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Abstract—Underwater acoustic is the prevalent technology
in underwater wireless communications. The sum rate in un-
derwater acoustic channels is limited by the underwater envi-
ronment properties. This paper attempts to increase the sum
rate of underwater channels without utilizing additional re-
sources, through adding a relay and employing full duplex (FD)
and non-orthogonal multiple access (NOMA) technologies. The
adopted system model has two sensors and two robotic arms
communicating with a buoy via a relay. Employing FD-NOMA
allows multiple uplink and downlink transmissions to occur
simultaneously, using the same time and frequency resources. The
main challenge for this deployment is the interference between
the transmissions. Interference cancellation techniques, successive
interference cancellation and self-interference cancellation, are
employed to mitigate the interference due to NOMA and FD,
respectively. In order to maximize the sum rate, an optimiza-
tion problem over the power is formulated and solved as a
convex optimization problem. The performance of the system
is benchmarked with the performance of the non-relay (NR)
aided FD-NOMA and relay-aided (R) half duplex orthogonal
multiple access (HD-NOMA). It is shown that R-FD-NOMA
always has higher sum rate than NR-FD-NOMA, irrespective
of the efficiency of interference cancelation. In addition, it is
shown that at efficient interference cancellation, the sum rate of
FD-NOMA is higher than HD-OMA.

Index Terms—Underwater wireless communications, underwa-
ter acoustic communications, full duplex (FD), non-orthogonal
multiple access (NOMA), and convex optimization.

I. INTRODUCTION

Oceanic applications, such as oil and gas exploration and
pipeline monitoring, rely on underwater wireless communica-
tions [1]-[3]. The common examples of under water wireless
communication technologies are acoustic, optical wireless
and radio frequency communication. The long-range wireless
communications is dominated by underwater acoustic (UWA)
transmission [2]. UWA communication is challenging due to
the complex underwater environment, where signals suffer
from multiple reflections, severe dispersions and variations.
Besides, the UWA channel is characterized by long propaga-
tion delay due to the slow acoustic wave speed [1]. These
characteristics limit the sum rate of UWA channels.

In addition, underwater devices are power limited. Hence,
relays are used to increase the power utilization efficiency,
channel reliability and transmission distance. Incorporating
relays supports the communication systems by amplifying and
forwarding or decoding and forwarding the data, among other
strategies [4]-[6].

Furthermore, technologies such as full duplex (FD) and
non-orthogonal multiple access (NOMA) are indispensable for
enhancing the sum rate without additional radio resources.
FD communications enhance the channel rate by allowing
for simultaneous transmission and reception of signals on the
same frequency. Owing to the self-interference (SI) caused by
the FD operation, the rate enhancement is possible only if
the SI is cancelled up to the noise level. Theoretically, FD
can double the throughput of the system when compared to
the conventional half duplex [7]. On the other hand, NOMA
allows the multiplexing of multiple users at the same time
and frequency resource, and hence, improves the rate [§].
NOMA (differentiates between users by assigning different
power levels (power-domain NOMA) or different codes (code-
domain NOMA). The power level assignment depends on the
channel strength. NOMA was shown to provide better spectral
efficiency than orthogonal multiple access (OMA) systems in
wireless communications [8].

Previously, FD and NOMA have been investigated indepen-
dently in UWA communications [9], [10]. In this paper, FD
and NOMA are integrated with a relay-based UWA network
with the goal of improving the network sum rate and reliability.
The integration of FD and NOMA is not straightforward,
especially in underwater channels and with the additional
interferences in uplink (UL) and downlink (DL) channels,
and SI. A sum rate maximization problem is formulated for
UWA channels under interference and transmission power con-
straints. The problem is solved by optimizing the transmission
powers to provide the highest sum rate.

The rest of this paper is organized as follows: Section
IT describes the system model, Section III formulates the
sum rate maximization problem and Section IV presents the
solution for the problem. The results are shown in Section IV
and Section V concludes the paper.

II. SYSTEM MODEL

Consider a hierarchical UWA communication system con-
sisting of an FD-buoy (B), an FD-relay (R), two sensors (S
and S») and two robotic actuators (RA; and RA»), as depicted
in Fig. 1. The sensors send data to the buoy on the UL
channel, while the buoy sends data to the two RAs on the
DL channels. Both UL and DL channels use the relay node,
which decodes-and-forwards the received data to the buoy and
RAs, respectively.
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Fig. 1: System model.

The channels B—R, S;—R and So—R form the UL-NOMA
group, whereas R—B, R—RA; and R—RA, form the DL-
NOMA group. In NOMA, the receiver performs successive
interference cancellation (SulC) on strong interfering signals
in order to guarantee accurate signal detection. The SulC
efficiency is represented by 6 € [0,1], where § = 0 denotes
perfect SulC.

The relay and buoy employ SI cancellation (SIC) techniques
and are left with residual SI (RSI), which is presented by I
as: (1)
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where A € {R,B}, ps denotes the transmission power of
the relay or buoy, (8 is the interference suppression factor
due to passive cancellation technique, and p and A are SIC
cancellation factors [7], [11]. In order to study the impact of
imperfect SIC on the system performance, A is varied between
0 and 1 as per [11], where A = 0 and 1 correspond to no and
perfect SIC, respectively.

The UWA channel is usually characterized by slow prop-
agation and the distinct reflections of the signal from the
sea bottom and surface. Consequently, signals are delayed
differently at the receiver. For the UWA channel gain, G, there
is no standard statistical channel model available. We chose
the model that includes large- and small-scale fading in [12],
as

(D

fo+W

=5y [ 1) Shas e Py ) @)
fo ¢

where Hj represents the channel filtering effect, and &; and
7, are large-scale parameters on the /th path. The small-scale
fading effect on the channel is represented by ~,(f,t)e?™ ¢/t
v¢ is the small-scale fading coefficient, while a, is the Doppler
scaling factor on the /th path. W is the bandwidth and fy is
the minimum frequency of the channel.

Next, for each channel, the signal-to-interference-plus-
noise ratios (SINRs) for the channels S;—R, So—R, B—R,
R—RA;, R—RAs and R—B, are respectively defined as:
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where Gy is the average channel gain on x—y. ps,, ps, and
pp are the transmission powers of S1, So, and B, respectively.
DRy, PR,, and pg, are the transmission powers from R to RA;,
RA3, and B, respectively. The vector p collects ps,, ps,, DB,
DR, R, and pr,. Iz and Iy are the RSI at B and R, respectively.
Distances are chosen so that UL channel gains are sorted as
Ggr > Gs,r > Gs,r, and the DL channel gains are sorted
as Grp > GRrRra, > GrRra,. w2 is equal to 6, while ws is
equal to 1.

The ambient noise power, 03, has four components: tur-
bulence noise, shipping noise, wave noise, and thermal noise.
The following empirical formulas give the individual power
spectral densities (PSDs) of these noise components in dB re
1 Pa per Hz as a function of frequency f in kHz [13]:

Ni(f) =17-30log f,

Ns(f) =40+20(s —0.5) + 26 log f — 60log(f + 0.03),
Nu(f) =50+ 7.5w? + 20 log f — 40 log(f + 0.4),
Nin(f) = —15+20 log f. 9)

The shipping activity is represented by s € [0,1], depending
on the level of activity. w denotes the wind speed in m/s. The
overall acoustic PSD is calculated as [13]:

No(f) = 10N (/10 L 1gNs(£)/10 4 1Nw(f)/10 4 1Nen((£)/10

(10)

In order to convert the PSD from acoustic to electrical
domain (W/Hz), the following formula is used [4]:

B 10717.2Na(f)
¢ )
where N(f) is the equivalent electrical noise PSD and ¢

denotes the efficiency of the electric circuit in converting the
acoustic power to electrical power.

N(f) (11



III. SUM RATE OPTIMIZATION

In this section, we formulate the sum rate maximization
problem using equations (3)-(8), where the relationship be-
tween the rate (C') and the SINR () of a channel is expressed
as C = log,(14) in bps/Hz. The goal is to obtain the optimal
transmit powers of the sensors, buoy, and relay nodes. The
optimization problem is thus expressed as:

6
max ; logy (1 + vi(p)) (12a)
s.t. Cmin < Cs, R; Cmin < Cs, v,
Chin < Cra, R Cmin < Cray Rs (12b)
Cras R + Cras R < CBR, (12¢)
Cs,r + Cs,r < Crp, (124d)
DR, + PR, + PRy < DR, (12¢)
0<ps, <ps,,0<ps, <ps,,0 < pp < pg,
0 <pr,,0 <pr,,0 < pr,, (12f)

where ps,, Ds,, P, and pr denote the maximum transmit
powers of Si, S, B, and R, respectively. Cy, represents
the rate of channel x—y. The constraints in (12b) guarantee
that every channel gets a minimum rate of Cy;,. Constraints
(12¢) and (12d) limit the sum rates of DL channels, CgRra,
and CrRra,, and the sum rates of UL channels Csra, and
Csra, to the achievable capacities of channels, Cr g and Cg g,
respectively. Furthermore, constraints (12e) and (12f) limit the
transmission power of the nodes.

IV. PROPOSED SOLUTION

It can be observed that (12) is non-convex in nature due to
the non-convexity involved in the objective function (12a) and
the constraints (12¢) and (12d).

Equations (12a), (12¢), and (12d) are non-convex because
~i(p) is a fraction of two functions in p. Since the division
does not conserve linearity, ;(p) is not linear. As a result,
log, (1+;(p)) is neither concave nor convex and solving this
problem optimally is computationally challenging especially
for UWA devices. To solve (12) more efficiently, we transform
(12) for tractability, approximate the resulting problem by
a convex problem, and then propose a rapidly converging
iterative algorithm.

To transform the problem into an equivalent problem, we
introduce two new slack variables x; and z; such that:

a gi(p) s
’yz(p> - hz(p) Z T VZ7 (13)
ziz; < gi(p) Vi. (14)
hi(p) < z Vi, (15)

After applying the transformation, (12) can be equivalently
rewritten as:
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max ; 0gy(1+ ;) (16a)
st xz < gi(p) Vi, (16b)
hi(p) < z; Vi, (16c)
(12b) — (12). (16d)

The equivalence between (12) and (16) can be verified by
the fact that the newly introduced constraints are active at
optimality. It can be observed that (16) is still not convex
because of constraints, (16b) and (16¢), which are non-convex.

The constraint in equation (16b) is neither convex nor
concave because it involves the multiplication of two variables,
x;%;. The inequality in (16c) is not convex for all 7. As
observed, h;(p) in (3)-(5) and (8), have concave interference
terms. Given that h;(p) is on the left hand side (lesser side)
of the inequality, whenever h;(p) has interference terms,
the constraint in (16¢) is not convex. In the following, we
approximate these constraints to become convex.

For constraint (16b), we use the upper bound approximation
as used in [14] as follows:
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For & = a;/7, it can be easily observed that, f(z;,z) =

F(x“zl’éz) and Vf((E“Z,L) = VF((E“Z%éZ), where Vf de-

notes the gradient of f.
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While, for constraint (16¢) we approximate p(l_’\), for 0 <
A < 1, with a first-order Taylor series at p(n) as follows [15]:

(pr(n))' =Y o (R ()Y
B =2 Bt
X (pr — pr(N)),
(pp(n))—Y o (pg(n)
B A=A B
x(ps — pB(n)),

IR]_(n+ 1) =

[B[‘(n + 1) =
(18)
where n is the iteration index for Algorithm 1 and pg(n) =
3
Zj:l pRj (n)
Applying the above approximations, problem (12) can be

solved by iteratively solving the convex problem (19), which
is formulated for the nth iteration index as:
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Algorithm 1 Iterative Sum Rate Maximization Algorithm

Input ps,, Ps,, P> Pr» G, A, 0, 02, Chyin, and tolerance (e),
Output p and Ciy, R

Set n := 0 and initialize p(n), z;(n), z;(n), and & (n) by
zi(n)?

1: Repeat:

2: Solve (19) for p*, =}, x] Vi;

3: Setn:=n+1; i

4: Update z; (n) by 7, z (n) by zF and &; (n) by 2LV
5: Until convergence of sum rate with tolerance e. '

Problem (19) needs to be solved iteratively and the pseu-
docode for the proposed sum rate optimization algorithm is
summarized in Algorithm 1. C},; is the total sum rate on all
channels. G is a set that consists of all the channel gains, Gy,
GSI,R, GS2,R» GR,B7 GR,RAls GR,RA2~ The problem at the nth
iteration is convex and the optimal solution of this iteration is
a feasible input point to the problem at the (n+ 1)th iteration.
It can be shown that the algorithm generates non-decreasing
objective function values at each iteration. Since the problem
is bounded from above by the power constraints, the algorithm
converges to some local optimal solution.

V. RESULTS AND DISCUSSION

In this section, we study the performance of the system as
obtained by using Algorithm 1. The optimization problem is
solved centrally at the buoy, which is assumed to have perfect
knowledge of the channel gains. ps, and ps, are set to 0 dBW,
while pg and pg are set to 4.8 dBW [16], [17]. fy is 10 kHz and
W is 5.5 kHz [12]. 8 and p are 38 dB and 18 dB, respectively
[7], [11]. The noise is calculated based on moderate wind
speed of 10 m/s, a maximum shipping activity factor of 1 and
perfect circuit efficiency of 1 [13], [18]. The minimum sum
rate for each channel (Cy,,) is 2 kbps. The tolerance, e, is
set to 10~%. The algorithm is implemented using CVX with
SDPT?3 as the internal solver [19], [20].

Fig. 2 convergence behavior of Algorithm 1. For A = 0.8
and # = 0.1, the algorithm is ran for four different initial
values. It can be observed that for all four initial values the
algorithm converges within two iterations.

In order to benchmark the effect of adding the relay and
employing FD and NOMA, the performance of relay-aided
(R) FD-NOMA, non-relay (NR) aided FD-NOMA and relay-
aided half duplex orthogonal multiple access (R-HD-OMA)

50

45 -

Different initial
points

40

Sum rate (kbps)

—< Initial point 1
—< Initial point 2 |7

Initial point 3
—< Initial point 4

(o] 1 2

Number of iterations (n)
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are compared. In NR-FD-NOMA, it is assumed that there
is no relay and hence the communication is direct between
the buoy and the robotic arms or the sensors. The minimum
guaranteed sum rate per channel is reduced to 0.8 kbps, due
to the weak channels between the buoy and the seabed. The
maximum power levels are kept the same. The other bench-
mark model is R-HD-OMA. In R-HD-OMA, it is assumed
that each communication channel has a dedicated bandwidth.
In addition, the bandwidth is divided equally among all
concurrent transmissions. Only UL or DL communications
can take place during one time slot. Consequently, for the
UL and DL communications to take place, two time slots are
needed. Each transmission utilizes different time or frequency
resources and hence, there is no interference. The absence of
interference between different transmissions means that the
SIC and SulC efficiencies will have no effect on the power or
the sum rate of the system. The same constraints from (12) are
applied to the transmission. For a fair comparison, the sum rate
of two time slots will be considered. The channel conditions
are assumed to be the same in both time slots. The results are
depicted in Figs. 3-7.

Fig. 3 shows that as the efficiency of SulC increases,
represented as a decrease in 6, the sum rate increases. As
the SulC efficiency increases, the interference from other
transmissions due to NOMA decreases, and consequently the
sum rate increases. It is assumed that if 8 > 0.3, the SulC
efficiency is not acceptable. Similarly, Fig. 3 shows that as the
efficiency of SIC increases, represented as an increase in A, the
sum rate increases. This shows that as the isolation between
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the DL and UL signals increases, interference decreases, and
hence the sum rate increases. Maximum sum rate is achieved
at A =1 and 6 = 0, where the minimal interference occurs.

Fig. 3 also compares R-FD-NOMA and the NR-FD-NOMA.
R-FD-NOMA always supports higher sum rate when com-
pared to NR-FD-NOMA, irrespective of the SulC and SIC
efficiencies. It is shown that R-FD-NOMA can (at § = 0 and
A = 0.2) octuple the sum rate of the system when compared
to the NR-FD-NOMA.

Figures 4-7 compare R-FD-NOMA with R-HD-OMA as per
the total power consumed (shown on the right hand side y-axis)
and the sum rate (shown on the left hand side y-axis). Total
power refers to the sum of the power required by all devices.
Note that the letter “R” is omitted in the figures for simplicity.

In R-HD-OMA, the absence of interference between dif-
ferent transmissions means that the SIC and SulC efficiencies
will have no effect on the power or the sum rate of the system.
This is shown in Figs. 4 and 5, where the sum rate for the R-
HD-OMA system is constant at 190 kbps and the total power
consumed by all nodes is constant at 6 W for all § and . For a
single time slot in R-FD-NOMA, all UL and DL transmissions
are performed consuming the full bandwidth.
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Fig. 6: Power vs. SIC efficiency (\) at () =0 and SulC
efficiency at (\)=1.

As seen from Fig. 4, the SulC has to be efficient for R-FD-
NOMA to provide a higher sum rate than R-HD-OMA. The
sum rate at a good SulC can provide up to 30% increase in
rate of R-FD-NOMA when compared to sum rate of R-HD-
OMA. Also, the figure shows that as the efficiency increases
(6 decreases) more capacity could be achieved and hence more
power is needed. Fig. 5 shows that at 8 =0, if the SIC efficiency
(A) is greater than 0.4, the sum rate of the R-FD-NOMA is
greater than can the sum rate of the R-HD-OMA.

In order to further understand the behavior of the total power
in Figs. 4 and 5, individual node powers are studied in Fig. 6.
Given that the effect of the interference on each transmission
is different, the transmission power on each channel is altered
individually to cater for the highest possible total sum rate. In
addition, the buoy has the highest possible power of all nodes,
thus a sharp increase in pg leads to an overall increase in the
total power. In Fig. 5a, it is shown that the power increases
once \ takes a non-zero value. Then, the power decreases
slowly afterwards. From Fig. 6a, it can be seen that the main
reason for the spike was an increase in the pg. This increase is
based on the nature of the RSI model in (1). At A = 0, the SI
is at its maximum as nearly no SIC mechanism is applied, and
the term for RST in (1) is reduced to 7/ . Hence, the effect of
the power on the RSI increased. Once A takes a non-zero value,
the original term for the RSI is operational. Given that § = 0,
the power increase at the bouy does not cause interference
due to NOMA. Consequently, pg goes to its maximum level;
hence, the total power of the system increases. At the same
time, as A increases, the power needed by S; and S, to combat
the interference decreases. This is not reflected in Fig. 5a for
0 < XA < 0.1 due to the increase in pg, but as pg reaches
its maximum, the effect of the decrease in ps, and p, shows
a slight decrease in the total power. The power at the relay
exhibits similar performance as the buoy. Similarly, from Figs.
6b and 4b, when A = 1, at § = 0, the buoy transmits at its
maximum power. As 6 increases, pg decreases to avoid causing
interference on other NOMA links. While, for the sensors, as
the efficiency decreases, the power increases in an attempt
to combat the effect of the interference. However, the effect



from that slight increase is not reflected in Fig. 4b, because
pp continued to decrease at a higher rate than the increase in
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In terms of power deficiency, at perfect SulC with A = 0,
although the sum rate of R-FD-NOMA is lower than that of R-
HD-OMA, R-FD-NOMA could be preferred because of higher
energy efficiency as shown in Fig. 7.

VI. CONCLUSION

In this paper, R-FD-NOMA UWA was investigated in order
to increase the sum rate of the UWA channel without utilizing
additional radio resources. The proposed optimization problem
varies the power level at the network devices to provide the
highest possible sum rate. Expressions for the sum rate of the
R-FD-NOMA UWA system were derived and the sum rate
maximization problem was formulated. As the problem is non-
convex, a low-complexity iterative algorithm was proposed
to obtain a sub-optimal-solution. The problem was solved
centrally at buoy. Numerical simulations showed a direct
relation between the sum rate and the interference cancellation
efficiency and advocates for relay- aided communications. The
results showed that R-FD-NOMA performs better than R-
HD-OMA at high SulC efficiency. Given a perfect SulC, an
increase in the efficiency of the SIC provides a higher sum
rate at a better energy efficiency when compared to R-HD-
OMA as long as A is greater than or equal to 0.4. For lower
values of A, R-HD-OMA provides better sum rate than R-FD-
NOMA. However, R-FD-NOMA could be preferred at low
SIC efficiency, where it may provide higher energy efficiency.
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