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Abstract: Groundbreaking optical wireless power transfer (OWPT) techniques have gained significant attention from both
academia and industrial experts in recent decades. Powering remote systems througlléesgrbd to either operate devices

or recharge batteries offers several benefits. Remote LDs can remove the burden of carrying extra batteries and casioeaduce mi
time by removing battery swepme and charging. Apart from its appealing benefits, lpsever transfer (LPT) is still a cha
lenging task due to its low transfer efficiency. In this study, we discuss the need for and feasibility of OWPT andtsliscuss i
working principle, system design components and several projects. We deal with lasensélerard analysis and receiver solar

cell selection for OWPT systems. In addition, we show that OWPT is an essential element to supply power to internet of things
(loT) terminals. We also highlight the impacts of dynamic OWPT. We outline several OWRiqees including optical
beamforming, high intensity laser power beaming (HILPB), Thaghing (T2T) OWPT, distributed laser charging (DLC),
adaptive distributed laser charging (ADL@nd simultaneous wireless information and power transfer (SLIRThd final
section, we discuss a range of open challenges and comat@sures. We believe this review will be helpful in integrating research
and eliminating technical uncertainties, thereby promoting progress and innovation in the development of cbWiRigtes
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1 Introduction nals such as TV signals, cellular base statjcarsd
wireless fidelity WiFi) (Lin, 2006; Tallzet al., 2015,
Wireless power transféWWPT)is a technology  which enablesultra-low power battery free devices.
in which energy is transmitted from a source device {bhis technology is free from charging and replacing
a target device without using a physical I{bk et al., batteriesputproviding high eletric power is difficult
2016) In recentyears,WPT hasgainedsignificant (Costanzo et al, 2014Yhus,there is aneed tode-
attention from researchers and has swiftly evolvedelop and enhanaexisting WPT techniques.
from academia towardhe market WPT hashecome Due tothe flexibility and convenience of WPT
one of the hottest topics nowadays due to the rapidtgchnology, its market value is growing rapjcit-
growing ubiquity of mobile devices. Meanwhile, houghthe transferefficiency of WPTis lower than
research on energy harvesting technology has alfitat ofwired technology. Designing a WPT system to
started. A growing body of research studédfecused charge an electronic device such as smartpfiine
on energy harvesting fromadio frequencyRF) sig- and Kim, 2013b; Lee and Yoon, 2024 hot trivial,as
it must satisfyseverarequirements:
 Corresponding author 1.1t must be able to deliver more than 1 Giger.
© Zhejiang UniversityPres2022 The USB 2.0 standards permit<2.5 W power (Breton
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etal., 2011). coupling based transfer technology is comparatively

2. It mustensurethe use safety. Safety ed  high, so it is widely usd in household devices, such
cerns are paramount the case of high power wé+ as smartphone charging pads. However, thestran
less transmission across a room. High power acoustizission distance of this technology is limited to-se
and electromagnet{&M) waves can &ve deleterious eral meters. Inductive coupling is not applicable is
effects on humahealth(SmagowskandPawlaczyk some scenarios because of the associated short
Guszczy@®ska, 2013 charging distance, where&¥F based transfer tec

3. It must besimple and cost effectivior suc-  nology can transmit power over a longer distance.
cessful commercializatiorand practical for deple  The transfer efficiency of RF based technology d
ment. It must meet form factor criteria and physicaminishes as the square of the dista(®hinohara,
specifications as users do not like complex and2010) Some research groups have demonstrated
heavyweight systegwith additionalcomponents. power harvesting fromasirces like radio frequency

WPT offers numerous advantages over wireitentification (RFID) reader&lark et al., 2009)TV
technologies as it is much more secure, comfortabldgnals(Parks et al., 2014and WiFi(Luo and Chin,
and convenient in daily life. Another keghaantage 2021) These ambient power vasting approaches
of WPT is that it is essential in environments where are limited to ultrdow power applications. Although
wired power transfer technique is dangeralifficult ~ RF beamforming &sed telnology was introduced to
or impossible, such as underwater environments amhhance the transmission distarj¥edavalli et al.,
high in voltage power applicatiorfsu et al., 2018) 2017) the transfer dtance limitation still exists.
Researchers have evaluateffiedent WPT techniques Moreover, RF transmission causes disruptive-ele
explored tradeffs. The curently available WPT tromagnetic interfieence (EMI), which affects the
technologies cabe categorized into EM based andperformance of steptible electronic devices. The
non-electromagnetic(Non-EM) (Costinzo et al., EMI appears as power disturbance, electrostasic di
2014) as shown in Fig. 1. Several WPT methods haveharge and radio frequency interference. Magnetic
been reported including captice WPT(Kline et al., resonance coupling has some disadvantages including
2011; Mostafa et al.,, 201,7)magnetic resonance ashort operational distance of up to few meters, di
coupling (Kurs et al., 2007)inductive couplingHo ficulty tuning the resonator and inconvenienae b
et al., 2011) resonant indative WPT (Li and Mi, cause of the coil weight and size in portable devices.
2015; Machura and Li, 2019)and optical wireless In contrast, microwave radiation can transmit power
power transfer (OWPTJin et al., 2018jor various up to few kilometers. However, it has safety é¢dns
aerial, ground and underwateppéications. Among erations when RF density exposure is high, and it is
these different WPT techniques, the concept diard to collimate the target device. Although energy
OWPT (Fig. 2) has become mortractive(Sprangle harvesting and beamforming systems based dn m
et al.,, 2015Fang et al., 2018hahjalal et al., 2019 crowave radiation have been proposed, their
Katsuta and Miyamoto, 2019b)
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Fig. 1 An overview of WPT technologies tional EM induction and magnetic resonance, (lower
OWPT system



Mohsan et al. / Front Inform Technol Electron Eng in press 3

availability and reliability are restrictedy official LED based lofassisted OWPT. Different OWPT
regulatorssuch as the U.S. Federal Communicatiortechniques are discussed in Section 5. Section 6
Commission, due to health and safety concerns. Fdrighlights suitable laser and PV cell selection for
these reasons, RF power transfer is notlsleitfor OWPT systems. Several challenges and neou
practical charging of laptops, smartphareesd other termeasures are discussed in Section 7. Finally, Se
mobile devices(Zeng and Zhang, 201Zhang et al., tion 8 concludes the paper
2015a) Motivated by the above factors, we have
focused on OWPT techniques in this study. We di
cuss a range of challenges, apgilans and future 2 OWPT
prospects of this technology. This survey not only
focuses on OWPT theory, but also provides guid In this section we disuss the background
lines for practical OWPT syem design. knowledge of OWPT, including OWPT working
Previous studies have reported different OWPPrinciples, system design, benefdasd some projects
techniquesJin et al, (2019) provided a comprelme  from the literature.
sive overview of LPT technology. They discussed @ OWPT can provide a promising solution to the
high intensity laser power beaming (HILPB), theproblem of insufficient transmission distance. OWPT
basic principles of laser power tsamssion, and is a WPT technologyhait uses a light source as a
suitable laser and photovoltaic (PV) cell selectionpower transmitter. This approach can extend the
They highlighted several challenges and iss@es rtransfer distance using simple system components. In
lated to the implementation of LPT technologyOWPT, a light source such as LE@hou and
Soltani et al.,(2021) provided a tutorial for safety Miyamoto, 2019b)or LD is used on the transmitter
analysis of laser based optical wireless comnasnic site to convert electrical power into optical power. A
tion (OWC). They investigated laser beam prapag solar cell or PV cel(Kim and Won, 2013Takeda,
tion to evaluate the received power of various lase2020 is used on the OWPT receiver site to convert
sources. They also presented a comprehensiogtical power into electrical power.
framework for eye, skirand other significant factors. An OWPT system based on optical beamfor
Laser safety analysis with esideration of optical ing through white LED was demonstrated, but its
elements such as the diffuser, learsd verticalcavity  efficiency must be improved farommercialization
surfaceemitting lasers (VCSELS) was carried out. In(Takeda, 2020) In contrast, lasers beams can be
this study, we address several OWPT techniques suithnsmitted over long distances through collimated
as optical bemforming, HILPB, distributed laser monochromatic light beam@lpert and Paschotta,
charging (DLC), adaptive distributed laser chargin@013 Kim and Kim, 2013aDasgupta et al., 2018)
(ADLC), Thingto-Thing (T2T) OWPT and siml+  They allow a narrow crossectionalbeam. A laser
taneos wireless information and power transferdevice has several advantages over ottuenaihs
(SLIPT). Not only do we focus on OWPT theory, butsuch as compact size, large coverage and neo- inte
we also provide practical guidelines for OWPB-=sy ference with existing radios. Although nierave
tem design. We outline previous reported studies aystems are used for solar powered satellites, OWPT
OWPT and the selection of components such as LEBystems have emerged as an alternativentdoby
suitable laers and PV cells. We have dedicated awing to theirgrowing development. OWPT tec
complete section to LED based ia¥sisted OWPT. nology takes precedence over gtide RFbased
Finally, we examine several challenges in OWPT antéchnology. First, OWPT is able to transmit high
suggest necessary counteeasures. power to a distant small aperture, as a laser beam can
The remainder of the paper is structured &s fotravel over a long distanc@in and Zhou, 208).
lows: Section 2 addresses OWPT ewstdesign, Second OWPT offers longer effective transmission
working principles and projects from the literaturedistances than radiative Riased technology. The
Section 3 discusses OWPT system components alader power decreases as an exponential function,
studies of OWPT awsidering different transmitter while radiative RFbased teamology decreases as the
and receiver comgments. Section 4 is dedicated tosquare of the distance. The attenuation coefficient of
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OWRPT is lower than that of RF. Third, OWPT alsolab-grown diamonds(Gallo, 2019) which can be
avoids EMI to neighboring electronic devices. Fourthused to echarge moving drones through laséyer et
OWPT systems can use a PV cell as an opteal ral., (2018)from the University of Washington, USA
ceiver. This allows a mobildevice to capture power (lyer et al, 2018) have introduced a smartphone
from both useful optical sources and fintentional charging system that uses lasers inside a room.
optical sources, such as sunlight. It has the capabiliieanwhile, many esearch laboratories around the
to automatically target with accuracy. It makes use afiorld have beenotusing on OWPT for fafield

a proper communication protocol to power ang-m regions(Katsuta and Miyamoto, 201&im and Rhee,
bile device. The &insfer efficiencie$Rhee and Kim, 2018 Xu et al., 2020)Fig. 4 illustrates different @
2016)of WPT technologies with respect to distanceplication senarios of OWPT systems.

are shown in Fig. 3.

Near-field . Far-field

: Smartphone
e e charging

EV *
charging« »CEZE;:WS !
‘ .

Flying drone charging

2T U B

5OY—f -t - == === 3o e EEEEE RS

Efficiency (%)

Magnetic 1

J__.resonant |
E coupling

lhductive

25%—T
0.55 51 Microwaves or laser >d (m)

: : Fig. 4 OWPT applications (Summerer andPurcell, 2009
Fig. 3 Expected transfer efficiencies of VPT technob- lyer et al., 2018 Nguyen, 2020 Xu et al., 2020)
gies(Jawad et al., 2017)

In the interim, the growing research interest in

Although the transfer efficiencies of the othemarine development has inased the demand for
technologies are higher than that of OWPT over shounderwater robot§Gu et al., 2020; Kim 2020)¥or
distancesit is envisaged that OWPT transferieff long term missions using underwater robots, it would
ciency would be higher over longstlinces. Several be efficient and secure to recharge batteries wirelessly
studies of OWPT have been publisiiptbstafa et al., (Teeneti et al., 2Z81). However, RF based WPT
2017) (Haydaroglu and Mutlu, 2@t Fakidis et al., technology is not efficientuk to severe absorption in
2016 Saha et al., 201 Ding et al., 2020Q)Most have water As visible light has relatively low absorption,
demonstrated OWPT by using a laser transmitter andsible light based OWPT could be a good choice for
a solar cell receivefkong et al., 2020Tang et al., long distance UWPT. Although many researchers
2020, while some have used LED transmittethou  have worked on OWPT, it is difficult to find OWPT
and Miyamoto, 2019aPutra et al., 2020bYOWPT that works in underwater ginonments.
can be a promising solution for long distance WPT, Some researchers have been working on laser
but so far it has attracted little interest. Recently, somgased WPT systems, laser sources, high efficiency PV
research group&im and Park, 2020Putra et al., cells (Fakidis et al., 2018)and end to end power
2020a)and caonpanies such as WEharge(Mantese delivery systems(lyer et al., 2018) Some previous
et al, 2020 have started investigating OWPT forstudies focused on space based solar power systems,
consumerelectronics. Consumer devices such aaiming at energy harvesting for ground dxhstations
unmanned aerial drones can be recharged throughd power beaming for space exgtimn vehicles
laser light (Jaafar and Yanikomeroglu, 202 The (Hoffert et al., 2004)In 2019, the US Naval Research
Swiss Federal Institute of Technology has developddstitute (NRI) successfully demonstrated a land
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based power beamingstym that uses infrad laser
(Jaffe et al., 2019)n 2020, the US Navy launched a
power beaming satellit€Sanders and Kang, 2020)
into space. Laser powered devices have been pi
posed for UAVS(Nugent and Kare, 2011AIso, the
European Space Agency has shown interestxin e
ploring the dark shadows of moon via lapewered
rovers (Powering rovers by High Intensity Laser
Induction on Planets, 201,9s siown in Fig. 5. Other
devices have been gposed based on Fresnel lens
solar concentrators for space applicatibn® 6 N e | - -
al., 2003)and laser based ion engines for deep spadeg. 6 Experiment for data and power transmission
missiongWilson and Enoch, 2000) (Mehendale, 2017)

3.1.2 Laser powered aircraft

To increase public awareness of the potential and
viability of alternative energy sources, NASA-r
searchers fronthe Marshall Space Flight Centre,
Dryden Flight ReseardBenter and the University of

Alabama, USA demonstrated a grotlm@aking n-
frared laser based aircraft fligliGibbs, 2017) as
shown in Fig. 7. The aircraft was fitted with a k\§
diode at 940 nm and an infrared sensitiva film PV

Fig. 5 Rover testing at night (powering rovers by high

array. It was outfitted with PV cells that can capture

intensity laser induction on planets, 2019) propulsive power from a ground based laser system to

power its tiny 6W motor. It was a lightweightar

dio-controlled model airplane, designed using carbon

3 OWPT projects fiber tubing and balsa wood. Tlaircraft body as

covered by a cellophane like material, which was a

3.1.1 Power and data transfer over light groundbreaking technology for future laser power

Phlips research lalratories invented a tech
demonstrator to transmit substantial power and da%he Zephyr HALE (High Altitude, Long Endurance)

over light, considering a free space link. Thishtec —
nigue can be used to power and read sensors ar’ /
actuators oer long distances without cables. This}|
innovative technology has a higher optical quantun,.'
efficiency than IR. It provides higher data rates at lov
cost with relatively high power. It gives bidirectional
communication with a data rate of more than 10(
kbpswith native devices. Furthermore, it is possible
to gain higher data rates if we use separate agmm
nication lasers. It can generate 3 V DC to powe
sensors and processors without using cdex&r In
this project, researchers reported 40% optical an
12% eadto-end power transfer efficienc{Me-

hendale, 2017)The experimental setup is shown in
Fig. 6. Fig. 7 Laser-powered aircraft (Gibbs, 2017)

transfer (LPT) systems. Later, researchers introduced
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UAV, which can fly overnight. The power beaming like a standard USB cable. They successfullyvdeli
concept was used to enhance payload capacigred more than 2 W at 4.3 m for a smartphone, and at
day/night recharging, range, flight duratiand @- 12.2 m for a tabltop form factor receiver. An insi
erational flexibility. Later, the Lockheed Martin ible narrow laser beam in the IResrum was used
Stalker was demonstrated, which can operate cofor charging, while a thin power cell array was
tinuously for 48 h. The aircralftas the ability to fly in  mounted on the back of smartphone. To ensure safety,
day or night, and can track accurately under strontpey used a metal heatsink, such as aluminum strips,
wind conditions. to dissipate excessive heat from the charging system.
A retroreflector mechanism wased as a sensor to
terminate the system if a person or object appears in
OWPT is also a very helpful technology forthe path of the guard beam. Researchers were able to
driving autonomous vehicles. Steinsig003)from  turn off the laser source at a maximum speed of 44
EADS Astrium developed ground to groundPW m/s, which reduced the eosgure of human tissue to
through LDs. Researchers demonstrated this-tecthe highpower laser. The Iz dissipation and robust
nology using a small, fully ir@bendent rover vehicle safety features may enable charging of tabletsi-ca
equipped with PV cells (Fig. 8). It wasraidered as eras and even computers in thire. Fig. Sshows an
the first step towards powering lunanfsice rovers overview of the OWPT system developed by the
and airships. The experiment was based onearg University of Washington.
frequencydoubled Nd:YAG laser of only a few watts,
while a micrecamera was mounted on the rover as a
payload and for pointing and position tracking-pu
poses for distances of up to 280 m by applying active
control loops.

3.1.3 Autonomougover

High power laser

Fig. 9 Smartphone chaging system (lyer et al., 2018)

3.1.5 OWPT System for Moving Objects

Charging has always been a more difficult task
for mobile objects. OWPT can be used for charging
and tracking in consumer electronics. The process of
charging moving objects is called dynamic OWPT
Fig. 8 EADS developed lasepowered rover (Xu et al., (DOWPT). .Thls conF:ept has been de.m.onstrated
2020) through variousexperiments based on visible and

invisible light for terrestrial and space applications.
To validate the concept of DOWPT with visible light,
3.1.4 OWPT for Smartphone Charging solar energy is stored in a devicenzining DGAC

OWPT can also bring us comfort and comve and DCGDC converters and a {idbn battery. This

ience. Researchers from the University of Washingtoﬂ?\’ice is use to deliver power to an LED light bulb
USA proposed a secure novel method to Chardgted to a small EV. This LED light bulb of 8 W is

smartphones with a laser, requiring minimal istr used as a transmitter, while a small solar panel is
mentation to the environment. Theynaenstrated mounted on another EV as a receiver. The proposed

that a laser can be used to charge a smartphone, miRAWPT system can operate at a maximum distance
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of 5 cm. It prowvides 2% efficiency at zero distance,suffers from high losses in bad atmospheric ¢cond
and 1.57% at 3 cifiNguyen, 202Q)For invisible light, tions, owing to the characteristics of light, which is
a light source IR LED array of 850 nm is usedy-co highly absorbed and scattered by aerosols in the a
sidering the same small EV. Overall reported- eff mosphere. Rthermore, laser light cannot penetrate
ciency was similar to that of the visible liglxpei-  rainfall and clouds. Some other critical concerns are
ment. This idea is illustrated in Figj0. pointing errors, blockages, mobilitand powering
multiple devices.

To tackle these challenges, a beam contrsi sy
tem, a stable monochromatic light source andfan e
ficient solar cell receiver are essential for an OWPT
system(Kim and Won, 2013)A monochromatic light
source such as LD is salile for OWPT systems, to
obtain high caversion efficiency in the solar cell
recaver. ADC-DC circuit can operate efficiently with
a few volts of output from a solar céMu et al., 2020)
(Katsuta and Miyamoto, 2017Ywo types of solar
cells are commercially available: GaAs solar cells and

Fig. 10 DOWPT using invisible light (Nguyen, 2020) Si solar cells(Yamaguchi, 2003Lee and Ebong,
2017 Matsuura et al.,, 2020)A singlechip GaAs
) o solar cell provides 019..1 V output(Kim and Rhee,

3.2 OWPT working pri nciple 2018 Matsuura et al., 2020while a singlechip S

The basic OWPT system is based on astransolar cell provides 01%.7 V output, which is indu
mitter unit (optical source) and a receiver unit (solaficient to operate a DOC converter circuit. Ton-
panel or PD). A high efficiency optical source such agrease the output voltage, a viable solution is to use
LD is used to convert electrical signals into a highlymultiple chips of solar cells in series. In this way,
collimated beam which can be transmitted over se GaAs and Si solar cells can be used in QW¥stems
eral meters with trivial lossd&im and Kim, 2013p  with a series arrangement of multiple chips.

Tang and Miyamotq, 20;9The §olar gell receiver is 3.3 OWPT system defgn

used to convert optical signals intoctteal power. A

direct curent (DC) circuit is used to operate the light ~ An OWPT system has the advantage of\deli
source, while a solar cell gives a stable DC output. 8ing high intensity power over a longstdince due to

is possible to achieve long distance power transfé small divergence angle and the small size of the
with a simple and compact system design. Thss Sylaser beam. As the laser bednsmall, it must be

tem does not affect surrounding devices with Empointed accurately at the receiver. However, ar-add
noise tional device is required for laser beam steering.

A wireless transfer technique such as tes r Different methods are used for beam steering and
quires significant light irradiation to a solar cell fromtarget recognition. In some research studies, a four
the optical source. Power transfer efficiencg- d element PD was used to detaot pinpoint the pas
creases and light is wasted when the irradiated aredi@n of the targetKawashima et al., 2007)0ther
larger than the solar cell receiver. Moreovébre researchers used a rettivective mirror for this
conversion efficiency of the solar cell also decreasd®!rposg(Wang et al., 2016.im et al., 2019) Nore-
if it is smaller thanthe irradiated area. Thus, high theless, a perfect ighment between transceiver
efficiency can be maintained through an accurateomponents isequired to use these techniques. In
irradiation beam size. Another factor that degradel§is scenario, power delivery to a mobile target is
the performance of an OWPT system israiation difficult. Recently, Putra et al. have used DOWPT for
loss by the medium. The operation can be made umoving objects by using an infrared LED marker, a
stable by weather and time dependent power genetveb camera with OpenCimage processing software,
tion (Rihle, 2016) As a result, the OWPT system and beam steering using a Galvano mi(Rartra etl.,
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2020, 202M). Fig. 11lillustrates the OWPT system transmissia distance of 50100 m. They achieved
design. Researchers have explored OWPT systet.43W peak power at 88 W input power, resulting in
components and performance in different applicatioa transfer efficiency of 15.26%. The use of an indoor
sa@narios, including energliungry missions of flying laser based WPT system with a solar cell receiver at
drones and powering electronic devi¢kawashima night was presented by Fakidis et 42016) They
et al., 2007Parello et al., 2(8), charging underwater carried out OWPT system analysis in thissance of
vehicles and sensorglawad et al., 203 Putra et al., ambient lightAn OWPT system with 15% efficiency
2018) charging implantable medical devices e.g. avas reported by Katsutnd Miyamoto (2018sing
pacemake(Murakawa et al., 199%o0to et al., 2001) VCSEL and a GaAs solar cell.eent studies report
and to deliver power to satellite and moon roy8ts  more than 65% conversion igfiency by using high
et al., 2016) power LDswith 940 980nm wavelength§Crump et
al., 2013) The OWPT sstems used in these studies
Transmitter Receiver were based mainly on LD, due to its key features of a
7 o narrow spectrum, low divergence, high directidga
— —Z. Load and high powefHecht, 2001) However, lasers also
LED.LD P Solar cell have some di sadvantages.
regulations for laser products, lasers are classified in
different groups on the basis of their power level,
emission duratiorand wavetngth(Safety Standards
for Laser BeamsMost laser hazards involve risks to
eye safety. Thus, theris need for feasible light
4 OWPT components and research contri- sources other than laser. On account of itGcsently
butions narrow spectrum, increased output power, improved
efficiency, and low cost, a recent high performance
In this section we introduce several studies-co LED (OPTICA Virtual Technology Showcase, 2022)
sidering OWPT system components. We also brieflpased OWPT system can bensidered as a good
compare different optical sources, such as IR LEDglternative.Zhou et al. (2019) presented an LED
EEL and VCSEL. based OWPT system which is calgabf delivering
In OWPT, a semiconductor laser is appropriathigh electric power to compact loT terminé&hou
to generate collimated light. Although EELs can beand Miyamoto, 2019a) They obtained efficient
used, vertical cavity surface emitting lasers (VCSELpower transmission by using small GaAs solar cells
(lga, 2008)are preferable. A VCSEL has potentialand high intensity IR LED. They reported 200 mW
advantages of light output by a tsdimensional (2D) output power at a transssion distance of 100 cm,
array, and offers scalable arraige. In the last two with 41.7% solar conversion efficiency and 77%
decades, several studies have reported -lessrd  optical system ef€iency.
WPT strategies for different application scenarios. A Similarly, studies have confirmed that lighti-co
laser based OWPT system was first introduced fdimation through passive optical elements such as
solar powered satellite applicatigu et al., 2020) lenses provides high directivity. Also, the availability
Steinsiek and Schafd2003) used a 532hm solid of solar panels offers unique potential fpower
state LD for powering a moving rover over ataince harvesting (PH)oth from a dedicated laser sogrc
of 301 200 m(Stensiek, 2003) They nvestigated the and sunlight. Gray(2003) reported 100 mW/cin
feasibility of a WPT link between a transmitter and arradiance from sunlight under standard test ¢ond
remote receiver. Hota et al. (2015)demonstrated an tions (STC).Greenet al (2015)reported 12.3% «ff
OWPT system by using a 9TBn VCSEL array and ciency for an amorphous silicon$) module at STC.
common silicon solar cells. They successfullyThey also estimated the efficiency of
achieved 33% powegeneation efficiency using Si  monocrystalline silicon and niti-crystalline silicon
solar cell(Hirota et al., 2015)Shi et al. (2015)re- cells as 25.6% and 18.5%spectively. Kinsey et al.
ported a laser based WPT system used on airships §2811) reported the efficiency of amonix compound

Fig. 11 Basic design of an OWPT system
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parabolic concentrator (CPC) solar power plasts usummarizes research contributions to OWPT.

ing cancentator PV technology. Green et,a2015)

reported 45.7% efficiency for a mujtinction cell by

using a concentrator. Fakidet al., (2014)invest- 5 LED based loT-assisted OWPT

gated the use of an OWPT system asiclely for

indoor applietions. They highlighted the use of an The information provided in th section rei-
opticalwireless (OW) link for energy harvesting andforces our belief that le@ssisted OWPT is a pre
backhaul communication. The OW link was gene ising concept. We also briefly discuss the transmitter
ated using a white LED, parabolic mirror and Si solaand receiver components for lagsisted OWPT
panel. The harvested power was 18.3 mW and the lirdystems.

efficiency 0.1%. In a filow-up study, they created an Internetof-Things (IoT) opens up the oppo
OW link using 15 red LDs, a collimated lens and atunity for various emerging applicatie in pedictive
multi-c-Si solar panel(Fakidis et al., 2015)The maintenance, health monitoring and smart cities. The
calculated harvested power waB.4 mW, and the IoT aims to connect ubiquitous devices to the internet.
link efficiency 0.74%. The reduced link efficiency Power supply is a key element to support commun
was explained by the low efficiency of the solar celtation and higiperformance cwmputation in loT
and LD. The low level of harvested power was a terminals. However, battery endunce is a major
tributed to mismatch losses among solar cells and loissue in batterassisted 10T devices. There are two
optical power. Diferent OWPT syiems use IR LEDs, ways to tackle this issue and increase suatdity:
VCSELs and EELs. The different pareters of these improving battery charging techniques and enhancing
optical sources are compared in TableTable 2 the battery capacity. Enhancing the battery capacity

Table 1 A comparison of the different parametersof optical sources

Parameter IR LED EEL VCSEL
Beam shape Circle Elliptical Circle
Beam quality Very wide divergence (18D  Medium divergencé~40) Low divergence(<20°)
Cost Low High Low
Imaging Low definition High defirition High defirition
Packaing Simple Complex Medium
Switching time Low speed High speed High speed
Speckle Low High High in array
Spectral width 20-30 nm 1-2 nm 1-2 nm
Modulation frequency Low Normal Very high

Table 2 Research contributions to OWPT

Reference Transmitter Receiver Research goal
(Zhou and Miyamoto, High intensity IR LED GaAs solar cell Reported 200 mW output per at 100 cm
2019a) transmission distance with 41.7% solar

conversion efficiency and 77% optical
system eficiency.

(Steinsiek, 2003) Green (532 nm), freque Solar cell Powered a moving rover over a distance «
cy-doubled Nd:YAGLaser 30-200 m.
(Hirota et al., 2015) 975nm VCSEL array Silicon solar cells Achieved 33% power generation efficienc
of Si solar.
(Katsuta and VCSEL GaAs solar cell Reported an OWPT stem with 15%
Miyamoto, 2018) efficiency
(Crump et al., 2013) High power LDs with - Reported more than 65% conversion-eff
940-980nm wavelengths ciency.
(Fakidis et al., 2014) White LED Si solar panel The harvested peer was 18.3 mW, and linl
efficiency 0.1%.
(Fakidis et al 2015) Red LDs Multi-c-Si solar pael  The calculated harvestedwer was 10.4

mW, and the link eftiency 0.74%.
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can cause issues such as recycling, cost, weight asithaller. These LEDs ka a divergence angle from a
safety. In this scenario, the use of WPT to enhandew degrees to a hundred degré@dscht, 2001) An
battery endurance seems the right approach. OWRL0 nm (OSRAM, SFHI703AS) IR LED with a
systems can be implemented in the context of wireles$0° divergence angle and 1.04 W intégypsvas im-
access to IoT devices. An OWPT system designgaemented in previous research studies of OWPT
like a portable flashlight device has been proposed systems. Researchessiccessfully obtained 41.7%
previous studies to power compact IoT terminal®V conversion eftiency. The electrical output from a
(Zhou and Miyamoto, 2019a)he device is small and GaAs solar cell was 223.9 mW and the total- eff
simple and can be easily held by a drone, robot ariency of the OWPT system was 6.3%.

human. A small solar cell is usedaseceiver which In any OWPTsystem, the incident light rays are
can be put on loT terminals. A commercially designetargeted on a small receiver from a long distance,
LED is used as the light source due to its large drequiring perfect accuracy of adiation. To achieve
vergence angle, which gives high efficiency withouhigh efficiency also requires a proper lens system.
any control system, through accurate irafidn. Itis Researbers used a mulens system to achieve the
possible to target a smalblar cell at a long distance divergenceangle described above. The lens system
(Liu and Feng 2017) The aforementioned discussioncombined the use of an aspheric condenser lens and a
showed that a proper system configuration is essentfatesnel lens. The aspheric condenser lens was used to
to obtain a target irradiation size and specific gran control divergence to minimize the apee of the
mission distance. In previous studiegreem trars-  Fresnel lens and optical energy leakage. The purpose
mission distance was achieved, whistsuitable for of the Fresnel lens was to construct a large aperture
charging various 10T termina{€hou and Miyamoto, using a small lens. Although the imaging performance
2021) The transmission distance can be increaseaf a Fresnel lens is no better than that of a convex lens,
through proper modification of the optical systemit can be efficiently be used for ld¥ased OWPT
configuration or possibly cordgring a largedevice. applications.

5.1 Optical transmitters for loT-assisted OWPT 5.2 Optical receivers for loT-assisted OWPT

The maximum conversion efficiency of a solar A solar cell is considered the best energy ha
cell is around the spectrum limit of the bandgap e vester in an OWPT system. Its semiconductoremat
ergy. The numerical expression for bandgap energy &l is capable of converting optical energy intocele
given by: trical power under a PV effect. Commonly available
solar cells are GaAs and Si solar cells.haligh Si
solar cells are cheaper, GaAs cells are prefereed b
E,=— E;=— (1) cause of their high efficiency, based on their tigh
weight properties and bandgap ener@herefore,

. . . GaAs solar cells angsually selected, andsearchers
where,Eq is the bandgap energy,s the velocity of ¥ hei ducti thei
lightandhi s Pl anckés const a rﬁ”‘rf Worg °”§_e”c$85hr§ “C{O&P‘“fr,e” e 1
has a bandgap energy of 1.424 eV at 3qQuque et idly growing applications. | an EI.D requires arna
al., 2012) the related wavelength should be Iowerr?(W spec:]r_unzw,ootheGn a Tu]:nncztz)olns _solart cell
than 870 nm forR LED. If the wavelength exceeds( gmg%;[uc h ﬁ) rsene a "f( t) 'S n,2| o ¢
this value, then the quantum efficiency of solar ceffltlf€d to COvera broad range of spectrum. A low cos

will rapidly drop to zero. An infrared LED with high IS|ngItiju?ct|0:E(S§As .StOISr f[:e" rzgtchlﬂg r:heﬁy@v
intensity is required to obtain significant electric ength ot an IS sultable fo achieve high etliclency.

power in loT OWPT systems. Moreover, a smallso.Iar cels of 56 cm or Ia_rger do not meet the-r
divergence anglean lower the aperture of optical quirements of loT applications, and solar cells below

components and stop optical energy leakage. A 2 cm do not. fulfill the power requirements of IoT
mm single chip LED can provide a small irraiion terr;u?;ls, Wh'Chzngzeg t;]ens of ?VI\\//I.Of p(?[v(alz%ulygen
area. In existing commercial market products, th : apman, - Fhou and Migmoto ( 2)
highest intensity is 1 W for IR LEDs of 22 mm or rom Tokyo Institute of Technology, Japan demo
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strated an OWPT system foompact 10T terminals focusing the beafformed light to the screen, optical
by using a 1.7X1.7 chlightweight and flexible GaAs energy is delivered to the receivetas cell.
solar cell (Fig12).

SLM Solar cell

Beam expander :! 4
-—%DOD' }

Laser

Screen

Polarizer Fresnel

function
Control ||
computer =

Fig. 13 A block diagram of optical beamforming

In a previous studyKim and Won (2013)pro-
posed an optical beamforming algorithm which can
automatically detect the position of a target device. In
this technique, LED based visible light commuanic
tion (VLC) and a solar celeceiver based device were
used for a download communication link, while
6 OWPT techniques RFbased wireless communication, e.§ViFi or

Bluetooth, was used for an uplink communication
The main focus of this section is to highlight-di |ink. They also repeated theikgeriments using red
ferent OWPT teChniqueSUCh Optical beamforming, and green LDs. Using this fmmk)gy, th@( obtained
DLC, ADLC, and SLPT. We also discuss research5o%’ 40% and 36% 0ptica| beamforming efﬁciency
efforts dedicated to each technology. for green laser, red laser and white LED, respectively.
Fakharzadeh et al.(2008) demonstrated optical
beamforming for targeting indoor a white LED on a

Optical beamforming is the technology in whichreceiver target. They proposed a fastusitand e-
light from an optical source is focused on a receivefyrate algorithm to tune the coupling factors of-pa
device. It enables wideband signal transmission anglie| ring resonators to generate the required delay for
prevents bamsquint and imbalance loss effects. Agptical beamforming of the transmitter arrays-R
basic block diagram of optical beamforming is showq;enuy, the US Navy made a breakthrough trialing
in Flg 13. An LED or LD is used as an Optical Sourc%pticaj beamforming for naval commuaions. It
and a solar panel is used as a receiver. A spatial ligh|| test optical beamforming for use in challenging
modulator (SLM) is used for LD light beamforming. environments at sea. Isotropic Systems, a leading
An SLM is used to modulate the phase or intensity qieveloper of broadband terminal technology, has a
LD light at each pixel. As an SLM can modulate lightcontract with thedefense innovation it (DUI)
spatially in phase and amplitude, it acts as a dynamifessier, 2020) to design and test a new optical
diffractive module. The beafiormed light is pe-  peamforming system (Fig.4) for reliable operation

cisely incident on the solar panel, and thenaapti in harsh avironments including intense wind, EMI
energy is delivered from the light source to the targeind salt water.

device. The SLM should recognize the exact position o _
of the target device. A beam expander can be addeddg Distributed laser charging (DLC)
expand the laser beam size, while it can be omitted in  puring the transformation of electronievices

case of an LED. Some SLM modelsalquire a to wearake devices, desktops to tabletsd laptops,
polarizer to modulate the phase of light. A Fresneind desk phones to cell phones, mobility has become
lens function controlled with a computer is used t& major issue. loT and mobile devices like

operate an SLM as a dynamic focusing lens. Afte§martphones and sensors areveed by batteries

Fig. 12 A thin and flexible GaAs solar cell used in ar
OWPT system(Zhou and Miyamoto, 2019a)

6.1 Optical beamforming
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with short operation times. 10T sensors, especiallwhen the lineof-sight (LOS) betweetransceivers is
those deployedn harsh environments, such as-u blocked. Once this LOS path is restored then optical
derwater and on volcanoes, are hard to chargd- Finpower transmission is possible at longer distances.
ing a power socket and carrying a power corceto r The DLC method provides sefignment to
charge mobile devices such as smartphones, laptopbarge 10T devices without any special tracking and
tablets and wearables can be difficult and disruptivgostioning, as long as transceivers ardine of sight
Therefore, theconcept of charging mobile devices,to each other. In addition, WPT of DLC can be
anytime, anywhere has gainedbstantial research stopped after blocking LOS by any intermediate o
interest. A promising solution that has emerged is thiect. A small DLC receiver can be easily mounted in a
wireless charging of smartphones, which has #ie csmartphone or sensor, and a transmitter cantbe a
pability to replenish the battery over the ether.eAir tached to a ceiling, like a light bulldoreover, a
less charmmg has several advantages in terms ofingle DLC transmitter is capable of charging finult
ondemand availability, usage flexibility, product ple devices simultaneous{ong et al., 2013)As a
durability and user conveniengku et al., 2015a) DLC system uses PV cells rather than a collecting
Here, WPT appears to begaod alternative solution lens, it is a more practicallightweight and
to provide perpetual energymlies. Different WPT costefficient solution than using traditional heavy
technologies are suitable for various applicatiomatteries. A DLC has a safignment feature, thus it
scenarios, but it is still difficult to charge 10T devicesdoes not require spific tracking or positioning once
such as drones, laptops, smartphones and snmart sthe LOS link is established. DLC receivers can be
sors over a long diance. To solve this problem for easily embedded into @#rent objects such as
distance and power for loT devices, and support themartphones or UAVs due to their small size. These
paradigm of wireless charging, DI(Ciu et al., 2016a) features make DLC suitable for secure charging for
has appeared as an emerging wireless chargihg te¢oT and mobile avices withsimilar experience like
nique. WiFi communicationand other aerial networks

Fig. 15shows the mechanismplications and
features of DLC, and outlines a brilliant idea to charge
mobile electronic devices at anywhere and anytime.
In Figs.15(a) and 1&), a DLC transmitter 1 with an
LED array is used to design a Digguipped ligk
bulb. This DLC transmitter came easily installed on
the ceiling to charge 10T and mobile devices located
in its range. In a second scenario, a DLC transmitter is
attached to a drone which is used to charge T d
vices such as tablets and mobile phones. The drone is

Fig. 14 An optical beamforming antenna made by ls-
topic Systems(Meller, 2020)

DLC, also known as spatially distributed laser| * QSOT’.°..::. LED array’
cavity resonance, is a practical lighased charging \ ol AN b
technique that has recently been comuiadized. ‘ & —;4\
According to relevant patent cooperation treaty (PCT — ‘ - ;
patents (US 825097 B2 and US 925140 B2)(Kim a
and Won, 2013)we can summarize this tewlogy . ¥ f“xi a i
as follows:retroreflectors in the receiver paeflect i f = L _
the incident beam from a transmitter and detect th{ @y =) L (b) a'\élf:;ls

transmitted light beam path back at tin@nsmitter.
This supports the ability to adjust tunable beaan p Fig. 15 DLC potential applications (a) LED array
rameters. The power flow due to resonance is stoppé@nsmission; (b) drone transmissio
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alo equipped with a DLC receiver. Thus, it can behe best of our knowledge, several research groups
charged by DLC transmitter 2. Note that the-eff have exploed this technology, but commercial
ciency of the DLC system is highlyfluenced by products havenot yet been disclosed. Tables@n-
several factors including electricitg-laser andd- marizes a comparison of DLC with different WPT
serto-electricity conversion efficiency, laser tsan techniques.

missbn attenuation(Hu et al., 2020)and laser
wavelengthZhang et al. (2018a)proposed a muk
module DLC model and briefly explained the ewval DLC offers several advantages over other LPT
ation of power conversion or tramission for each techniques such as a long transmissiostadice,
individual module, considering the impacts ofnte compact size and access control. However, DLC also
perature, PV cell, attenuation and laser wavelengthas some critical shortcomings including inherent
Liu et al, (2016adiscussed the DLC method for safeLOS dependence, QoS, laser hazard, power conve
mobile gplications. They briefly demonstrated thesion efficiency (PCE), propagation attenuation, DLC
concept of the DLC technique in the context ofeceiver traking and DLC transmission distance
smartphone charging. They proposed two wirelesander patHoss aspects. Some characterisflds et
charging techniques: a DL&lded, infrastra- al., 2016b)f DLC are as follows.

turebased network, and a DHéased adhoc né- 1. EMI-free There is no leakage of powertou
work. They demonstrated the potential of the DLGide the resonating beam in DLC. In contrast to other
technique through these network architectures t/PT techniques, DLC does not impose RF radiation.
enable a fully chargedtopia for smartphones. It can Thus, it does not inflic EMI to nearby electronic
provide safe, mobile, londistance wireless charging devices.

for 10T devices. Importantly, it has the ability to 2. Compact ske: In DLC, the beam diameter is
support multiple 10T devices simultaneously.almost one millimeter and the receiver can bm-co
Wi-Charge obtained about 2 W power at a distance pfct, e.g. a smartphone camera.

10 m to simultaneouglcharge several smartphones 3. Visibility agnetic: DLC can depend on Vs
and laptops. Wang et a2019)also demonstrated ble as well as ultraviolet (UV) and infrar@&) lasers.
resonant beam charging (RBC) for 10T devices anBoth the IR and UV laser beams are invisible, which
achieved 2 W power at 2.6 m distance. Fang et amakes them suitable for some applications requiring
(2019) proposed a first access first charge (FAFCho visible light interference. This visibility agnostic
scheduling algorithm tordance WPT performance feature of DLC makes it reliable and flexible fof-di
for multiple 10T devices by improving chargingieff ferent applications.

ciency, prolonging charging time, increasing $an 4. Concurent wireless chaing: a DLC system
mitted power and limiting the number of receivers. Tgenerates a resonating beam when a receiver is

6.2.1 DLC characteristics

Table 3 A comparison of different WPT techniques(Liu et al., 2016b)

WPT tedinique Advantage Disadvantage Charging détance Application

Microwave Longer charging range Low charging efftiency,  Up to seveal kil- LEDs, implaned

radiation health and safety issues ometers body devices, se
in high exposure sors, RFID cards
Magnetic Nontline-of-sight (NLOS) Complex implematation, Up to a few maters  Electrical vehicle
repnance charging, high charging limited charging ds- charging, home
coupling efficiency, charging multiple tance appiances, mobile
devices electranics
Inductive Simple implemerstion, safe Alignment issues, heatin¢ Up to a few Contactless smar
coupling effect, short charging centimeters cards, RFID tags,
range mobile electroics
DLC Suitable for mobile appligions, Low charging eficiency, Up to several LEDs, sensors,

SWIPT and LBS ready, viis

bility agnostic, EMI free, safe,

selfalignment

LOS required meters

consumer ele
tronics, mobile d-
vices
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exposed to the LOS path of the transmitter. Hence,the commonly available Libn batteries, require
single transmitter has the capability to create severahriable current and voltage. Thus, dynamic power is
resonating beams pointed towards multiple ikeze, required to optimize battery charging performance
which enables concurrent WPT from one transmitteand capacity maximization. Therefore, a DLC system
to multiple receivers. cannot optimize both transfer efficiencgdabattery
5. Intrinsicaly sde: The DLC power level can charging performance. For a-lan battery, a slight
reach up to tens of watts, which raises safety concernadercharging can reduce capacity while oveghar
However, the spatially distributed resonator structuring can cause damage. It requires power control for
of DLC makes idifferent from integrated resonating secure and optimal performance. To solve these
lasers. In DLC, when an obstacle comes int@+es problems, an alternative solution is ptiee ADLC or
nating beam path, the laser is curtailed immediatelgdaptive resonant beam charging (ARBC). It is-si
without any additional decisiemaking circuit. ilar to link adaptation in wireless communication,
6. Self-Aligning: In DLC, the charging process which is used to optimize infmation delivery. In
continues as long ake LOS path remains betweenADLC, adaptive power is tramitted on the basis of
the transmitter and receiver components. In such faedback information from the ADLC receivéihe
scenario, the distributed resonator is able to generatdBLC technique can sigrifdantly enhance energy
resonating beam without any tracking or aiming-fe use. There have been several studies of battery
tures. No user assistance to start the charging processrging optimization to control power dynamically
in DLC leadsto a WiFitype experience. to provide the required charging values. According to
Liu et al., (2016bpresented different features of Zhang et al.,(20193g), the adaptive mechanism in
DLC including concurrent charging, salfignment DLC can save up to 61% in battery chargin@- R
and intrinsic safety (FidL6). searchers have applied the ARBC technique ¢e pr
vide perpetual energy to electrical vehic{&¥/s) in
internet of ntelligent vehicles (lolV)(Zhang et al.,
‘ _ 2019b). Zhang et a). (2017) also demonstrated an
/ ﬁ Coneurrent-charging adaptive RBC ystem to optimize both transfer ieff
_ ciency and battery performance. They analyzed
Receiver 3 Receiver 1 ~ .
ADLCOs power conversion
? and saved 60.4% of energy compared to a aonve
ﬁSelf—aligning ( ﬁ‘ tional constant power charging mechanism. Xiong et
\

al., (2019) proposed a timeidsion multiple access
(TDMA) based scheduling algorithm which provides

2N
O

flexible driving power control, constant driving

~ Receiver 1 A .
Transmitter 14 A~ power, individual user power control, continuous
N e Y ) charging and concurrent charging features. TDMA
| A\ = < . . . . .
U\ i B based WPT inspires this concept opimoving ADLC
Intrinsic-safety systems, such as quality of service and flow control.
Recelver 2 Fig. 17 shows the basic block diagram of an

ADLC system which consists of a power supply and
gain medium at the transmitter site and a PV cell,
battery and a D@o-DC caverter at the redeer. The
feedback system is based on a power controller and
In DLC, battery overchaging can lead to a power monitor. The power monitor is used to track the
thermal effect, energy waste and safety concernBattery current and viaige. The required laser power
while uncharging may cause capacity reduction anig determined by the PV cell output power and battery
charging time extension. DLC is similar to WPTcharging profile. The feedbackfarmation system
technology, which can provide constant power t¢an be designed to use inframmunication, Bla-
charge any battery. However, some batterseich as tooth or WiFi. The power controller at the transmitter

Fig. 16 DLC features (Liu et al., 2016b)

6.3 Adaptive distributed laser charging(ADLC)



Mohsan et al. / Front Inform Technol Electron Eng in press 15

is used to handle the feedback information. It is usegmote sensors. It is very praimg for aerospace,

to simulate different powers on the gain medium temart house, healthcare and underwater applications.
create variable resonating Ibegpower. There are The idea of SLIPT has been demonstrated for
several challenges in ADLC which must be studied imdoor loT applications and powering of loUEB-d
future. For nstance, the temperature impact on theices(de Oliveira Filho et al., 2020BLIPT can be
system and the effect of resonating laser beam-proimplemented through indoor VLQMa et al., 2019)
agation loss must be evaluat@hang et al., 2017)  and infrared communication using a solar panel as the
receiver. Pan et al(2019)investigated SLIPT for
secure communication, hybrid VERF and muit
ple-input multipleoutput (MIMO) techniques. &
cently, Fakidis et al.(2020)experimentally demo-
strated SLIPT for 1 Gbps GaAs VCSEL and PV link,

Resonating

.
|

1

¥ which is envisaged to be the paradigm for next-ge

Power Power Battery eration backhaul connectivity. If this strategy is
controller ‘ T ] monitor . . . L .

properly optimized, it could provide significant gains

in spectral efficiency, power trafer, interference
Fig. 17 Block diagram of a ADLC system management, and reduced energgsconption and
] ) ] ] time delay. This strategy also generates a remarkable
6.4 Simultaneous lightwave information and (,4eoff between rate and harvested energy
power transfer (SLIPT) (Diamantoulakis et al., 2017MIMO VLC (Fig. 18)
Some studies have demonstrated the idea 68N be used in MIMO SLIPT VLC to achieve atsui
SWIPT, in which networking andommurication able tradeoff between cost, data transmission and
modules are incorporated within the DLC transceivegnergy harvemg (Pan et al., 2019)SLIPT is also
Both visible and invisible lighbased communication regarded as a promising technological paradigm to
methods can be implemented with the assistance @flock fifth-generation (5G) and beyond backhaul
DLC to realize SWIP{Zhang and Ho, 20tZhang Communications.
et al., 2015h)Moreover, both WPT and controbsi
naling can be incorporated in a single resonating .
beam without any dependency on radio commatic ,pun't
tion, like Bluetooth or WiFi. SWIPT offers theda
vantge to transmit information and power sirault
neously. However, SWIPT can be a source of RF _ AN
pollution and interference to data transmission. One User 1 ‘ji
alternative method to avoid RF drawbacks is to ha coneutEr
vest energy from lasers and LEDs. Using gtical
source, itis possible to simultaneously deliver data
and perform energy transfer. Exploiting aptical
source to deliver power and carry information is
mooted as a key technology to wirelessly recharge Fig. 18 MIMO VLC
batteries of the loT, Intelligent Internef-Things
(lloT), and Internet of Underwater Things (loUT). 6.4.1 SLIPT for loUT
Researchers extended this concept naming itlsimu  Recently, SLIPT has been proposed for pewe
taneous lightwave information and power transfeing loUT devices. The motivation behind this is the
(SLIPT) (Diamantoulakis et al.2018) Recently, rapidly growing demand for underwater commanric
SLIPT has gained significant attention as an effectivion systems because of ongoing expansionavinm
technique for WPT between communication term activities such as offshore oil field monitoringp-u
nals. It can be a cost effective solution for wirelesslersea earthquake monitoring, scientific data celle
systems, e.gautonomous selbowered @vices and tion, underwater exploration, marine current power
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grid connections, pollution tracking/control ané-n issues and propose solutions for future research d
rine life observation. Underwater data samission rections.
can be achieved using optical, radand acoustic 1. LOS issue
waves. Generally, acoustic communication isused fo  One of the main challenges for derwater
underwater applications as it can cover severat kil SLIPT is an obstructed propagation path. This can be
meters. The associated frequency range for acoustiesnoved by enhancddV scattering to establish an
is 10 Hz to 1 MHz. However, is suffers from limited NLOS path. However, it needs ala-blind solar cell
bandwidth, low propagation speethd high latency. for energy harvesting from UV light. A deep unde
Moreover, RF waves can propagate over lange d standing of this technique isquired to avoid safety
tance with only low frequencies (BBOO Hz) and concerns from UV exposure.
suffers badly from attenuation. RF waves are not 2. Beam divergence
sufficient for practical applications as they require During propagationn an unguided medium, the
high power and large antennas. On the other hanight beam diverges. This leads to an increaseof r
underwater optical wireless communication (UOWCHYius. Losses due to beam diyence areaferred to as
provides high transmission data in seV/&hps with geometrical attamation. Such losses are related to the
large bandwidth. SLIPT has emerged as a cemplLED or LD source, operating wavelengtnd prg-
mentary technology to UOWC for both wirelessagation distance.dam divegence must be taken into
charging and continuous connectivity in harsh oceamccount for SLIPT systems. The designed system
environments. Multiple thr@etical and experimental should maimize the capture of incident light, and
SLIPT studies in free space have been reported, kreceivedpower must fulfill both the comunication
only a few have discussed underwater media. SLIPdnd power transfer functions of SLIPT.
in underwater media is yet to be explored. Inex pr 3. Propagation effects
vious study, an underwater comnication link was As light propagates through water, the light i
designed with a Bn? solar panel as receiver in a7 tensity decreases expatially. A light beam can also
long water tankKong et al.(2019) demonstratg face turbulence, which is due to air blds) salinity
VLC system using AuaElite, white laserand Si thin  variation and teperature fluctuations. Salinity va
film solar cells in 20 m of air and 2.4 mtofbid poor iation and temperaturenhomogeneity cause rapid
water.de Oliveira Filho et al., (2020¥ported energy variation in the refractive index of water, while air
harvesting and communication scenarios in an ububble can partly or fully block a light beam. Some
derwater enviroment. Charging was achies¢t by studies have proposediistical channel modilg to
light beams emitted from a boat or autonomons u find the impact of ttbulence on UOWC systems. To
derwater vehicle (AUV). The battery of absnerged perform SLIPT functions in annderwater channgl
module can be recharged by turbidity or temperaturirbulence as well as atteriicen must be taken into
sensors. The major issues in deploying SHi@$ed account for efficient performancef both SLIPT
underwater devices are pointing, acquisition anélnctions. The irpact of turbulace can be reduced
tracking (PAT) requirements, but these can bei-minby using muiiple wavelengths for energy harvesting
mized by using a solar cell as a phd&tector. A and communication purposeofttinuous connectt
much greater research effort is needed from #he rity of device can be achieved by using different
search community to overcome channel related issuesvelengths. Different wavelengths can be used to
and other major technical challenges beforsend different data streams and a power -8plit
wide-scde underwater deplanent can be achieved. approach can be used for battery charging.
4. Hardware challenges
Another limiting factor for SLIPT performance
There are several challenges associated with the bandwidth of the receivingpmponent. The
different SPLIT techniques, which are either relatethandwidth of commercially available solar cells is
to a propagation effect over wireless underwater m limited to a few tens of KHz. The restriction on data
dia or the hardware, such as battifigtime and the rate can be aiated by using advanced modulation
bandwidth of the solar cell. Here we discuss opeschemes, like MQAM orthogonal frequency division

6.4.2 Open issues in SLIPT
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multiplexing (OFDM). In addition, the trap®ission Katsuta and Miyamot(2?019b)have pesented a
capacity can bamproved by a power splitting SLIPT fly-eyelens system with a different cogfiration. As
approach in which a PD is used at the receiver insteadan OWPT system, light leakage occurs outside the
of a solar cell. A high bandwidth PD can be used at theolar cell, which decreases the transfer efficiency.
expense of pointing error, as it has a bmletection Therefore, a precise alignmengétlveen transmitter
area compared to a solar cell. Additional hardwarand receiver modules is required. This causesan i
chdlenges are associated with the battery lifetime afrease in the cost of installation and deterioration of
loUT devices. performance due to misalignment through aging. By
designing a mechanism to maintain tolerancemf p
sitional mislignment, it is possible to relax aging
Katsuta and Miyamotq2019b) constructd a deterioration and alignment precision. A passive
fixed OWPT systemattransmit 10 W power over a 2 mechanism is required, as this configiion becomes
m transmission distance. They added &fjg lens to complex while using an active mechanism. The- pr
the OWPT system, andecelopal a technique for posed caofiguration involves an optical system of a
solar cell irediation with multiple optical sources of fly-eye lens integrated with a solar cell (Fag). In
high frequency. Previously, they had reporteark on  this configuration, light irradiation is achie/evithin
optimization of the flyeye lens systertKatsuta and the size of a flyeye lens, and transmission distance is
Miyamoto, 2019a)In their proposed configuration, a not dependent upon the focal length of the imaging
solar cell is #ached with a fiyeye lens. A high power lens. This use of a flgye lens in an OWPT system
singlechip VCSEL array is used adgstcommercially provides uniform irradiation and reduces lightklea
available with 2040 W output power. A fieye lens age outside the solar cell. This riésun an effective
system contains several small single lenses in thmethod to expand usage conditions, and can ease the
form of a 2D arrayVan Giel et al., 2007)A sche- instdlation precision required for an OWPT system.
matic diagram of the fheye lens system is slva in  This structure can enhance the allowable incident
Fig. 19. By embedding a pair of two fheye lenses, angle and positional shift, and can adjust transmission
the incident light beam over the fye lens is split by distance.
the array lens, then the imaging lens is used to image
the beam on the irradiation surface. In the proposed
system, uniform intensity diskiution can be
achieved by irradiating light o& similar shape to a

6.5 Fly-eye lens sysgm for OWPT

Sz LV \N\S% Bl

single lers. In this fly-eye lens system, various optical == '_ ,1 Coll_i_mat%ens
sources can be used and each optical source is at an | - ﬂ\‘ B
arbitrary msition. Due to this characteristic, fgye PRYE e L

. . &
lenses are used foremiconductor manuéuring k

equipment and projectofKasazumi et al., 2004)n
an OWPT system, a flgye lens appears to be a
promising solution toobtain uniform intensity @k
tribution and a rectangular irradiation pattern at a
distant position from an optical source, with high

4 e
SFly-eyellens®=
=

Fig. 20 Experimental setup of the flyeye lens(Katsuta

efficiency. and Miyamoto 2019b)
t th F: transmission distance . L
I G 6.6 OWPT system by spatial wavelength dision
VCSELl G X and distributed laser cavity resonance
i Irradiation surface Spatially distributed laser cavity resonance is a

Collimat Imaging lens .. . . i
S Fly-eye lens (solar cell module) promising solution for optical charging systems. In
this scheme, optical power is transmitted over a 2D

Fig. 19 Schematic of a flyeye lens system in OWP™ o4 of view by using two orthogonal diffraction

(Katsuta and Miyamoto, 2019b)
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gratings. This scheme allows wavelength bands to lte reflect a narrowband light to the tranting unit,
distributed to optoelectronic devices across sf@be developing a resonant channel whicimsilates laser

et al., 2016) A diffraction grating is used in the excitation. In the case of hazgsdbne objects inte
transmitter part to sbially disperse the light from a fering with the line of sight; a sty mechanism is
semiconductor optical amplifier (SOA). At the-r incorporated to reduce the power emission from the
ceiving unit, mitiple resonant cavities are formed bytransmitter. With FOV optimization and careful
using rero-reflecting beam splitters to reflect theretroreflector design, this novel design can ke e
incident beam back to the transmitter. Retroreflectorgloited for commercialization.

tap power from the resonant cavities by enabling a

userfriendly alignment. An automatic safety meeh , Transmitter

. . . Receiver 1
nism can be incorporated to cease the cavitg-res Spatial wavelength division Sl
nance if any vulnerable object breaks the line of sight 7 TE]
between the transmitter and receiver candidates. A <C m‘j;ﬁm FovV ->-
drawback of this scheme is the limit to high power N arthg Receiver 2
emission by the maximum permissible exposure Telescope >‘
(MPE) defined by ta international elgro-technical ~ Receiver 3

commissio (IEC) (IEC, 2007) A spatially distrib-
uted esonator laser system was reported which has
planned path to commercialization. According to
relevant PCT gents (US 225140 B2 and US 825 . .
097 B2)(Kim and Kim, 2013g)we can smmarize 6.7 OWPT based rapid cfarging
this technology as follows: a light beam is reflected  Raavi et al.(2013)presented an OWPT system
by using réro-reflecting elemerst in the receiver to deliver power to mobile portableedces. The
component, and retraces the incident light beam pasiystem contains an optical antenna, a commercially
back to the transmitter component. It supports thavailable GaAs solar cell and a EBIC converter. A
addition of elements within the cavity for tunablenanestructured optical antenna endded with a
beam paramter adjustment or amplification. When GaAs solar cell expedites the charging process to
the line of sight between transeeis is blocked, employ a plasmonic electric fielshgancemeneffect.
power transmission is immediately stopped. WheA singlejunction GaAs solar cell is developed to
the path is restored, high optical power is transmitteachieve high efficiency, while maxizing the output

to distant receiver components. As  apower. A stepup DGDC circuit is used to obtain the
proofof-principle, Lim et al. (2019)carried out -  required DC voltage and stable current from the solar
periments for DLC by merging the ideas of distri cell for recharging batteries of piable devices. It is
uted laser cavity resonance and divergimgudar an efficient caonpactand secue OWPT systenilhis
dispersion. They used an SOA to enable a broadbasgstem can achieve fast and smart charging over long
gain spectrum, a diffraction grating for angulas-di distances, while ensuring high efficiency andneo
persion of IR light of different walengths,and a pliance with human safety regulations. Thepased
retroreflector to reflect the light beam to the SOA tdOWPT system is shown in Figg2. The optical
establish a resonant cavity. Theoposed OWPT sources are attached to the ceiling of the room and
system is shown in Fi@¢l This OWPT systemma-  emit light beams compliant wittederal communia-
ploys diverging angular dispersion and distributedions conmission (FCC) human safety regulations.
laser cavity resonance to maximize the WPT, witfhe central station connected with the optical sources
reduced hazards. The system is based on the use a€eeives the pilot signal from charg devices and
transmitter unit to accommodate Hiple receiver controls the activation andealctivation process of
units. A gain medium is used to amplify power, aptical sources. The mobile devices to be charged
diffraction grating for angular dispersion and atel contain an optical antenna embedded with a solar cell
scope to distribute it over a wide fietd-view (FOV). and a DEDC circuit. These devices can be placed at
The receiver includes a retreflecting beam splitter any point in the room to receioptical energy.

Fig. 21 A schematic of the proposedWPT system(Lim
&al., 2019)
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Central station statimary objects. The proposed OWPT system is

Light ﬂ shown in Fig.24. The system is composed of a
source = transmission medium, e,cpir, outer space, or ae

i cﬁ;:gfi;«‘g water, and evices on which optical transceivers are

e deployed. The optical transceiver is fabricated from
vd 7
Au
P-GaAs emitter (80nm)

N\

n-GaAs base (3um)

N

Devices to be

2 charged
24 With optical antenna
2l (P 207 mWicm')
Fig. 22 A schematic diagram of the proposed wireles N’E“ il
energy transfer system S
g 15¢
. . . . . . = Light source: 1mW/cm’ (1.55 eV)
An innovative technique for rapid charging is to T e
. . . . . et
amplify the power density of light using a PV sem E S
conductor device with an optical antenna. GaAS is =P,
selected due to its high efficiency and absorption i
coefficient. In this solar cell structure, both the S T
p-AlGaAs window layer and-AlGaAs layers reduce : ' Voltage (V) '

Fhe Sur_face recombination. An a@ﬂeaioh coating Fig. 23 Maximum output power from a single-junction
is required to suppress the reflection, which can be agaas sobr cell integrated with and without an optical
higher as 2030%. The photon confinement by the antenna(Raavi et al.,2013)

optical antena can reduce the emitter and base

thickness to enhance the efficiency of excited mino

ity carriers. The amplification achieved by the optical

antenna is 3 times higher and is not restricted by Tablet
the principles of geometrical optics. A performance /(,
comparien with and without an optical antenna is
shown in Fig.23, which indicates a cleangrease in
output power.

6.8 T2T OWPT

Laptop

Recently, DH Nguyen et alNguyen et al., 2020)

have proposed a novel OWPT system for objects,
either mobile orstationary. Unlike existing OWPT
systems, in which the tramitter and receiver are two -~
different devices, this novel conceptual systeen d
ploys only a single device (optical transceiver), which
performs both tasks of light absorption and emission.
In this proposed sgtem, things/objects are partly or
fully covered by perovskite transceivers to enable

. . . . . . Smart
wireless charging or discharging functions. This idea watch
removes the unidirectional WPT limitation angsu
ports bidirectional OWPT between both moving and

Light

Fig. 24 A proposed T2T OWPT syste
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lightweight, thin, flexible and low cost metal halidefundamental role in the overall system efficiency,
perovskite. The flexibility characteristic of a pero high performance components are chosen fr d
skite trarsceiver makes it adaptive to any surfacesigning an efficient system.
Metal halide perovskites offer several advantages HILPB technology is apable of transmitting
including canpatible to lowcost solution processing, energy to remote mobile devices, ergbots, UAVs
bandgap tenability, high absorption coefficients, largéRaible, 2008)and satellitegNayfeh et al., 2011)it
carrier diffusion lengths and high carrier mobility.can be used for optical refueling of resource-co
The highest PCE of perovskite solar cells is 25.2%trained platforms which use electrical energy as
(Park and Zhu, 2020Moreover, perovskites can be sources of propulsion and capability. In addition,
used as emitters of LEDs due to their efficienbph HILPB has the ability to connect power plants,dan
toluminescence feature. Recently, over 20% externalg sites and lunar habitats. The extensive applic
quantum efciency has been reported with perovskitdions of HILPB system makedin attractiveendeavor
LEDs(Lin et al., 2018) for a complete WPT system, but every component
must ensure high ertd-end effciency. There was
little research interest in HILPB until a variety of LPT
HILPB is a promising technique for lorrgnge  projects developed in the 2000s. Steinsiek et al.
WPT for both terresial and space applications. In an(2003) designed a laser based maver for space
HILPB system, a high power LD source is used b exploration misions. They denmstrated this project
cause of its excellent characteristics of small sizayith an Nd:YAG 532 m laser with BV output power.
high reliability and high efficiency. A schematic block An orthogonal anglediween the laser beam and the
diagram of HILPB is shown in Fig5. The trais- PV cell was maintained through a tracking system
mitter converts pwer into a monochromatic light over a 280m distance. Then, in 2003, researchers
beam through an LD. This laser beam is directeffom the NationalAeronautics and Space Admi
towards a solar panel via a beam director. At #ie ristration (NASA) demaostrated a laser based aircraft
ceiver, the optical signal is converted to electric powdlight (Raible, 2008) The aircraft was fitted with 1.5
In prectical HILPB systems, the system performanc&W diode at 940 nm and a thin film PV arrayaK
is limited by the conversion efficiency of the light washima et alKkawashima et al.(2007)from Kinki
source and receiver. Since each component hasUaiversity, Japan developed a laser based smrall ai
plane in 2007, and a laser based rql@washima
and Takeda, 2008)In 2009, Daniel designed an

6.9 High intensity laser power beamingHILPB )

Recelver site HILPB based robot climber for the NASA Centennial
: Beam L Challenges(Becker et al., 2010)He et al., (2014)
i S Odirector I Solar Power ; . .
m . /pane/” " contoller | from Beijing Institute of Technology, China, demo
i © strated a laser based WPT systguarating at 100n
R . Oad distance by using a PV converter. In 2016, Russian
bousy - Battery | Load | scientists successfully implemented cell phone
Gridon, SRR L centol charging at 1.5 1k using a laser and PV converter.
generator © system © system © ) i

The Russian Academy of Cosmonautics intended to
apply this LPT telbnology to military vehicles and
satellites(Jin and Zhou, 2(). Table 4summarizes
some HILPB sgtems.

Fig. 25 A schematic diagram of an HILPB system

Table 4 Different HILPB systems

Refeaence Lasertype Wawvelength (nm) Celltype  Distance (m) Efficiency (%)
Raible,(2008) Diode 1.5 kW 940 Si 15 <8.5
Kawashima and Taked&008) Diode 400 W 808 GaAs 50 <14
Becker et al.(2010) Disk 8 kW 1060 Si 1000 1.25
He et al.(2014) Diode 25 W 793 GaAs 100 11.6

Ortabasi and Friedma(R006) Nd: YAG 1060 Si 3 <14
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7 Transceiver selection in OWPT component efficiency, ability to work under harsh
condtions, divergence and maturitf technology.
In this section, we discuss hardware tecbnol The key features of lasers include:
gies, such as laser and PV cells, which enable OWPT. 1. Directionality: typically the laser beam gives
In our endto-end discussion, the appropriate sele a low divergencéSilfvast, 2004)

tion of these components is impamt. Understanding 2. Coherence: The emitted photare coherent
these devices and their capabilities is crucial ®r d andcarryaconstant phase relationship.
signing an efficient OWPT system. 3. Monochromaticity:a laser beam contains a

narrow range of wavelengths.

7.1 Laser selection : L .
Table 5summarizes existing laser technologies.

The American National Standard for Safe Use of

Lasers (ANSI Z136.1jRockwell et al., 2015yives Table 5 Existing laser technologis (Mason, 2011)
guidance for the installation, service, maintenance Laser type Wavelength (hm)  Efficiency (%)
and safe use of lasers for optical communication E_igdelloo:zw 180520 gg

. . 1oer
systems. It serves as the basis for IasepWeand Fiber 20 KW 1060 o5
safety programs throughout the USAcluding the  Thin disk 25 kw 1060 25

acagmic, governmentand market sectors. This

document includes laser seien, working, standard

operating procesand safety features to protect users  Table 5 presents different laser types which
from any possible hazard. Several types of laser aseipport beaming in tenof kilowatts(Mason, 2011)
available in the market nowadays. Proper selection The diodepumped soliestate lasers (DPSSLs), like
the laser is crucial for an OWPT system. In principlegisk and fiber lasers, are good fdagtn power and
laser selection should comply with various constraint®ng range laser power transfer (LPT) systems as they
such asi(1) OWPT through the atmosphere of- di support both beam quality and high power. Afew high
ferent environments;(2) the maximum required power lasers are commercially availapheai et al,
transfer energy for the OWPT system. The trarsmi 2009; Alsulaiman et al.,20140n the other hand,
sion medium requires selection of a laser with amigh power LDs are more costegtive, compact and
appropriate wavelength. As the atmosphere contaiefficient than DPSSLs. In addition, safety concerns
several gases which fluctuate according to enviro are essential while performing LPT experiments.
mental conditions, it can absorb laser light wite-sp Most lasers are hazardous for human skin and eyes.
cific wavelengths. For the efficient performanceof a An LPT system with low power levels can also pose a
OWPT system, the laser should have the capability gafety risk, thus it is challenyy to design a tma
operate with maximum energy transfer. Duncan r ardfree inhouse charging systenflEC, 2007)
ported laser based component selection in which tl{f€ahai and Graham, 2011omputer models have
780 nm and 1100 nm regions were suitable fobeen developed to predict the injury threshold ft di
commercially available laser technologi@uncan, ferent wavelength§lean et al., 2021)able 6sum-
2016) The spectral windows of 800, 908hd 1500 marizes eye safe laseend Table Bumnarizes the

nm are useful for power beaming to UAVs. Otherelated standards for eye safety of laser products
important factors are laser weight, size, safety(Soltani et al., 2021)

Table 6 Eye safe laserg¢Kaushal and Kaddoum, 2017)

Laser type Wavelength (pum) Output power Application
Nd:YAG Crystal 1.06 Upto1l kW Laser detection and ranging (LADAF
Nd:YAG 0.532/1.065 Upto 1 kW  Atmospheric communation
Ramanshifted Nd:YAG 1.545 >10 kW Light detection and ranging (LIDAR)
Fiber laser Variable 106s o Weapon
Nd:YAG 1.06 1006s o Sensor

Vertical cavity surface ertting laser 1.064 10086s o llluminator







