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Abstract—This letter designs a simultaneous lightwave and
power transfer (SLIPT) system in the underwater environment
using the power splitting technique. The data is sent by a
laser diode and received by a multi-element receiver composed
of a Single Photon Avalanche Diode (SPAD) and a solar cell
that decodes the transmitted symbols and harvests electrical
energy from the optical signal, respectively. In this context,
we propose an energy-aware SLIPT system that optimizes the
power split between the receivers and the SPAD detecting
threshold to maximize the harvested energy while considering
minimum link quality for the communication service. Although
the optimization problem is not convex, we derive its feasibility
conditions in terms of the system’s parameters and propose an
optimal resource allocation algorithm. Finally, we introduce some
numerical results to investigate the effect of SPAD’s dead time
and other parameters on the system’s performance.

Index Terms—Underwater Optical Wireless Communication
(UOWC), Simultaneous Lightwave Information and Power
Transfer (SLIPT), Single Photon Avalanche Diode (SPAD), Solar
Cell, Energy Harvesting, Throughput.

I. INTRODUCTION

With almost three-quarters of the planet’s surface covered
by water, various human activities have always been carried
out in this environment, from marine life exploration and
climate change studies to oil monitoring and military oper-
ations. Hence, there is a need for an efficient and flexible
communication solution for underwater wireless communica-
tion. Underwater Optical Wireless Communication (UOWC) is
shown to be a good candidate that provides high data rates for
medium ranges compared to both acoustic and radio frequency
communication systems [1]-[4]. However, the UOWC systems
face several challenges, such as the high absorption and
attenuation, light beam alignment between transceivers, and
the common problem of accessing energy supplies in the
marine environment.

Simultaneous Lightwave Information and Power Transfer
(SLIPT) is a technology proposed to enable both commu-
nication and energy harvesting from optical signals [5], [6].
Hence, it can support systems with limited energy supplies,
especially underwater, such as underwater Internet-of-Things
devices, autonomous self-powered machines, and remote sen-
sors. SLIPT can be established through time switching, power
splitting, and spatial splitting techniques [7]. Thanks to their
ability to perform both tasks, solar panels are most suitable
to design SLIPT systems operating over a limited link range
without external power supply. In this regard, a large active
area solar panel is used to establish an UOWC lens-free
system capable of simultaneously harvest energy and decode
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information from the transmitted optical waves while easing
the alignment requirements [7]—[9]. Specifically, the authors
of [7], [8] illustrate experiments for underwater self-powered
systems by a solar panel that switches its operation to shift
between the two operational modes. In [9], an optimization
study based on time switching between both modes in solar
cells is developed to maximize the energy harvesting subject
to a minimum error probability. However, using solar cells
at optical receivers limits significantly the communication
performance due to its low bandwidth. Multi-element receiver
is a promising approach to improve the operation of different
modes similar to the combined solar-cell and photo-diode
receiver proposed for indoor visible light communication sys-
tems [6]. From detection prospective, Single Photon Avalanche
Diodes (SPADs) are characterized by their high detection
efficiency [10], low power consumption, and insensitivity to
light during the dead time induced by the quenching process.
The latter can be active (AQ) or passive (PQ), where AQ
SPADs have shorter constant dead times and higher count rates
than PQ SPADs [11]. Another way to improve the optical data
rate is using symbols with unequal probability to improve a
performance of optical communication systems [12].

This paper adopts an underwater power-split-based SLIPT
system to provide reliable communication and energy harvest-
ing services. To the best of our knowledge, this is the first re-
search work that uses a combined solar cell and SPAD receiver
supporting these services. Furthermore, we employ unequal
probability symbols to generalize the study and improve the
system’s performance. Moreover, we propose an energy-aware
scheme to maximize the harvested energy while satisfying
a robust communication link with a minimum throughput
requirement by tuning the power splitting factor and the SPAD
threshold. Finally, we present numerical results showing the
optimization feasibility region and receiver performance in
terms of harvested energy and throughput performance while
investigating the effect of SPAD’s dead time and different sys-
tem parameters. The rest of this paper is organized as follows,
Section II provides a description of the underwater SLIPT
system model. Section III deals with the design of the Energy-
aware system maximizing the harvested energy according to
the power splitting ratio for specific throughput performance.
Finally, Section IV discusses the numerical results followed
by the paper conclusion in Section V.

II. SYSTEM DESCRIPTION

Throughout this section, we present the proposed underwa-
ter SLIPT system, starting with the transmission signal model,
passing by the appropriate channel model, and ending with
the receiver model followed by the definition of the adopted
performance metrics.



A. Transmitter model

We consider a laser diode in the visible range and employ
the on off keying modulation signal with a bit duration of 73,
carried over a direct current (DC) signal such that the optical
transmitted signal s¢(¢) is given by

st(t) = B[D +m(t)], D

where P is the laser source optical power, D is the DC bias,
and m(t) denotes the transmitted signal, defined as follows

. Py bit=1
W”{—m bit =0 ° @

where the probabilities of sending “0” and “1” bits are py and
p1, respectively, and P, is the peak amplitude expressed as

Py — D — I, ifD<(IL+IH)/2 3)
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where I1, and [f; are the minimum and maximum diode input
bias current.

B. Channel model

The UOWC is achieved by a line of sight (LOS) link that
is subject to several attenuation and fading factors. First, we
use the following distance-based path loss model L [13],

DR 2 —Cexd g—fl{ T
L= < 0d> e ( ) , 4)
where d is the link distance, Dy is the receiver aperture
diameter, 6 denotes the full width transmitter beam divergence
angle, T" is a correction coefficient and c.y is the extinction
coefficient. As for the turbulence-induced fading coefficient
«, which captures also the effect of air bubbles and effect
of temperature gradient, we use the mixture Exponential
and Generalized Gamma (EGG) distribution model with the
following probability density function [14],

foz(a) :CUf(Oé;M)+(1 _w)g(a; |a,b,c|), (5

where f(a;p) is an Exponential distribution function with a
parameter o and is written as follows

LI (O‘) : ©6)
p I

and g(a; [a, b, c]) is the Generalized Gamma distribution with
parameters a, b and ¢, and is defined as [14]
@t exp (= (3))
ila,b,c]) = LR 7
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In (5), w represents the distributions mixture coefficient where
0 < w < 1. As a result, we define the aggregate UOWC
channel as h(d) = L(d)c.

flasp) =

C. Receiver model

We assume a power split-based SLIPT system with a
splitting factor 8 € [0,1]. The receiver is composed of an
AQ SPAD to detect data and a solar cell used only to harvest
energy where the power splitting can be achieved by different
methods such as using an optical beamsplitter and tunable
lenses. Firstly, the photon counting process, in presence of

dead time 7, during the time interval (0,73,) is modeled by the
following distribution [11],

k
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= ¢ (n,ri Ty, — k7)), for k < Emax,

p(k,r;) =

where r; denotes the average photon arrival rate given a trans-
mitted symbol i = 0,1, kpax = |Th/7] + 1 is the max1mum
number of total counted photons and v (n,z) = =+ e

Thus, the average received SPAD signal, in the presence of
dead time, can be written as follows

A = 7"1(1 — (/\th + 1)le)Tb,
Ao =70(1 = (Aen + 1) 7)) T,

where Ay, denotes the detection threshold and r; is given by
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with n = Cppg/E, where Cppg denotes the photon detection
efficiency, I, is the photon energy and Npcr is the dark count
ratio of SPAD. Then, the average number of counted photons
when the symbol ¢ is transmitted, i.e., 0 or 1, can be written as,

M=+ N
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Firstly, to measure the communication performance, we use
the throughput that is defined as

T =(1-P)HyR,

where R = T— is the transmission rate and satisfies R <

B with B is the bandwidth, H, = —>,pilog,(p;) is the
entropy and P denotes the AQ SPAD error probability which
is similar to that of a SPAD in absence of dead time, but with a
reduced quantum efficiency. With Ay, < kpax, it is expressed
as follows for a given channel h [11],

Ath Ath
= Po <1 — 21/1(]@7)\0)) +p (Zw(k7A1)> . (13)
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Using the upper incomplete gamma function I'(z, y) and the
gamma function I'(n), (13) can be written as follows,

T'(Atn + 1, X0) T'(Aen + 1, A1)
TOaTl) ) +p1 (7) , (14

T'(Aen +1)
where, assuming that 1o > 1 or 7 < T, the optimum
threshold Ay of the maximum a posteriori (MAP) detection
employed for OOK demodulation, is as follows,
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Also, in case of equal probability, the detection threshold is
expressed as in [11],

(T’1 — To)Tb — (7“1 — 7"0)7’
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Ath = (16)



Secondly, we express the received solar cell signal as [9],
Ysc (t) = Th(l — /B)PgD +7Z+ Th(l - B)Psm(t) —T+ NAWGN(t),

Tac(t)

Inc

a7

where r is the solar cell responsivity, Nawan(t) is the
Additive White Gaussian Noise (AWGN) with zero mean and
0% variance, Ipc is the DC component used by the solar
cell to harvest energy, Iac(t) is the AC component of the
received signal and Z is found such that the average of the

AC component, vanishes, i.e., Z is found to be

I =rh(1—p)P;(p1Pn —poPa)- (18)
Thus, the solar cell harvested energy is given by [9]
I
E = CprlpcV; In (1 + IDC) , (19)
0

where Cpr is the fill factor, V; is the thermal voltage and I
is the solar cell dark saturation current.

III. ENERGY-AWARE UNDERWATER SLIPT SYSTEM
DESIGN

In this section, we define the energy-aware design problem
of the proposed SLIPT system, study the feasibility problem
and find the optimal power splitting and detection threshold.

A. Problem definition
We define the energy-aware design problem as follows,

max  F (B) (20a)
s.t. T Ay B) = Ten, (20b)
P (/\th,ﬁ) <P, (20¢)
0<p<l, (20d)
2 < Ath < Athpas - (20e)

where ﬁl is the minimum throughput required for the com-
munication link, P; is the maximum allowable bit error rate,
and A¢h,,,, = Kmax — 2 is the maximum detection threshold.

To simplify the problem, we first express (20.c) equivalently
in terms of the throughput as T' (A, 8) > Tinin Where Thin =
(1—"Py) RH,, presenting the minimum link reliability avoiding
trivial scenarios. Then, we combine it with (20.b) introducing
the new equivalent constraint 7' (Ath, 8) > Tin where Ty, =
max(ﬂninaTth) with T’Inin < Tth < Tmax and ,Armax = RHp
describes the maximum throughput limit for the system. The
new constraint can be rewritten using (12) and (14) as,

(A +1,21) —pol'(Aen + 1, A T
pO+P1(n 1) — pol'(Aen 0)§1— th
F(/\th + 1) H,R
——
P(AenB) M
21
Hence, the simplified optimization problem is
max I 22a
max E(f) (22a)
s.t. P (An,B) < M, (22b)
Tmin < Tth < Tmaxa (22C)
0<pB<1, (224d)
2 < Ah < At (22e)

The problem in (22) is a mixed integer nonlinear optimiza-
tion problem. Thus, for each A¢y, we define and solve the
following inner optimization problem to find the corresponding
optimal 3, then the optimal solution is determined by going
through all Ay, values and finding the \y;, that maximizes the
harvested energy.

(Pinner) max E(B) (23a)
s.t. P(B) <M, (23b)

Tmin < Tth < TmaX7 (230)

0<pB<1. (23d)

Unfortunately, Pner problem is not convex problem, where
E(p) is not a concave function in $ and P is not a convex
function in 5. However, we analyze the behavior of both
functions in the following sections to find the optimal solution.

B. Optimal power splitting algorithm

First, we find that E'(3) is a decreasing convex function for
all values of 8 € [0,1]. The decreasing behavior motivated
us to analyze the performance of P(/3) to check whether it is

increasing, decreasing or has both behaviors. Thus, we derive
the first derivative of of P(), which is found to be

OP(B) _

_ co)\(’}the_AO —p1 (cox\é‘“‘e_)“’ +cl)\1\““e_’\1)
B LA +1)

After studying (24), we find four possible scenarios depend-
ing on the value of p;, P(B) can either have a stationary
point (it is decreasing/increasing or increasing/decreasing), it
is increasing, or decreasing. However, some of these scenarios
do not yield to a feasible optimization problem. Thus, by
examining the constraint P(8) < M, we derive the problem
feasibility and solution in each scenario. In fact, the intersec-
tion between P(f) and M is necessary to have a feasible
solution that yields into a reliable communication system. For
example, if P(3) < M for all 3 € [0,1], regardless of the
behaviour of P(3), the solution is 5 = 0 which is a trivial
system. Hence, it is imperative to find the solution P(8) = M
for each scenario, in order to define the feasibility region,
which depends on the value of Tiy,. Then, the problem solution
becomes the minimum value of [ in the feasible domain since
the objective function is a decreasing function in /3.

Let 35 be the solution of P(3) = M when P(3) doesn’t
have a stationary point. If P(8) has a stationary point (g;
then, let Bs; and (s be the solutions of P(8) = M with
Bs1 < PBso. Table (I) outlines the feasible scenarios with
their behaviors given as conditions on p; and their feasibility
ranges as conditions on Ti,, as well as the solution of

(24)

the optimization problem where pp; = CO(j‘r)Cl and ppo =
(E)(Em) e () 4 )7L

Using these conditions, we propose our algorithm (Algo-
rithm 1) that describes the instructions to solve the whole op-
timization problem in (20) with respect to the power splitting
ratio 3 and the detection threshold Ay, for given p; and Tyy,.

I'V. NUMERICAL RESULTS

In this section, we present our numerical results. Table
(II) summarises the system parameters including the trans-



Case | Condition on p1 Condition on Ty, Feasibility range | Solution
[6) max(pb1,ph2) <p1 <1 | HpR(1 —P(0)) < Tyn < HpR(1 —P(1)) Bs <B<1 B =Ps
@) Po1 < p1 <P maz(HpR(1 — P(0)), HoR(1 — P(1))) < Ttn < HpR(1 —P(Ba)) | Bsi <B<PBs2 | B=PBs1
3) b1 b2 HyR(1-P(0)) < Ty, < HyR(1—P(1)) Bs1 <B<1 B =Bs1
_ . _ _ 0< B < ﬂsl —
I HpR(1 = P(Ba)) < Tin < min(HpR(1 = P(0)), HpR(1 = P(1))) | 5~ 5% 8 =Ba
&) H,R(1—P(0) < Tty < HyR(I — P(1)) Bs2 <B<1 B = PBs2
TABLE I: Summary of the resolution
. " Parameter Value
Algorithm 1: Proposed algorithm Wavelength (V) 530 nm [9]
thh is the list of By, (ﬁ) Laser optical power (Fs) 20 W/A
for Ay = 2 © Ain dO DC bias (D) 35 mA
. max Minimum input bias current (Ig,) 25 mA [9]
if mi.xf(fb]l%’ I;b2)7)< (])71 < }I,then H.R(1 — P(1)) th Maximum input bias current (/1) 45 mA [9]
1 p’ ( N ( )) < th < Hp ( - ( )) en Responsivity of solar cell (r) 0.4 A/W [9]
Find 3, by solving P(3) = M numerically for Fill factor of solar cell (Cyy) 0.75 9]
0<p <.1 . Dark saturation current of solar cell (Ip) 10-9 A [9]
The solution is (501 = Bs Thermal voltage of solar cell (V%) 25 mV [9]
else ) ) Photon detection efficiency of SPAD (Cppg) 0.5 [15]
| The problem is non feasible Dark count ratio of SPAD (NpcR) 50 cps [15]
else if < < or < < then Receiver aperture diameter (DR) 20 cm [9]
Pp2 < P1 < Pb1 Dbl < P1 < Pb2 Full width transmitter beam divergence angle () | 6° [9]

Find (4 by solving agjﬁ(@ﬁ) = 0 numerically for
0<pB<1
if pr1 < p1 < pu2 then
if max(Hp,R(1 —P(0)), HoR(1 — P(1))) <
Tin < HyR(1 —P(Ba)) then
Find (1 and B2 by solving P(8) = M
numerically for 0 < 8 < 1
The solution is Sy, = min(fBs1, Bs2)
else if
H,R(1—-"P(0)) < Tin < HyR(1 —P(1))
then
Find s1 by solving P(8) = M
numerically for 0 < 8 < 1
The solution is [Sso1 = Ss1
else
| The problem is non feasible

else
if HoR(1 —P(Ba)) < Ttn <
min(H,R(1 —P(0)), H,R(1 — P(1))) then
Find 51 and Sy by solving P(8) = M
numerically for 0 < 8 < 1
The solution is Bso1 = min(fBs1, Bs2)
else if
HL,R(1—-P(0)) < Ttn < HyR(1 —"P(1))
then
Find fs2 by solving P(8) = M
numerically for 0 < 8 < 1
The solution is Sso1 = Ss2
else
| The problem is non feasible

else
| The problem is non feasible
Find the harvested energy E,, (5)
L Add E)\th(ﬂ) to L/\th

Find X\ = arg(max(Ly,,)) that gives the maximum
harvested energy

Find Enax = max(Ly,, ) the maximum of the harvested

energy

mitter and the receiver (SPAD and solar cell) specifica-
tions. Also, to carry out the simulations we assume a bit
duration of 73, = 10~7 s and a correction coefficient of
T = 0.21 [9] as well as a clear ocean as water type
with extinction coefficient c., = 0.15 and bubble level
of BL = 16.5L/min where the EGG parameters [14]
are (w, 1, a,b,c) = (0.4951,0.1368,0.0161, 3.2033, 82.1030).

TABLE II: System parameters

Additionally, we suppose that the BER target is P, = 0.1 to
guarantee a minimum link reliability.

Firstly, the optimization problem is feasible only under
certain conditions on the values of the probability p; and the
throughput 7i;,. Hence, to properly choose them, it is essential
to study the feasibility region. The latter can be obtained
using Algorithm 1 where the "if" instructions correspond to
the conditions on p; and 7i,. These conditions depend on
the system parameters, namely the distance and the dead time
7. In fact, the feasibility range is broad for small dead times
and long distances while, it shrinks for shorter link ranges
and higher dead times. Fig.1 illustrates the feasibility domain
for distance d = 50m and dead time 7 = 2.107!3s under
a normalised underwater channel with turbulence coefficient
a = 1. This figure provides us with a general idea about
the feasible range of T}y, values for each p; and displays the
feasible region (in blue color), which is limited by lower and
upper bounds. While the lower limit is explained by the value
of Tinin, for each p;, ensuring a minimal level of transmission
quality, the upper boundary is defined by T},.x representing
the maximum throughput that the system can achieve.

Secondly, the effect of the dead time and the link range on
the problem feasibility and the maximum harvested energy is
studied as shown in Fig. 2 for p; = 0.5, T}, = 9.5Mbps,
and different dead time values 7 = 2.10~%s, 2.107!!s and
2.10~3s. The impact of the dead time on the link range is
observed by the problem’s feasibility in Fig. 2. For example,
for d = 50m, SPADs with 7 = 2.10~%s or higher can not
support the required throughput and BER performance. Such
behavior occurs due to the dead time limitation imposed on
the SPAD’s photon counting process, which determines the
link reliability, where the detection threshold should satisfy
Ath < kmax = |[Th/7] + 1. Particularly, for short distances
the average photon arrival rate is very large which restricts
the SPAD’s ability to decode the data, whereas, it is limited
for longer distances, due to the channel effect, enabling the
SPAD to properly decode the transmitted symbols. Also, Fig.2
shows that adopting a combined receiver enables the system
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Fig. 1: Feasibility region (in blue color) in terms of probability
p1 and throughput T}y, for turbulence coefficient a = 1, dead
time 7 = 2.107 '35 and distance d = 50m.
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Fig. 2: Average maximum harvested energy according to
distance for different dead times with p; = 0.5 and Ty, =
9.5Mbps, computed numerically using n, = 1000 sample.

to achieve a throughput of 9.5Mbps over long link ranges (up
to 140 m), but with a limited amount of harvested energy. So,
from energy perspective, it is more interesting to observe its
behavior for shorter distances.

Finally, Fig. 3 illustrates the behavior of harvested energy
with respect to the communication range and different values
of p; and Ty, for 7 = 2.1073s. We notice that employing
high p; values (p; = 0.9 or 0.8) results in greater energy
harvesting at the cost of having low throughput performance.
Meanwhile, better communication service can be reached with
a small reduction in the amount of harvested energy when
adopting probabilities around 0.5 (p; = 0.5 or 0.4). Moreover,
under the same harvested energy, the best throughput is
achieved with equal probability (p; = 0.5). Therefore, we
observe a trade-off between the harvested energy and the
achievable throughput performance.

V. CONCLUSION

In this paper, we proposed an underwater SLIPT system
based on a combined receiver composed of a solar cell and a
SPAD to perform energy harvesting and information decoding
simultaneously. To achieve this goal, we employed the power
splitting SLIPT method and maximized the harvested energy
to the power splitting factor while guaranteeing a minimal
communication performance. After studying the optimization
problem, we determined the problem feasibility and proposed

Maximum Harvested Energy vs Distance for 7 = 2.10" 135
T T T T T T T
—&—p =04 and Ty, = 9Mbps ||
—&—p1 = 0.5 and Ty, = 9.5Mbps
pi =08 and Ty, = TMbps
—O—p1 = 0.9 and Ty, = 4.5Mbps

102

10" F : 5

Maximum Energy (mJ)

Distance (m)

Fig. 3: Average Maximum harvested energy according to
distance for 7 = 2.107'3s and different p; and Tiy,.

an algorithm that finds the solution. Our results showed that
employing a SPAD with the solar cell at the receiver side
yields throughput performance improvement; however, the
performance can be limited by the SPAD dead time, which
can be mitigated in future work by employing SPAD arrays.
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