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ABSTRACT In this paper, we propose non-orthogonal multiple access based cooperative relaying strat-
egy (NOMA-CRS) for underwater acoustic sensor networks (UASNs). We analyse the performance of
NOMA-CRS for both shallow and deep water scenarios, under imperfect channel state information (I-CSI)
as well as imperfect successive interference cancellation (I-SIC). We derive mathematical expressions for
ergodic rate, outage probability as well as the energy efficiency of NOMA-CRS in UASNs by considering
the underwater specific characteristics, such as distance-dependent usable bandwidth, acoustic spreading,
propagation loss, and fading effects. We compare the performance of NOMA-CRS with the widely used
decode-and-forward based CRS in the UASNs. From the results, it is evident that NOMA-CRS can achieve
significant improvement in ergodic sum rate and energy efficiency. But the outage performance is slightly
degraded for the proposed scheme. Our results show that I-CSI and I-SIC have a significant impact on
the performance of the NOMA-CRS. We also investigate the impact of relay position, wind speed as well
as shipping activities on the performance of NOMA-CRS under the realistic underwater scenario. Results
show that high-speed winds and high shipping activities severely degrade the performance of ergodic sum
rate of the NOMA-CRS. Implementation of NOMA-CRS requires CSI at the transmitter. However, acquiring
perfect CSI at the transmitter is a challenging task in time-varying multi-path underwater acoustic channels.
As a solution, we also propose space-time block coded NOMA-CRS (STBC-NOMA-CRS) for UASNs,
which can be implemented without CSI at the transmitter. Extensive simulation studies are conducted to
corroborate the analytical findings.

INDEX TERMS Cooperative relaying strategy, ergodic rate, energy efficiency, outage probability,
power-domain non-orthogonal multiple access, space-time block codes, underwater acoustic sensor
networks.

I. INTRODUCTION
Recent advances in underwater wireless sensor net-
works (UWSNs) lead to a variety of oceanic applications,
which include ocean exploration, underwater multimedia,
military surveillance system, assisted navigation, pollution
control, and much more. Nowadays, UWSNs also support the
Internet of Things, which has been described as the Internet
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of underwater things (IoUT) [1]. IoUT consists of multi-
ple underwater objects, which are interconnected through a
wireless communication medium. In particular, IoUT allows
applications to monitor the vast unexplored marine areas
[1]–[3]. UWSNs may consist of both mobile and stationary
nodes that exchange information, such as control, telemetry,
speech, and video signals among themselves as well as to
a central node located on or offshore. Such diverse and
data-intensive underwater applications demand higher band-
width as well as data rate [4]. Innovative physical (PHY) layer
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schemes are therefore needed to develop spectral efficient,
highly reliable, and energy-efficient UWSN to meet these
challenges. Underwater wireless communication is achieved
either by radio frequency (RF) or by optical or by acoustic
signals. Although RF signals have a significant bandwidth,
they are extremely prone to absorption losses in the under-
water medium. Optical signals face extreme challenges due
to absorption losses, dispersion caused by suspended particles
and ambient light interference. This leads to a low transmis-
sion range of a few meters with underwater optical commu-
nication. The wireless technology with acoustic signals is
the preferred and most popular mode of communication in
UWSNs due to its long-range data transmission. However,
the use of acoustic signals in the PHY layer offers limited
communication bandwidth, limited data rates and increased
propagation delays compared to terrestrial wireless sensor
networks (WSNs). Additionally, the underwater communi-
cation channel suffers from node mobility, multi-path fading
and Doppler spread. All of these factors lead to variations
in the temporal and spatial characteristics of the underwater
acoustic sensor network (UASN) channel. This makes the
channel bandwidth dependent on both transmission distance
and signal frequency. Therefore, improving channel capacity
within the limited communication bandwidth is one of the
major concerns in UASNs.

To achieve higher data rates, massive multiple input mul-
tiple output (MIMO), and non-orthogonal multiple access
(NOMA), are introduced in terrestrial communication sys-
tems [5]–[9]. However, practical implementation of massive
MIMO over frequency-selective channels such as UASNs
is a challenging task considering the higher complexity of
the equalisers. Recently, NOMA is seen as a promising
technique in UASNs to achieve higher data rates within
the limited communication bandwidth. Authors in [10]–[14]
proposed NOMA for UASNs to improve channel capacity.
NOMA can be implemented by exploiting either power or
code domains. Power-domain NOMA can transmit multiple
user information within a single resource block by sharing
the transmission power among the users. A resource block
can be a time slot or a frequency band or a code. The key
techniques involved in power-domain NOMA are superposi-
tion coding and successive interference cancellation (SIC).
Further, authors in [15]–[17] combined the NOMA with a
cooperative relaying strategy (NOMA-CRS) to improve the
channel capacity and reliability of the terrestrial wireless
systems. The authors of [17] analysed the impact of imperfect
channel state information on the performance of NOMAwith
cooperative relaying for terrestrial wireless communications
by considering perfect SIC. Although advanced SIC tech-
niques can mitigate the impact of successive interference up
to some extent, still near node will be affected by the residual
successive interference from the higher power transmission
symbols, which increases proportionally with the distance
between near node and the source node. Besides, all recently
published works on NOMA for UASNs have analysed the
ergodic rate by assuming perfect CSI, which is too idealistic

assumption in UASNs due to the underwater channel charac-
teristics. This assumption does not provide clear insight into
the performance of the practical UASN due to the existence
of the channel estimation errors. It has been observed that the
performance analysis of the NOMA scheme under I-CSI and
I-SIC for UASNs has not yet reported in the literature.

On the other hand, CRS is a powerful approach in
UASNs, that enhances the reliability and energy efficiency.
In CRS, nearby relay nodes cooperate with the source node
to improve the reliability by exploiting spatial diversity.
Some of the existing research works have proposed the CRS
for UASNs to enhance throughput, reliability and energy
efficiency [4], [18]–[22]. Various types of CRS strategies
are proposed for UASNs, namely amplify-and-forward and
decode-and-forward [4], [23]. In amplify-and-forward CRS,
the relay node amplifies the data received from the source
node, and retransmits the information to the destination
node [24].Whereas in the decode-and-forward CRS, the relay
node decodes the source node information, and retransmits
decoded information to the destination node. The authors
of [25] investigated the outage performance for cooper-
ative orthogonal frequency division multiple access with
both amplify-and-forward and decode-and-forward relaying
strategies for underwater communication systems. Authors
of [26] proposed energy-efficient cooperative opportunistic
routing protocol for UASNs. Here, the source node uses the
depth information of the underwater devices and residual
energy of the relay nodes as constraints to determine the
route to the destination node. CRS mechanisms are also
designed for UASNs to address the medium access control
layer and network layers issues, which mainly focus on
enhancing energy efficiency of UASNs [27]–[29]. Most of
these works have focused primarily on improving energy
efficiency and reliability in bandwidth-limited UASNs with
the cost of reduced ergodic rates. Differently from the existing
works, in this research work, we aim to improve both ergodic
sum rate and energy efficiency of UASNs within the limited
bandwidth of the PHY layer by combining CRS with the
NOMA. In addition, obtaining perfect CSI at the transmitter
is a complex task in UASNs due to the long propagation
delays. We therefore propose NOMA-CRS scheme, which
can be implemented without CSI at the transmitter, by inte-
grating the proposed scheme with the STBC codes. STBC
codes are popular for the transmitter cooperation without CSI
at the transmitter.

To the best of authors’ knowledge, this is the first research
work to analyse NOMA based CRS for UASNs under imper-
fect CSI as well as imperfect SIC and to propose space-time
block coded NOMA-CRS (STBC-NOMA-CRS) for UASNs.
The major contributions of this research work are as
follows:

1) We propose non-orthogonal multiple access based
cooperative relaying strategy (NOMA-CRS) for under-
water acoustic sensor networks (UASNs).

2) We present a comprehensive study of NOMA-CRS
for UASNs under imperfect channel state information
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(I-CSI) and imperfect successive interference cancella-
tion (I-SIC) in both shallow and deep water scenarios.

3) We derive mathematical expressions of ergodic
rate, outage probability and energy efficiency for
NOMA-CRS for UASNs by considering the underwa-
ter specific characteristics such as distance-dependent
usable bandwidth and transmission power, acoustic
spreading, propagation loss, and fading effects.

4) The performance of NOMA-CRS is compared with
widely used decode-and-forward based CRS in the
UASNs. The results show that the NOMA-CRS can
achieve improved ergodic sum rate, and energy effi-
ciency at the cost slightly reduced outage performance.
The impact of I-CSI and I-SIC on the performance of
NOMA-CRS is also thoroughly investigated.

5) We also examine the impacts of the relay position, and
environmental effects such as, wind speed and ship-
ping activities on the NOMA-CRS considering realis-
tic underwater scenario. Results show that high-speed
winds and high shipping activities severely degrade the
performance of ergodic sum rate of the NOMA-CRS.

6) Acquiring perfect CSI at the transmitter is one of the
major challenge in implementing NOMA in UASNs.
As a solution to this, we propose space-time block
coded NOMA-CRS (STBC-NOMA-CRS) for UASNs,
which brings forth the opportunity to exploit the bene-
fits of both spectral efficiency and transmit diversity.

The rest of the paper is organized as follows: Section II
presents UASN model along with the proposed NOMA-
CRS, and CRS schemes for UASNs. In this section, we also
derive mathematical expressions for ergodic rate, outage
probability and energy efficiency of NOMA-CRS scheme in
UASNs. Section III presents STBC-NOMA-CRS forUASNs.
Section IV provides a description of analytical and simulation
results. The conclusion is presented in Section V.

II. SYSTEM MODEL
This section presents (1) the physical layer modeling of
UASNs, (2) the proposed NOMA-CRS scheme for UASNs,
and (3) the mathematical modeling and derivation of accurate
expressions for the ergodic rate, the outage probability and
the energy efficiency of NOMA-CRS for UASNs.

A. PHYSICAL LAYER MODEL
In this subsection, we present the physical layer model for the
calculation of the SNR in UASNs [30], [31]. The signal-to-
noise ratio (SNR) at the receiver of the UASNs is provided
by the passive sonar equation. Using this equation, the SNR
at the receiver can be calculated from the transmitted signal
level (i.e., source level (SL)), by considering transmission
loss (TL), ambient noise level (NL), and directivity (DI) can
be calculated. The passive sonar equation is given by,

0in dB = SL − TL − (NL − DI ), (1)

where 0 is the expected SNR at the receiver in dB. SL mea-
sured at 1 m with respect to the reference intensity is given

by,

SL = 10 log10 Is − 10 log10 Iref + 10 log10 ηea, (2)

where, Is is the signal intensity transmitted from the source
measured at 1 m distance, Iref is the reference intensity, and
ηea is the electrical to acoustic power conversion efficiency.
Here, we consider both shallow and deepwater scenarios. The
characteristics of shallow and deep water scenarios are given
in Table. 1.

TABLE 1. Shallow and deep water characteristics.

The transmitted signal intensity (Is) is the power flow
per unit area. The propagation of acoustic waves encounters
the spherical spreading in deep water [30]. So, the signal
intensity transmitted from the source in deep water is given
by, Is =

Ptx
4π , where Ptx is the transmitted signal power

from the source. Whereas, the propagation of acoustic waves
encounters cylindrical spreading in the case of shallow water
due to the signals being bounded by the floor and surface of
the ocean. Hence, the signal intensity transmitted from the
source in shallow water is given by, Is =

Ptx
2πH , whereH is the

water depth in meters. The term Iref is the reference intensity,

which is given by q2

ρc , where q = 1µ Pa rms is the root mean
square acoustic pressure, ρ the density of sea water, and c is
the sound velocity in sea. c is mainly affected by temperature,
sea depth and salinity of sea water, and is given by [30], [32],

c = 1448.96+ 4.591T − 0.05304T 2
+ 0.0002374T 3

+ 1.340(χ − 35)+ 0.0163H + 1.675× 10−7H2

−0.01025T (χ − 35)− 7.139× 10−13TH3, (3)

where T is the temperature, and χ is the salinity of sea water.
TL consists of absorption and spreading losses. TL between
transceiving nodes in an underwater acoustic channel is given
by [33],

TL = k × 10 log r + r × 10−3 × 10 log a(H ,T , f )+ A,(4)

where k is the spreading factor, r is the distance between
transceiving nodes in km, A is transmission loss anomaly and
a(H ,T , f ) is the absorption coefficient in dB/km for f in kHz.
The Francois & Garrison model proposed in [34],and [35] is
an accurate and most commonly used model for calculating
the absorption coefficient in UASNs, which not only takes
into account the effect of acoustic frequency but also intro-
duces the effects of temperature (T ), depth (H ), pressure,
acidity, and salinity (χ). In this research work, we use this
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accurate absorption coefficient model. The absorption coef-
ficient a(H ,T , f ) in dB/km (valid for 100 Hz < f < 1 MHz)
is given by [34], [35],

a(H ,T , f ) =
A1P1f1f 2

f 2 + f 21
+
A2P2f2f 2

f 2 + f 22
+ A3P3f 2, (5)

where f is the operating signal frequency, f1, and f2 are the
relaxation frequencies in kHz for boric acid and magnesium
sulphate. Ai i ∈ {1, 2, 3}, and Pi i ∈ {1, 2, 3} are the coef-
ficients, which considers the effects of temperature, salinity
and depth on acoustic signal absorption. The expressions for
finding these coefficients are given by,

f1 = 2.8
( χ
35

)0.5
10

[
4− 1245

273+T

]

f2 =
8.17 × 10

[
8− 1990

273+T

]
1 + 18 × 10−4(χ − 35)

A1 =
8.68
c
× 10(0.78 pH−5)

A2 = 21.44(1+ 0.025 T )
χ

c

A3 =



4.937×10−4−2.59×10−5T + 9.11× 10−7T 2

+9.11×10−7T 2
−1.50×10−8T 3 for T ≤20◦C

3.964× 10−4−1.146×10−5T+1.45× 10−7T 2

−6.5× 10−10T 3 for T > 20◦C

P1 = 1

P2 = 1− 1.37× 10−4H + 6.2× 10−9H2

P3 = 1− 3.83× 10−5H + 4.9× 10−10H2. (6)

Ambient noises in UASNs includes turbulence noise
(Nt (f )), shipping noise (Ns(f )), waves noise (Nw(f )) and
thermal noise (Nth(f )). The empirical formulas for the power
spectral densities (expressed in dB re 1µ Pa per Hz) of these
noise components are given by,

10 log10 Nt (f ) = 17− 30 log10 f , forf < 10 Hz

10 log10 Ns(f ) =


40+ 20(s− 0.5)+ 26 log10 f
−60 log10 (f + 0.03) ,
for 10 < f < 100 Hz

10 log10 Nw(f ) =


50+ 7.5w0.5

+ 20 log10 f
−40 log10 (f + 0.4) ,
for 0.1 kHz < f < 100 kHz

10 log10 Nth(f ) = −15+20 log10 f , for f > 100 kHz, (7)

where, w is the wind speed and s is the shipping activity.
The ambient noise level generally decreases with increase
in frequency. The sum of these four noise components gives
the total power spectral density (p.s.d) of ambient noise
(N (f )) present in the ocean. The approximate p.s.d of ambient
noise present in the ocean is given by, 10 log10(N (f )) =
50 − 18 log10(f ) [36]. In UASNs, noise and path losses

are primarily dependent on the signal frequency (f ) and
the transmission distance (r). The achievable ergodic rate
for frequency-dependent noise is therefore defined as [36],
C = E

[∫
B(r) log2 (1+ 0(r, f )) df

]
, where B(r) represents

distance-dependent usable bandwidth, which is given by,
B(r) = Br−Q, and E[ ] is the expectation of the random
variable. Here B is bandwidth coefficient and Q is positive
bandwidth exponent.

B. NOMA-CRS SCHEME
We consider a simple three-terminal communication scenario
as shown in Fig. 1, consisting of three half-duplex nodes. S is
the source node, G is the near node to S with good channel
conditions, and P is the node far from S with poor channel
conditions. The distance between the S-to-P and S-to-G links
are denoted asDSP, andDSG, respectively. The angle between
the S-to-P and S-to-G links is denoted as θ . Using cosine
rule, the distance between the G-to-P link is given by, DGP =√
D2
SP + D

2
SG − 2 DSP DSG cos θ . The channel coefficient of

S-to-P link is expressed as hSP = |hSP|ejθSP , with an average
power of βSP, where |hSP| and θSP are the magnitude and
phase of the S-to-P link, respectively. Similarly, the channel
coefficients of S-to-G, and G-to-P links are expressed as
hSG = |hSG|ejθSG , and hGP = |hGP|ejθGP , with average
powers of βSG, and βGP, respectively. Channel coefficients
hSP, hSG, and hGP are assumed to be independent Rayleigh
fading coefficients due to the multi-path signal propagation in
UASNs. Accordingly, the channel powers |hSP|2, |hSG|2, and
|hGP|2 are exponentially distributed random variables. It is
assumed that the average power of the channel coefficient
hSP is less than the average power of the channel coefficient
hSG (|hSP|2 < |hSG|2), due to the high path loss of the S-to-P
link compared to the S-to-G channel link. In UASNs, due to
channel estimation errors, it is extremely difficult to obtain
the perfect CSI [37], [38]. Hence, we consider the estimation
of hj is h̃j, j ∈ {SP, SG, GP}, and the channel coefficient can
be modelled as h̃j = hj + κ ĥj, where ĥj represents channel
error vector which can be modelled as zero mean complex
normal distribution with variance of ν2j , and κ is the channel
estimation error factor.

In NOMA-CRS, both the symbols X1 and X2 are intended
to be transmitted to the node P as shown in Fig. 1. In NOMA-
CRS scheme, the node S transmits two symbols X1 and X2
with distinct power levels α1 Pt and α2 Pt respectively, where
Pt is the total transmission power, α1 and α2 are the power
allocation coefficients (α1 + α2 = 1, α1 > α2). Here,
the node G operates as a half-duplex decode-and-forward
relay, which decodes the symbols using SIC technique. Then
node G transmits the X2 symbol to node P with the power
Pt in the next transmission time slot as shown in Fig. 1.
As a result, the node P can obtain the symbol X2 through
the S-to-G-to-P and S-to-P links. Subsequently, the node P
decodes the symbols received from the S and G nodes jointly
by involving selection combining diversity and successive
interference cancellation techniques. Accordingly, the signal
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FIGURE 1. NOMA-CRS scheme for UASNs.

received at the node G in a given time slot i is expressed as,

YSG(i)=

(
hSG + κ ĥSG
√
TLSG(r, f )

)[√
a1PtX1(i)+

√
a2PtX2(i)

]
+nSG(i),

(8)

where nSG(i) denotes frequency dependent noise in the under-
water channel with variance of σ 2

SG(f ). Firstly, the node G
decodes symbol X1. Then, it subtracts decoded symbol X1
from YSG(i) using SIC technique to obtain the symbol X2.
Therefore, the SINRs of both the symbols X1 and X2 at the
node G are respectively expressed as,

γ
X1
SG =

a1|hSG|2
Pt

TLSG(r,f )

a2|hSG|2
Pt

TLSG(r,f )
+ κ2ν2SG

Pt
TLSG(r,f )

+ σ 2
SG(f )

=
a1|hSG|20SG

a2|hSG|20SG + κ2ν2SG0SG + 1
, (9a)

γ
X2
SG =

a2|hSG|2
Pt

TLSG(r,f )

ξa1|hSG|2
Pt

TLSG(r,f )
+ κ2ν2SG

Pt
TLSG(r,f )

+ σ 2
SG(f )

=
a2|hSG|20SG

ξa1|hSG|20SG + κ2ν2SG0SG + 1
, (9b)

where 0SG =
Pt

TLSG(r,f )σ 2SG(f )
and the term ξa1|hSG|20SG

indicates the residual successive interference after SIC at the
node G, and ξ denotes the SIC inefficiency. ξ varies in the
range of [0, 1], ξ = 0 represents perfect SIC and other
values of ξ represent I-SIC i.e., interference due to residual

signals. Higher values of ξ indicates receiver with higher SIC
inefficiency. The received signal at node P from S in a given
time slot i is given by,

YSP(i)=

(
hSP + κ ĥSP
√
TLSP(r, f )

)[√
a1PtX1(i)+

√
a2PtX2(i)

]
+ nSP(i), (10)

where nSP(i) is the frequency dependent noise in the underwa-
ter channel with the variance of σ 2

SP(f ). Therefore, the signal-
to-interference noise ratio (SINR) for X1 symbol γ X1SP (r, f ) at
the node P is obtained by,

γ
X1
SP =

a1|hSP|2
Pt

TLSP(r,f )

a2|hSP|2
Pt

TLSP(r,f )
+ κ2ν2SP

Pt
TLSP(r,f )

+ σ 2
SP(f )

=
a1|hSP|20SP

a2|hSP|20SP + κ2ν2SP0SP + 1
, (11)

where 0SP =
Pt

TLSP(r,f )σ 2SP(f )
. In the second transmission time

slot, the node G transmits symbol X2 to the node P. Hence,
the received signal at node P from G in a given time slot i is
given by,

YGP(i) =

(
hGP + κ ĥGP
√
TLGP(r, f )

)[√
PtX2(i)

]
+ nP(i). (12)

Here, we consider selection diversity at the node P. The
node P combines the X2 symbol from S and G using selec-
tion diversity technique. Therefore, the SINR for X2 symbol
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γ
X2
P (r, f ) at the node P is obtained by,

γ
X2
P = max

{
a2|hSP|20SP

ξa1|hSP|20SP + κ2ν2SP0SP + 1
,

|hGP|20GP
κ2ν2GP0GP + 1

}
, (13)

where 0GP =
Pt

TLGP(r,f )σ 2GP(f )
.

1) ERGODIC RATE
Let E [Z ] , FZ (z) , and fZ (z) denote the expectation, cumu-
lative distribution function (CDF) and probability density
function of a random variable Z , respectively. The ergodic
rate of the X1 symbol in NOMA-CRS scheme for UASNs is
given by,

CX1 =
1
2

∫ fu

fl
E
[
log2

(
1+ min

{
γ
X1
SP , γ

X1
SG

})]
df . (14)

where, fl and fu are the lower and upper cutoff fre-
quencies, and γ

X1
SP and γ

X1
SG are the respective SINR

of symbol X1 at S-to-P and S-to-G links. From (14),
we assume V1 is an arbitrary variable, considered as V1 =
log2

(
1+ min

{
γ
X1
SP , γ

X1
SG

})
. By substituting (11) and (9a),

we obtain variable V1 as,

V1 = log2

(
1+ min

{
a1|hSP|20SP

a2|hSP|20SP + ψSP
,

a1|hSG|20SG
a2|hSG|20SG + ψSG

})
, (15)

where ψSP = κ2ν2SP0SP + 1 and ψSG = κ2ν2SG0SG + 1.
Accordingly,

V1= log2

1+min
 a1
a2+

ψSP
|hSP|20SP

,
a1

a2+
ψSG

|hSG|20SG


 ,

= log2

1+
a1

a2 + 1

min
{
|hSP|

20SP
ψSP

,
|hSG|

20SG
ψSG

}

 ,
= log2

(
1+ min

{
|hSP|20SP
ψSP

,
|hSG|20SG
ψSG

})
− log2

(
1+ min

{
a2|hSP|20SP

ψSP
,
a2|hSG|20SG

ψSG

})
.

(16)

Let, U and V are random variables, which are denoted by,
U 1
=
|hSP|20SP
ψSP

, and V 1
=
|hSG|20SG
ψSG

, respectively. Accord-
ingly, the CDF of random variable U is given by, FU (u) =

1 − e−
u ψSP
βSP0SP and CDF of random variable V is given by,

FV (v) = 1− e−
v ψSG
βSG0SG . We consider W is a random variable

denoted by, W 1
= min {U ,V }. Based on the random variable

transformations, the CDFs ofW is obtained as,

FW (w) = 1− e
−w

(
1
λSP
+

1
λSG

)
, (17)

where λSP =
βSP0SP
ψSP

and λSG =
βSG0SG
ψSG

. Let X 1
=

a2 W . Based on the linear random variable transformation,

the CDFs ofX is obtained as,FX (x) = 1−e
−x
(

1
a2 λSP

+
1

a2 λSG

)
.

Using the random variables,W and X , (14) can be re-written
as,

CX1 =
1
2

∫ fu

fl

∫
∞

0
log2 (1+W ) fW (w) dw df

−
1
2

∫ fu

fl

∫
∞

0
log2 (1+ X) fX (x) dx df . (18)

By applying
∫
∞

0 log2 (1+W ) fW (w) dw =
1
ln2

∫
∞

0
1−FW (w)

1+w dw, and
∫
∞

0
e−µx
x+β dx = −e(µβ)Ei(−µβ) [39],

the ergodic rate for symbol X1 is obtained as,

CX1 =
1

2 ln 2

∫ fu

fl
−e

(
1
λSP
+

1
λSG

)
Ei
(
−

1
λSP
−

1
λSG

)
df

+
1

2 ln 2

∫ fu

fl
e

1
a2

(
1
λSP
+

1
λSG

)
Ei
(
−

1
a2λSP

−
1

a2λSG

)
df .

(19)

Similarly, the ergodic rate for X2 symbol is given by,

CX2 =
1
2

∫ fu

fl
E
[
log2

(
1+ min

{
γ
X2
P , γ

X2
SG

})]
df . (20)

From (20), V2 is assumed as an arbitrary variable given by
V2 = log2

(
1+ min

{
γ
X2
P , γ

X2
SG

})
. By substituting (13) and

(9b), we obtain variable V2 as,

V2 = log2

(
1+ min

{
max

{
a2|hSP|20SP

ξa1|hSP|20SP + ψSP
,

|hGP|20GP
ψGP

}
,

a2|hSG|20SG
ξa2|hSG|20SG + ψSG

})
, (21)

where ψGP = κ2ν2GP0GP + 1. We assume Y and

Z are random variables, which are denoted as, Y 1
=

max
{

a2|hSP|20SP
ξa1|hSP|20SP+ψSP

,
|hGP|20GP
ψGP

}
, and Z 1

=
a2|hSG|20SG

ξa2|hSG|20SG+ψSG
.

The corresponding CDFs of Y and Z are given by,

FY (y) =



(
1− e−

yψSP
βSP0SP(a2−yξa1)

)
(
1− e−

yψGP
βGP0GP

)
; y < a2

ξa1

1; y ≥ a2
ξa1
,

(22)

FZ (z) =


(
1− e−

zψSG
βSG0SG(a2−zξa1)

)
; z <

a2
ξa1

1; z ≥
a2
ξa1

.
(23)

Let, A 1
= min {Y ,Z }, and the CDF is obtained as,

FA(a) =


1− (1− FY (a)) (1− FZ (a)) ; a <

a2
ξa1

,

1; a ≥
a2
ξa1

.
(24)
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Using the random variable A, (20) can be re-written as,

CX2 =
1
2

∫ fu

fl

∫
∞

0
log2 (1+ A) fA(a) da df

=
1

2 ln 2

∫ fu

fl

∫
∞

0

1− FA(a)
1+ a

da df

=
1

2 ln 2

∫ fu

fl

∫ a2
ξa1

0

(1−FY (a)) (1−FZ (a))
1+a

da df . (25)

The ergodic sum rate in NOMA-CRS for UASNs is given
by, CX1 + CX2 .

2) OUTAGE PROBABILITY
In this subsection, the performance of NOMA-CRS for
UASNs is analysed in terms of outage probability. It is
defined as the instance where the received power level is less
than the threshold power level, i.e. the receiver node is out of
the source node range. Let R1 and R2 are the desired rates of
X1 and X2 respectively. The mathematical expression for the
outage probability of X1 is given by,

PX1out=Pr

1
2

fu∫
fl

log2
(
1+ min

{
γ
X1
SP , γ

X1
SG

})
df < R1

 .
(26)

However, obtaining the mathematical expression for out-
age probability for frequency selective channels is tedious
task. So, we formulate the problem as follows, we divide the
total bandwidth into L narrow sub-bands. Let jth sub-band
be centered around frequency fj with width δfj, where
j = 1, 2, · · · , L. We assume each sub band is small enough
such that the channel appears frequency-flat fading channel.
As a result, the mathematical expression for average outage
probability of X1 symbol over L flat fading channels is given

by,

PX1out =
1
L

L∑
j=1

Pr
{
δfj log2

(
1+ min

{
γ
X1
SP , γ

X1
SG

})
< R1

}

=
1
L

L∑
j=1

[
1− Pr

{
min

{
γ
X1
SP , γ

X1
SG

}
≥ 81

}]

=
1
L

L∑
j=1

[
1− Pr

{
|hSP|2 <

ψSP 81

a10SP − a20SP 81

}

Pr
{
|hSG|2 <

ψSG 81

a10SG − a20SG 81

}]
=

1
L

L∑
j=1

[
1−

(
1− e

−

(
ψSP 81

βSP0SP(a1−a2 81)

))
(
1− e

−

(
ψSG 81

βSG0SG(a1−a2 81)

))]
, (27)

where81 = 2
2R1
δfj −1. Similarly, the mathematical expression

for average outage probability ofX2 symbol over L flat fading
channels is given by, (28) as shown at the bottom of the page,

where 82 = 2
2R2
δfj − 1.

C. CRS SCHEME
Decode-and-forward based CRS scheme is widely used
scheme in UASNs for improving the energy efficiency and
reliability [4], [21]. Here, the relay node is half-duplex, which
completely decodes the source node information and retrans-
mits it to the destination node in the next time slot. The
destination node combines the two symbols received from the
relay and source nodes using selection combining diversity
technique. Accordingly, the average achieved ergodic rate by
the decode-and-forward CRS is given by, (29) as shown at the
bottom of the page,

PX2out = Pr

1
2

fu∫
fl

log2
(
1+ min

{
γ
X2
P , γ

X2
SG

})
df < R2


=

1
L

L∑
j=1

[
1− Pr

{
max

{
a2|hSP|20SP

ξa1|hSP|20SP + ψSP
,
|hGP|20GP
ψGP

}
≥ 82

}
Pr
{

a2|hSG|20SG
ξa1|hSG|20SG + ψSG

≥ 82

}]

=
1
L

L∑
j=1

[
1−

(
1−

(
1− e

−

(
82ψSP

βSP0SP(a2−ξa1 82)

))(
1− e

−

(
ψGP82
βGP0GP

)))(
1− e

−

(
82ψSG

βSG0SG(a2−ξa1 82)

))]
, (28)

CCRS =
1
2

∫ fu

fl
E

[
log2

(
1+ min

{
0SG |hSG|2

κ2ν2SG0SG + 1
, max

{
0SP |hSP|2

κ2ν2SP0SP + 1
,
0GP |hGP|2

κ2ν2GP0GP + 1

}})]
df .

=
1

2 ln 2

∫ fu

fl

∫
∞

0

(
1−

(
1− e−

xψSG
0SG

)(
1− e−

xψSP
0SP

))(
1− e−

xψGP
0GP

)
1+ b

db df (29)
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Similarly, the outage probability for the decode-and-
forward CRS scheme is given by,

PCRSout =
1
L

L∑
j=1

[
1−

(
1−

(
1− e−

xψSG
0SG

)(
1− e−

xψSP
0SP

))
(
1− e−

xψGP
0GP

)]
. (30)

D. ENERGY EFFICIENCY
In this subsection, the performance of NOMA-CRS scheme
is analysed from the perspective of energy efficiency. The
expression for energy efficiency is given by [40],

η =
(1− PX1out ) CX1 + (1− PX2out ) CX2

Total power consumption
. (31)

The total power consumed in the NOMA-CRS scheme is
given by, E =2 Pt + 2Prx , where Prx are the power con-
sumed for receiving the symbols. Whereas, the total power
consumed in the CRS scheme is given by, E =2 Pt+2 Prx .

III. STBC-NOMA-CRS SCHEME
Even though NOMA based UASNs are proposed in the lit-
erature to improve the performance of UASNs, researchers
identified that the major challenge in the implementation of
NOMA in UASNs is that, the transmitter needs the prior CSI
status encountered by each receiver. However, acquiring per-
fect CSI at the transmitter is a challenging job in time-varying
multi-path underwater acoustic channels. In some cases,
the transmitter obtains CSI using a feedback signal from the
receiver in UASNs, where the receiver estimates CSI using
receiving a pilot signal from the transmitter. Many recent
research works proposed NOMA for UASNs, by assuming
perfect or statistical CSI at the transmitter. But this assump-
tion is too idealistic in UASNs. Differently, we propose
space-time block coded NOMA-CRS (STBC-NOMA-CRS)
for UASNs. To the best of authors’ knowledge, this is the first
work to propose, NOMAwith STBC codes for UASNs. Since
NOMA facilitates multiple transmissions simultaneously in
the resource block, its inclusion with the space-time block
codes (STBC) brings forth the opportunity to exploit the
benefits of both spectral efficiency and transmit diversity.

To implement STBC with NOMA-CRS, we consider that,
source node S is equipped with two transmitting antennas
(i.e., TX1& TX2), node P equippedwith one receiving antenna
(i.e., RX1), and node G equipped with two transmitting anten-
nas and one receiving antenna (i.e., TX3 , TX4 & RX2)
as shown in Fig. 2. Let h11, h12, h21, h22, h13, and h14
denote the channel coefficients of TX1 − RX1, TX2 − RX1,
TX1 − RX2, TX2 − RX2, TX3 − RX1, and TX4 − RX1 links
respectively. We model that all channels are independent and
identically distributed Rayleigh fading channels because of
themulti-path propagation of the acoustic signals in underwa-
ter communication. As a result, |h11|2, |h12|2, |h21|2, |h22|2,
|h13|2, and |h14|2 are exponentially distributed random vari-
ables with average power of β11, β12, β21, β22, β13 and β14
respectively.

FIGURE 2. An illustration of STBC-NOMA-CRS scheme for UASNs.

The protocol description of the STBC-NOMA-CRS
scheme for UASNs is as follows: the node S divides its
transmission symbol stream X (t) into four blocks, X1(t),
X2(t), X3(t) and X4(t). Here, X1(t) & X3(t) are intended to
be transmitted to the node P and X2(t) & X4(t) are intended
to be transmitted to the node G simultaneously. As a result,
the S combines X1(t) & X2(t) to form a composite signal
C1(t), which is given by C1(t) =

√
a1Pt X1 +

√
a2Pt X2,

where a1 & a2 are power allocation coefficients. It is assumed
that the total transmit power, from the two antennas in the
STBC-NOMA-CRS scheme, is same as the transmit power
from the NOMA-CRS scheme. As a result, we assume a1 +
a2 = 0.5. Similarly, the S combines X3(t) & X4(t) to form
an other composite signal C2(t), which is given by C2(t) =√
a1Pt X3+

√
a2Pt X4. At the first transmission time slot (T0),

the signal transmitted from the TX1 is C1(t) and from TX2
is C2(t). During the next transmission time slot (T1), signal
−C∗2 (t) is transmitted from the TX1 and C∗1 (t) is transmitted
from the TX2, where ∗ represents conjugate of the complex
signal. Assuming that fading is constant across two consecu-
tive symbols. The received signals at the G (i.e., RX2) and P
(i.e., RX1) nodes in a given time slot i can then be expressed
as,

Yi(t)

=

(
hi1 + κ ĥi1
√
TLi1(r, f )

)[√
a1PtX1(t)+

√
a2PtX2(t)

]
+

(
hi2 + κ ĥi2
√
TLi2(r, f )

)[√
a1PtX3(t)+

√
a2PtX4(t)

]
+ni(t),

(32)

where i ∈ 1, 2. Here TLij(r, f ) denotes transmission loss
between jth transmitter and ith receiver and ni(t) denotes
frequency dependent noise in the underwater channel. The
received signals at the G and P nodes in the next transmission
time slot (i+1) can then be expressed as,

Yi+1(t)

=

(
hi1 + κ ĥi1
√
TLi1(r, f )

)[
−

√
a1PtX∗3 (t)−

√
a2PtX∗4 (t)

]
+

(
hi2 + κ ĥi2
√
TLi2(r, f )

)[√
a1PtX∗1 (t)+

√
a2PtX∗2 (t)

]
+ni(t).

(33)
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For decoding the symbols, STBC decoding algorithm
can be applied to separate the composite signals (i.e.,
C1(t) &C2(t)) at both the nodes G and P. The STBC decoding
algorithm performs maximum-likelihood detection with lin-
ear complexity. Subsequently, the node P does not perform
successive interference cancellation (SIC) because of poor
channel quality between TX1−RX1 compared to TX1−RX2.
For decoding the symbols X1(t) & X3(t), the node P treats
the symbols X2(t) & X4(t) as noise signals. As a result,
the received signal-to-interference noise ratio (SINR) at RX1
for symbol X1 can be given by,

γ
X1
SP =

a1

(
2∑
i=1
|h1i|2 01i

)

a2

(
2∑
i=1
|h1i|2 01i

)
+ψ1

, (34)

where, ψ1 = κ
2ν211011 + κ

2ν212012 + 1. Later, the near node
decodes symbol X2(t) & X4(t) by performing the SIC. Firstly,
the node G decodes X1(t) & X3(t) symbols by considering
X2(t) & X4(t) as noise signals. Later, it subtracts decoded
symbols X1(t) & X3(t) symbols from composite signals using
SIC technique to obtain X2(t) & X4(t) symbols. The received
SINRs at RX2 for symbols X1 & X2 are given by,

γ
X1
SG =

a1

(
2∑
i=1
|h2i|2 02i

)

a2

(
2∑
i=1
|h2i|2 02i

)
+ ψ2

, (35)

γ
X2
SG =

a2

(
2∑
i=1
|h2i|2 02i

)

a1ξ

(
2∑
i=1
|h2i|2 02i

)
+ ψ2

, (36)

where, ψ2 = κ2ν221021 + κ
2ν222022 + 1 and ξ denotes the

SIC inefficiency. ξ varies in the range of [0, 1], ξ = 0 rep-
resents perfect SIC and other values represent imperfect SIC
with inefficiency of ξ . Due to the symmetry in transmission
scheme, γ X1SG = γ

X3
SG & γ

X2
SG = γ

X4
SG .

At the next transmission time slot (T2), the signal trans-
mitted from the TX3 is

√
0.5PtX2(t) and from TX4 is

√
0.5PtX4(t). During the next transmission time slot (T3),

signal −
√
0.5PtX∗4 (t) is transmitted from the TX3, and

√
0.5PtX∗2 (t) is transmitted from the TX4. The received sig-

nals at the node P in a given time slot i+2 can then be
expressed as,

Yi+2(t) =

(
hi3 + κ ĥi3
√
TLi3(r, f )

)[√
0.5 ∗ PtX2(t)

]
+

(
hi4 + κ ĥi4
√
TLi4(r, f )

)[√
0.5 ∗ PtX4(t)

]
+ni(t), (37)

where i ∈ 1. The received signals at the node P in the next
transmission time slot (i+3) can then be expressed as,

Yi+3(t)=

(
hi3 + κ ĥi3
√
TLi3(r, f )

)[
−

√
0.5 ∗ PtX∗4 (t)

]
+

(
hi4+κ ĥi4
√
TLi4(r, f )

)[√
0.5 ∗ PtX∗2 (t)

]
+ni(t). (38)

The received SINRs at RX1 are given by,

γ
X2
P = max

{ a2

(
2∑
i=1
|h1i|2 01i

)

a1ξ

(
2∑
i=1
|h1i|2 01i

)
+ ψ1

,

+

(
|h13|2 013 + |h14|2 014

2 ψ1

)}
, (39)

where, ψ1 = κ
2ν213013+κ

2ν214014+1. Due to the symmetry
in transmission scheme, the SINR and ergodic rates achieved
by symbol X3 is exactly equal to X1 and X4 is equal to that
of X2.

A. ERGODIC RATE ANALYSIS
The ergodic rate of the X1 symbol in STBC-NOMA-CRS
scheme in UASNs is given by,

CX1 =
1
4

∫ fu

fl
E
[
log2

(
1+ min

{
γ
X1
SP , γ

X1
SG

})]
df , (40)

where γ X1SP , and γ
X1
SG are the SINRs in UASNs at S and G

nodes calculated by using (34) and (35), respectively. From
(40), we assume Ṽ1 is an arbitrary variable, considered as
Ṽ1 = log2

(
1+ min

{
γ
X1
SP , γ

X1
SG

})
. By substituting (34) and

(35), we obtain variable Ṽ1 as,

Ṽ1= log2

1+ min


a1

(
2∑
i=1
|h1i|2 01i

)

a2

(
2∑
i=1
|h1i|2 01i

)
+ψ1

,

a1

(
2∑
i=1
|h2i|2 02i

)

a2

(
2∑
i=1
|h2i|2 02i

)
+ ψ2




= log2

(
1+ min

{
2∑
i=1

|h1i|2 01i
ψ1

,

2∑
i=1

|h2i|2 02i
ψ2

})

− log2

(
1+ a2min

{
2∑
i=1

|h1i|2 01i
ψ1

,

2∑
i=1

|h2i|2 02i
ψ2

})
.

(41)

Let, Ũ and Ṽ are random variables denoted by, Ũ 1
=

2∑
i=1

|h1i|2 01i
ψ1

, and Ṽ 1
=

2∑
i=1

|h2i|2 02i
ψ2

, respectively. Accordingly
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the CDFs of random variable Ũ and Ṽ are obtained as
FŨ (u) = 1 − λ11

λ11−λ12
e−

u
λ11 +

λ12
λ11−λ12

e−
u
λ12 , FṼ (v) = 1 −

λ21
λ21−λ22

e−
u
λ21 +

λ22
λ21−λ22

e−
u
λ22 , where λij =

βij0ij
ψij

. We consider

W̃ is a random variable denoted by, W̃ 1
= min

{
Ũ , Ṽ

}
. Based

on the random variable transformations, the CDFs of W̃ is
obtained as,

FW̃ (w) = 1−
(

λ11

λ11 − λ12
e−

u
λ11 −

λ12

λ11 − λ12
e−

u
λ12

)
(

λ21

λ21 − λ22
e−

u
λ21 −

λ22

λ21 − λ22
e−

u
λ22

)
. (42)

Let X̃ 1
= a2 W̃ . Based on the linear random variable trans-

formation, the CDFs of X̃ is obtained as, FX̃ (x) = FW̃ ( xa2 ).
Using the random variables W̃ , and X̃ , (14) can be re-written
respectively as,

CX1 =
1
4

∫ fu

fl

∫
∞

0
log2

(
1+ W̃

)
fW̃ (w) dw df

−
1
4

∫ fu

fl

∫
∞

0
log2

(
1+ X̃

)
fX̃ (x) dx df . (43)

The mathematical expression for ergodic rate for symbol
X1 is obtained as,

CX1 =C1

[∫ fu

fl
−λ11λ21e

(
1
λ11

1
λ21

)
Ei
(
−

1
λ11
+

1
λ21

)
df

+

∫ fu

fl
−λ11λ22e

(
1
λ11
+

1
λ22

)
Ei
(
−

1
λ11
+

1
λ22

)
df

+

∫ fu

fl
−λ12λ21e

(
1
λ12
+

1
λ21

)
Ei
(
−

1
λ12
+

1
λ21

)
df

−

∫ fu

fl
−λ12λ22e

(
1
λ12
+

1
λ22

)
Ei
(
−

1
λ12
+

1
λ22

)
df
]
,

(44)

where C1 =
1

4 ln 2(λ11−λ12)(λ21−λ22)
.

Similarly, the ergodic rate for X2 symbol is given by,

CX2 =
1
4

∫ fu

fl
E
[
log2

(
1+ min

{
γ
X2
P , γ

X2
SG

})]
df . (45)

From (45), we assume Ṽ2 is an arbitrary variable, considered
as Ṽ2 = log2

(
1+ min

{
γ
X2
P , γ

X2
SG

})
. By substituting (39)

and (36), we obtain variable Ṽ2 as, (46) as shown at the bottom
of the page.

We assume Ỹ and Z̃ are random variables, which are
denoted as, Ỹ 1

=

(
|h13|2 013+|h14|2 014

2 ψ̃1

)
, and

Z̃j
1
=

a2

(
2∑
i=1
|hji|2 0ji

)

a1ξ

(
2∑
i=1
|hji|2 0ji

)
+ψj

, j ∈ {1, 2}. The corresponding

CDFs of Ỹ and Z̃j are given by,

FỸ (y) = 1−
λ̃13

λ̃13 − λ̃14
e
−y
λ̃13 +

λ̃14

λ̃13 − λ̃14
e
−y
λ̃14 . (47)

FZ̃j (z) =


1+

λj2

λj1 − λj2
e
−

z
a2λj2−ξa1λj2z

−
λj1

λj1 − λj2
e
−

z
a2λj1−ξa1λj1z ; z <

a2
ξa1

1; z ≥
a2
ξa1

,

(48)

where λ̃ij =
0ijβij

ψ̃i
.

Let, A 1
= min

{
max

{
Ỹ , Z̃1

}
, Z̃2

}
, and the corresponding

CDF is obtained as,

FA(a) =


1−

(
1−

(
FỸ (a)FZ̃1 (a)

))(
1− FZ̃2 (a)

)
; a <

a2
ξa1

,

1; a ≥
a2
ξa1

.

(49)

Using the random variable A, (45) can be re-written as,

CX2 =
1
4

∫ fu

fl

∫
∞

0
log2 (1+ A) fA(a) da df

=
1

4 ln 2

∫ fu

fl

∫ a2
ξa1

0

1− FA(a)
1+ a

da df . (50)

The overall ergodic rate achieved in STBC-NOMA-CRS is
given by,

∑4
i=1 CXi .

IV. NUMERICAL AND SIMULATION RESULTS
In this section, analytical and Monte Carlo simulation results
are provided to describe our investigations on the impact
of I-CSI and I-SIC on ergodic rate, outage probability and
energy efficiency of the NOMA-CRS scheme. We have used
Monte Carlo simulations to generate the Rayleigh fading
coefficients for the channel links andMATLAB R© 2018b with
Phased Array System ToolboxTM to simulate the underwater
channel. The results are compared with the conventional
decode-and-forward based CRS scheme in UASNs [4]. From
the system model, we recall that node P is far from node S
with poor channel conditions and node G is close to node
S with good channel conditions. Without loss of generality,
we set, DSG = 0.1 DSP, θ = 60◦, a1 = 0.95 and a2 = 0.05.
The remaining parameters used for simulation and analytical

Ṽ2 = log2

1+ min

max
{ a2

(
2∑
i=1
|h1i|2 01i

)

a1ξ

(
2∑
i=1
|h1i|2 01i

)
+ ψ2

,

(
|h13|2 013 + |h14|2 014

2 ψ̃1

)}
,

a2

(
2∑
i=1
|h2i|2 02i

)

a1ξ

(
2∑
i=1
|h2i|2 02i

)
+ ψ2



 (46)
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TABLE 2. Parameters used for performance analysis.

analysis are listed in Table. 2 and these values took from
Evologics R© practical underwater acoustic modem [41]. First,
we have analysed the impact of I-CSI considering the perfect
SIC. Then, assuming perfect CSI, the impact of I-SIC on the
ergodic sum rate, outage probability and energy efficiency is
analysed with respect to distance between the S-P link in both
shallow and deep water scenarios. Later, we have analysed
the impact of the relay position on the NOMA-CRS scheme.
Finally, the impact of wind speed and shipping activities on
the NOMA-CRS is analysed considering realistic underwater
scenario.

A. SHALLOW WATER
In this subsection, we analyse the impacts of the CSI and
SIC on the ergodic sum rate, outage probability and energy
efficiency with respect to the distance between the S-P link
in shallow water scenario.

1) IMPACT OF CSI
Figure 3 shows the impact of CSI on the ergodic sum-rate
achieved by the NOMA-CRS and CRS schemes with respect
to the distance between the S-P link in shallowwater scenario.
In particular, it has been observed that the ergodic rate of
the NOMA-CRS and CRS decreases with the increase in
the distance between the S-P link. Because of the SNRs
dependence on the respective transmission distance. Another
important fact from Fig. 3 is that the ergodic gains achieved
by the NOMA-CRS compared to CRS in UASNs are reduced
by increasing the values of channel estimation error factor
(i.e., κ). This is because multiple symbols are transmitted in
a specific time slot using superposition coding in the NOMA-
CRS. As a consequence, the increase in values of channel
estimation error factor has an impact on the performance of
both X1 and X2 symbols in NOMA-CRS for UASNs.

FIGURE 3. Impact of the CSI on the ergodic sum rate achieved by the
NOMA-CRS and CRS schemes with respect to distance between the S-P
link in shallow water: by setting H = 10 m, k = 1, DSG = 0.1 DSP , θ = 60◦,
ξ = 0 (perfect SIC), a1 = 0.95 and a2 = 0.05.

FIGURE 4. Impact of the CSI on the outage probability behaviors the
NOMA-CRS and CRS schemes with respect to distance between the S-P
link in shallow water: by setting H = 10 m, k = 1, DSG = 0.1 DSP , θ = 60◦,
ξ = 0 (perfect SIC), a1 = 0.95, a2 = 0.05 and R1 = 1.5, R2 = 1.75 bits per
channel usage.

Figure 4 depicts the outage probability behaviours of
NOMA-CRS (i.e. symbols X1 and X2) and CRS schemes
with respect to the distance between the S-P link in shallow
water by setting R1 = 1.5, R2 = 1.75 bits per channel
usage. As shown in Fig. 4, the outage behaviour of CRS is
superior to that of NOMA-CRS for various distances between
the S-P link. The reason behind the degradation of outage
behaviour in NOMA-CRS is superposition coding, in which
the X1 symbol affects the outage behaviour of X2 symbol and
vice versa. Additionally, it can also be observed that, with the
increase in values of channel estimation error factor, the out-
age probability behaviours of both CRS and NOMA-CRS
schemes are significantly degraded. As a result, the search
for efficient techniques for perfect estimation of the CSIs in
UASNs is crucial, which is open to the research community.

Figure 5 plots the energy efficiency curves of NOMA-CRS
and CRS schemes with respect to the distance between the
S-P link in shallow water. The energy efficiency performance
of NOMA-CRS is observed to be better than that of CRS for
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FIGURE 5. Impact of the CSI on the energy efficiency performance of the
NOMA-CRS and CRS schemes with respect to the distance between the
S-P link in shallow water: by setting H = 10 m, k = 1, DSG = 0.1 DSP ,
θ = 60◦, ξ = 0 (perfect SIC), a1 = 0.95, a2 = 0.05 and
R1 = 1.5, R2 = 1.75 bits per channel usage.

lower values of channel estimation error factor (κ ≈ 0.001).
For higher values of κ , it is observed that the energy efficiency
of NOMA-CRS is degraded, and is slightly lower than that of
the CRS scheme.

2) IMPACT OF SIC
Here, we analyse the performance of ergodic rate, outage
probability and energy efficiency of NOMA-CRS and CRS
schemes for the different levels of I-SIC (i.e., by varying
the SIC inefficiency factor (ξ )). It is noted from Fig. 6
that, we obtain the lowest ergodic rate performance of
NOMA-CRS scheme at a high level of I-SIC (for values
above ξ = 1 × 10−4), which is even lower than the CRS
regime. It is also noted that the performance gap between the
perfect SIC and the I-SIC is high at low distances between the
S-P link. Figure 7 depicts the outage probability behaviour of
the NOMA-CRS (i.e. symbols X1 and X2) and CRS schemes
with respect to the distance between the S-P link in shallow

FIGURE 6. Impact of the I-SIC on the ergodic sum rate achieved by the
NOMA-CRS and CRS schemes with respect to the distance between the
S-P link in shallow water: by setting H = 10 m, k = 1, DSG = 0.1 DSP ,
θ = 60◦, κ = 0 (perfect CSI), a1 = 0.95 and a2 = 0.05.

water. It can be noted that, from the mathematical modelling
presented in subsection II-B2, the impact of I-SIC only affects
the outage behaviour of X2 symbol in NOMA-CRS. It can
be observed that, with the increase in the values of SIC
inefficiency factor, the outage behaviour of X2 is deterio-
rating, as shown in Fig. 7. Further, the outage performance
of X2 symbol is approximately the same as the perfect SIC
NOMA-CRS scheme when a small amount of I-SIC occurs
at ξ = 1×10−6. Figure 8 plots the energy efficiency curves of
NOMA-CRS and CRS schemes with respect to the distance
between the S-P link in shallow water, taking into account
I-SIC. It can be seen that NOMA-CRS is able to achieve better
energy efficiency compared to the CRS scheme for the case
of perfect SIC and lower values of ξ ≤ 1×10−6. For the case
of ξ > 1×10−4, the performance of the NOMA-CRS scheme
is significantly degraded and is slightly lower than the CRS
scheme.

FIGURE 7. Impact of the I-SIC on the outage probability behaviours the
NOMA-CRS and CRS schemes with respect to distance between the S-P
link in shallow water: by setting H = 10 m, k = 1, DSG = 0.1 DSP , θ = 60◦,
κ = 0 (perfect CSI), a1 = 0.95, a2 = 0.05 and R1 = 1.5, = R2 = 1.75 bits
per channel usage.

FIGURE 8. Impact of the I-SIC on the energy efficiency performance of
the NOMA-CRS and CRS schemes with respect to the distance between
the S-P link in shallow water: by setting H = 10 m, k = 1, DSG = 0.1 DSP ,
θ = 60◦, κ = 0 (perfect CSI), a1 = 0.95, a2 = 0.05 and
R1 = 1.5, = R2 = 1.75 bits per channel usage.

32868 VOLUME 9, 2021



V. Goutham, V. P. Harigovindan: NOMA-CRS for UASNs Under I-SIC and I-CSI

B. DEEP WATER
In this subsection, we analyse the impacts of the CSI and
SIC on the ergodic sum rate, outage probability and energy
efficiency with respect to the distance between the S-P link
in deep water scenario.

1) IMPACT OF CSI
Figure 9 shows the impact of CSI on the ergodic sum rate
with respect to the distance between S-P link in deep water
scenario. In Fig. 9, ergodic rate response in deep water
is observed to be similar to shallow water scenario. But,
the ergodic rate performance has deteriorated rapidly with
respect to distance when compared to shallow water sce-
nario. This is due to the fact that, acoustic signals experience
spherical spreading which results in high transmission losses
in deep water. The performance of NOMA-CRS and CRS
schemes have significantly deteriorated with the increase in
I-CSI in deep water, as shown in Fig. 9. Figure 10 depicts
the impact of CSI on the outage probability with respect to
the distance between S-P link in deep water scenario. Similar
to the ergodic rate performance, the outage behaviour also
showed a similar response in deep water as in shallow water.
However, the outage behaviour is rapidly conversing to a
value one with respect to distance between S-P link in deep
water. In Fig. 10, it can also be observed that the I-CSI
severely affecting the performance of outage probability of
NOMA-CRS and CRS schemes in deep water. Figure 11
shows the energy efficiency performance of the NOMA-CRS
and CRS schemes with respect to the distance between S-P
link. It can be seen that, NOMA-CRS is capable of achieving
better energy efficiency compared to the CRS scheme. Fur-
ther, a significant observation from Fig. 11 is that the energy
efficiency shows a better performance for d < 400 m, but
for d ≥ 400 m the energy efficiency of NOMA-CRS scheme
significantly decreases due to spherical spreading.

2) IMPACT OF SIC
Figure 12 shows the effect of SIC on the ergodic sum rate with
respect to the distance between the S-P link in deep water

FIGURE 9. Impact of the I-CSI on the ergodic sum rate achieved by the
NOMA-CRS and CRS schemes with respect to distance between the S-P
link in deep water: by setting H = 1000 m, k = 2, DSG = 0.1 DSP , θ = 60◦,
ξ = 0 (perfect SIC), a1 = 0.95 and a2 = 0.05.

FIGURE 10. Impact of the I-CSI on the outage probability behaviours the
NOMA-CRS and CRS schemes with respect to distance between the S-P
link in deep water: by setting H = 1000 m, k = 2, DSG = 0.1 DSP , θ = 60◦,
ξ = 0 (perfect SIC), a1 = 0.95, a2 = 0.05 and R1 = 1.5, R2 = 1.75 bits per
channel usage.

FIGURE 11. Impact of the I-CSI on the energy efficiency performance of
the NOMA-CRS and CRS schemes with respect to the distance between
the S-P link in deep water: by setting H = 1000 m, k = 2, DSG = 0.1 DSP ,
θ = 60◦, ξ = 0 (perfect SIC), a1 = 0.95, a2 = 0.05 and R1 = 1.5, R2 = 1.75
bits per channel usage.

scenario. The ergodic rates of NOMA-CRS have gradually
decreased with the gradual increase in the impact of SIC in
deep water similar to the shallow water scenario. Figure 13
depicts the impact of SIC on the outage probability with
respect to the distance between the S-P link in deep water
scenario. The increase in the SIC imperfections has a sub-
stantial decrease in the outage probability of X2 symbol of
NOMA-CRS. Figure 14 shows the impact of SIC on energy
efficiency with respect to the distance between the S-P link
in deep water scenario. It can be seen that NOMA-CRS is
capable of achieving better energy efficiency compared to
the CRS scheme for the lower values of the SIC inefficiency
factor up to ξ = 1 × 10−6. Further, it can be observed from
Fig. 14 that the energy efficiency performance is better for
d < 400 m, but for d ≥ 400 m the energy efficiency of
NOMA-CRS scheme significantly decreases due to spherical
spreading. Finally, it can be observed that the SIC also has an
impact similar to shallow water scenario on the ergodic rate,
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FIGURE 12. Impact of the I-SIC on the ergodic sum rate achieved by the
NOMA-CRS and CRS schemes with respect to the distance between the
S-P link in deep water: by setting H = 1000 m, k = 2, DSG = 0.1 DSP ,
θ = 60◦, κ = 0 (perfect CSI), a1 = 0.95 and a2 = 0.05.

FIGURE 13. Impact of the I-SIC on the outage probability behaviours the
NOMA-CRS and CRS schemes with respect to distance between the S-P
link in deep water: by setting H = 1000 m, k = 2, DSG = 0.1 DSP , θ = 60◦,
κ = 0 (perfect CSI), a1 = 0.95, a2 = 0.05 and R1 = 1.5, R2 = 1.75 bits per
channel usage.

outage probability, and energy efficiency of NOMA-CRS in
deep water.

It can be concluded from both the shallow and deep water
scenarios that, the performance of NOMA-CRS is signifi-
cantly affected by the CSI estimation error factor compared
to the CSR scheme. As a result, there exists a trade-off
between the ergodic rate and the energy efficiency because
of outage probability dependence on CSI estimation error
factor. As the technological advances in the CSI estimation
techniques rapidly evolving will guarantee the performance
enhancement of the NOMA-CRS scheme. Further, there is a
need for efficient SIC techniques are required to get higher
performance gains of NOMA-CRS scheme compared to the
CRS scheme.

3) IMPACT OF RELAY POSITION
In this subsection, the ergodic rate performance of
NOMA-CRS and CRS schemes are analysed with the change
in the position of the relay node in a practical underwater
scenario. Here, the relay node position is changed using

FIGURE 14. Impact of the I-SIC on the energy efficiency performance of
the NOMA-CRS and CRS schemes with respect to the distance between
the S-P link in deep water: by setting H = 1000 m, k = 2, DSG = 0.1 DSP ,
θ = 60◦, κ = 0 (perfect CSI), a1 = 0.95, a2 = 0.05 and
R1 = 1.5, R2 = 1.75 bits per channel usage.

FIGURE 15. Impact of the position of the relay node on the ergodic sum
rate achieved by the NOMA-CRS and CRS schemes with respect to the
distance between the S-P link in underwater: by setting k = 1.5, θ = 60◦,
(ξ, κ) = (1× 10−6,1× 10−3), a1 = 0.95, and a2 = 0.05.

DSG = 0.1 DSP (node G is existed near to the node S
compared to P), andDSG = 0.9DSP (node G is existed near to
the node P compared to S) by setting θ = 60◦. It is noted from
Fig. 15 that, the ergodic rate performance of NOMA-CRS
approaching to ergodic rate performance of CRS, when the
relay node is moves away from the source node. It is also
evident that NOMA-CRS is capable of achieving higher
ergodic rates even in the practical scenario in which impacts
of both I-CSI and I-SIC are considered.

4) IMPACT OF ENVIRONMENTAL EFFECTS NAMELY, WIND
SPEED AND SHIPPING ACTIVITY
In this subsection, we discussed the performance analysis of
NOMA-CRS in terms of ergodic sum rate by considering
the effects of environmental parameters, namely shipping
noises, and wind speed (surface motion). The wind speed
(w) mainly varies approximately in the range of 1− 60 m/s.
The shipping noise depends on shipping activity factor (s),
which varies in the range of [0, 1], where 0 and 1 represent
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TABLE 3. Ergodic rate (in kbps) analysis of STBC-NOMA-CRS and NOMA-CRS.

FIGURE 16. Impact of environmental effects namely, wind speed and
shipping activity on the ergodic sum rate achieved by the NOMA-CRS and
CRS schemes with respect to distance between the S-P link: by setting
k = 1.5, DSG = 0.1 DSP , θ = 60◦, (ξ, κ) = (1× 10−6,1× 10−3), a1 = 0.95,
and a2 = 0.05.

low and high shipping activities, respectively [36]. As a
result, we formed three different pairs of wind velocities and
shipping activities as shown in Fig. 16. It is evident from
the results that high-speed winds and high shipping activities
severely degrade the performance of ergodic sum rate of the
NOMA-CRS.

5) COMPARATIVE ANALYSIS OF STBC-NOMA-CRS AND
NOMA-CRS
In this subsection, we compare the performance of STBC-
NOMA-CRS andNOMA-CRS schemes, as shown in Table 3.
In NOMA-CRS, we assume that perfect CSI is available at
the transmitter. From the results, it is evident that the STBC-
NOMA-CRS is able to provide the same performance of
NOMA-CRS scheme, even without the CSI at the transmitter.
A slight improvement in the ergodic rate performance is also
observed as shown in Table 3. It is due to the benefits of both
spectral efficiency and transmit diversity, which makes this
scheme perfectly suitable for practical UASNs.

V. CONCLUSION
The objective of this research work is to improve the perfor-
mance of cooperative relaying strategy in UASNs by incor-
porating NOMA. We have proposed a NOMA-CRS scheme
for enhancing the performance of the bandwidth-limited and
energy-constrained UASNs. Mathematical expressions for

ergodic rate, outage probability and energy efficiency for
NOMA-CRS were derived by considering underwater spe-
cific channel characteristics. Impact of imperfect channel
state information (I-CSI) and imperfect successive interfer-
ence cancellation (I-SIC) on the performance of NOMA-CRS
is thoroughly investigated. From the analytical and simulation
results, it can be observed that NOMA-CRS can achieve
significant improvement in ergodic sum rate and energy
efficiency, at the cost of a slight degradation in the outage
performance. I-CSI and I-SIC have considerable influence
on the performance of NOMA-CRS. The performance of
NOMA-CRS in UASNs is better when the relay node is
placed near to the source node. Finally, we have analysed
the impact of environmental effects, namely wind speed and
shipping activities on the NOMA-CRS. From the results,
it is observed that that high-speed winds and high shipping
activities can severely degrade the performance of ergodic
sum rate and energy efficiency of the NOMA-CRS. Finally,
we have proposed STBC-NOMA-CRS for UASNs. From the
results, it is evident that this scheme can provide performance
enhancement same as NOMA-CRS ascheme for UASNs,
without transmitter CSI.
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