limitations, such as low throughput
efficiency, high collision rates, and reduced energy efficiency.
Many existing ALOHA-based UASN studies primarily focus
on MAC layer analysis without considering essential physical
layer properties of the underwater channel, such as distance-
dependent transmission power and bandwidth variations with
distance. In this research, we adopt a cross-layer modeling
approach for ALOHA-NOMA, specifically designed for
bandwidth-constrained and energy-limited UASNs. The
proposed scheme incorporates ALOHA at the MAC layer
and NOMA at the physical layer, enabling a more efficient
allocation of network resources. It is important to note
that the ALOHA-NOMA scheme also provides a practical
solution for avoiding scheduling by allowing increased
number of UASN devices to transmit to the AUV within
a single resource slot. Many previous studies [14], [15]
assume equidistant transmitters and receivers, which is
often unrealistic in ad-hoc UASN environments, where
the distances between source and destination nodes vary.
In this work, we consider a network where source and
destination nodes are uniformly distributed within a circular
region. Furthermore, the proposed scheme enhances energy
efficiency by eliminating the need for UASN devices to
sense the channel before transmission, thereby reducing
power consumption while maintaining robust communication
performance.

The key contributions of this paper are outlined as follows:

1) We propose an ALOHA-based non-orthogonal
multiple access (ALOHA-NOMA) MAC protocol for
bandwidth-limited and energy-constrained underwater
acoustic sensor networks (UASNs), wherein NOMA is
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TABLE 1. List of acronyms.

AL Absorption Losses

AUV Autonomous Underwater Vehicle
DI Directivity Index

FPC Fractional Power Control

IoT Internet of Things

IoUT Internet of Underwater Things

MAC Medium Access Control

NOMA Orthogonal Multiple Access

NL Ambient Noise Level

PHY layer | Physical Layer

SIC Successive Interference Cancellation
SL Source Level

SNR Signal-to-Noise Ratio

TL Transmission Losses

UASN Underwater Acoustic Sensor Network
WSN Wireless Sensor Network

employed at the physical layer and ALOHA is utilized
for channel access at the MAC layer.

2) We derive closed-form analytical expressions for
key performance metrics, including the MAC layer
utilization, goodput, and energy efficiency, while
incorporating underwater-specific factors such as
distance-dependent bandwidth, acoustic spreading, and
multipath fading. Furthermore, we present an analytical
derivation of the optimal attempt rate that maximizes
MAC layer utilization.

3) We present an optimal resource allocation frame-
work based on a hybrid deep deterministic policy
gradient (DDPG) and pattern search approach to
jointly optimize distance-dependent bandwidth alloca-
tion and transmission power, thereby enhancing the
performance of ALOHA-NOMA-based UASNS.

4) We validate the proposed framework through extensive
simulations, demonstrating substantial performance
improvements over conventional UASN protocols in
terms of MAC layer utilization, goodput, and energy
efficiency.

To the best of our knowledge, this study is the first to
evaluate the performance of ALOHA-NOMA for UASNSs.
The remainder of the paper is structured as follows:
Section II presents the UASN model along with the proposed
ALOHA-NOMA scheme and derives expressions for the
probability of success and energy efficiency. Section II-B.5
focuses on optimizing MAC layer utilization with respect
to the attempt rate. Section III provides numerical and
simulation results, while Section V concludes the paper. The
list of acronyms and symbols used in this work are given in
Table 1 and 2, respectively.

Il. UNDERWATER ALOHA-NOMA

This section covers: (1) the physical layer modeling of
underwater acoustic networks, (2) the proposed ALOHA-
NOMA scheme for UASNs, and (3) the mathematical
modeling along with the derivation of precise expressions for
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TABLE 2. List of symbols.

I Signal-to-noise ratio

T Transmission distance in km

f Signal frequency

n Geometric spreading factor

A Anomalies in transmission loss

a(s, 0, f) | The absorption coefficient (in dB/km)

(C] Temperature

S Depth

V1 Relaxation frequencies (in kHz) for boric acid
12 Relaxation frequencies (in kHz) for magnesium sulphate
A; and (; Arbitrary coefficients

X Salinity

K Sound speed in seawater

S(f) Transmitted signal’s power spectral density
By Distance dependent available bandwidth

Py Transmit power

B Bandwidth coefficient

P Power coefficient

Qand T Positive constants

Si Source node from region i

fa(d) Probability density function

Twi The waiting time for source node in region i
tr Start time of the next available time slot
Tpi Propagation delay for the region i

h; Fading channel coefficient

P The probability that m nodes attempt to access a channel
P The probability of an idle time slot

Py Probability of a successful transmission

P, Probability of collision

A Attempt rate

U() MAC layer uitilization factor

G() Goodput

E Energy consumed per bit

the probability of success and energy efficiency of ALOHA-
NOMA in UASNs.

A. PHYSICAL LAYER MODEL

In this subsection, we outline the physical layer model used
for computing the signal-to-noise ratio (SNR) in underwater
acoustic networks [43], [44]. The signal-to-noise ratio (I") at
the receiver in UASNSs is described using the passive sonar
equation as follows:

I'in ap = SL —TL — (NL — DI), (1)

where SL denotes the source level, TL represents the
transmission loss, NL is the ambient noise level, and DI
refers to the directivity index. 7L comprises both spreading
and absorption losses. According to [45], the total TL
experienced between communicating nodes in an underwater
acoustic environment is expressed as:

TL(r,f) =n x 10logr +r x 1073 x 10loga(s, ®,f) +A,
2

where 7 indicates the geometric spreading factor, r is
the distance in kilometers, A accounts for anomalies in
transmission loss, and «(g, ®,f) denotes the absorption
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coefficient (in dB/km), which varies with frequency f (in
kHz), temperature ®, and depth ¢. The absorption model
used here is valid within the range 100 Hz < f < 1 MHz,
and is defined as [46], [47]:

Argivif? | Aagawaf?
f2 + vlz f2 + U%
where f is the operating frequency. The terms v; and
vy represent the relaxation frequencies (in kHz) for boric
acid and magnesium sulphate, respectively. The coefficients
A; and ¢ (for i € {1,2,3}) capture dependencies on
temperature, salinity, and depth on acoustic signal absorption.

The mathematical expressions for finding these coefficients
are given by,

v = 2.8(&)0'5 10[4_ 271515@]

8.17 x 101~ 7%
1+ 18 x 10-4(x — 35)
8.68 « 10078 pH-5)

K

a(s,©,f) = + As3ift, (3)

V) =

Ay

As = 21.44(1 +0.025 ©) %
K

4937 x 1074 =2.59 x 10720 +9.11 x 10772
49.11 x 107702 — 1.50 x 1073@3  for ® < 20°C

Az =
’ 3.964 x 107% — 1.146 x 10790 + 1.45 x 107702
—6.5x 1071993  for ® > 20°C
=1
0 =1-137x10""¢c +6.2 x 107752
3=1-383x107¢c+49x 107192, 4)

where x is the salinity and « is the sound speed in seawater.
The sound speed in sea is mainly affected by temperature,
sea depth and salinity of sea water, and is given by [43], [48],

K = 1448.96 + 4.5910 — 0.0530402 + 0.00023740° +
1.340(x — 35) + 0.0163¢ + 1.675 x 10772
—0.010250(x — 35) —7.139 x 107303,
)
Ambient noise in underwater channels is primarily composed
of four sources: turbulence (N;(f)), shipping (N,(f)), wave
action (N, (f)), and thermal effects (Ny(f)). Their power

spectral densities (in dB re 1uPa per Hz) are described using
empirical models:

10log g Ni(f) = 17 — 30log;of, forf < 10 Hz
40 +20(s — 0.5) + 261log o f
101logo Ns(f) = § —601og;o(f + 0.03),
for 10 < f < 100 Hz
50 + 7.5w%5 +201og,( f
101log g Ny (f) = 1 —401ogo(f + 0.4),

for 0.1 kHz < f < 100 kHz
10logig Nun(f) = —15 4+ 20logyof, for f > 100 kHz,

(6)
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where w represents wind speed, and s reflects shipping
activity. Typically, higher frequencies result in lower noise
levels. The total ambient noise p.s.d., denoted as NL(f), is
the summation of all four noise components. An approximate
expression for NL(f) is given by: 10log;q(NL(f)) = 50 —
1810g10(f). [49]. .The .prod}lct of TLeHNLD VS signal
frequency is depicted in Fig. 1. It is evident from the
Fig. 1 that as the transmission distance increases, the
negative peak value of this product shifts toward lower
frequencies. This indicates that higher-frequency signals
experience significantly greater attenuation and noise over
longer distances, making them less likely to reach the
receiver effectively. Consequently, we can infer that shorter
transmission distances support a broader usable bandwidth,
including higher frequencies. In contrast, longer distances
constrain the effective bandwidth to lower-frequency com-
ponents due to increased pathloss and noise at higher
frequencies. Therefore, the available bandwidth is inversely
related to transmission distance—nodes at shorter distances
benefit from higher available bandwidth, while nodes at
longer distances are limited to lower-bandwidth channels.
The SNR I'(r, f) between two transceiving nodes is defined
as [49]:

S(HAf
S
Lef) = e - 20

NL(f)Af — TL(r, /)NL(f)’

(7

Here, S(f) refers to the transmitted signal’s power spectral
density, which equals SL for frequencies f € B,, and zero
elsewhere. The function B, represents the bandwidth that
varies with distance. As a result, total transmitted power is
P, = SL - B,. From [49], [50], it follows that B, = Br—¢
and P, = Prl, where B and P are the bandwidth and
power coefficients, and Q and T are positive constants. In
UASNSs, both transmission loss and noise are functions of
signal frequency and node separation. Hence, the achievable
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ergodic capacity under frequency-dependent noise conditions
is expressed as:

fu
C= E[/ log, (1 +T'(r, ) df},
fi

" Py
=F / log <1 + —) dfi|, ®)
[ﬂ 27 BIL( HNL()
where E[ - ] indicates expectation, f; = f, and
fu :f+Br~

B. UNDERWATER ALOHA-NOMA FOR UASNS

We consider a single-hop UASN network consisting of N —1
source nodes and one sink node/ autonomous underwater
vehicle (AUV). Because the UASN is ad-hoc network, the
distances between the destination and source nodes are not
always equal. As a result, we assume a network made up
of one AUV and N — 1 source nodes spread across the
two-dimensional disc area with radius R as shown in Fig. 2.
The AUV is located at the disc’s center, and the source nodes
are deployed uniformly throughout the disc area. Without
loss of generality of up-link transmission, we consider all
the source nodes transmit the sensed information to the AUV
located at the center of a disc as shown in Fig. 2. For
successful implementation of up-link NOMA transmission,
we consider the total signal reception area of an AUV is
divided into r different regions, i.e., R;,i € [1, r] based on
the distance as shown in Fig. 2. The distance between a
source node and AUV is denoted by d. As a result, the
probability density function of d is given by, f;(d) = 1272’ de
(0, R). Among all the source nodes associated with the AUV,
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FIGURE 3. Timing diagram of data packet synchronization at the AUV of
ALOHA-NOMA based UASNs.

only one distinct node from each region is selected for up-
link NOMA transmission as shown in Fig. 2. Accordingly,
a sensor node denoted by S transmits the data packet from
region Ry, and whose distance to AUV is di, d; € (0, r1).
S> node is selected from the region Ry to transmit the data
packet, and whose distance to AUV is dp, which is greater
than r| and less than ry, dy € (rq, r2). Similarly, S; node
is selected from the region R; to transmit the data packet,
whose distance to AUV is d;, which is greater than r;,_; and
less than r;, d; € (ri—1, r;). Denoting the distance between
S; node and AUV as d;, the pdf of d; is fg,(d1) = 2%, dy €
1

(0, r1), the pdf of dy is fy,(d2) = 2%, d3 € (r2,11), and
271
the pdf of d; is f;.(d;) = FL

7
i el

di € (ri, ri—1).

1) DATA PACKET SYNCHRONIZATION AT THE AUV OF
ALOHA-NOMA BASED UASNs

Unlike terrestrial wireless networks, UASNs experience
performance variations due to their sensitivity to fluctuations
in propagation delay. The speed of sound in seawater is pri-
marily affected by temperature, depth, and salinity [43], [48].
Due to these uncertainties in propagation speed, achieving
precise synchronization of data packets at the receiver is
challenging, even when the exact distance between the source
node and the AUV is known. In our proposed scheme,
synchronization is possible if the source nodes are aware
of their distance to the AUV and wait for an appropriate
duration before transmitting a frame, as illustrated in Fig. 3.

The waiting time for source node S; in region R, denoted
as Ty, is expressed as: Tyy1 = 1, — (tq1 + Tp1) where t,
represents the start time of the next available time slot
following (t41 + Tp1), tq1 is the frame arrival time at source
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FIGURE 4. Power allocation scheme for ALOHA-NOMA.

node S, and T}, denotes the propagation delay from S; to
the AUV. Similarly, for a source node S; located in region
R;, the waiting time T,,; is given by: T,; = t, — (fai + Tpi)
where 7,; represents the frame arrival time at source node S;,
and T); denotes the propagation delay from S; to the AUV.

In the case of time-synchronized reception, illustrated in
Fig. 3, the condition #, = #; holds. This ensures that data
packets arrive precisely within a designated time slot, where
the slot size matches the data packet transmission time.
Consequently, all transmitted packets reach the AUV within
the same time slot but at varying power levels.

2) POWER ALLOCATION SCHEME FOR ALOHA-NOMA
BASED UASNS

We assume that the channel link between the AUV and the
tagged source node S;, i € [1, r] follows an independent and
identically distributed Rayleigh fading model, represented by
the fading coefficient h;, i € [1, r]. The channel gain from
S; to the AUV can be expressed as h; x TL(r;, f)’l, where
hi,i € [1,r] are independent Rayleigh fading coefficients
due to the multi-path propagation characteristics of UASNS.
Consequently, the channel powers |hi|2,i € [1, r] are expo-
nentially distributed random variables with the probability
density function given by fz(z) = 8’ e~ P'% for z > 0, where
B’ represents the average channel power. In UASNS, nodes
from different regions have different available bandwidths
and required transmission power levels [49]. As per [49],
the available bandwidth and required transmission power
levels are given by B, = Br~¢ and P, = Pr”, respectively.
It has been observed that the required transmission power
level increases with increase in the transmission distance,
whereas the available bandwidth decreases with increase
in the transmission distance. Based on these observations,
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we propose a novel power allocation scheme for ALOHA-
NOMA, considering both available bandwidth and required
transmission power levels, as illustrated in Fig. 4.

Generally, a source node closer to the AUV has greater
available bandwidth than nodes farther away. In Fig. 4, By,
Bs, ..., B, denote the average available bandwidths for the
regions Ri, Ry, ---, R,, respectively. It follows that By >
By > ... > B, and (_; Bi = B,. Similarly, a source
node closer to the AUV has a higher target received power
level compared to nodes farther away. Source nodes from
middle regions have higher target received power levels
at the AUV than the nodes from far regions, and lower
target received power levels at the AUV than the nodes
closer to the AUV. Thus, the required transmission power
increases with distance. We consider Py, Pp, ..., Py as the
average required transmission power levels for regions Rj,
R>, ..., R,, respectively, satisfying Py; < Py < -+ < Py
As a result, the source node (S;) computes the available
bandwidth (B;) and required transmission power levels (Py;)
based on the distance (d;) from AUV to source node (S;).
Due to varying path losses in different regions, the proposed
power allocation scheme ensures that signals are received
at different power levels at the AUV, enabling successful
symbol decoding using a successive interference cancellation
(SIC) at the receiver. The respective received power levels for
nodes from regions Ry, R, ..., R, at the AUV are denoted as
Py, Py, ..., P, as shown in Fig. 4. A source node in region
i,i € [1,r], transmits data with power Py;, i € [1, r] using the
available bandwidth B;, i € [1, r]. We define B, = B} — By,
B3 = By — B3, and B, = B,. As illustrated in Fig. 4, the
bandwidth Bj, is exclusively available to node S; due to
the near region node to the AUV, while B3 is available to
both S; and §;. Similarly, bandwidth B, is accessible to all
nodes associated with the AUV. Consequently, data packets
from all r regions are received at the AUV within the B,
bandwidth, whereas in Bj;11, packets from the first i regions
are received at the AUV. In B3, only packets from region 1
are received at the AUV. Thus, the AUV employs different
SIC receivers across different bandwidths.

Based on the (8), the data rate achieved by node S in
the By bandwidth is given by,

i =E|:/ log, <1+ il p‘) df] ©)
By Bz

P
where p1 = WI)INLV)
The data rates achieved by nodes S; and S, within the

B3 bandwidth are given by,

111201

/ log, | 1+ B2
B3 1+

lha 202
L B3

1ol p2
B3
/ log, | 1+ AT
B3 1+ #

Cy =E

df |, (10)

Cn=E df|. 1

where p; = W, and € varies in the range [0, 1], with
€ = 0 representing perfect SIC, while other values indicate
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imperfect SIC (I-SIC), i.e., interference from residual signals.
As a result, the data rates achieved by nodes S; in the By
bandwidth is given by,

I ps
Biit1
Cij=E / log, | 1 + .
/) 2 1 2 2
N ZJ E\hk\ Pk Z hic|” pr
Bii1 Bimi T J*l Biit1

J+1=

12)

where i > j, pj = W Theorem 1: For i > j, j > 2,
and j + 1 < i, the analytlcal expression for the average
data rate achieved by node §; within the Bj;;1 bandwidth is
expressed as,

o= (a)(Zs

e(,B;zBii+1)Ei(—B[[+lﬁn)> > af

Proof: See Appendix A. |

(In (Bji+1) —

3) CALCULATION OF MAC LAYER UTILIZATION AND
GOODPUT

The source nodes transmit the sensed data to the AUV
under the assumption that all nodes are saturated, meaning
they continuously have data packets to send. We assume
that all source nodes follow an independent and identically
distributed Poisson process with a uniform attempt rate of
A. In case of a packet collision, the source nodes retransmit
their packets in the next available transmission time slot. This
study focuses on the uplink NOMA transmission from source
nodes to the AUV, representing a scenario where source
nodes report sensing information to the AUV, as illustrated
in Fig. 2. The sensor nodes utilize ALOHA as the MAC
layer protocol while employing NOMA at the physical layer.
Let P denote the probability of a successful data packet
transmission from a source node to the AUV, and let T
represent the packet transmission time. The probability that
m nodes attempt to access a channel within a given time
slot is given by,

((N _ 1))\,T)m€7((N71))\T)
m! ’

The probability of an idle time slot, where no nodes attempt
to access the channel, is expressed as,

P; = e—((N—l))LT).

Py = 13)

(14)

Theorem 2: The probability of a successful transmission is
defined as the scenario where no more than » nodes transmit
simultaneously, ensuring that only one node from each region
is transmitting in a given time slot. If multiple nodes from
the same region transmit at the same time, is considered as
collision in the this work. Therefore, the probability of a
successful transmission is given by,

((N — 1),\T)fe—<<N DAD)

=S ()

. (15
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N_J
where ( ) (( ; accounts for the number of ways in which at

most one node transmits from each region.
Proof: See Appendix B. Consequently, the probability of
collision is given by,

P.=1-P; —P, (16)

The MAC layer utilization factor can be expressed as,

((N — DATY e~ (N=DAT)
j!

’

ﬁ

U0 = ZQ) iv
T J

(17)

which measures the efficiency of MAC layer resource
utilization. Finally, the goodput of a node is given by,

G(C,A) =C x U), (18)

where C = >}, ijl C;; represents the total achievable
PHY layer data rate in the ALOHA-NOMA framework. W

4) CALCULATION OF ENERGY CONSUMPTION PER BIT

The energy consumption per bit of a node can be modeled as
follows: During each transmission, a node spends an energy
amount of P,y,. Between consecutive transmissions, the node
remains in a sleep state for a duration of 1 . As a result, the

s]eep

energy consumed during the sleep penod is given by

Theorem 3: The probability of successful transmlssmn is
given by P, which results in the following expression for
the energy consumed per bit:

r Py
Pt] + 3;6])

E = (19)
i Py x Cj
where C; represents the average data rate.
Proof: See Appendix C. |

5) MAXIMIZATION OF MAC LAYER UTILIZATION

In this subsection, we present the maximization of MAC
layer utilization factor of ALOHA-NOMA with respect to
attempt rate in IoUT networks. Here, we derive analytical
expressions for the channel attempt rate (A*) that maximizes
the MAC layer utilization U(A). U(}X) is maximized at the
following channel access rate. It is obtained by differentiat-
ing (17) with respect to A and equating to zero, i.e., dve)
=0,
Theorem 4:

u j
v d I

dv  d:r T+1Z<;>

_ o~ (N—1AT)
(N = DATYe ) 0)

n!

VOLUME 6, 2025

we consider a = (N — 1)T. The characteristic equation is
given by,

r

N \J
Z[ T T F_gﬂ@(({))
= AWT+1)2 AT+ j (7)
j ,—(ak)
%= @1

Proof: See Appendix D. Here, we consider conventional
aloha protocol as case-1, in which only one source node
transmitting the data packet in a particular resource time slot
for successful transmission. As a result, no region splitting
required for the implementation of conventional ALOHA
protocol. Accordingly,

Case-1: ALOHA (r=1, j=1)

The characteristic equation and attempt rate that max-
imizes the MAC layer utilization factor in case-1 are
given by,

aTA> 4+ (a—T)r—2 =0, (22)
/ 2 (g —
2 (a+T)"+4aT — (a—T) . 23)

2aT

Whereas in case-2, we consider ALOHA-NOMA protocol
in which two or less than two nodes are transmitting
the data packet in a particular resource time slot for
successful transmission. Accordingly, we divide the total
signal reception area of an AUV into two different regions
by considering r = 2.

Case-2: ALOHA-NOMA (r=2, j=1,2)

The characteristic equation of case-2 is given by,

A+ A2+ vk — v =0 (24)

where vi = a?NT, v, = 2NT? —aT(N + 4), v3 = T4 +
3N) — 4a, and v4 = 8. Finally, case-3 considers ALOHA-
NOMA protocol in which three or less than three nodes are
transmitting the data packet in a particular resource slot for
successful transmission. Hence, we divide the total signal
reception area of an AUV into three different regions by
setting r = 3.

Case-3: ALOHA-NOMA (r=3, j=1,2,3)

The characteristic equation of case-2 is given by,

vsAt —vedd — A2 —wgh —2=0 (25)

where vs = alvg, v¢ = [(BT — a)vg — avipl, vi =
dvg + (2T —awy —aTl, v§ = 3vig—a+ T, and v9 =
W, and vig = 3(1]\\,] 0 . Deriving the exact roots for
higher order non-linear equatlons is tedious to solve. As a
result, we use MATLAB 2018b software to find the roots
for the characteristic equations of case-2 and case-3, after
the substituting the numerical values of all the parameters

involved in the characteristic equation. |

lll. RESULTS AND DISCUSSIONS
This section presents both analytical (Ana.) and simulation-
based (Sim.) results to assess the performance of the
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TABLE 3. Parameters.

Values

19.76 dB re pkHz
0.59 dB re £z
m

127.25 dB re pPa
2.07 dB re 4L¢
m

30 parts per thousand

Parameters
Bandwidth coefficient (B)
Bandwidth exponent (Q)

Power coefficient (P)

Power exponent (T)

Salinity (x)
Depth in Km
Depth in Km
Wind speed (w)
Shipping activity (s)

0.1 Km for shallow water
3 Km for deep water
6.67 m/s (average wind speed)
0.5 (average value)
Operating frequency range 1 kHz to 170 KHz
Directivity index (DI) 0 dB for omni-directional
€ 0.001

ns3::UanNoiseModelDefault
ns3::UanPropModel Thorp
ns3::UanTxMode
ns3::UanMacAloha
ns3::ConstantPositionMobilityModel

Noise model
Propagation model
Transmit mode
MAC Layer

mobility model

ALOHA-NOMA scheme. The ns-3 UAN module is utilized
to simulate the underwater acoustic channel, which accu-
rately models both attenuation losses and ambient noise,
as these factors are strongly frequency-dependent. For the
simulations, the acoustic channel model uses the Thorp
attenuation model to compute the signal-to-noise ratio (SNR)
at the receiver, considering the effects of ambient noise.
The time slot duration 7 is set to 2 seconds, and the
total simulation duration is 20,000 seconds. The network
consists of N nodes, each located at different depths and
uniformly distributed around the AUV, which is situated at
the center of the coverage area. A comparative performance
evaluation is conducted between the proposed ALOHA-
NOMA scheme and the conventional ALOHA approach,
with a focus on key performance indicators such as MAC
layer utilization, goodput, and energy consumption per bit.
For this analysis, two different configurations of the proposed
scheme are considered, where the total signal reception area
of the AUV is divided into two regions (r = 2) and three
regions (r = 3). The parameters used in the performance
evaluation are summarized in Table 3. Figure 5 shows a
comparative analysis of ALOHA-NOMA and conventional
ALOHA in terms of MAC Layer utilization factor with
respect to the attempt rate for two cases of the number of
nodes: 5 and 20. The results indicate that the MAC layer
utilization factor improves as the number of region splitting
in the AUV signal reception area increases. This increase
in region splitting allows for a greater number of nodes to
effectively utilize the MAC layer resources. Through the
integration of NOMA and ALOHA, the AUV can decode
data packets using a Successive Interference Cancellation
(SIC) receiver even when more than one node transmits
data packets simultaneously. Table 4 presents the values of
the attempt rate at which the MAC layer utilization factor
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FIGURE 5. MAC utilization factor vs attempt rate.

TABLE 4. Maximization of MAC layer utilization with respect to attempt rate.

Scheme Value (A*, N =20) | Value (A\*,, N =5)

ALOHA 10.04585 42.5390
ALOHA-NOMA (r=2) 11.93193 51.29111
ALOHA-NOMA (r=3) 13.43105 59.93491

[ ALOHA-NOMA (r=3)
[ ALOHA-NOMA(r=2)
[_]ALOHA

60 4

50

N
o
1

Optimal attempt rate (A*)
S 8
1 1

-
o
1

LD g

Number of Nodes (N)

5 10

FIGURE 6. Optimal attempt rate (A*) vs Number of Nodes.

reaches its maximum. The positive root of the characteristic
equation, denoted as A*, represents the attempt rate at which
this maximum occurs. These values were determined using
MATLAB 2018b software, after inputting all the necessary
numerical values into the characteristic equation. It is evident
from Table 4 that the attempt rate (A*) increases with a
greater number of region splitting.

Figure 6 illustrates the relationship between the optimal
attempt rate and the number of nodes present in the AUV
signal reception area. It is evident from Fig. 6 that as
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FIGURE 7. Goodput vs attempt rate.

the number of nodes in the AUV signal reception area
increases, there is a corresponding increase in collision rates.
Consequently, this increase in the number of nodes leads to a
decrease in the optimal attempt rate, resulting in a reduction
in collision rates.

In Fig. 7, we present a comparative analysis of ALOHA-
NOMA and conventional ALOHA in terms of goodput with
respect to the attempt rate. Goodput is primarily influenced
by two factors: the achievable data rate at the PHY layer and
the MAC layer utilization factor. As the number of regions
splitting in the AUV signal reception area increases, the
MAC layer utilization factor also increases. However, in the
case of ALOHA-NOMA, there is an interesting observation
when comparing the scenarios where number of regions
(r) equal 2 and 3. The PHY layer achievable data rate in
the r = 2 scenario is higher than that in the r = 3 scenario.
This difference arises because the overall signal interference
increases as the number of simultaneous transmissions in a
particular resource time slot increases. Consequently, there
is a crossover point in the goodput of ALOHA-NOMA
between the r = 2 and r = 3 cases. Thus, up to a certain
threshold attempt rate, the goodput of ALOHA-NOMA in
the r = 2 scenario outperforms other schemes. Beyond this
threshold attempt rate, the goodput of ALOHA-NOMA in the
r = 3 scenario surpasses other schemes, owing to its superior
MAC layer utilization factor in this scenario.Furthermore,
it’s worth noting that ALOHA-NOMA consistently achieves
superior goodput compared to conventional ALOHA in both
the r = 2 and r = 3 scenarios.

Figure 8 shows the variation of the MAC layer utilization
factor with respect to the number of nodes for two different
attempt rates, specifically for A = 100 and A = 20. From
Fig. 8, it is clear that the MAC layer utilization factor
initially increases and then decreases as the number of nodes
in the network grows. This trend is mainly due to the
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FIGURE 8. MAC utilization vs number of nodes.

increasing likelihood of collisions as more nodes are added,
leading to a reduction in MAC layer utilization. In contrast,
the proposed scheme demonstrates a increase in MAC layer
utilization when the number of nodes increases at the start.
This improvement is attributed to the NOMA technique,
which allows multiple users to transmit data simultaneously
using superposition coding. As a result, the proposed scheme
outperforms the conventional ALOHA approach when the
number of nodes is large. For networks with a low number
of nodes, a higher attempt rate contributes to increased
MAC layer utilization. Figure 9 depicts the average energy
consumption per bit, expressed in £ gﬁxs, as a function of the
attempt rate. The average energy consumption per bit follows
an inverse relationship with the variation of MAC layer
utilization as a function of the attempt rate. From Fig. 9,
it is evident that the lowest average energy consumption
per bit is achieved in the r = 2 scenario compared to the
other configurations. This is because the r = 2 scenario can
achieve higher data rates while consuming less power than
the r = 3 scenario.

IV. HYBRID DDPG WITH PATTERN SEARCH
OPTIMIZATION

We adopt a hybrid optimization strategy that combines
Deep Deterministic Policy Gradient (DDPG), a model-free
deep reinforcement learning method with Pattern Search,
a classical derivative-free local search algorithm. DDPG
is especially suited for high-dimensional continuous action
spaces and learns a deterministic policy by approximating
both the Q-function and the policy network. However,
DDPG can suffer from convergence to suboptimal policies
due to function approximation errors and sparse reward
structures. To overcome these limitations, we integrate
Pattern Search into the DDPG learning loop to locally
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FIGURE 9. Energy consumption per bit (452x%) ys attempt rate.

refine the actions proposed by the DDPG agent as shown
in Fig. 10. This hybrid DDPG-PS algorithm improves the
convergence rate and quality of solutions, especially in
non-differentiable environments like ours, where computing
gradients analytically or even numerically is impractical.
While this approach does not yield symbolic expressions
for optimal power and bandwidth allocations, it enables
efficient numerical discovery of near-optimal policies. In our
model, we aim to optimize the transmit powers, bandwidth
allocations, and packet arrival rate to minimize the energy
per successfully transmitted bit in a ALOHA-NOMA based
UASNSs. The devices are divided into r regions, each assigned
different bandwidths and power levels. The optimization
variables are: noitemsep

e Ps, P12, Ps3, ..., Py Transmit powers for Region 1 to

Region r
e B2, B23, B3, ..
1 to Region r

o A: Channel attempt rate

The energy efficiency objective function is given by:

., B;: Bandwidths allocated for Region

r Pgiee
Py + B

=2 Py x G

J=1

Emin (26)

where P is the average acoustic transmit power, Cio) i
the total achievable channel rate from both regions, and
S12, 827 are the access probabilities derived from Poisson
traffic models. Subject to the constraints:
OSP[1,P[12,P[3,...,P[;« SPmax
0 < Bi2,B23, B4z, ..., By < Pmax

0 <X < Amax

A. DDPG-PATTERN SEARCH RESULT
Figure 11 illustrates the learning curve of the hybrid DDPG
with pattern search algorithm during training. The x-axis
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FIGURE 10. Hybrid DDPG + Pattern Search Optimization Loop.
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FIGURE 11. Hybrid DDPG Training.

TABLE 5. Hybrid DDPG-pattern search optimum results.

fru::):ccrs S{u::;:ns P Py Pis Biz | Baz | Bs | (V) | Emin

10 1 106497 - - 0.89 - - 9 9.5900e+04
25 1 245249 - - 0.89 - - 5 9.4343e+04
50 1 68545947 - 0.89 - - 2 9.3233e+04
10 2 1537 33025 - 0.05 0.2 - 17 1.1455e+03
25 2 910209 3136 - 0.02 0.9 - 7 2.2204e+03
50 2 997809 1911 0.02 0.89 - 3 2.4080e+03
10 3 508384 495776 | 491616 | 0.101 | 0.101 | 0.89 | 25 1.0902e+01
25 3 505376 498848 | 510750 | 0.10 0.10 0.87 | 10 1.3098e+01
50 3 982304 8480 448 0.10 0.10 087 | 5 1.4352e+00

represents the number of training episodes, while the
y-axis denotes the average episodic reward, which correlates
inversely with energy consumption (since the objective is to
minimize energy per successfully transmitted bit). Initially,
the DDPG agent explores a wide range of policies with
lower rewards due to random exploration. Periodically, the
pattern search module is activated to locally refine the policy
outputs, allowing the algorithm to escape poor local optima
and stabilize around high-performing regions.

The result table presents the optimized values of transmit
power, bandwidth allocations, packet arrival rates, and the
resulting energy efficiency metric E,;, for various network
configurations. As the number of regions increases from
1 to 3, a significant improvement in energy efficiency
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is observed, demonstrating the advantage of region-wise
resource allocation. For example, with 50 nodes and a
single region, the energy consumption remains high (E;, =
9.3233¢ + 4), whereas dividing the network into three
regions reduces the energy metric to 1.4352, highlighting
the effectiveness of spatial reuse and localized control. The
hybrid DDPG-pattern search algorithm successfully adapts
the transmit power and bandwidth according to node density
and region count, while dynamically tuning the attempt rate
A to achieve a balance between transmission reliability and
energy expenditure.

V. CONCLUSION

In conclusion, within the context of UASNSs, distributed
random access MAC protocols, such as ALOHA, have his-
torically been considered as a practical choice. However, the
primary limitation of ALOHA is the suboptimal utilization
of MAC layer resources. To address this limitation, we
propose a cross-layer design approach based on ALOHA-
NOMA for UASNs, mainly focused on improving MAC
layer resource utilization, goodput, and energy efficiency.
In our proposed approach, MAC layer utilizes ALOHA,
while NOMA is implemented at the physical layer. Our
results demonstrate a significant improvement in several
key performance metrics, including MAC layer utilization,
goodput, and energy consumption per bit, compared to
traditional ALOHA-based methods. Additionally, we have
derived analytical expressions for the channel attempt rate
that maximizes the MAC layer utilization factor. These
results collectively highlight the effectiveness of our cross-
layer design in optimizing UASN performance, paving the
way for improved resource utilization and overall network
efficiency.

APPENDIX A

DERIVATION OF THEOREM 1

Proof: After simplification, the data rates achieved by nodes
S; in the Bj141 bandwidth is given by,

|: Biiy1 + ij

1 i
€l o+ Y il o } }
L :
Biiv1 + Yy €1 ox + X imjr el o

(27)
j—1
Cij :/; E| log, zt+l+26|hk| pH—ZIth Pk
ii+1 —
f E|log, ”+|+Ze|hk| i+ Z il ox
Biit1 k=1
(28)
Let assume X, Y are random variables given by, X é
‘_1 . A
ellPor + Yo o Y = Y elhloe +
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Zi:j 11 |hk|2pk, respectively. The probability density func-
tions (pdf) of X and Y are given by [51],

—Bmx
fr() = (H ﬂm) 3 — e— (29)
m=1 n=1 P— ( )
p#n
Fr H g Z et (30)
Y\) = m .
m=1 n=1 H[’ 1 ( '3 )
m#j n#j  p#Enj
where, B, = €B,,.m € [1,j— 1] and B,, = B,. m € [j, il. By

substituting the X, Y and their pdfs’ in (28), we get,
o0
Cij = / /0 log, [Bii+l +X1fx(x) dx df —
ii+1 ~
f f log, [Biit1 + Y]fy () dy df (31
iiv1 /0
By applying the [ e *In(p+x)dx = &[ln(p -
e“ﬂEi(—ﬂM)], where Ei(.) denotes exponential integral

function, the mathematical expression for the data rates
achieved by node S; in the Bj;;1 bandwidth is given by,

[, (1) (2

e<ﬂ"3ff+l>Ei(—B,-z-+lﬁn>))df - f
Bij+1

(In (Bii+1) —

[1 8~

m=1,
m#j
i
( > (i) - e</3"3ff+1>Ei(—Bﬁ+1ﬂn)))df
oy, Biit1
n#j
(32)
|
APPENDIX B

DERIVATION OF THEOREM 2

Proof: The probability of success in the proposed ALOHA-
NOMA scheme is the sum of probability of success in
which r and less than r number of nodes transmitting the
data packets simultaneously. Mathematically, Py = Z 1 Ps;
where Py, represents the probability of success in which

] number of nodes transmitting the data packets. The
expression for Py; is given by,
(ﬁ)] (N=D)AT)
") (N — DATYe™
Py, = (J) = . , 33)
(7) J

NJ
()
() . -, .
more than one node is transmitting from the same region,
and (/) gives the number of such different combinations.

By substituting the Py, in Py, the probability of success

where, represents the probability in which the no
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in ALOHA-NOMA is obtained as the equation given
in (15).

APPENDIX C

DERIVATION OF THEOREM 3

Proof: Energy consumed per bit in the proposed ALOHA-

NOMA scheme is the sum of energy consumed in the

r and less than r number of nodes transmitting the data

packets simultaneously. Mathematically, E 2;21 E;,

where E; represents the average energy consumed per bit

in which j number of nodes transmitting the datla} packets.

Py, + e

i = ('g:—xé]) By

substituting the E; in E, the energy consumed per bit in

ALOHA-NOMA is obtained as the equation given in (19).
|

The expression for E; is given by, E

APPENDIX D

DERIVATION OF THEOREM 4

Proof: We consider a = (N — 1)T. MAC layer utilization
factor maximizing channel attempt rate (A*) is obtained by
differentiating MAC layer utilization factor with respect to
attempt rate and equating to zero. Accordingly, we obtain

% (ax)fe—W)
)
]

J
)) (ary e~ (@)

A ( :
dU(/\)_ZdA . Q)((N) = _o

(34)

dvo) _ d

=0
di di T+

—~lz

~.

Accordingly, after performing differentiation with respect to
A, we obtain

J
(a)»)’e @r)

—~\2

dU(y)  TOT+1) —ATT )
dv T+ 1)?

N J _
[ i(a)\)’e_(“k)
(AT+1)Z<J) ]jv) A J!

AT d
_(n+1)]§ )

N.J .
(1{) a(ary e~ (@) —0

(VR

~

(35)

~.

N
i
1

) T ( ) (arye=(@»)
v T+ 1)2 Z (;) (IJV) j! +

(AT+1>Z<;>()

( a(ak)"e_(“k) .
(u+1) Z(;) ™ =°

J

I [
~.

j( ak)’e_(“)‘)
A J!

"*\2 \.
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