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ABSTRACT

In this thesis, we investigate simultaneous lightwave information and power trans-
fer (SLIPT) for underwater visible light communication systems. We consider four
SLIPT methods namely AC-DC separation (ADS), time switching (TS), power split-
ting (PS) and time switching-power splitting (TS-PS) where the splitting/switching
factors are defined as optimization parameters in TS, PS and TS-PS methods. For
each of these methods, we derive closed-form expressions for the average harvested
energy, bit error rate and spectral efficiency in the presence of underwater turbulence
modeled by lognormal statistics. Using these expressions, we determine the optimal
splitting factors to maximize the harvested energy while satisfying a given bit error
rate value and a given threshold spectral efficiency value. Our results reveal that, if
not optimized, SLIPT methods under consideration are outperformed by the simple
AC-DC separation (ADS) method which provides the largest harvested energy ver-
sus spectral efficiency (HE-SE) region. Optimization of splitting/switching factors
extends the HE-SE regions; hence, optimized versions of TS, PS and TS-PS methods
are able to significantly outperform ADS for most cases. We further investigate the
effect of various channel and system parameters such as water type, turbulence level,
beam divergence, receiver aperture size on the harvested energy and quantify the

improvements in battery lifetime through the use of SLIPT methods.
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OZETCE

Bu tezde, su alt1 goriiniir 151k iletigim sistemleri i¢in egzamanli 151k dalgas1 bilgisi ve
gii¢ aktarimin (SLIPT) aragtiriyoruz. Ayirma/anahtarlama faktérlerinin T'S’de opti-
mizasyon parametreleri olarak tanimlandigi AC-DC ayirma (ADS), zaman anahtar-
lama (TS), gii¢ bolme (PS) ve zaman anahtarlama-gii¢ bélme (TS-PS) olmak tizere
dort SLIPT yontemini ele aliyoruz, PS ve TS-PS yontemleri. Bu yontemlerin her biri
icin, lognormal istatistiklerle modellenen sualti tiirbtilansi varhiginda ortalama hasat
edilen enerji, bit hata oranmi ve spektral verimlilik i¢in kapali bigimli ifadeler tiiretiy-
oruz. Bu ifadeleri kullanarak, belirli bir bit hata orani1 degerini ve belirli bir egik spek-
tral verimlilik degerini karsilarken, hasat edilen enerjiyi en tist diizeye ¢ikarmak i¢in en
uygun bolme faktorlerini belirleriz. Sonuclarimiz, optimize edilmemisse, soz konusu
SLIPT yontemlerinin, en biiytik hasat edilen enerjiye kargi spektral verimlilik (HE-
SE) bolgesini saglayan basit AC-DC ayirma (ADS) yonteminden daha iyi performans
gosterdigini ortaya koymaktadir. Ayirma/anahtarlama faktorlerinin optimizasyonu
HE-SE bolgelerini genisletir; bu nedenle, TS, PS ve TS-PS yontemlerinin optimize
edilmis siirtimleri, cogu durumda ADS’den 6nemli 6l¢iide daha iyi performans gostere-
bilir. Ayrica su tipi, tiirbiilans seviyesi, 1g1n sapmasi, alici agikligi boyutu gibi cesitli
kanal ve sistem parametrelerinin hasat edilen enerji tizerindeki etkisini aragtiriyor ve

SLIPT yontemlerini kullanarak pil émriindeki geligmeleri nicellegtiriyoruz.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Advanced sensing, monitoring and surveillance capabilities are required to address
the needs of current and emerging maritime applications such as environmental mon-
itoring, port/harbor security, underwater scientific data collection, offshore oil field
exploration among others [I]. In an effort to address such demands, there is a growing
interest on underwater sensor networks (USNs) and autonomous underwater vehicles
(AUVs). While early USNs are typically based on fiber optic, their high installation
cost and operational difficulties become restrictive for most cases. With their flexible
structure and ease of redeployment, wireless networking provides a powerful alterna-
tive. Similarly, AUVs require reliable wireless solutions to communicate with other
AUVs, central stations on the shore and sensor nodes [2].

Radio frequency (RF) communications, Acoustic communications and visible light
communications can be used as wireless alternatives. In addition to electromagnetic
safety and health concerns regarding high-power RF applications, underwater RF
communications suffers from high attenuation and low efficiency [3]. RF waves highly
attenuate in seawater and can only reach considerable distances at the very low fre-
quency (i.e., 30-300 Hz) in shallow waters which make it impractical for most under-
water communication purposes. In addition to that, underwater RF communication
requires costly antennas operating with high transmission powers.

Acoustic underwater communications can support transmission ranges in the order
of kilometers [4]. They however fall short with their low data rates (in the order of

tens of kb/s) for high-bandwidth underwater applications such as real-time image



and video transmission. In addition to that, acoustic communications suffers from
low available bandwidth and large latencies due to the low propagation speed. It
is worth mentioning that acoustic modems are very expensive and consume a high
amount of energy.

Compared to RF and acoustic underwater communications, underwater visible
light communications (UVLC) through ocean water can cover a broad frequency
range and involve transferring a high amount of data in an energy-efficient manner.
Therefore, for short and medium ranges (up to several tens of meters), underwa-
ter visible light communication (UVLC) has emerged as a high-capacity alternative.
Since water is relatively transparent to blue or green light, visible light lasers or LEDs
can be used as transmitters for underwater wireless connectivity with data rates up
to hundreds of Mb/s. Detailed surveys on UVLC can be found in [5], [6].

A critical system design issue in USNs is the network lifetime which depends on
the amount of the available power (i.e., battery capacity) and the power efficiency
of sensor nodes. Similarly, energy efficiency is one of the main challenges for long-
term autonomy of AUVs. Recharging of the batteries in underwater scenarios is
typically very costly and impractical [7]. A promising solution is energy harvesting
(EH) where energy can be derived from the environment or other external sources [§].
Simultaneous lightwave information and power transfer (SLIPT) was further proposed
in [9], [I0] where the received optical signal is used for both EH and information

decoding (ID).

1.2 Literature Review

SLIPT, as a complementary technology to UVLC, can provide continuous con-
nectivity and wireless power for devices and sensors in difficult-to-access locations. A

significant additional advantage of this technique is the low cost of transmitters and



receivers compared to RF and acoustic communication terminals. Several commer-
cially available optical sources and detectors also have small footprints and can easily
be integrated into IoUT modules [3].

SLIPT was inspired from the concept of simultaneous wireless information and
power transfer (SWIPT) [11] proposed for radio systems. In the implementation of
SWIPT, two main methods can be used [12]. In the time switching (T'S) method, the
receiver switches in time between the modes of EH and ID. The TS method allows
for a relatively simple hardware implementation at the receiver, but requires accurate
time synchronization and information/energy scheduling. In the other alternative,
so-called power splitting (PS) method, the receiver splits the received power into two
portions. One portion is used for ID while the other is used for EH in a simultaneous
manner [13].

Hybrid versions of TS and PS methods were also proposed [14], [15] where the
received signal is split both in the power and time domains. In [I4], a hybrid TS-PS
method for orthogonal frequency division multiplexing (OFDM) systems was pro-
posed, where the artificial noise is used for both secure information and energy trans-
fer. By optimizing the cyclic prefix length and the power allocation ratio between the
information and the noise, the authors maximize the average secrecy rate while doing
information decoding (through adopting PS in the second phase of TS), under the
constraint on the energy transfer (the first phase of T'S). The authors in [15] consid-
ered a hybrid TS-PS SWIPT method for a full duplex massive multiple input-multiple
output (MIMO) system. The communication is divided into two phases through TS
method. In the first phase, the base station transmits energy signals to sensors, and
the sensors utilize one portion of the received energy signals for EH and the remain-
ing portion for downlink channel estimation by adopting PS method. In the second
phase, the BS forms the transmit beamformers for information transmission to the

users and the receive beamformers for receiving signals transmitted by sensors.



AC-DC separation method first proposed as the baseline method to implement
SLIPT in VLC system [19], [20]. Since the transmitted optical signal carries a DC
component which is not used for data transfer (AC component of the transmitted sig-
nal used for data transmission) and can be easily used for energy harvesting purposes,
the AC-DC separation method can be implied as the baseline. Using the concept of
the ADS method and inspired from SWIPT counterparts, TS, PS and hybrid SLIPT
methods were applied to indoor VLC systems, see e.g., [9], [16], [L7] to improve the
amount of harvested energy.

In VLC systems with SLIPT capability, a main design issue is the choice of re-
ceiver. While photodetectors are the common choice for high-speed VLC systems,
solar panels can be used as an alternative receiver [9], [I§]. The application of SWIPT
in the VLC was investigated in [I8] using a white LED and silicon (Si) solar cells and
the data rate of 3 kbps was reported. The first experimental demonstration of in-
door SLIPT was demonstrated in [19] and a data rate of 7 Mb/s was reported using
a multi-crystalline silicon solar panel receiver. In [20], the authors experimentally
demonstrated the implementation of OFDM for indoor SLIPT using multi-crystalline
silicon solar panel receiver and achieved data rate of 11.4 Mb/s with 2 mW harvested
power over a link distance of 95 cm. In more recent works, as summarized in Table
, high data rates on the order of hundreds of Mb/s were demonstrated with gallium
arsenide [21], [22] and organic solar cells [23], [24].

In [21], the authors experimentally studied SLIPT using a Gallium-arsenide pho-
tovoltaic cell for indoor environment. They achieved 0.5 Gbps data rate over a 2
m link and 3.6 mW harvested power. In [22], trade-off between the data rate and
harvested energy was experimentally studied for indoor SLIPT system with Gallium-
arsenide Photovoltaics (PV) cell at receiver side. A data rate of 784 Mbps with 1 mW
harvested power over a link distance of 2 m were achieved. They also achieved the

maximum data rate of 1041 Mbps but with a diminished electrical DC power which



Table 1.1: Overview of experimental SLIPT works.

Ref | Environment | Distance | RX Type Data rate Harvested
energy
[19] | Indoor 39 cm Mgltl—crystalllne 7 Mbs 2.1 mW
silicon solar panel
[20] | Indoor 95 cm Multierystalline g ) vpoe o mw
silicon solar panel
Gallium-arsenide
[21] | Indoor 2m PV cell 500 Mbps | 3.6 mW
Gallium-arsenide
[22] | Indoor 2m PV cell 784 Mbps | 1 mW
[23] | Indoor I m Organic solar cell | 34.2 Mbps | 0.43 mW
[24] | Indoor 40 cm Organic solar cell | 147.5 Mbps | 3.7 mW
[3] | Underwater 30 cm Mf)nocrystalhne 500 kbps 13.1 mW
silicon solar panel

was not sufficient for energy harvesting. In [23], an experimental implementation of
SLIPT using organic solar cell was demonstrated. The authors reported data rate of
34.2 Mbps and 0.43 mW of harvested power over a 1 m link distance. This paper
was particularly important to show that organic solar cells are capable of supporting
high speed data communication in the order of tens of Mbps. In [24], the authors
experimentally demonstrated the feasibility of simultaneous high-speed data transfer
and efficient energy harvesting using a single light source and a single organic solar
cell for the single Input-single Output (SISO) setup. The authors reported data rate
of 147.5 Mbps and 3.7 mW of harvested power over a 40 cm link distance.

Solar panels are already used for EH purposes in AUVs and USNs [25H28]. This
provides a practical motivation for underwater SLIPT to take advantage of the ex-
isting infrastructure for both ID and EH. To the best of our knowledge, SLIPT for
UVLC was first time explored in [29] where we considered a UVLC system with a
semi-collimated laser diode as the transmitter and a solar panel as the receiver and
investigated the performance of TS method. In a more recent work [3], experimental
demonstration of underwater SLIPT with a multi-crystalline silicon solar panel re-

ceiver was successfully carried out where a blue laser was used to charge the battery



of a submerged module and some commands were transmitted through 30 cm link. A
data rate of 500kbps and harvested power of 13.1 mW were reported. The authors in
[3], also discussed the issues related to the hardware and system deployment in harsh

environment.

1.3 Thesis Outline

As the literature survey points out, there are very few works on underwater SLIPT.
The underwater channels obviously exhibit different propagation characteristics from
their indoor counterparts. Not only the path loss model is different, but also under-
water channels experience turbulence-induced fading caused by refractive index fluc-
tuations due to salinity and temperature fluctuations. Such differences necessitate a
dedicated performance analysis and optimization of SLIPT methods for underwater
channels. In an effort to fill this research gap, we develop a framework for UVLC
systems with SLIPT capability in this thesis and pursue the performance analysis
and optimization of TS and PS methods as well their hybrid versions in underwater
channels.

We first present the signal models and SLIPT methods under consideration. Then,
we describe the path loss and turbulence-induced fading models to characterize the
underwater propagation environment.

Then, taking into account the underwater channel characteristics, we present a
comprehensive performance analysis of SLIPT methods for underwater environments.
For each SLIPT method under consideration, we derive closed form expressions for
the average harvested energy, bit error rate (BER), and spectral efficiency in the
presence of underwater turbulence modeled by lognormal statistics. we further define
the splitting /switching factors (either in time or power) as an optimization parameter
in TS, PS and TS-PS method. We then maximize the amount of harvested energy

through the proper selection of splitting/switching factors under the constraints of



targeted bit error rate and threshold spectral efficiency.

Finally, we investigate the effect of various channel and system parameters such as
water type, turbulence level, beam divergence, receiver aperture size on the harvested
energy and quantify the improvements in battery lifetime through the use of SLIPT

methods.

1.4 Organization

The rest of this thesis is organized as follows. In chapter [2 we describe the
system and channel models and present the SLIPT methods. In chapter [3, we derived
closed-form expressions for the harvested energy, BER and spectral efficiency over
the lognormal distribution and present the performance analysis and optimization of
different SLIPT methods under consideration. In chapter [ we present numerical
results for different water types and investigate the effect of channel and system
parameters to corroborate our analytical findings. We finally conclude and summarize

thesis in chapter [5]



CHAPTER 11

SYSTEM AND CHANNEL MODELS

In this section, we first present the signal models and SLIPT methods under
consideration. Then, we describe the path loss and turbulence-induced fading models

to characterize the underwater propagation environment.

2.1 UVLC System

As illustrated in Fig. 2.1] we consider a UVLC system with intensity modulation
and direct detection (IM/DD). The incoming bit stream is modulated with M-ary
pulse amplitude modulation (M-PAMYY| where M is the modulation size.

Let Bs and 74 respectively denote the data rate and channel delay spread. A
channel is classified as frequency-selective for By, > 1. If Byry &~ 1, then it is clas-
sified as frequency-flat channel [32]. Underwater optical channels exhibit frequency
selectivity only for data rates higher than hundreds of Mb/s. In such cases, multi-
carrier communication in the form of OFDM is employed to deal with the resulting
inter symbol interference. Otherwise, for most underwater practical purposes with
moderate data requirements (in the order of tens of Mbps), single-carrier systems
with simple modulation techniques such as on-off keying (OOK) and pulse amplitude
modulation (PAM) can be used.

We assume a transmission frame with a duration of T}, that consists of N PAM

symbols. Without loss of generality, consider a specific signaling interval with a

IThe delay spread values of underwater optical channels are on the order of a few nanoseconds
[30]. Therefore, underwater optical channels exhibit frequency selectivity only for data rates higher
than hundreds of Mb/s [3I]. Consequently, simple pulse modulation techniques can be employed for
most of the underwater applications with moderate data requirements (e.g., in the order of tens of
Mb/s).



duration of Ty = Ty /N and let x denote the M-PAM symbol which is represented
geometrically as a one-dimensional signal point with possible values of (m—1)A/(M —
1) m=1,2...,M. Here A € [0, (Iy — I1)/2] is the peak amplitude where I, and Iy

denote, respectively, the minimum and the maximum input bias current. A DC bias
B=Ig—A (2.1)

is added to ensure that the resulting signal is non-negative [33]. The instantaneous

emitted optical intensity signal can be then written as
P,=S(B+x) (2.2)

where S' is the slope efficiency of laser diode.

The transmitted optical signal goes through the underwater propagation medium
and is subject to both path loss and turbulence-induced fading. The instantaneous
received optical power can be expressed as P, = IhP, where I and h respectively
denote the fading and path loss terms (see Section . Under the assumption of
quasi-static fading, I remains constant over a block of symbols. The solar panel
converts the optical intensity into an electrical current. The received electrical signal

is given by [9]

i = rIhSB+rlhSx+n (2.3)
I'pe Isc

where I’ pc and ¢ denote the DC and AC components. Here, r is the solar panel
responsivity and n is the additive white Gaussian noise (AWGN) with zero mean and

variance of o2.

2.2 SLIPT Methods

The way of processing the received signal for EH and ID purposes depends on
the employed SLIPT method. Let Ty < T, and Tjp < T, respectively de-

note the time durations assigned to EH and ID modes. Furthermore, let us define
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Figure 2.1: System model.

Ipc = Ipe + LCTA where ( is the AC-to-DC conversion efﬁcienc [16] and ¢ is
an indicator variable (that takes the value of either 0 or 1) to indicate whether or
not AC component is used for EH. If only DC component is used for EH, then ¢
is set as zero. Here, I4c = rIhSE[z] denotes the average of AC component where
SEx] = (S/M)SM_ ((m—1)A)/(M — 1) = SA/2 is the average optical transmit
power. In our work, we consider four different SLIPT methods as detailed below.
AC-DC Separation (ADS) method: In this simple method [19], [20], which
will be used to benchmark more complicated SLIPT methods, AC and DC compo-
nents of the received signal are separated in a straightforward manner and, respec-
tively, used for ID and EH purposes (see Fig. . Since ID and EH blocks are
simultaneously active, we have T;p = Tgy = Tix. We assume that A takes the
maximum value, i.e., A = (Ig — I1)/2. Therefore, B is set as the mid-point of linear
region of laser diode, i.e., B = (I, +Ig)/2 . The AC component of the received
signal is blocked by an inductor, i.e., ¢ = 0, and I}, is fed to EH block. The DC
component of the received signal is blocked by a capacitor and I4¢ + n is fed to ID

block to retrieve the message.

2Effect of noise is negligible in DC component of received signal and hence ignored [16].

3To harvest energy from AC component, an AC/DC converter can be employed. For this purpose,
rectifiers are used in practice [34], [35]. Conversion efficiency of a rectifier is defined as the ratio of
DC output power to the input power from the AC supply.

10
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Figure 2.3: Receiver architecture for T'S

TS method: In TS method (Fig. 2.3)), the receiver switches in time between the
modes of EH and ID. Let 7 (0 < 7 < 1) denotes the time switching factor. Therefore,
Tgg = (1 — 1) Tyr and Typ = 7T, are respectively dedicated for EH and ID modes
[12]. When the receiver operates in EH mode, the DC bias is set to take its maximum
value given by B = Iy to maximize harvested energy. This effectively leads to A =0
in ([2.1)), i.e., x carries no information. The resulting DC signal is fed to EH block.
When the receiver operates in ID mode, the DC component is blocked and the rest
of the signal, i.e., I 4¢ + n, is used for demodulation.

PS method: In PS method (Fig. , we have simultaneous ID and EH during
the whole transmission block, i.e., Ttp = Tgg = Tis. The received signal power is
split into two streams with a factor of 0 < p < 1. Therefore, (1 — p) i, and pi, are re-
spectively dedicated for EH and ID modes. With the proper suppression of AC or DC
components, the inputs of EH and ID blocks take the form of (1 — p) (I/DC + CTAC>

and p (TAC + n), respectively.

11
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Figure 2.5: Receiver architecture for TS-PS

Hybrid TS-PS method: This method (Fig. is basically the combination
of TS and PS methods. Since the signal carries both AC and DC components in the
ID mode of TS method, it is possible to apply the PS method to take advantage of
the existing DC component for EH purpose as well during this period. Building upon
this motivation, the hybrid SLIPT method has two phases. In the first phase with
a duration of T;p = 7T}y, the receiver adopts PS method to perform EH and ID
simultaneously. The received signal power is split into two streams with a splitting
factor of p. The resulting streams, i.e., (1 — p) ([’DC + CTAC) and p (TAC + n), are
respectively fed to EH and ID blocks. In the second phase with a duration of Tpy =
(1 = 7) Tiot, only EH mode is active (similar to TS method). In this phase, the

transmitted signal carries no information and therefore DC bias can be set to its

12



maximum value (B = [y) to maximize the harvested energy.

2.3 Channel Model

The path loss is found as the summation of attenuation loss and geometrical
loss. The latter occurs due to the spreading of the transmitted beam between the
transmitter and the receiver. The attenuation loss is determined by absorption and
scattering. To calculate underwater attenuation loss, the Beer-Lambert (BL) formula
[36] is commonly used in the literature. BL formula however builds upon the implicit
assumptions that the transmitter and receiver are perfectly aligned and all the scat-
tered photons are lost and therefore results in the overestimation of the path loss.
Even though in reality some of the scattered photons can still arrive at the receiver

after multiple scattering events. According to the BL, path loss can be shown as
hpr = exp (—cd) (2.4)

where d is the link distance, ¢ is the extinction coefficient. The overall path loss
contains both attenuation loss and geometrical loss and can be obtained as the sum-

mation of these terms as

Dr\* .,

h =~ () d~*exp (—cd) (2.5)
O

Building upon a modified version of the BL formula to take into account the con-

tribution of scattered rays, an underwater path loss formula was presented in [31].

According to this formula, the path loss term is given by

D\’ Dp\"
h =~ (0;> d~? exp <—c<9j> dl_ﬁ> (2.6)

where ¥ is a correction coefficient based on water type [31], 6 is the full width

transmitter beam divergence angle and Dy is the receiver aperture diameter.
Another impairment is underwater turbulence caused by refractive index fluctu-

ations due to salinity and temperature fluctuations and presence of air bubbles in

seawater. These factors can lead to rapid changes in the refractive index of the water

13



and affect the intensity of turbulence [37], [38], [39]. For example, salinity fluctua-
tions caused by storm precipitation and terrestrial freshwater runoff can be an effective
factor which results in excess drop in salinity and, therefore, a significant increase in
scintillation index [38]. Air bubbles, as an another influential factor, are very strong
scatters and can result in heavy attenuation that affect propagation of optical signals
[39]. The effect of air bubbles on turbulence strength is more pronounced at depths
near to the sea surface due to the effect of surface tension [40] and in saline water
[41]. In general, we can say that turbulence effect becomes stronger as the horizontal
propagation comes close to the surface of the water, whereas the turbulence effect is
quite small in the deep water boundary [42].

This turbulence causes the received signal intensity to fluctuate over its average
also known as fading. Lognormal (LN) and Gamma-Gamma (GG) probability density
functions (PDFs) were shown to match the measurement results [43-45] respectively
for weakﬁ and moderate/strong turbulence.

Under the assumption of weak turbulence which is typically observed for short link
distances P37], the fading coefficient I is modelled with LN distribution. Its PDF is

given by

_ ; ex . (1n (I) B 2/~L:c)2
frl)= I2r (02) ¢ ( 2 (402) ) 27

where pu, and o, respectively denote the mean and variance of the log-amplitude
coefficient X = 0.5In (I). To ensure that the fading coefficient does not change the
value of average power, the fading amplitude is normalized such that E [I] = 1, which
implies y, = —o? [43]. The relation between log-amplitude variance and the scin-

tillation index is given by 02 = 0.25In (1 + 07). Under the assumption of spherical

4The strength of optical turbulence is typically quantified by scintillation index. Scintillation
index values 0% < 1 are deemed to be weak turbulence [43].

5Based on the existence of air bubbles, salinity variations or water depth, strong oceanic tur-
bulence may occur in some cases [40], [42], but weak turbulence is more common for short link
distances.
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waves, the scintillation index is calculated as [40]

L oo dK?
o7 = 8772kgd/0/0 kP, (k) {1 — o8 [koc (1— C)} } did; (2.8)

where A\ is wavelength and ky = 27/ is the wave number. In (2.8)), ®, (k) is the
spatial power spectrum model of turbulent fluctuations of the sea-water refraction
index. It depends on temperature and salinity profiles and its calculation can be

found in [46]. For the convenience of the reader, this calculation is summarized in

the Appendix A.
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CHAPTER II1

PERFORMANCE ANALYSIS AND OPTIMIZATION

As performance metrics, we consider harvested energy, BER and spectral ef-
ficiency. In the following, we first define these three metrics conditioned on the
turbulence-induced fading coefficient. Then, we take expectation with respect to LN
distribution and find closed-form expressions for each of them. Finally, we use these
derived expressions to optimize the SLIPT methods under consideration. Specifically,
we determine the optimum value of time and/or power splitting factors to maximize
the amount of harvested energy while satisfying the constraints on BER and spectral

efficiency.

3.1 Performance Metrics

Harvested Energy: The ideal output power of solar panel in EH mode is given
by P = IpcVoc [47] where V,. is the open circuit voltage and calculated as [4§]
Voc = Viln (1 + Ipc/Ip). Here V; is the thermal voltage and I, is the dark saturation
current. For the best performance, a solar panel must operate at its maximum power
point (MPP) [35]. Dynamic tracking techniques [49] can be used to automatically
find the optimal values of MPP voltage (Vyspp) and MPP current (/j;pp) for a given
temperature and irradiance. The maximum output power of solar panel is then
given by [49] Pypp = FIpcVoe where F' = IyppVypp/IpcVoc is the fill factor.
Multiplying Ty with Py pp and replacing the definition of V¢ therein, the harvested

energy (conditioned on I ) can be written as [47]

I
E =Ty FIpcViIn (1 + fc> (3.1)
0
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BER: Conditioned on the fading coefficient, I, BER of M-PAM is given by (see
Appendix B) [50], [51]

Tip2 (M — 1)

Y
BER =~ _ _— 3.2
Tior Mlogy M Q( 2(M — 1)2> 32)

where 7 denotes the average electrical signal-to-noise ratio (SNR). Based on the AC

component which carries the message, v can be written as [52], [53]

(rIhSE [z])?

y= e (33)

where 02 = N,/2T, is the noise variance, and N is the noise power spectral density.
Spectral Efficiency: Conditioned on the fading coefficient I, a lower bound of

the spectral efficiency (in b/s/Hz) for IM/DD systems is given by [54]

T]D 1 (& >:|
> —1 14+ — 3.4
Nz [20g2( + o5 (3.4)

3.2 AC-DC Separation (ADS)

Setting Ty = Tt and ¢ = 0 in (3.1)), the harvested energy for ADS method is

obtained as

]’/
Eaps = Tt FIpeV; In <1 + ;“‘) (3.5)
0

Averaging over the PDF in (22.7]), the average harvested energy can be expressed as

_ - IhSB
Fips — / Ty, FrIhSBV, In (1 40 : )
0
0

b e (_(ln(f) - 2%)2) dl

1,/27 (402) 2 (403)

The integral in (3.6) unfortunately does not directly yield a closed-form solution.

(3.6)

In an effort to solve it, we use the Holtzman approximation which is an improved

version of Gaussian approximation with high accuracy proposed in [55]. Let ¢ denote
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a function of normally distributed variable z with mean u. and variance o2. The

PR

expectation of ¢ (z) can be approximated as [55]

0 (1) + 2 (s + V30.) + 1 (1:—V30.) (3.7)

Elo ()~ ' '

[GCRN )

In our case, we first define ¢ (2) = exp (2) In (1 + rexp (2) hS (I, + Iy)/21y) where
z =In (). Based on the statistical model described in Section , it can be readily

confirmed that z has a mean of 2y, and variance of 402. Rewriting (3.6)) as a function
of z and using (3.7]), we obtain the average harvested energy as (3.8|)

Il o 1 (Z B 2;“90)2
Esps = TiqF'rhSBYV, /cp (2) ———exp (— dz
N t 0 271 (402) 2 (403)

~
~

T, FrhS (I, + IV,

§¢ (241) + égp (2 + V3 (20.)) + éso (210 — \/5(201))}

N | —

X

For BER calculation, we set T7p = Ty, in (3.2) and average the resulting expres-

sion with respect to I by using Holtzman approximation. This yields ((3.9)

_ T2(M -1
Plftans = ]\(ﬂoM)Q(
> g2

(rIhSA)? L (_ (In (1) — 2%)2) e
402(M —1)* ) 1. /27 (402) 2(403)

LM -1 12, WF o L (rhAeteaie \/?
~ Mlog,M |3 M—-1 VN 6 M—1 Ny

1 rhS Ae?ta=2V30z [T
—l—éQ

M—1 Ny

(3.9)
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Similarly, expectation of (3.4) with respect to I yields the average spectral effi-

ciency in (3.10)) as

Maps = 0/ BlogQ (1 | e(rThSA) Tsﬂj 1 exp (_(111(1) — 2/ia) ) I

4mNo 27 (402) 2 (402)
112 €(ThSA62““)2TS 1 6(ThSAe2”I+2\/§UI)2TS
~5 [glogs (1 + —log, | 1 +
213 4 Ny 6 4 Ny
L L (rhSAeww_Q‘/g"w)QTs
Al 1N,

(3.10)

3.3 Time-Switching (TS)

The average harvested energy for TS method will have the same form of ([3.8])

where T;,; and B are simply replaced by (1 — 7) T,y and Iy. This yields

_ 2
Ers~((1—-1)T,,FrhSIgV; {390 (2444)
(3.11)

+é(p (2Mz + \/5(2%)) + é(p (2/de — \/5(20;[;))}

The average BER for T'S method BE Rrg will have the same form of (3.9)), however
it should be taken into account the fact that the receiver works in ID mode for a

duration of T7p = 7T}, i.e., TN symbols out of N symbols. Therefore, we can write
BERTS = TBERADS (312)

Similarly, average spectral efficiency for TS method can be obtained by multiplying

Taps in (3.10) by 7. Therefore, we have

Nrs = TNaps (3.13)

In the following, we aim to maximize the average harvested energy by proper choice

of 7 while satisfying given values of targeted BER and spectral efficiency. Let BER;
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and 1, respectively denote the required maximum BER value and the minimum
spectral efficiency. Mathematically speaking, we can write our optimization problem
as

max Ers (1)

st. Cy: BERrs < BER,
(3.14)

Co  Npg 2 Nen

C;: 0<7<1
Replacing in the first constraint, C; can be written as an upper bound on 7,
ie,7< BERt/WRADS. Based on the relationship between 7j,¢ and 74 g in (3.13)),
the second constraint Cy can be written as a lower bound on 7, i.e., 7 > 1w /T apg-
Further noting the range of 7 in the third constraint C3 (ie., 0 < 7 < 1), we
can combine three constraints into a single constraint and rewrite the optimization

problem as

max Erg (T
et (3.15)
s.t.Cy - max (0, %) <7 < min (% 1)

ADS BERADs’
It can be readily checked from (3.11)) that Erg is proportional to 1 —7. Therefore,
to maximize the average harvested energy, we need to choose the minimum value of 7

while satisfying the constraint Cy in (3.15)). The minimum value of 7 in Cj therefore

becomes the optimal value and is given by

Topt = 777th (316)
NADs

3.4 Power Splitting (PS)

The average BER for PS method BERpg can be obtained from (3.9)) where I ¢
should be multiplied by the splitting factor p. Similarly, average spectral efficiency
Npg can be obtained from (3.10]).

To calculate the average harvested energy for PS method, we first set Tgy = Tior,

¢t = 1 in (3.1) and also replace Ipc with (1 — p) Ipc to take into account power
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splitting. Following the same steps for derivation of (3.8]), we obtain

Eps(p) = T F' (1= p)rhS (B + CA/2) V;
9 1 1 (3.17)
x |20 @) + 20 (2 + V3 (20) + 20 (20— V3 (20)
where 1(z) =exp(z)ln(1+(1—p) rexp(z)hSB+CA/2)/1).
To maximize the average harvested energy by proper choice of p, we can write the

optimization problem as

max Eps (p)

st. C5: BERps < BER
5 pPs = ¢ (3.18)

Cs : Mpg = M,

Cr: 0<p<1
First we work on the solution of the first constraint C's. Based on the form of ,
it can be noted that BERpg is a summation of three Q-function terms. This cannot
be solved for p in the current form. For sufficiently high SNR (i.e., v > 1), the third
term with smaller argument will be dominant because Q(.) is a decreasing function.
Therefore, we can approximate BE R pg based on Gaussian Q-function approximation

as

BERPS ~

M—1 Ae2te=2V300 [T,
(rh'ols ‘ ) (3.19)

3Mlog, M 2(M —1) Ny

Solving (3.19) for p and then replacing the resulting solution within the constraint

Cs, we have

_, (3BERMlog,M 2(M—1) No
> Q7! N 2
r= (Q ( M —1 ) (rhSAeQMx—Q\/g% T (3:20)

P1

Then, we work on the solution of the second constraint Cs. Considering that SNR

is sufficiently high, we can approximate 7pg as
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2
2 <€(P27”hSA€2“$)2TS> 1 6(p2rhSAezﬂw+2\/3%) T,

1
Mpe & — =1 -1
s ™5 [3 082 4r N, 50 47N,
) (3.21)
1 e(pgrhSAe2”$_2\/§%> T,
+ —log,
6 47TNO

We raise both sides of (3.21]) by power two to eliminate the log term and solve it for

p as
2127 ps

12 ( 47TNO > 0
Pa 2 2 2
eTy(rhSA)" ) (e2ms)® <e2um+2\/§az) (e2uz—2¢§am)

(3.22)

Replacing the resulting solution of (3.22)) within the constraint Cg, we can obtain

the lower bound of p as
Mine=2w2=3 47 N,
rhSA T,

p2

p> (3.23)

Noting the range of splitting factor p in the third constraint C%7, we can com-

bine three constraints into a single constraint, Then we can rewrite the optimization

problem in (3.18) as

mas Eps (7) (3.24)

st. Cs:max(0,p1,p2) <p<1
From ([3.17), it is observed that Epg is dependent on 1 — p. Therefore, to maxi-
mize the average harvested energy, we need to choose the minimum value of p while
satisfying the constraint Cs. From the form of Cy, it is straightforward to conclude

that the optimal value of p is
Popt = Max (p1, p2) (3.25)
3.5 Time Switching and Power Splitting (TS-PS)

The average harvested energy in Time Switching and Power Splitting (TS-PS)

method contains two terms resulting from the first and second phases. To calculate
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the first term, we first set « = 1, Ty = 7T} in (3.1) and multiply Ipc with 1 — p.
To calculate the second term, we set t =0, Tgy = (1 — 7) Tyr and B = Iy in (3.1)).

Then, following the same steps for the derivation of (3.8)), average harvested energy
in TS-PS method can be obtained as (3.26]) as

Ers_ps (1, p) = TTiotF (1 = p) rhS (B + (A/2) V;

X ;w (2p42) + éw (2/%; + \/§(an)> + éz/; (qu _ \/§(20x))]

(3.26)
+ (1 = 7) Tt FrhSIyV,
< (B oma) + 56 (2me VB (202) + 5 (20e ~ VB (20)]

BERps_ps and Tjpg_pg can simply calculated respectively from (3.19) and (3.21)
by multiplying BERpgs and 7jpg by 7.
To maximize the harvested energy by proper choices of 7 and p, we can write the

optimization problem as

max Ers_ps (7, p)
s.t. Cy: BERpg_ps < BER,

Cio : ps—ps = (3.27)

Ch:0<7<1

Ci2:0<p<1
Following similar discussions in Section |3.3| we can express the constraint Cy as
an upper bound on 7 and the constraint C}, as a lower bound on 7. Noting the range
of 7 in the constraint Cy; (i.e., 0 < 7 < 1), we can combine these constraints into a
single constraint and express it as max (0, 7,/Tpg) < 7 < min (BERt/TMPS, 1).
Similarly, we need to obtain bounds on the other optimization parameter p. Following
discussions in Section [3.4] we can express the constraints Cy and Cyg as lower bounds

of p, i.e., p > p3 and p > ps. Here, p3 is obtained by dividing BER; in p; defined

in (3.20) by 7. Similarly, p, is obtained by dividing 7, in py defined in (3.23) by 7.
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Noting the range of p in the constraint Cs (i.e., 0 < p < 1), we can combine these
constraints into a single constraint and express it as max (ps, ps) < p < 1. Under

these new constraints, we can rewrite the optimization problem as

max Ers_ps (T, p)

s.t. (3 : max (0, %) < 7 < min (%, 1) (3.28)
Cra s max (p3,ps) < p <1

From , it is observed that Ers_pg has two terms. The first term (pro-
portional to 7) is associated with the first phase where EH and ID are performed
while the second term (proportional to 1 — 7) is associated with the second phase
where only EH mode is active. It can be shown that the second term is dominant.
Therefore, to maximize the average harvested energy, we need to choose the mini-
mum value of 7 while satisfying the constraint C'3. This yields the optimum value
of 7 as T, = M /T pg wWhere Tjpg is a function of p. Replacing 7, in , we can
express average harvested energy as a function of only p. Mathematically speaking,

the optimization problem now takes the form of

Ers_
g Ers-ps (¢) (3.29)

s.t. Cis:max (ps,ps) <p<1

Unfortunately, there is no closed form solution for p. However, it can be easily
found through numerical techniques. Here we utilize the binary search algorithm [56].
The initial value of p is set equal to (pmin + Pmax)/2 With puin = max (ps, ps) and
pmax = 1. For each value of p under consideration, we find Erg_pg, BERps_pg, and
Nrs_ps using , and , respectively. If 1, and BER; were satisfied,
Pmax 18 updated by that specific value of p. Otherwise, pni, is updated with that value
and the process continues until the the maximum value of Erg_pg is found. As a
final remark, it should be emphasized that it is not necessary to run this optimization

algorithm in real time. For a given set of channel and system parameters (i.e., water
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type, link distance, turbulence strength, targeted values of spectral efficiency and

BER), optimal values can be computed and stored in a look-up table for use.
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CHAPTER IV

NUMERICAL RESULTS

In this section, we present the performance of SLIPT methods under consideration
for different water types and investigate the effect of channel and system parameters.

Unless otherwise stated, we use the following parameters listed in Table in our

simulations.

Table 4.1: System and channel parameters.
Parameters Values
Block transmission time (7}.;) 1s[9]
Receiver aperture diameter (D)) 20 cm [31]
Responsivity (r) 0.6 A/W [61]
Fill factor (F) 0.75 [61]
Dark saturation current of PD (1) 107 A [61]
Thermal voltage (V}) 25 mV [61]
Constellation size (M) 16 [16]
Power spectral density of noise (Np) 107 W/Hz [16]
Slope efficiency of LD (95) 1.33 W/A [62]
Minimum input bias current (1) 200 mA [62]
Maximum input bias current (1) 1200 mA [62]
Wavelength () 450 nm [62]
Kinematic viscosity (v) 1.0576 x 107° m?s™!

[A0]
Relative strength of temperature and salin-|—1 [46]
ity fluctuations (w)

Eddy diffusivity ratio (d,) 1 [46]

Thermal expansion coefficient («) 2.56x10711/°C [46]
Dissipation of mean-squared temperature[10~"K?s3 [37]
(x7)

Dissipation rate of turbulent kinetic (¢)  [107°m?s™ [37]
Extinction coefficient (c) 0.56 [31] (Pure sea)

0.150 [31] (Clear ocean)
0.305 [31] (Coastal wa-
ter)
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In Fig. m, we present harvested energy - spectral efficiency (HE-SE) regions for
ADS, TS, PS, and TS-PS methods without optimization, i.e., the switching/splitting
factors are set to 7 = p = 0.5. As a benchmark, we also include the upper bound on
the HE-SE region whose derivation can be found in the Appendix C. We consider clear
ocean, assume a BER target of BER, = 10~% and a link distance of d = 10 m. Average
harvested energies for ADS, TS, PS, and TS-PS methods are plotted based on the
derived expressions respectively in , , and . As benchmarks,
we also include the exact expressions calculated through numerical integration, see
dashed plots. It can be readily confirmed that our derived expressions and exact
expressions match perfectly, i.e., the difference between two curves is very small and
can not be observed since it remains within the thickness of line. It is also observed
from Fig. that the ADS method achieves the largest HE-SE region when no
optimization is considered. ADS is then followed by PS, TS-PS and TS methods,

respectively.

27



_ _ (o)
Clear ocean, DR =20 cm, ¢9F =6

4 A ! !
Upper-bound
b A ADS (14
' e TSU7)
§ § A PS(23)
Bl 4444444444444444444 444444 = TS-PS (31)
————— Exact
= f : z
Ee § § §
> : : :
on : : :
S . . .
3) ; ; :
=] " . :
5) : : :
3 . i i
Z o : :
2 iy § i
§1.5“W“‘ ““““““““ """""""""""""" b
ar n
i N §
1_ 44444444444444444444444 !i 4444444444444444444 ! 4444444444444444444 ...................... -
N o :
i n §
0-5_ 44444444444444444444444 !i 444444444444444444 ! 4444444444444444444 ...................... -
y ol :
i ! §
0 A —————r— e ———X
0 5 10 15
77[h(b/s/Hz)

Figure 4.1: Comparison of SLIPT methods without optimization (7=p= 0.5)

In the following, we investigate how much improvement is obtained through op-
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timization of SLIPT methods under consideration. The optimum values of 7 and p
are provided in Table [£.2] for selected values of 7. For example, in TS method, the
optimum time switching factor for ny, = 1 b/s/Hz is 7,,x = 7.41%. Recalling that
the total block transmission time is selected as T;,; = 1 s in our simulations, this
indicates that only a duration of T7p = 0.0741 s is dedicated for ID mode while EH
mode has a duration of Ty = 0.926 s. For ny, = 5 b/s/Hz and ny, = 10 b/s/Hz,
dedicated times for ID mode increase to Trp = 0.4055 s and 0.8453 s respectively.
In PS method, the optimum power splitting factors for 7y, = 1 and 5 b/s/Hz are

respectively popx = 0.71% and 1.59% indicating that almost all power is allocated for



Table 4.2: Optimized values of switching/splitting factors for different values of 7.

Method Mh | 1 b /s /Hz 5 b/s/Hz 10 b/s/Hz
TS (Topt) 74% 40.55% 84.53%
PS (popt) 0.71% 1.59% 28.12%

TS-PS (Topt, popt) | 11.45%, 3.69% | 64.31%, 4.25% | 100%, 28.12%

EH mode. Even for 1, = 10 b/s/Hz, only 28.12% of the power is spent for ID mode.
In TS-PS mode, for m, = 1 b/s/Hz, 11.45% of the total transmission time and 3.69%
of the total power are used for ID mode. As 7, increases, the power splitting factor
increases slightly while increase in time switching factor is much faster. For n;, = 10
b/s/Hz, it is interesting to note that the whole time is dedicated for ID mode.

In Fig. 4.2 we present HE-SE regions for TS, PS, and TS-PS methods with
optimized splitting/switching factors along with ADS. It is observed that optimized
TS-PS method achieves the largest HE-SE region. It is then followed by PS, ADS
and TS, respectively. It should be further noted that the harvested energy remains
constant in ADS method for different 7, values. Because the same value of DC
bias (B) is used for energy harvesting regardless of the value of spectral efficiency.
On the other hand, in optimized TS, PS, and TS-PS methods, as the threshold
spectral efficiency increases, the larger portions of splitting and/or switching factor
are assigned for information decoding. Therefore, for these methods, the amount of
harvested energy decreases as the spectral efficiency increases.

In the rest, we only consider optimized T'S-PS method (which provides the best
performance among T'S and PS variants under consideration) and investigate the ef-
fect of water type and system parameters. The performance of ADS method is further
included as a benchmark. In the following figures, we use solid lines for optimized T'S-

PS method and dashed lines for ADS method while different colors specify the relevant

parameters.
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Figure 4.2: Comparison of SLIPT methods with optimization.

In Fig. [£.3] we investigate the effect of water type on the amount of harvested
energy with respect to spectral efficiency (). It can be observed that more har-
vested energy is obtained in pure sea (classified as non-turbid water) in comparison
to clear ocean and coastal water (classified as turbid water). Turbid water results in
large values of extinction coefficient. Thus, the received signal experiences a larger
attenuation and eventually results in less amount of harvested energy in comparison
to non-turbid water. It can be checked readily from Fig. that optimized TS-PS
method achieves the largest HE-SE region in comparison with ADS method in all wa-
ter types and outperforms ADS method for a wide range of spectral efficiency values.

For example, ADS method becomes superior only after the spectral efficiency values
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Figure 4.3: Effect of water type on harvested energy.
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exceeds my, = 9 b/s/Hz in coastal water. As the turbidity decreases, this threshold
value further increases. Specifically, the superiority of ADS method is observed for
clear ocean and pure sea only for 7, > 10 b/s/Hz and 7y, > 11 b/s/Hz.

In Fig. 4.4 we present the harvested energy with respect to spectral efficiency (1)
and investigate the effect of turbulence strength in clear ocean. We consider three
cases, namely 1) y7 = 107" K?s™! and e = 10° m?s™3, 2) xr = 5 x 1077 K?s™!, and
e =5x10"%m?3 and 3) yr = 107°K?s™!, and ¢ = 107 %m?s™3 [37] which yield
respectively scintillation indices of o7 = 0.079, 02 = 0.31, and ¢? = 0.57. It can
be observed that when the scintillation index is sufficiently small, turbulence does

not have a significant effect on the amount of harvested energy. For example, the
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Figure 4.4: Effect of turbulence strength on harvested energy.
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curve associated with case 1 coincides with no-turbulence case. As the scintillation
index increases, the effect of turbulence strength becomes more pronounced. It can
be further noted that optimized TS-PS method achieves the largest HE-SE region
in comparison with ADS method for all turbulence strengths and outperforms ADS
method for a wide range of spectral efficiency values. The exceptions are the small
regions after 7, = 10.1 b/s/Hz for o = 0.079, ny, = 9.8 b/s/Hz for o7 = 0.31 and
nn = 9.3 b/s/Hz for 02 = 0.57, where ADS method becomes superior.

In Fig[l.5 and Fig[.6] we investigate the effect of beam divergence angle on the
average harvested energy with respect to the link distance in clear ocean. We consider

both ny, = 3 b/s/Hz (Figld.5) and ny, = 5 b/s/Hz (Figld.0)). As expected, when link



distance decreases, the receiver can collect more energy and the harvested energy
increases. It is also observed that as beam divergence angle decreases, the harvested
energy increases since the collimated beam helps the receiver to collect more energy.
It can be readily checked from Fig/4.5]that the optimized TS-PS method outperforms
ADS method for the whole transmission range and all values of beam divergence
angles under consideration when 3 b/s/Hz is considered. For ny, = 5 b/s/Hz, it
is observed from Figld.6 that optimized TS-PS method outperforms ADS for most
cases. Specifically, for 0 = 6°, TS-PS method outperforms ADS for the whole
transmission range under consideration. For #r = 12°, the situation is similar, but
now the performance of two methods coincide for sufficiently large distance (see d =
20 m). For 0 = 18°, T'S-PS method outperforms ADS for up to d = 16 m. After

that, it is outperformed by ADS.
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Figure 4.5: Effect of beam divergence angle on harvested energy for n,, = 3 b/s/Hz .
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In Figs. [£.7 and we investigate the effect of receiver aperture diameter on
the average harvested energy with respect to link distance. We consider clear ocean
and threshold spectral efficiency values of 7y, = 3 b/s/Hz and ny, = 5 b/s/Hz. It is
observed that as beam aperture diameter increases, the harvested energy increases
since the larger receiver aperture diameter collects more energy. Similar to previ-
ous cases, the proposed TS-PS method outperforms ADS method in majority of the
cases. Specifically, for ny, = 3 b/s/Hz (see Fig. [4.7)), the optimized TS-PS method
outperforms ADS method for all receiver aperture diameters under consideration ex-
cept Drp = 5 cm. For D = 5 c¢m, the optimized TS-PS and ADS method converge
at d = 16 m and after this transmission distance the communication is terminated
for both methods since the threshold spectral efficiency cannot be satisfied due to
the low amount of received power for this small aperture size. For ny, = 5 b/s/Hz
(see Fig. , TS-PS method outperforms ADS for Dg = 30 ecm, Dr = 40 cm and
Dgr = 50 ecm. For D = 10 cm, TS-PS method outperforms ADS for up to 18 m,
then the situation reverses after d = 18 m. Similarly, for Dg = 5 cm, TS-PS method
outperforms ADS for up to 12 m while the situation reverses after d = 12 m. It can
also be seen that, after the distance of d = 15 m for Dgr = 5 c¢m, the communication
is terminated since the threshold spectral efficiency cannot be satisfied due to the low

amount of received power.
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Figure 4.7: Effect of receiver aperture diameter on harvested energy for ny, = 3
b/s/Hz.
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Figure 4.8: Effect of receiver aperture diameter on harvested energy for ny, = 5
b/s/Hz.
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As a final remark to demonstrate the practicality of SLIPT for underwater envi-
ronments, we calculate the lifetime improvement of a sensor node [57], [58]. The
sensor node has an operating voltage of 3.6 V and draws a current of 0.15 mA
in wake-up mode with duration of 0.3 s and 60 nA in sleep mode with duration
of 0.7 s. The power consumption of this sensor node for 1 s is therefore given
by [(0.15mA x 0.3 8)+ (60 x 1075 mA x 0.7 5)] x 3.6 V=0.162 mW. We assume that the
node is powered by a rechargeable lithium-ion battery with capacity of C' = 35 mAh
and nominal voltage of V' = 3.7 V [59]. The total energy of this battery can be
calculated as Epgtrery = C' X V x 3600 = 35 x 3.7 x 3600 = 466 J. It can be readily
calculated that the aforementioned battery can supply this sensor for 35 mAh x 3.7
V / (0.162 mW x 24 h/day) = 33 days.

In the following, we calculate how much improvement in lifetime of this sensor
node can be obtained through SLIPT. We assume that the UVLC transmitter works
in sleep/wake-up mode and has a duty-cycle of 20 s [60]. The transmitter is only
active for a duration of T;,; = 1 s (i.e., wake-up period) in each duty cycle and
remains in sleeping mode for the rest. Assume a link distance of d = 10 m and
threshold spectral efficiency of ny, = 5 b/s/Hz. It can be checked from Fig.
that the amount of harvested energy in optimized TS-PS method for 1 s is equal
to 3.22 mW. Therefore, it takes 466000/3.22 = 144720 s to recharge the battery in
this method. Considering the duty cycle of transmitter, it will take (20 x 144720)/
(3600 s/h x 24 h/day) = 33 days to recharge the battery. Recalling that the battery
life for this sensor is 33 days, this indicates a 100% lifetime improvement. Following
similar steps, it can be found out that the battery can be recharged in 29 days for
n, = 1 b/s/Hz which indicates an improvement of 110% improvement. Lifetime
improvements for other SLIPT methods are further provided in Table [£.3] It can be
checked that lifetime improvements range between 63% - 110% , 63% - 100% and 15%

- 66% respectively for 1y, =1 b/s/Hz , my, =5 b/s/Hz, and my, = 10 b/s/Hz.
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Table 4.3: Required recharging time in clear ocean (d = 10 m).

Optimized | Optimized | Optimized
Methods ADS TS P TS-PS
eileig’yes(ﬁ) 200mJ |343mJ | 3.05mJ | 3.62mJ
T = 1 b/s/Hz Recharging
time (days) ~ 52 days ~ 32 ~ 35 days | ~ 30 days
Lifetime
improvement | ~ 63% ~ 103% ~ 94% ~ 110%
(percentage)
Harvested
erey (D 2.09 mJ 2.20 mJ 3.02 mJ 3.22 mJ
M = 5 b/s/Hz Recharging
time (days) ~ 52 days | ~ 49 days | ~ 35 days | ~ 33 days
Lifetime
improvement | ~ 63% ~ 67% ~ 94% ~ 100%
(percentage)
Harvested
7) 2.09 mJ 0.57 mJ 2.16 mJ 2.18 mJ
nen = 10 b/s/Hz eﬁerﬁy (m
ti:;lce E(igi;l;g); ~ b2 days | ~ 189 days | ~ 50 days | ~ 50 days
Lifetime
improvement | ~ 63% ~ 15% ~ 66% ~ 66%
(percentage)
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CHAPTER V

CONCLUSION

In this thesis, we investigated the performance of UVLC systems with SLIPT
capability. We investigated different SLIPT methods based on time switching and/or
power splitting to balance the trade-off between the harvested energy and spectral
efficiency under a targeted BER constraint.

In chapter [2] we first presented the signal models and SLIPT methods under
consideration. Then, we describe the path loss and turbulence-induced fading models
to characterize the underwater propagation environment.

In chapter [3 first, we derived closed-form expressions for the average harvested
energy, BER and spectral efficiency over LN turbulence channels. Then we solved
optimization problems for each method and found the optimum values of time switch-
ing and power splitting factors to maximize the amount of harvested energy while
satisfying the constraints on BER and spectral efficiency.

In chapter [4 we present the performance of SLIPT methods under considera-
tionfor different water types and investigate the effect of channel and system param-
eters. Our numerical results revealed that optimization of switching/splitting factors
significantly extend the HE-SE regions of SLIPT methods under consideration. In
particular, the proposed TS, PS and TS-PS methods outperform ADS method es-
pecially for low and medium values of spectral efficiency. As the threshold spectral
efficiency increases, the improvements of proposed methods over the ADS decrease
to a certain extent, but are still significant in most cases. We also provided exten-

sive numerical results to examine the effects of water types, turbulence strength and
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system parameters (i.e., beam divergence angle, and aperture diameter) on the av-
erage harvested energy. Our results further demonstrated that the harvested energy
is sufficient to recharge a lithium-ion battery module within a reasonable amount of

time under typical settings and can significantly extend the lifetime of an underwater

sensor node.
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Appendix A

In this appendix, we present the underwater spatial power spectrum model re-
quired for the calculation of scintillation index in ([2.8]).
The spatial power spectrum as a function of the magnitude of the spatial frequency

(k) is given by [46]

1

® (k) = 47 K2

Coxne 35723 (1 4 C1(56)**)  (k,w) (5.1)

where Cy and C are constants and respectively, equal to 0.72 and 2.35. Here, ¢ is the
dissipation rate of turbulent kinetic energy per unit mass of fluid and ¢ is Kolmogorov
microscale length. Let v denote the kinematic viscosity. The Kolmogorov microscale
length is then given by & = (U3/€>1/4.

In , Xn is the dissipation rate of mean-squared refractive index and defined
as Xn = o®x7 + B%xs + 2a8x1xs where o is the thermal expansion coefficient and /3
is the saline (i.e., Haline) contraction coefficient.xr, xs and yrg are, respectively, the

dissipation rate of mean-squared temperature, the dissipation rate of mean-squared

salinity and the correlation of yr and yg. They are given as

dTp )\
xr = Kr <dz0> (5.2)

dSo\’
xs = Kg <dz> (5-3)
B Kr+ Kg (dT dSy
XTs = 72 <dz> (dz) (5-4)

where Kg and K7 denote eddy diffusivity of salinity and temperature, respectively.
Here, dTy/dz and dSy/dz denote the temperature and salinity difference between top

and bottom boundaries, respectively.
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In (5.1), ¢ (k,w) is given by

¢ (K, w)=w?exp (—C'OCI_2PT_15) +d, exp(—C’OC’szs_lé) (55)

5.5
+w (dy + 1) exp (—CoCy *(2Prs) ~'0)

where & = 1.5C2(kn)*® + C3(kn)? and w = a (dTy/dz)/B (dSy/dz) is the relative

strength of temperature and salinity fluctuations. Here, Pr = vD;' and Pg = vDg*

are respectively the Prandtl number for temperature and salinity, and Prg is the one-

half of the harmonic mean of Pr and Ps. Dy and Dg denote molecular diffusivity of

temperature and salinity, respectively.
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Appendix B

A common approximation on the probability of symbol error is given by [50]

SER~NQ ( W) (5.6)

where dyin = 2P/T; / (M — 1) is the minimum Euclidean distance of the signal con-
stellation [50] and P = rIhSE[z| [12], [16] is the average optical received power. Here,

N = 2(M —1)/M is the average number of constellation points which are located

dmin away from any point. Therefore, ([5.6) can be written as

_2(M—1) (rIhSE [z])*T,
st~ 20021 [CHSERE) -

Under the assumption of Gray coding and substituting Ny = 27,02, the BER (con-
ditioned on I) of M-PAM signal can be approximated as [16], [50], [51]

SER

log, M
_2(M—1)Q< gl > (58)
~ Mlog,M 2(M —1)°

BER ~

where v is defined as

(rIhSE [z])?

=t (5.9)

The BER expression in (5.8)), (denoted by BERy,) builds upon the assumption
that the whole transmission frame (with a duration of T, spanning N symbols) is
used for ID. However, in our case, (1 —7) N symbols (with a duration of Tgy) are
used for EH mode while 7N symbols (with a duration of T;p) are used for ID model.

Therefore, BER needs to be properly scaled as

BER — 1p

BERy (5.10)

tot
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Replacing (5.8]) in ((5.10)), we obtain

BER =~ _— _— 5.11
Tior Mlogy, M < 2(M — 1) (5:11)

which is the BER expression in (3.2)).
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Appendix C

An upper bound on the HE-SE region can be defined as [12]

S={(E,n): E < Enax; N < Nmax} (5.12)

which is a rectangular region specified by the origin and the three vertices (0, Frax),
(Mmax; 0), and (Thnax, Binax)-

E.x is the maximum achievable harvested energy which can be obtained by
assigning the whole transmission block and received power to EH mode (i.e., 7 = 0,
p = 0). Therefore, we have Ioc = 0 and Ipc = Ij. Setting the DC bias at its
maximum value (i.e., B = Iy), we obtain I, = rIhSIy. Replacing Try and Ip
within (3.1]), we obtain the maximum achievable harvested energy (conditioned on I)

as

(5.13)

B = Ty FrIhSIyV;In (1 LIS IH)

0

Taking an expectation with respect to I and following similar steps which lead to

(3.8) based on the Holtzmann approximation, we obtain

Erpaw ~ T, FrhSI4V, gy (215) + éu (2/%, +3 (2%)) —f-éu (2uz —V3 (2%))}
(5.14)

where v (2) = exp (2) In (1 4+ rexp (2) hSIy/Io).
Nmax 18 the maximum achievable spectral efficiency which can be obtained by
assigning the whole transmission block and received power to ID mode (i.e., 7 = 1,
p = 1). Setting the maximum value for the peak amplitude of signal, i.e., A =

(Ig —11)/2 in (3.3]), we obtain the maximum value of SNR. Replacing T7p = T

and maximum SNR within (3.4]), we obtain
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e(thSA)2>

2mo?

1
Tmax = §1Og2 (1 + (515)

Taking an expectation of (5.15]) with respect to I and following Holtzmann approxi-

mation similar to above, we obtain

1[2 e(rhSe= (I — Ip,))?
n ~ - =1 1
Mmax 2 |;3 089 < + 802
1 e(rhsemm-‘r%/gax (IH . [L))2
+610g2 L+ 8mo? (5.16)
1 e(rhSem‘fQ\/g"z (Iy — IL)>2
+ —~log, | 1+
6 8mo?
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