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Dual-Hop Underwater Optical Wireless
Communication System With Simultaneous
Lightwave Information and Power Transfer

Kuan Ye ", Cong Zou

Abstract—The most significant challenge of underwater optical
wireless communication (UOWC) system is to overcome its lim-
ited coverage. To expand the achievable communication range, we
investigate the performance of the dual-hop UOWC system with
simultaneous lightwave information and power transfer (SLIPT).
The time splitting (TS) method is adopted for wireless power trans-
fer in the proposed system, where the information and energy are
transmitted in different phases. A suitable transmission strategy
is designed for the model without additional power supply, which
contains three phases, i.e. information transmission, energy trans-
mission, and forwarding process. The expressions of the average
bit error rate (BER) at the target node and the energy harvested
by the relay node are derived over underwater attenuation chan-
nel. Then, the effects of the TS factor and the distances on the
system performance are investigated in two sub-problems, which
minimize the average BER while satisfying the energy harvesting
and transmitting rate constraints. Numerical results indicate the
performance improvement by adopting the relay node with SLIPT.

Index Terms—Underwater optical wireless communication
(UOWC), simultaneous lightwave information and power transfer
(SLIPT), dual-hop transmission.

1. INTRODUCTION

N THE last few years, optical wireless communication

(OWCQ) s considered as a promising complementary technol-
ogy forradio frequency (RF) communication due to its capability
of providing high data rate with low power and greater available
bandwidth. Therefore, many researches have been carried out on
high-speed communication of VLC under free space environ-
ment [1]-[3] and on modulation schemes [4], [5]. However, the
marine environment is characterized by several distinguishing
features that make it unique and different from the atmosphere
environment [6]. Underwater optical wireless communication
(UOWCQ) is expected to act as an alternative candidate in the
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next-generation underwater wireless communications [7], since
it can deliver unprecedented high data rate with low cost and
limited volume transceivers, compared to acoustic and RF meth-
ods [8], [9].

As the signal is attenuated greatly underwater with the in-
crease of distance, the communication range of UOWC is lim-
ited. To overcome this challenge, some works focus on how
to alleviate the turbulence-induced fading through spatial di-
versity. The bit error rate (BER) performance of multiple-input
multiple-output (MIMO) UOWC systems is investigated in [10]
and [11]. The channel model of MIMO UOWC systems is
characterized in [12]. In [13], the channel characteristics and
the BER performance of UOWC systems are studied compre-
hensively. In addition, some other works adopted relay-assisted
technologies, which provide higher communication quality by
using a relay node between the source and target nodes [14].
In [15], the BER performance of multi-hop UOWC systems un-
der turbulence-induced fading is evaluated. The performance of
relay-assisted underwater wireless optical code division multiple
access networks has been investigated over turbulent channels
in [16]. The performance of a hybrid RF-UWOC system is
investigated in [17] where the information is transmitted to
an autonomous underwater vehicle from an unmanned aerial
vehicle via a relay. In [18], an Internet of Underwater Things
(IoUT) collaborative system based on hybrid decoder amplifi-
cation (HDAF) strategy of converged UOWC channel is studied
over the aggregated lognormal fading channel. [19] investigates
the performance of two-way multi-hop UOWC system with the
decoder-and-forward (DF) relay. The influence of the relay on
the maximum communication distance of the UOWC system is
studied in [20].

Due to the fact that recharging the battery of the underwa-
ter devices is typically costly and impractical, wireless power
transfer is a possible solution. In [21], a framework for the
simultaneous lightwave information and power transfer (SLIPT)
is proposed for the indoor VLC system. In addition, the per-
formance optimization of the multi-cell SLIPT system serving
multiple users is investigated in [22]. In addition, SLIPT has
also been studied in the context of underwater environment.
In [23], three SLIPT methods, namely, time switching (TS),
power splitting (PS), and time switching — power splitting (TS-
PS), are considered to optimize the splitting/switching factors.
Simulation results validate that the proposed SLIPT methods are
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Fig. 1. Block diagram of the relaying UOWC system with SLIPT.

capable of achieving better trade-offs harvested energy versus
spectral efficiency (HE-SE) region.

A major challenge for UOWC systems with SLIPT is over-
coming the limited coverage. For this issue, a double-hop
UOWC system with SLIPT is investigated in this paper. In
the absence of additional power supply, a suitable transmission
strategy is designed, which includes three stages of informa-
tion transmission, energy transmission and forwarding process.
Then, the effects of TS factor and distances on the system
performance are studied to minimize the average BER and
meet the energy collection and transmission rate constraints.
In addition, Monte Carlo simulations are provided to verify the
analyses of the results.

The rest of the paper is organized as follows. In Section 2,
the dual-hop UOWC system with SLIPT is introduced, which
is achieved by TS. The details of the transmission process are
investigated in Section 3. The two sub-problems for BER mini-
mization and position optimization are formulated and solved in
Section 4. Simulation results and corresponding discussions are
provided in Section 5. Finally, the paper concludes in Section 6.

II. SYSTEM MODEL

In this paper, a relaying UOWC system with SLIPT is inves-
tigated, which consists of the source node, the relay node, and
the target node. Since it is inconvenient to charge underwater
and the device is expected to work for a long time, the relay
node is equipped with energy harvesting devices. The proposed
framework is applied in an underwater Internet-of-Thing (IoT)
system, which means the transmission rate is relatively low,
therefore temporal dispersion caused by scattering is not present
in this case. The block diagram of the proposed system is shown
in Fig. 1.

A. Transmitted Signal At the Source Node

The electrical signal corresponding to the bit stream of the
information source is denoted as s with the electronic power
P.. Moreover, the peak amplitude of s is given as A, i.e. —A <
s < A. Due to the non-negative requirement of the laser diode
(LD), adirect current (DC) offset b should be added to the signal
s. Therefore, the transmitted optical signal from the LD can be
written as

x = P,(s+0), (1)

where P, is the optical transmit power of the LD. The range
of DC offset is given as b € [I,, I7], where I, and I are the
minimum and the maximum input bias currents, respectively.
The peak amplitude should satisfy the following constraint [24]

2

Based on (1), the transmit electronic power is related to the peak
amplitude of the modulated signal as [25]

Agmin(b—IL,IH—b).

P. = (P,A)*. )

B. Channel Model

The propagation of underwater beams is mainly affected by
the path loss caused by absorption and dispersion, and the at-
tenuation induced by turbulence. In this paper, these two factors
are considered to model the channel.

Since the semi-collimated blue LD is adopted as the source in
the proposed UOWC system, the attenuation coefficient of path

loss hpy, is defined as [20]
D, \? D, \™
hpp(d) =d? =X —cd | == 4
pr(d) (9t> < ‘ (th> >’ “@

where ¢, D, d, 0;, and m denote extinction coefficient, receiver
aperture diameter, propagation distance, full width transmitter
beam divergence angle, and correction coefficient, respectively.

The effects of turbulence are characterized by multiplying
hpr by a positive fading coefficient I [26]. Under the assump-
tion of weak oceanic turbulence, I is modeled with log-normal

distribution as [16]
0= e (88
0 2IVana? ¥ ’

where 1 and o2 are the mean and variance of the random variable
X = 0.51n(I), respectively. To ensure that the average power
will not be affected by the turbulence, the fading amplitude
is normalized such that E[I] = 1, which implies y = —202.
Therefore, the scintillation index is given by 02 = e’ 1.

It has been shown in [27] that channel fading due to water
turbulence is negligible in the case of short time and short dis-
tance communication. In addition, according to the experimental
results in [28], the value of scintillation index is very small (lower
than 0.02) under the communication distance considered in this
paper, which means that the fluctuation of [ is little. Thus the
effects of turbulence are approximated by the mean value of 1.

(In(1) — p)?
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The total channel attenuation coefficient h can then be given by
h(d) = Ihpr(d). (6)

Besides the assumption that the wavelength of light remains
constant throughout the communication, the same receiving
devices are used at the relay node and the source node. Therefore,
the attenuation coefficients between the source node and the
relay node, the relay node and the target node can be respectively
given as

hi = h(dy), he = h(d2), )

where d; and ds denote the source-to-relay and relay-to-target
distances, respectively.

C. Transmission Strategy

An amplify-and-forward (AF) relay node with energy harvest-
ing devices is adopted in the proposed UOWC system. Due to the
utilization of the TS transmission strategy and the relay node, the
communication process is divided into three phases, i.e. Phase I,
Phase II, and Phase III, which denote information transmission,
energy transmission and forwarding process, respectively.

On-off keying (OOK) is adopted as the modulation technique.
Consider a block-based transmission between the source and
relay nodes with duration 7" where each block contains N OOK
symbols with symbol period T, i.e., T = NT. The TS factor 5
isintroduced due to the TS strategy, which means that the propor-
tion of time transmitting informationis 77 = /37". Consequently,
the duration of time T» = (1 — 8)T is dedicated for energy
harvesting. And the duration of relay-to-target communication
is set to be the same as that of Phase I, i.e. T35 = T}, which
ensures that the transmission symbol rate remains unchanged
throughout the whole communication.

As mentioned before, the transmission process is divided into
three phases. In Phase I, the source node sends the signal x
to the relay node in duration 7). Then, the received signal y;
at the relay node is given by y; = nhix 4+ nq, where 7 is the
photodetector (PD) responsivity and n; denotes the additive
white Gaussian noise (AWGN) at the relay node. Let A; and
A respectively denote the peak amplitude of s in Phase I and
Phase II, which are given by A; = (I — I1)/2 and A3 = 0.
Therefore, the values of the DC offset during the two phases are
givenasb; = (Iy + I)/2and by = Iy, respectively. Based on
the foregoing analysis, the energy harvested by the relay node
is formulated as [21]

B = nf PVt - e (14 2512 ) g
0
where f is the fill factor, V; is the thermal voltage, and I is the
dark saturation current of the PD.
In Phase III, the relay node forwards the signal y; to the target
node with all the collected energy. Thus, the total power budget
P, of the relay node in Phase III can be written as

B, (1 nPyh1by
P== (ﬁ 1) 1f PyhyVibs In <1+ - ) )
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Then, the transmitted signal at the relay node is given by
(10)

where Z = /P, /[(nh1)2(P. + b?) + o7]. After Phase III, the
signal received by the target node can be expressed as y2 =
nhox, + ny, where no denotes the AWGN at the target node.
Therefore, the source-to-target signal-to-noise ratio (SNR) can
be given as

Tr = ZY1,

(*h1haZ P, A1) |ls|13
((nh2Z)?0F + 03)N

v = (1D

where 02 and 03 denote the variances of 1 and no, respectively.
The BER for OOK over real AWGN channel is given by [29]

(nh2Z)?
pER =0 <”h1p"A1”5”2\/ INha 2777 a%]) '
(12)
Note that the receiver of the relay node works in information
decoding mode for a duration of 77 = 7. Taking a time average
for the SLIPT strategy, the BER is obtained as [30], [31]

BER, = BBER.

13)

III. PROBLEM FORMULATION AND SOLUTION

According to (4) and (13), the system performance is af-
fected by both the distances and the TS factor. Therefore, two
sub-problems are proposed to investigate the effects of these
elements in this section.

A. BER Optimization

The values of these parameters d;, and ds are fixed in this
subsection. In this case, our goal is to minimize the average
BER at the target node, subject to the minimum harvested en-
ergy requirements and data rate constraints. The corresponding
optimization problem is formulated and optimally solved in this
subsection.

Considering the fact that maintaining a certain transmission
rate is needed in the communication process, a data rate thresh-
old Ry, should be set. Let R, denote the rate at which the source
node sends the information, then the equivalent communication
rate between the source and the relay nodes is R = B3R, for the
SLIPT scheme. Mathematically, the BER optimization problems
for TS can be formulated as

mﬁin BER, (14a)
st. B, > Ey. (14b)
R > Rup, (14¢)
0<B<1, (14d)

where Ey;, denotes the harvested energy threshold of the relay
node.
Let Kl = T]fpohl‘/thQ 11’1(1 + npohlbg/lo). The first
derivative of F,. with respect to (3 is given as
oE,
B

—K;. 15)
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Due to K; > 0, E, is decreasing with respect to 3. Considering
the inequalities in (14b), the value range of [ is formulated as

(16)

In addition, considering the inequalities in (14c), it can be
derived that

Rin
> —.
Bz R,
Using the approximation Q(z) = (1/12)exp (—x2/2) +
(1/4) exp (—222/3) [32], (13) can be rewritten as

a7

3¢ (18)

Then, the first derivative of BER; with respect to [ is
formulated as

1 5 1 4
BERt%ﬁ< 4+4€3>.

OBER; 1 o 1 3 (1 3 1 3)\g%
o 12 4 48 12 g’
(19)

Given a definition of Ky = (nhy)?(P. + b%) + o3, the expres-
sion in (11) can be rewritten as

_ (n2h1h2P0A1)2 _ (772}11/12]30141)2 (20)

T (nhe)?0t +05/2% — (nh2)?0} + Kyo3 /P,
It is obvious that P, is decreasing with respect to 3 according
to (9). Therefore, it can be deduced that v decreases with the
increase of f3, i.e. dy/df3 < 0. Based on this conclusion, we
have 0BER; /08 > 0, which means BER; is increasing with
respect to 8. Thus, the optimal value of 3 in (13) is given by
Rip

ﬁ:Fb7

(21
where (-)* denotes optimality.

B. Position Optimization

The value of the parameter /3 is fixed in this subsection. Under
the assumption that the position of the relay node is on a line
between the source and the target nodes, let L denote the distance
from the source node to target node, i.e. L = d; + ds. In this
case, our goal is to minimize the average BER at the target node
by finding the optimal position of the relay node.

According to (18), minimization of source-to-target BER is
equivalent to maximizing source-to-target SNR. The value of
o203 is negligible, therefore the expression of 7 in (20) can be

approximated as
_ (nh1h2PoA1)2Pr
7T R2o2P + 12 (P + B2)0F

Replacing (4) and (7) in (22), the source-to-target SNR can then
be rewritten as

(22)

__Ciu(di)[g(d1)]” In[1 + C3q(da)]
Cag(dy) In[1 + Csq(d1)] + Caq(dy)’

(23)

where

1 33 42 D, 0
Ci = B—l n° Py Ay fVibs 0, ) 24

t
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Co= (2 1) n2ppvins (22) . 3
E; 0,
_ nPeby (D,
Gy =152 ( 9t> : 26)
D, \*
Cy = (P. +b3)o3 (9> , 27)
t
a(dy) = dyZe (AT 28)
uldy) = dyte 2@ AT 29)
gldy) = (L — dy) 2 (@)™ (B (30)

respectively. It can be seen that wu(d;) = [q(d1)]?, hence
u'(d1) = 2q(d1)q'(dy). After taking the derivative of (23) and
setting it to zero, a complicated equation is derived. And then
by proper approximation, the equation can be simplified as

2C2q'(d1)[g(d1)]* In[1 + C3q(dy)] + Cuq(dr)

[¢'(d1)g(d) + 2q(d)g (d1)] = 0, G1)
where
Q’(dl) = — C(l — m) (D’"> d;m*Qe*C(%)md}*m
0y
_nagtee) .
g (dy) = — ¢ (L —dy). .

The approximation made in the derivation process will be ver-
ified in the simulation part. It is difficult to give a closed-form
expression of d; due to the complexity of (31), however the
numerical solution can be easily obtained via MATLAB.

IV. SIMULATION RESULT AND DISCUSSION

In this section, the simulation results consist of three parts,
one of which is the verification of some approximations in
the derivation process. The second part is the Monte Carlo
simulation to verify the correctness of the BER. The rest part is
to demonstrate the performance of the proposed UOWC system
through numerical results, considering different water types
and system parameters. Unless stated otherwise, the simulation
parameters are given in Table I.

The corresponding relationship between D,., 6;, and m can
be found in [20]. In order to illustrate the effectiveness of the
solution in (31), the comparison between the optimal position
(OP) and the exact maximum of + is presented in Fig. 2 and
Fig. 3, where D,. =20 cm, 6, = 6°, and m = 0.21 in Fig. 2. It
is observed that the difference between OP and the maximum
point is negligible, therefore the simplified equation in (31) is
very important to save computational effort while maintaining
accuracy. In general, the optimal solution performs well in all
conditions we have considered.

The impacts of L and water types on BER are shown in Fig. 4,
where D, = 5 cm and 0; = 6°. It can be seen that there is little
difference between the simulation results and theoretical values,
when the BER threshold is 10~ in clear ocean and coastal ocean.
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TABLE I
SIMULATION PARAMETERS AND VALUES

Parameter Symbol Value
PD responsivity n 0.4 A/W
Minimum input bias current Iy, 25 mA
Maximum input bias current Iy 45 mA
Fill factor f 0.75

LD power P, 30 W/A
Thermal voltage Vi 25 mV

Dark saturation current Ip 1079 A
Variances of n O’% 10— 14
Variances of na a% 10— 14

Data rate Ry 1 Mbps

12000

T T
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Clear ocean

o Coastal ocean, OP
Coastal ocean
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Fig.2. Comparison between OP and exact maximum for different water types.
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Fig.3. Comparison between OP and exact maximum for different D,. and 6.

The impacts of the transmission power P, and D, on BER are
shown in Fig. 5, where 0; = 6° and the water type is coastal
ocean. It is observed that, the simulation curve is consistent
with the theoretical one, when D, =5 c¢cm and D, = 10 cm.
Due to the large amount of data, only the mean of the results
of the three experiments was taken, hence there may be some
accidental errors that lead to these small differences.
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The impact of 5 on BER; is shown in Fig. 6, where the
extinction coefficients are respectively given by ¢ = 0.056 m ™1,
0.150 m~*, and 0.399 m~—! for pure sea, clear ocean, and coastal
ocean [33]. The transmission distances of lightwave vary in
different water types, hence L is set to be 30 m, 50 m, and
80 m for coastal ocean, clear ocean, and pure sea, respectively.
The performance when the relay node is placed at the OP is
compared with that when the relay node is set equidistant (ED),
i.e. d; = ds. It can be seen that the system with OP relay node
has better performance whatever the water type is. For example,
when (s given as 0.02, the B E R; in coastal ocean with OP relay
node is 1.5 x 10~%. This increases to 2.5 x 10~* for coastal
ocean with ED relay node. It can also be noted that the average
BER performance of the system can be improved by reducing
5, which means that the communication rate is sacrificed to
increase the harvested energy.

In Fig. 7, the average BER performance of system with relay
node is compared to that without relay node for different receiver
aperture sizes. Coastal ocean, ; = 6°, and 8 = 0.02 are consid-
ered in this case. It can be found that when D, = 5c¢m, D,. = 10
cm, and D, = 20 cm, the system with relay node has better
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performance than that without, which means the problem of fast
signal attenuation can be effectively solved by adopting relay
node, so as to expand the communication distance. For example,
given D, = 5 cm and the BER requirement is 10~°, the distance
that the system with relay node can achieve is 27.4 m, which
decreases to 18.1 m for the system without relay node. Moreover,
it is also found that as the receiver aperture size increases, the
system performance is improved since the relay node can harvest
more energy while the attenuation is lower. In Fig. 8, the effect
of the relay node is investigated in coastal ocean for different
beam divergence angles and the receiver aperture size is fixed to
20 cm. It is observed that when 6 = 6°, 6 = 12°, and 0 = 18°,
adopting the relay node can improve the system performance
greatly. For example, when #; and the BER requirement are
respectively given as 6° and 107, the system with relay node
can communicate at a distance of 41.5 m, which decreases to
26.4 m for the system without relay node. In addition, it can also
be seen that with the increase of beam divergence angle, the
average BER performance of system gradually declines, since
some photons may not be received, resulting in less energy being
collected by the relay node.
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V. CONCLUSION

In this paper, a dual-hop structure with SLIPT has been
proposed for the UOWC system based on TS transmission strat-
egy. The communication process is divided into three phases,
due to the utilization of the TS scheme and the half-duplex
property of the relay node. Two sub-problems are established
via investigating the details of the transmission process. Then,
the TS factor and relay position are determined by solving these
problems. Moreover, our simulation results confirmed that the
employment of the relay node is important for UOWC system
to expand the communication distance.
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