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Holger Claussen, Senior Member, IEEE, and Harald Haas, Member, IEEE

Abstract—The application of wireless backhaul communication
and power transfer to outdoor small cells (SCs) could significantly
decrease their installation cost. In this paper, the concept of
indoor optical wireless power transfer (OWPT) to SCs is in-
vestigated in the absence of ambient light, i.e. during darkness
hours. An experimental study is conducted by the use of up to 4
red laser diodes (LDs), a crystalline silicon (c-Si) solar panel and
cell placed at 5.2 m. A value of 69% is measured for the fill factor
(FF) of the solar panel. Also, a total power efficiency of 3.2%
is measured for an optical wireless (OW) link with an average
efficiency of 2 LDs of 26.8%, a solar cell efficiency of 13.3% and
only 10.6% of geometrical losses. A comparison of this link with
a state-of-the-art inductive power transfer system (IPTS) shows
an improvement of the total link efficiency by 2.7 times. Another
OW link is implemented with a divergence of full width at 36.8%
of the peak intensity of 3 mrad and 5.75 mrad along the small and
large axes of the beam, respectively. The experimental levels of
harvested power are in the order of mW, whereas approximately
1 W is required for the operation of a SC. Therefore, a 42 laser-
based transmitter is designed both analytically and by the use
of the simulation tool Zemax. The respective results show the
feasibility of delivering 7.2 W of optical power to a solar cell of
up to 30m distance with geometrical losses of only 2%, but a
beam enclosure is also required due to eye safety restrictions.

Index Terms—Small cells (SCs), optical wireless power transfer
(OWPT), energy harvesting (EH), radio frequency (RF), recten-
nas, diode lasers, quantum well lasers, laser beams, solar energy,
energy efficiency.

I. INTRODUCTION

HE principle of small cells (SCs) is widely accepted as

one of the solutions with most potential to the exponential
increase in capacity demand of heterogeneous mobile net-
works [1]. Despite the fact that a large scale outdoor deploy-
ment of SCs offers advantages such as high network capacity
[2] and reduced power consumption [3], the high installation
cost is the most restrictive factor. The technology of optical
fibers is considered to be one of the potential solutions to
the provision of high speed backhaul communication to SCs
[4]. However, the main disadvantages are the installation cost
and the requirement for a mains power supply. Therefore,
alternative sources of power supply and wireless backhaul
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communication can make the deployment of SCs more cost
effective.

The concept of energy harvesting (EH) or power harvesting
(PH) from natural resources, such as sun and wind, [5] as
an alternative source of power supply has the main disadvan-
tage of the variability of weather conditions. Therefore, the
technology of wireless power transfer (WPT) from artificial
electromagnetic (EM) sources has been proposed as a com-
plementary and reliable solution. The concept of WPT was
inspired and demonstrated for the first time by Nikola Tesla
in the late 19" century using a radio frequency (RF) resonant
transformer, termed a Tesla coil [6]. The application of WPT
is also feasible using devices operating at the visible light
(VL) and infra-red (IR) part of the EM spectrum, such as laser
diodes (LDs) or light-emitting diodes (LEDs) and solar cells.
The concept in the optical domain is termed optical wireless
power transfer (OWPT).

The research field of optical wireless communications
(OWC) has been proposed as a complementary technology
to RF data communication and as a potential solution to the
exponential increase in demand for wireless data transmis-
sion [7]. The broad research field of OWC can be separated
into two parts: free space optical (FSO) communications
and visible light communications (VLC). Free space optical
systems mostly comprise coherent data transmission using
lasers at the transmitter and photodiodes (PDs) at the receiver.
Also, FSO systems are usually deployed outdoors covering
distances of several kilometers. Visible light communications
facilitate the use of LEDs and PDs and are mainly applied
to indoor public places such as offices, conference venues,
museums, hotels and hospitals.

The objective is to investigate the simultaneous application
of OWPT for the provision of 1W and high speed FSO
backhaul communication to outdoor SCs. However, as a first
step, in this comprehensive study, research is focused on the
indoor OWPT to SCs at nighttime. The conditions of darkness
are selected because the system should also work when there
is no ambient light to harvest. A set of three studies is reported
in this paper. In Study I, a small number of LDs is used for
optical power transmission in the order of mW to observe how
the solar receiver efficiency scales with the input optical power.
According to that result and a physical model, an estimation
of the number of LDs required to achieve 1 W of harvested
power is made. However, since the experimental distance in
Study I is only 5.2m and the concept of power supply to
SCs refers to practical link distances of 100 m—300m, we
need to affirm that the optical wireless (OW) link operates at
longer distances. For this reason, Study II is undertaken for
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the determination of laser beam divergence. A targeted beam
divergence of 1 mrad is considered because the beam diameter
is only 10 cm at 100 m, assuming the LD to be a point source.
Therefore, the geometrical losses of such a laser link could be
compensated by the use of a receiver with a large aperture. The
estimated number of LDs required for harvesting 1 W is 61,
as shown in Study I. Therefore, in Study III a multiple laser
transmitter is designed to transfer wirelessly 7.2 W of optical
power to the solar cell that achieved the highest efficiency
in Study 1. However, in Study III a number of 42 LDs with
collimation lenses are simulated, since they transmit higher
levels of power than the LDs considered in Study I.

1) Study I — Total Link and Components Efficiency: The
implemented OWPT links operate at a distance of 5.2m in
order to compare metrics of electrical performance (such as
total power efficiency and harvested power) with the respective
parameters measured in [8]-[10]. A solar panel and a single
solar cell are used in the experiments. Also, a physical model is
developed for the propagation of an elliptical Gaussian beam
through a lens to free space and is used to obtain the laser
classification and to determine the irradiance limits for eye
safety [11]. An effective single diode physical model of the
solar panel [12] is presented and applied to the experimental
data for curve fitting. Most importantly, the analytical models
are used to estimate the number of optical transmitters required
to achieve 1W of harvested power. Since the total link
efficiency is a function of the efficiency of the components, the
efficiency of the LDs and solar cell is measured to determine
the geometrical losses. The performance of this link in terms
of total efficiency is fairly compared with a state-of-the-art
inductive power transfer system (IPTS) with optimally shaped
dipole coils [10]; this shows an improvement by 2.7 times. The
maximum harvested power is measured to be only 25.7 mW;
and an estimated number of 61 LDs and lenses is shown to
be required for harvesting 1 W.

2) Study Il — Laser Beam Collimation: In Study II, a single
LD is used with a large lens for light collimation. Also, the
physical model of the Gaussian beam propagation developed
in Study I is applied to the experimental measured points of
irradiance. Thus, divergence values of full width at 36.8% of
the peak intensity of 3 mrad and 5.75 mrad are reported along
the small and large axes of the beam, respectively. Therefore,
it can be concluded that the developed OW link is capable
of transmitting power efficiently at long distances, such as
100 m—300 m.

3) Study Il — Harvested Power with a Targeted Value
of 1W: In Study III, the feasibility of harvesting 1W is
investigated using a simulation framework in Zemax and the
respective analytical model of multiple elliptical Gaussian
beams developed in Study I. Although 61 LDs with a typical
output power of 50mW for each diode are shown to be
required for harvesting 1 W in Study I, LDs with typical output
power of 171 mW for each diode are considered in Study III.
In particular, an array of 42 LDs and lenses is created with the
capability of transmitting 7.2 W to the solar cell that achieved
the highest efficiency in Study I up to 30 m. The geometrical
losses of this multiple link are calculated to be only 2% based
on the simulation and analytical model, and both are in close
agreement. However, enclosure of the laser beams is required

due to eye safety restrictions.

The rest of the paper is organized as follows: in Section II,
a literature review is given. In Section III, the study of total
link and components efficiency is provided. In Section IV,
the study of laser beam collimation is given. In Section V,
the study of harvesting 1 W is provided. Finally, concluding
comments are given in Section VI.

II. PREVIOUS WORK

Tesla’s pioneering work has attracted research interest
mostly in the RF and more specifically in the micro-wave
(n-wave) region of the EM spectrum [13], [14]. The basic
methods of WPT are near field magnetic resonance coupling
[15], [16]; inductive coupling [10], [17]; far field RF or p-wave
power transfer [18], [19]; and power transmission from laser
sources [20], [21].

A. Radio Frequency Based Wireless Power Transfer

In [15], a strongly coupled magnetic resonance system
(CMRS) was implemented and had the capability of transfer-
ring the amount of 60 W up to a distance of 2 m with an overall
wall-to-load efficiency of 15%. Also, in [17], the transfer of
105 W at a distance of 30 cm was demonstrated by the use of
an IPTS with a direct current (DC)-to-load efficiency of 77%.
However, so long as the outdoor installation of SCs requires a
harvested amount of electrical power of 1 W at relatively long
link distances in the order of 100 m—300 m, the only potential
solutions are considered to be the techniques of wireless power
transmission from RF or p-wave antennas and laser sources
[13].

The EH functionality of RF or p-wave radiation is executed
by a diode-based circuit, termed as rectenna [13], [22]. The
rectenna consists of a rectifying circuit and a receiving antenna
for the conversion of the input RF or p-wave power to DC
power. In [13], an overview of the state-of-the-art measured
values of rectenna efficiency ranging from 1.2% to 90.6% was
presented. However, the results of total link efficiency and
distance were not reported. Note that rectennas are exclusively
designed to harvest either ambient RF power in the order of
a few pW [23] or RF power from ‘dedicated’ antennas [24].
Thus, they do not have the ability to harvest power from a
natural resource.

B. Optical Wireless Power Transfer and Energy Harvesting
from Sunlight

The concept of OWPT based on laser sources was first in-
troduced for the application of solar power satellite (SPS) [20],
[25]. Current research developments in the technology of high
power LDs report levels of output optical power greater than
10 W with a respective conversion efficiency more than 65%
in the wavelength region of 940 nm—980nm [26]. Also, the
use of passive optical elements for light collimation, such
as lenses, creates uncomplicated laser systems of very high
directivity. In addition to this important characteristic, the
wide availability of outdoor solar panels presents the unique
potential of PH both from ambient light, where sunlight is
included, and from ‘dedicated’ laser sources establishing the
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principle of OWPT. Moreover, high levels of irradiance of
100mW/cm? are received from sunlight under standard test
conditions (STC) [27].

In [28], consolidated tables with reported efficiency values
of solar cells and modules measured at STC are given. In par-
ticular, the modules of amorphous silicon (a-Si) have an effi-
ciency of 12.3%. Also, the inexpensive technologies of mono-
crystalline silicon (mono-c-Si) cells and multi-crystalline sili-
con (multi-c-Si) modules have an efficiency in the order of
25.6% and 18.5%, respectively. The best efficiency values
are reported for the technology of concentrator photovoltaics
(CPV) that is based on multi-junction cells [29]. A maximum
efficiency of 45.7% of a multi-junction cell with a concentrator
is reported in [28].

The exclusive indoor application of OWPT was studied in
[8] and [9]. In these studies, ambient light was ensured to
be negligible and therefore the concept of OWPT to SCs
was investigated for dark conditions. In [8], an OW link
was created by the use of a high brightness white LED
(WLED), a large parabolic mirror for light collimation and an
a-Si solar panel placed at 5m. The maximum measured link
efficiency and harvested power were only 0.1% and 18.3 mW,
respectively. This fact was attributed to significant geometrical
optical losses and very low energy efficiency of the a-Si
technology of the panel. The serious geometrical losses of
optical power stemmed from the Lambertian radiation pattern
of the LED which was the major obstacle for efficient light
collimation. Consequently, the next step was the use of highly
directive laser sources and a different type of solar panel.

In the follow-up study [9], the OW link was implemented
with 1 to 5 red LDs with respective collimation lenses and
a multi-c-Si solar panel located at 5.2m. The maximum
measured link efficiency and harvested power using 5 LDs
with lenses were only 0.74% and 10.4 mW, respectively. The
low levels of link efficiency were attributed to the low LD
efficiency and low solar panel efficiency. Also, the low amount
of harvested power was explained by the low transmitted
optical power and the effect of mismatch losses among cells
of the same panel.

C. Simultaneous Wireless Communication and Power Transfer

The practical feasibility of simultaneous EH and data com-
munication by a rectenna was demonstrated in [30] and [31].
In [30], an axial ratio bandwidth of 12.1% and a rectenna
efficiency of 57.3% were reported for a link distance of only
35cm. In [31], a rectenna efficiency of 63% was measured
with an input power of 25 mW operating at 5.78 GHz for a
link distance of 80 cm.

The data transfer using VLC systems has been investigated
broadly [32], [33] and the feasibility of a data rate of 3 Gb/s
by a LED source was demonstrated in [34]. Most importantly,
the simultaneous use of a solar panel both for PH in the order
of mW and high speed OWC with a data rate of 12 Mb/s was
demonstrated in [35] for link distances of up to 95cm. Also,
the same concept was realized in [36], but with the use of
a small solar cell capable of harvesting 1 mW of power and
receiving data with a rate of only 3 kb/s.

Since the research objective is to achieve high speed FSO
backhaul communication and power transfer to outdoor SCs, a

review of the constraints imposed by an atmospheric channel
and the potential solutions is given below.

1) Challenges Induced by an Atmospheric Channel: Laser
beam propagation through an atmospheric channel is con-
strained by factors such as atmospheric attenuation, scintilla-
tion, misalignment and ambient light noise [37]. Atmospheric
attenuation causes power reduction of the optical waves. It
is presented in the form of absorption by gas molecules and
Rayleigh and Mie scattering by gas molecules or aerosol
particles that are suspended in the air and exist in fog,
rain, clouds, smoke and dust [38]. The term scintillation,
also known as atmospheric turbulence, is used to describe
the random changes in light intensity caused by variations
in the refractive index of the atmosphere [38]. Since highly
directive laser beams are applied in FSO systems, precise
alignment between the transmitter and receiver is required
for the maximum possible collection of optical power by the
detector. Finally, ambient light, where sunlight is included, can
affect the signal-to-noise ratio (SNR) at the receiver, as it is
detected in the form of shot noise.

2) Potential Solutions to the Atmospheric Channel’s
Constraints:  Atmospheric losses under clear weather
conditions are considered to be negligible and, in this case,
only geometrical losses are dominant [39]. Note that a FSO
link may become unavailable under heavy fog conditions,
but these conditions occur rarely and depend on the local
topography and wind conditions. In addition, even under
such worst-case weather conditions, multiple FSO links
can be created by a number of transmitters and receivers
applying the maximal ratio combining (MRC) technique for
the selection of the best channel. The scintillation effect
results in fading, i.e. temporal and spatial fluctuations of the
optical and therefore electrical power of the received signal.
The negative effects of scintillation can be alleviated using
the method of aperture averaging [40]. Also, the use of a
multi-element receiver, such as a solar panel, and relatively
large optical devices, such as mirrors, for light collimation and
reception are the most efficient ways to address misalignment
problems. Therefore, the use of a large aperture at the
receiver is considered to be an effective mitigation technique
of the effects of scintillation and misalignment. In data
communication, while a typical photodetector can be driven
to saturation from excessive amounts of ambient light, a solar
receiver is more resilient to large amounts of received optical
power. Also, since ambient light presents slow variations in
time, it can be totally removed either by the use of optical
filters or other advanced detection techniques. Finally, the
presence of ambient light is an important advantage for EH,
as the solar receiver is able to harvest energy not only from
‘dedicated’ laser sources, but also from the natural resource,
i.e. sunlight.

III. STUDY I: TOTAL LINK AND COMPONENTS EFFICIENCY

The objectives, methods, setups, applied analytical models
and results of Experiments I-III of Study I are summarized in
Table L.
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TABLE I

SUMMARY OF EXPERIMENTS IN STUDY I

Study I Total link and components efficiency
Experiment 1I 1T
Determination of maximum Determination of Determination of
Objective fill factor, link efficiency each laser solar receiver
and harvested power diode efficiency efficiency
Measurement of 21 values Measurement of output power Measurement of 25
Method pairs of load voltage for 22 values of values of received
and current input power optical power
Scenario I Scenario 11
Optical source 1 _dii dlgzser 1 _di?c)) dI;:ser Single laser diode 2 Laser diodes
Setup Optics 1= le Aspheric | 1 —3 Aspheric - 2 Aspheric lenses
enses lenses
Receiver Solar panel Solar cell Optical power sensor Solar cell
Measurement device Multimeters Optical power sensor Optical power sensor
Link distance 5.2m 1.5mm 5.2m
Analytical Quadratic curve
model (33)-(41) fitting* )
fsr = 69% fse = 54.2% o
Results max = 2.7% | Ymax = 3.2% D = {2355” 33'23’ s = 13.3%
Pn =30.6mW | Pn=25.7mW 32.2%, 32.9%}

*No physical model is applied to the experimental data, but two mathematical quadratic polynomials are used.

**Maximum values.

A. Objective

The objective of Study I is to increase the experimental
energy efficiency of the 5m OW link created in [8] and [9].
This is achieved by a decrease in the dimensions, number of
cells and a different technology use of the solar receiver in
[8] and [9]. An increased maximum link efficiency reduces
the number of optical transmitters (i.e. LDs and collimation
lenses) required to achieve a harvested electrical power of 1 W.
Since each component contributes to the total link efficiency,
the efficiency of every single component is determined.

B. Analytical Model

The analytical models of the generated laser beam from the
diode, thick lens, reshaped beam from the lens, solar panel
and efficiency of total link and components are given below.

An elliptical Gaussian model is considered for the laser
beam generated from the diode and the reasoning for this is
given in Appendix A. A geometrical illustration of a Gaussian
beam is shown in Fig. 1 on the z-z and y-z planes, respec-
tively. When a Gaussian beam passes through any circularly
symmetric optical component aligned with the optical beam
axis, the Gaussian beam remains Gaussian so long as the
paraxial approximation holds for the system [41]. Paraxial
approximation is defined in Appendix A. The geometrical
parameters and the intensity characteristics of the Gaussian
beam emitted from the LD are modified by the geometrical and
optical properties of the lens. Therefore, the beam parameters
are calculated at four different transverse planes, namely, the
emission rectangular area of the LD; the vertices of the input
and output surfaces of the aspheric lens; and the positions of
the new beam waists along the z- and y- axes, respectively.

1) Generated Beam from the Laser Diode: The LDs used
in this study have a multi-quantum well (MQW) structure.
The emission rectangular layers of the junction placed inside
the packages of the LDs have an area of (2Wyy) x (2Woy)
[42]. Parameters Wy, and Wy, denote the beam waists along

the x- and y- axes, respectively. They are calculated from the
far field relative intensity patterns as a function of the angular
divergences [43], [44]. In particular, the beam waists generated
from the LD (2 = 0) are given by [41]:

Ao Ao
Wy = ——— ~ — 1
0 mtan(dy)  wx M
and
Ao Ao
- —_— . 2
Woy mtan(dy) oy @

The symbol Ay denotes the LD operating wavelength, and
¥« [rad] and ¥y [rad] represent the perpendicular and parallel
to the junction beam divergences. The values of ¥, and 9, cor-
respond to the half width at half maximum (HWHM) intensity
points of the Gaussian graphs [43], [44]. The selection of the
HWHM beam divergence values is made for the applicability
of the paraxial approximation. However, note that the beam
divergence of a Gaussian beam can also be defined according
to the 1/e ~ 0.368 and 1/e? ~ 0.135 of peak intensity points
[37], [45]. It is considered that the optical beam passes from
the package aperture of the LD without any optical losses.
Also, it is assumed that the protective glass window placed
at the front surface of the LD package does not affect the
intensity characteristics of the optical beam generated from
the MQW source [43], [44]. Therefore, diffraction effects from
the circular aperture of the LD are not considered here. This
is explained by the Gaussian form of beam intensity shown in
the respective LD data sheets [43], [44] instead of the form
of a Bessel beam characterized by side lobes [41].

The beam radii along the x- and y-axes can be expressed
as a function of distance from the emission area of the LD by
[41]:

2
Wi(2) = Wost |1+ <Z> 3)
20x
and
5 2
Wy (2) = Woy 1+() ’ @
20y
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Fig. 1. Geometrical representation of the elliptical Gaussian beam transmitted through an aspheric lens along the z- and y- axes.

where 0 < z < dy; and dy denotes the distance between the
cross section of the emission source and the tangent plane
to the input surface of the lens. Also, zox and 2o, represent
the Rayleigh range of the LD beam along the z- and y-
directions, respectively. The Rayleigh range is defined as the
axial distance between the beam waist and the point where
the beam radius is increased by a multiplication factor of
V/2 from its minimum value. These parameters are given by
20x = 7TW02X/>\0 and 20y = 7TW02y/>\0 [41]

The beam radii at the tangent plane to the input surface of
the lens (z = dy) along the x- and y- axes are calculated by:

d 2
Wi = Wi(do) & oy [1+ <Z°> )
0x

4 do \°
Wiy = Wy (do) 2 Woyt[1+ <0> : ©)

ZOy

and

The radii of curvature at z = dj, of the Gaussian beam
generated from the LD along the x- and y- axes are given by

[41]: )
20x
1+ (do) ] 7
20 ?
=y .
1+ <d0> ] (8)

The ¢- parameters of the Gaussian beam at z = dj in the
z- and y- directions are described by [41]:

1 1 . Ao

= — j —_—
q1x Rlx 7TW12x

Rix =dy

and

Ry = do

(©))

and
1 1 o

— = — (10)
qu Rly jTI'ley
where j = v/—1 is the imaginary unit.

The optical intensity or irradiance, GG, of the generated
elliptical Gaussian beam in the Cartesian coordinate system,
(z,y, 2), is expressed as follows [41]:

WOXWOy
Wi (2)Wy (2)

X exp{ -2 [W;Q(z) + Wf;(z)] } - (11)

where 0 < z < dp; and Gy = G(0,0,0) is the overall peak
intensity.

The total optical power, Pry,, of the generated beam is
computed at a distance of 0 < z < dj by [41]:

G(.’ﬂ, Y, Z) = GO

T
Pryo = §GOWOXW0y' (12)

The proof of (12) is presented in Appendix B. Combining
(11) and (12), the laser beam intensity can be described as a
function of Py, by:

2PTx,o
Gl ) = oy @)

22 2
X exp{ -2 [Wf(z) + W;(z)] } (13)
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2) Thick Lens: A method to relate the input and output of
an optical system is the use of ray transfer or ABC D matrices
[46]. The method of ABC D matrices is also widely used in
p-wave communications [47]. In matrix optics, a simple 2 x 2
matrix connects the position and angle of paraxial rays at the
input and output plane of an optical system through linear
algebraic equations. Note that the application of the ABCD
law to a Gaussian beam connects the g- parameters of the beam
[41]. The diameter of the lens is represented by A to avoid
any confusion with D, the last element of an ABCD matrix.

The rear surface of the aspheric lens is considered to be
spherical. This assumption provides a worst-case scenario for
the lens model in terms of light collimation. The elements of
an ABC D matrix for a thick lens with two spherical surfaces
of different radii of curvature are [48]:

_ ., k(n-—1)

A=1-2m— (14)
_le, (15)

n

B 11\ te(n—1)?

C= —(TL— 1)<R1 B RQ) anRg ’ (16)
B te(n—1)

D_1+7nR2 7

The parameters ¢t. and n represent the thickness and the
refractive index of the lens, respectively. Also, Ry and Rj
are the radii of the input and output surface of the lens,
respectively. The ¢- parameters of the beam for the z- and
y-axes at z = dy and z = dy + t. are connected through the
relationships [41]:

Aqlx + B
g2 Cqix +D (18)
and A B

Q2y - quy + D

Also, the g- parameters of the beam at z = dy + ¢ are given
by:
1 1 . Ao

= —_ J —_—
q2x RQX 7TW22X

(20)

and
1 1 . Ao

G2y Ray W3, @D
Parameters Wo, and Wy, represent the beam radii along the
z- and y-axes at the tangent plane to the output surface of
the lens (z = dy + t.). Also, Rax and Ry, denote the radii
of curvature of the reshaped Gaussian beam from the lens at
z = dy + t.. Then, all of these quantities can be calculated
from:

1
T Ref1 et )

1
o Re{l ) >
M /e ey

and

(25)

Way = \| " #Im{1/goy }

Operators Re{.} and Im{.} represent the real and imaginary
parts of 1/gox and 1/¢2y, and are calculated by (18) and (19),
respectively.

3) Reshaped Beam from the Lens: The distance between
the reshaped beam waists and the tangent plane to the output
surface of the lens in the x- and y- direction are dix and dyy,
respectively. These values of distance can be computed by
[41]:

R2x

dix = — 5
1+ [AORQX/(wng)]

(26)

and
Ry,

diy = — 2
1+ [NoRay/ (7W3,)]

27)

Also, the waists of the reshaped Gaussian beam, W3, and
Wy, are given by [41]:

Wax
Wi = : - (28)
\/1 + |:7TW22X/(>\0R2X):|
and -
Wy = = , (29)

\/ 1+ [wwgy /(AOng)]Q

along the z- and y- axis, respectively.

Now, the reshaped beam radius along the x- axis can be
expressed as a function of distance from the vertex of output
surface of the lens by:

’ 2
W (2) = Way 1+<Z> :
Z3x

(30)

where 2/ = 2z —dy — t. — dix > —d1x is a substituted variable
for distance, and 23, = TW2, /A is the Rayleigh range along
the z- axis. Similarly, the reshaped beam radius along the y-
direction is given as a function of distance from the vertex of
output surface of the lens by:

2
W (") = Wiy |1 <Z")
y = Wayy [ 1+ ’

Zgy

€2y

where 2’ = z — dy — t. — d1y > —diy is another substituted
variable for distance, and z3, = 71'W32y /Ao is the Rayleigh
range along the y- axis.

The reshaped Gaussian beam intensity can be computed
according to (13) by:

2(1 — T)PTxo
G/ . — s
(”C?y7z) WW)Q(Z/)W;.(ZH) X
2 2

x y
- eXp{ 2 [fo?(z') * Wf(z")] } 52

where z > dy + t. and r denotes the reflectance of the lens.
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4) Physical Model of Solar Panel and Curve Fitting: In
[12], a single diode-based physical model of a solar panel
consisting of N, cells connected in series was proposed. The
physical equivalent circuit of that model is shown in Fig.
2. A variable resistor, Ry, is also connected to the output
branch, HH’, of the solar receiver. Parasitic resistance effects
of this photovoltaic (PV) panel are modeled by an effective
series resistance, Rger, and an effective shunt resistance,
Rper. The main factors that contribute to the series resistance
generation are the current flow across the p-n junction of the
cells; the contact resistance between the metallic grid and the
semiconductor; and the resistance between the top and rear
metallic contacts. The shunt resistance is caused mainly by
manufacturing imperfections rather than a flawed design of
solar cells.

The application of Kirchhoff’s current law (KCL) to the
circuit node F' in Fig. 2 gives:

Ip — Ip — Iphesr + I, = 0, (33)

where Ip is the forward current of the diode; Ip is the parallel
current to the source flowing through the branch F'F'; Ipy e
is the effective generated photocurrent; and Iy, denotes the
load current. The current Ip is given by the Shockley diode
equation [12]:

q
AciekgT

Ip = IO,eff{ exp [ (VL — Rs,effIL):| - 1}' (34)

The value of I i represents the effective dark saturation cur-
rent of the diode. The physical constants ¢ = 1.602 x 10717 C
and kg = 8.617 x 10~°eV/K denote the electron charge and
Boltzmann constant, respectively. The temperature of the PV
panel is assumed to be T' = 298 K. The quantities Ay and
VL represent the effective ideality factor of the diode and the
load voltage, respectively. According to Kirchhoff’s voltage
law (KVL), the current Ip is computed by:

_ VL — RseitlL

Ip
Rpese

(35)

A transcendental relationship connects the load current and
load voltage. This is observed by the substitution of Ip
for the second part of (34) and Ip for the second part of
(35) in (33). Transcendental equations have only approximate
numerical solutions and do not have closed form solutions.
The electrical power, P, harvested from the load resistor is
given by AL =V I.

This particular model has two measurable parameters, I,
and V4, and five unknown parameters, I cfr, Rseff, Aetr, Rpefe
and Ipyer. These parameters are strongly dependent on the
values of optical power incident on the panel. An estimation
method of the five unknown parameters is followed by the
application of a simple exhaustive search algorithm with
discrete search space. The optimization problem that is solved

I
I > A H
RS,eff I
FI -
p i ¥ L D By,
<D Iph eff | ’Jgpyeﬂ \ 22
F’ \4 o

Fig. 2. Physical equivalent circuit of the solar panel to an effective single
solar cell model [12].

can be expressed based on [49] as follows:

21 . )
. q[VL(i) — Rserr(7)]
min I ex . -
Io,et, Rs efr, Aetr Z; O,eff{ P { AefkaT
Rpeir, Ipner  *—
Vi(i) — Rserrl (i
_ 1} . L(Z) S, eff L(Z) . Iph,eff—|—
Rpesr
+ Ip.(4) (36)
subject to : Iy ettmin <loefi < loetmax  (37)
Rsettmin <Rseff < Rsepmax (38)
Aeff,min SAeff S Aeff,max (39)
Rpetimin <Bpefr < Rpetrmax  (40)
Ipnettmin <Iphefr < Ipheffmax- (41)

Twenty one measurements are conducted for every V-P
curve of the WPT systems implemented in Experiment I.
The subscripts ‘min’ and ‘max’ of each of the five unknown
parameters of (37)—(41) denote the real positive minimum and
maximum value of the finite search space, respectively. The
five identified parameters are first refined by the application
of ‘fsolve’ in Matlab and the resulting values are applied to
(33)-(35) for curve fitting of the experimental data. Note that
the experimental measurements of It and V;, are also used for
the determination of a local solution to this non-linear curve-
fitting problem [50].

5) Total Link and Components Efficiency: An important
aspect of the technology of WPT is the total efficiency of
a link that is a function of the components efficiency. The
external power efficiency of a LD can be defined as:

PXO
]_T)’ x 100% »

D = (42)

mn

where P, is the DC input electrical power to the optical
source.

Line of sight (LoS) conditions are assumed for the optical
wireless channel. So long as the experiments are conducted in
an indoor environment, no atmospheric attenuation of the laser
beam due to absorption from molecules and scattering effects
(Mie or Rayleigh) with aerosol particles is considered [37],
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[51]. Therefore, only geometrical losses of the transmitted
optical power are assumed due to the laser beam divergence
over distance.

In practice, the typical geometry of an optical receiver (solar
cell or panel) is rectangular with an effective area of Se =
2xg X 2yo, where x is the half length and y is the half width.
The ratio of the optical power collected by the rectangular
solar receiver, Prxo(2), at a distance of z > dg + t. over the
total transmitted optical power can be defined as the collection
efficiency, 7.(z). This factor can be calculated in the case of
a single optical link by:

- PRx,o(Z)
UC(Z) - (1 _ T)PTX,O

-5 ]

x 100%

V2yo
Wi (")

} x 100% (43)

where erf [.] denotes the error function. Quantities W, (z") and
Wy (2") are given by (30) and (31), respectively. An analytical
derivation of (43) is provided in Appendix B. This very
useful parameter provides information about the geometrical
losses of the optical link. In fact, the geometrical losses are
determined by the efficiency of collimation of the optical
source. As the beam divergence decreases, the geometrical
losses decrease, accordingly, for a solar panel of constant
dimensions. Therefore, the laser beam can propagate more
efficiently at longer distances.

The most important metric of the energy efficiency of a solar
panel or cell is the optical-to-electrical conversion efficiency.
This factor is computed by [27]:

Py
= x 100% »
Prro(2) ’

Ner(2) (44)

where P, denotes the maximum electrical power and is given
by Pn = Vinln. Also, Vi, and I, represent the voltage and
current at the maximum power point (MPP) of the panel,
respectively. The fill factor (FF) of a solar panel shows how

well the circuit approximates the ideal behavior of a current
source. The FF of a PV panel is given by [27]:

Vindm
fe=v 1.

oc+sc

x 100% » (45)
where V,. and I, denote the open-circuit voltage and short-
circuit current, respectively. The responsivity of the solar
receiver can be defined as:

o) = Ipneir
PRx,o(Z)

However, a common assumption of Ippe =~ I, is made
practically [52]. This is explained by the low series resistance
and high parallel resistance of the solar panel. In this case,
the responsivity becomes a purely measurable quantity as both
the short-circuit current and the received optical power can be
measured.

Finally, the maximum link efficiency is computed by:

(46)

Py
Mmax = 5 X 100%-

7 )

TABLE 11
ANALYTICAL PARAMETERS FOR THE DETERMINATION OF dNOHD
Parameter ~ Unit Value Parameter ~ Unit Value
Ao [nm] 660.00 | A - 0.836
Pryom [mW] 130.00 | B [mm] 4.93
Wox [pm] 1.92 | C [cm~1] —1.247
Woy [um] 1.12 | D - 0.46
o [mm] 3.50 | Rax [cm] 13.93
do [mm] 3.25 | Raoy [cm] 13.93
Wix [um] 355.62 | Wax [wm] 837.21
Wiy [um] 609.62 | Way [mm)] 1.44
Rix [mm] 3.25 | dix [cm] —13.91
Ry [mm] 3.25 | diy [cm] —13.93

The combination of (42)—-(47) forms an expression of the
maximum link efficiency as a function of the LD, lens,
collection and solar receiver efficiency given by:
Nmax = Mo (1 — 1)ne(2)ns:(2) x 100%
=nmp(l - T)UC(Z)fsrp(Z)VOC x 100%,

where the assumption of Ipy e >~ I is made.

(48)

C. Eye Safety Regulations

Important parameters for eye safety are given below for the
LD used in all of the experiments and the LD and collimation
lens used in Scenario II of Experiment I according to the
British Standard BS EN 60825-1:2014 [11]. The classification
process is shown analytically in Appendices C and D.

1) Single Laser Diode: The LD used in the experiments
(i.e. HL6544FM) has not been classified by the manufacturer
[43]. For this reason, a methodology for its classification is
presented in Appendix C, based on [11]. This methodology
leads to the conclusion that the LD is classified as Class 3B.
Laser products of Class 3B are normally hazardous when there
is intrabeam ocular exposure, i.e. within the nominal ocular
hazard distance (NOHD), dnonp, according to [11]. Also, the
viewing of diffuse reflections is normally safe. The accessible
emission limit (AEL), x, of Class 3B is x = 500mW
according to Table 8 of [11]. The maximum permissible
exposure (MPE), v, is determined from Table A.1 [11] to be
v = 10W/m?> = 1mW/cm?. The LD irradiance measured
from a square aperture stop with side length 2z at a distance
z is computed by:

erf [%} erf [ V‘éffzo) } Prxom
() = 2r0P |

(49)

where Pryom denotes the maximum output optical power of
the LD; and Wi(z) and W, (z) are given by (3) and (4),
respectively. In order to determine the NOHD, the inequality
Grx(dnonp) < v = 1mW/cm? needs to be solved. The
graphical solution of this inequality, i.e. the intersection point
of the two curves representing Grx(z) and v, for the applied
values of \g to xg given in Table II, to (3), (4) and (49)
results in dyogp = 63 cm. Therefore, a safe setup requires
proper enclosure of the beam inside a tube with a length of
63 cm from the LD. This is because visual access to the laser
beam and its specular reflections inside the NOHD must be
prevented.
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TABLE III
STUDY I: DATA SHEET PARAMETERS OF COMPONENTS

Laser diode Aspheric lens Multi-cryistall'ine Mono-crystalline
silicon solar panel silicon solar cell
Parameter ~ Unit Value Parameter ~ Unit Value Parameter ~ Unit Value Parameter ~ Unit Value
Ao [nm] 660.0 A [cm] 1.27 | N - 8 N - 1
CAl [mrad] 174.5* Ry [mm] 15.65 | Sefr [em?]  68.64 Seff [em?]  156.25
[deg] 10.0* | Ra [mm] —4.75 | Py W] 0.807 | Py [W] 2.911
9 [mrad]  296.7* te [mm] 7.50 | ng (%) 11.661 | ng (%) 18.62%
[deg] 17.0* f [mm] 8.02 | fu (%) 72.46% | fu (%) 78.531
Pryo [mW] 50.0** | n - 1.52
7LD (%) 22.2%*% | r (%) 0.25

*Full width at half maximum (FWHM) values, **typical values and Tstandard test conditions (STC) values [53]

2) Laser Diode and Collimation Lens: When the optical
beam of a LD is collimated by the use of a lens, its optical
and geometrical characteristics are modified compared with
the use case of a single LD. Therefore, reclassification of the
laser is required. This process is analyzed in Appendix D.
Even in this case, the laser system is classified as Class 3B.
Again, the AEL is 500 mW. However, the MPE is given in
Table A2 of [11] by v = 18CsT, *25 [W/m?] for t > T,
where C is a correction factor computed in Appendix D to be
10.867. Parameter 7% is determined from Table 9 of [11] to be
Ty = 10x 10l(@—amn)/98:5] — 10 10[(16-3-1.5)/98:5] = 14 135,
where a and o, are defined and determined in Appendices
C and D. Therefore, the value of MPE is calculated to be v =
18 x 10.867 x 14.137%-2° = 100.89 W/m? = 10.09 mW/cm?.
Here, the irradiance of the optical transmitter measured from
a square aperture stop with side length 2z at a distance z is
given by:

o erf [Vﬁi‘})}erf [W‘féf’,)}PTx,o,m

RX(Z) - (2%())2 ’
where the assumption of (1 —r) ~ 1 is made and W/(2')
and W7 (2") are given by (30) and (31), respectively. Again,
the inequality Gj, (dyoup) < v = 10.09 mW/cm? needs to
be solved for the determination of dyopp. This inequality is
solved graphically by the application of the values of Table
II to (1)—(10), (14)—(31) and, finally, (50). The resulting value
of NOHD is dnopp = 3.6m and this means that the laser
beam must be enclosed into a shielding tube of length of
3.6 m from the output surface of the lens for eye safety. For a
safer practical setup with a smaller NOHD, either the distance
between the LD and the lens should be modified so that
the beam becomes more divergent inducing more geometrical
losses to the link, or the transmission power should decrease
according to the MPE level.

(50)

D. Experimental System and Results

The selected components, objectives, methods, setups, ap-
plied analytical models and results of Experiments I-III are
given below.

1) System Components: The values of components’ pa-
rameters from their respective data sheets [43], [54]-[56] are
summarized in Table III. A single mode Opnext HL6544FM
high power LD with a MQW structure is used as an optical
source for power transmission [43]. This laser is a continuous
wave (CW) source. The semiconductor material of this LD is

aluminium gallium indium phosphide (AlGalnP). Angles ¥,
and ¢/, refer to the full width at half maximum (FWHM)
intensity along the parallel and perpendicular plane to the
junction, respectively. The selected wavelength of 660 nm
favors a visible and, therefore, uncomplicated alignment of
the components. Also, the spectral responsivity of silicon (Si)-
based receivers has large values in the red region of the VL
spectrum [57]. The long wavelength of 1550 nm, widely used
in FSO communications [37], is not considered because of the
respective very low spectral responsivity of typical Si cells or
panels [27].

The relatively large angular divergence of the optical source
along both transverse z- and y-axes requires the use of
a precise lens for light collimation. Lenses with spherical
surfaces are low cost and are relatively uncomplicated to man-
ufacture, but they have spherical aberrations [48]. In contrast,
the complex geometry of aspheres allows for correction of
spherical aberration and creates collimated beams of better
quality [48]. In this study, an ACL12708U-A aspheric lens
made of B270 optical crown glass with anti-reflection coating
(ARC) is used in Experiments I and III [54].

The off-the-shelf optical receivers used for PH are a
multi-c-Si solar panel and a mono-c-Si solar cell. In general,
mono-c-Si cells have larger efficiency and are more expensive
than multi-c-Si-based cells. More specifically, a MC-SP0.8-
NF-GCS multi-c-Si-based panel with 8 cells connected in se-
ries is used in Scenario I of Experiment I [S5]. The dimensions
of this panel are 8.8 x 7.8 cm?. Also, the mono-c-Si cell has
dimensions of 12.5 x 12.5cm? and is used in Scenario II of
Experiment I [56].

2) Experiment I — Objective, Method, Setup and Applied
Analytical Model: The objective of Study I, to increase the
experimental energy efficiency of the 5m OW link created
in [8] and [9], is undertaken in this experiment. The system
block diagram created for WPT is shown in Fig. 3. The term
‘optical transmitter’ is defined as a single pair of a LD and
an aspheric lens. First, an amount of electrical power, P;,, is
supplied to a number, N1, of optical transmitters. The LDs
are connected in parallel. The optical power generated from
either a single LD or multiple LDs, Pry,, is passed through
a single lens or multiple lenses for beam collimation. The
distance between each LD and the respective input lens surface
is adjusted so that the product of V. and I is maximized
at the solar receiver. The output optical power of a single
lens or multiple lenses, (1 — 1) Pry,, is transmitted through an
indoor LoS wireless channel that induces mostly geometrical
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Fig. 3. System block diagram in Experiment I.

mm

Fig. 4. Scenario I: Beam pattern formed by two optical transmitters on the
solar panel.

and misalignment losses. The optical power collected from
the solar receiver (panel or cell) is FPrxo. A final amount of
electrical power, P, is harvested from a variable resistor that
represents the load of the PV panel or cell.

In Experiment I, the parameters of fy, 7m.x and Py, are
determined. For this reason, the variable resistor is modified
for the measurement of 21 pairs of (11, IL) by the use of two
multimeters. Also, the respective values of Ry are measured.
The values of V. and I, are in the range [0, V] and [0, Iy],
respectively. The link distance measured from the output
surface of the lens to the input plane of the receiver is 5.2 m.
The experimental data are fit by the application of (33)—(41)
of the solar receiver physical model.

This experiment includes two different scenarios. In Sce-
nario I, the number of N, scales from 1 to 4, and the
multi-c-Si panel is used. In Fig. 4, the pattern of two optical
transmitters on the PV panel is illustrated. In Scenario II, the
number of Nty increases from 1 to 3, and the mono-c-Si cell
is used. In Fig. 5, the laser beam pattern on the solar cell for
N4 = 3 and the measured voltage and current of the load are
shown.

The experimental measurements of P}, over V| for Scenarios
I and II are shown in Fig. 6(a) and 6(b), respectively. The
curves labeled as ‘Physical Model’ are generated by a local
solution of (36). The measured parameters are presented in
Table IV and the respective parameters of [8] and [9] are given
for comparison reasons. Also, the five estimated parameters of
the model of solar receiver are given in Table V.

Note that a peak harvested power is observed for each V-P
curve in Scenarios I and II of Fig. 6. The peak electrical power
harvested from a solar receiver is feasible under the conditions
of perfect load matching. In this case, the characteristic
resistance of the solar receiver (i.e. the output resistance at
the MPP) is equal to the resistance of the load [58]. Thus, the
maximum possible amount of electrical power is transferred

Fig. 5. Scenario II: Beam pattern of three laser sources and measurement of
Pr.

to the load connected to the output of the solar cell or panel.

3) Scenario I — Results and Discussion: In Scenario I, the
values of fi, Mmax and P, are quite low when one optical
transmitter is used. In this case, the laser beam illuminates the
whole rectangular area of the solar panel. Cells placed at the
edges of the panel receive less optical power compared with
the centrally placed ones due to the elliptical and Gaussian
beam profile. Therefore, power generated by cells with higher
received irradiance levels is dissipated by cells with lower
irradiance levels. This effect induces mismatch losses among
different cells of the panel. As a result, the total electrical
output of the PV panel is determined by cells with the lowest
performance.

A significant increase in the values of f, Mmax and Py
by at least 1.5, 2.9 and 5.6 times, respectively, is observed
when Ny > 1 compared with the case of N1y = 1. When
the number of optical transmitters is larger than 1, the laser
beams cover smaller circular and elliptical areas mainly inside
the panel area illuminating different cells as shown in Fig. 4 for
N1 = 2. Thus, a more uniformly illuminated pattern is formed
and the effect of mismatch losses becomes less significant. As
Nty increases from 2 to 4, the values of f, Nmax and Py
increase gently, as expected due to the respective increase in
Prxo and, therefore, 7. The multi-c-Si solar panel presents a
significantly large f value of 69% in the case of Nr, = 4.
Therefore, this receiver has a very high energy efficiency, very
close to its STC value of 72.46%.

The values of fy, Nmax and Pp, for Npx = 4 are increased
by the multiplication factors of 2, 26.6 and 1.7, respectively,
compared with the values of the same parameters in our first
experimental study [8]. This significantly improved perfor-
mance, especially for nnax, is attributed to the large restriction
of geometrical losses by the use of the more directive optical
sources of LDs compared with LEDs, and to the higher energy



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 34, NO. 13, JULY 1, 2016

0 Npy =1, Pj =285mW
35 ——Physical Model

O Npy =2, B =561mW
- - -Physical Model

X Npy =3, P, = 833mW
e Physical Model
2501 ¢ Npy =4, Py =115W
----- Physical Model

30

2.5
VL, [V]

(a)

45

30 O Npy =1, Py =285mW
——Physical Model

25 | O Npy =2, P =561mW
- - -Physical Model

X Npy =3, P, = 841mW
20 & Physical Model

0.6 0.7

Fig. 6. Experiment I: Measured data of harvested electrical power versus load voltage of (a) Scenario I and (b) Scenario II supported by the physical model

curves.
TABLE IV
MEASURED PARAMETERS OF EXPERIMENT I AND AUTHORS’ PREVIOUS RESEARCH
Scenario I Scenario 1T
Nry  dolmm]  fu(%) T (%)  PulmW]  RIQ] | Nne  dolmm]  fu(%) 7o (%) PulmW]  R][Q]
1 7.0* 45.08 0.80 2.3 3200 1 3.25%* 53.35 3.06 8.7 13.5
2 6.0* 66.89 2.28 12.8 731 2 3 9% 54.20 3.17 17.8 7.3
3 5.5% 68.55 2.56 21.3 460 3 ’ 49.39 3.06 25.7 4.0
4 5.0* 69.03 2.66 30.6 344
Measured Parameters in [8] Measured Parameters in [9]
Nrx  dolem]  fa (%)  Nmax (%)  Pm[mW] Ri [kQ] | Nrx dolmm]  f (%)  Nmax (%)  Pm[mW] RE (k2]
1 16.8 31.12 0.08 7.69 1.43 1 34.41 0.40 1.1 11.51
’ 30.20 0.10 18.32 2.07 2 34.69 0.52 2.9 8.45
3 3.8%%* 36.98 0.67 5.7 6.98
4 ’ 39.27 0.63 7.3 5.57
5 38.75 0.65 9.2 5.87
36.20 0.74 10.4 4.56
Tolerance of * & 0.5mm, ** + 0.75mm and *** 4 0.25 mm.
TMeasured at the maximum power point (MPP).
TABLE V
ESTIMATED PARAMETERS OF SOLAR RECEIVER MODEL FOR EXPERIMENT 1
Scenario [ Scenario II
Nrx Iperr[MA]  Rserr [ Aer Rperr [k Tpnerr [MA] | N1 Toefr [HA]  Rsetr[©2]  Aerr Rper [K2]  Ipnerr [MA]
1 312.83 500 65 5.0 1.3 1 675.57 1.04 4.82  26.3 33.3
2 54.69 110 32 4.0 4.7 2 107.89 0.08 3.02 27.0 62.6
3 52.96 70 30 4.5 7.7 3 144.29 0.03 3.05  90.0 90.5
4 21.85 50 25 3.0 10.2

efficiency of multi-c-Si than that of a-Si technology of solar
panels. Also, fy, Nmax and P, for Nty = 4 are increased by
the factors of 1.8, 4.2 and 4.2, respectively, compared with
the same parameters obtained in [9]. These improved values
are obtained due to the decrease in dimensions and number
of cells of the solar panel that allows for the concentration of
more optical power uniformly distributed on the cells. Thus,
the effect of mismatch losses is less significant than that in
[9].

The resistance load values measured at the MPP decrease
from 3.2k} to 3442, while the received optical power in-

creases. For a practical Ry, value of 50 2, better load matching
can be achieved either by an increase in Nyx and therefore
Prx o, or by the use of a DC-to-DC converter for maximum
power point tracking (MPPT) [59].

4) Scenario Il — Results and Discussion: In Scenario II, the
values of fg and 7., are expected to increase as the number
of optical transmitters increases. However, this expectation is
not confirmed in the case of Nty = 3. This is explained by the
significantly low decrease in effective series resistance value
from 80 m2 (N1x = 2) to 30mS2 (N1x = 3) compared with
the transition from 1.04Q (Ntx = 1) to 80m2 (N1x = 2),
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as shown in Table V. Therefore, more power is dissipated in
the series resistance and, finally, the fill factor and efficiency
of the solar cell decrease. The series resistance of the cell
decreases, when the incident optical power increases. This is
attributed to the increase in the conductivity of the active layer
[60]. Also, note that the curve of maximum link efficiency as
a function of harvested power in Scenario II shown in Fig. 7
is in close agreement with the curve of solar cell efficiency
versus incident optical power in [61].

Comparing the two scenarios, the best value of Nmax =
3.17% is achieved in the case of N1y = 2 for Scenario II.
Note that this value of maximum link efficiency is low because
of the low values of np and 7,(5.2m) as shown in Section
1I-D7.

A comparison of the values of fy and 7y, for Npx = 2
with the values of the same parameters in [8] shows an increase
of 1.6 and 32 times, respectively. The same comparison with
the results of [9] presents an increase by 1.6 and 6.2 times,
respectively. Also, quantity P, for Nty = 3 is increased by the
factors of 1.4 and 4.4 compared with [8] and [9], respectively.
A slightly better performance in terms of 7y, of Scenario II
compared with Scenario I is observed. This is attributed to the
larger optical-to-electrical conversion efficiency of mono-c-Si
cell than that of multi-c-Si panel as expected by observing
Table III. Also, the larger area of 2.3 times of the PV cell
compared with the solar panel allows for the reception of a
larger amount of Pgy, reducing the geometrical losses.

Finally, the values of measured R; at the MPP are quite
low due to the low values of V. Therefore, matching of the
output of the cell with a practical load of 50 €2 can be achieved
either by a DC-to-DC converter or by the connection of a large
number of cells in series.

5) Comparison of Scenarios I and Il with an Inductive
Power Transfer System: In [10], a state-of-the-art experimental
study is presented by the implementation of an IPTS with
dipole coils able to deliver amounts of power in the order
of hundreds of W. In Fig. 16 of [10], the power efficiency
measured from the input of the inverter to the load resistor
is plotted as a function of the power harvested from the
load for different values of distance of 2m, 3m, 4m and
5m. The operating frequency of the system is 105kHz [10].
A comparison of the OW systems implemented in the two
Scenarios of Experiment I and the IPTS is shown in Fig. 7 in
terms of link efficiency at a distance of 5m. When Scenario
II is applied, the maximum link efficiency is improved from a
value of 1.17% to 3.17% that represents a significant increase
of 2.7 times. Therefore, taking into account the fact that IPTSs
are designed to operate at short distances of a few cm [14]
or m [10], the developed double OW link has an acceptable
value of nnax and the link distance can be further extended.

6) Experiment Il — Objective, Method, Setup, Applied An-
alytical Model and Results: The objective of Experiment II
is to determine the efficiency values of each of the 4 LDs as
a function of their input power. Therefore, the output optical
power of each LD is measured for 22 different values of input
electrical power. A Thorlabs S121B Si sensor with a square
area of 1 x 1cm? is placed at 1.5 mm from each LD in order
to collect and measure the total amount of optical power of
each laser beam. The mean values of experimental data are fit
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Fig. 7. Experimental maximum link efficiency versus the maximum harvested
electrical power.

by two simple quadratic curves applied to the two operation
regions of the device. These two regions are characterized by
spontaneous and stimulated emission, respectively.

The external power efficiency of the 4 LDs is shown in Fig.
8 as a function of P,. The maximum efficiency values of the
4 LDs shown as #1, #2, #3 and #4 are measured to be 28.1%,
30.2%, 32.2% and 32.9%, respectively. In the first region of
the theoretical curve, the output optical power remains at very
low levels of up to 94.6 uW, as P, increases from 0 mW to
95.4 mW. Also, for the same values of P, the mean value of
power efficiency of the 4 LDs ranges from 0.05% to 0.1%.
This region of applied P, causes spontaneous emission to the
LD, one of the basic forms of interaction between atoms and
photons in quantum physics [62]. In spontaneous emission, an
atom transits from an upper energy level, F5, to a lower energy
level, F1, releasing a photon, and this is a random process.
In the second region of the theoretical curve, Pry, increases
significantly up to 86.1 mW with a respective efficiency of
29.1%, while P, scales from 95.4 mW to 320 mW. This region
of P, induces stimulated emission to the optical source [62].
In stimulated emission, a photon of energy Es — E interacts
with an atom placed at an upper energy level. This atom
transits to a lower energy level emitting a second photon of
similar characteristics with the first one.

In order to compare the variation between the 4 LDs,
the error in efficiency, e (%), is used and is defined as
the difference in theoretical efficiency by the experimental
efficiency data for each LD. Fig. 9 shows how the error in
efficiency of the 4 LDs scales with the input electrical power
of each LD. The mean squared error (MSE) in power efficiency
of each of the LDs is calculated to be 3.52-10~%, 3.46- 104,
3.13-107° and 4.89 - 10~%. This means that the LD shown as
#3 in Fig. 8 and Fig. 9 best approximates the efficiency values
of the theoretical curve. In the case of a large number of LDs,
such as the 42-based laser transmitter designed in Section V,
the variation of LDs is expected to affect the harvested power.
Therefore, to affirm 1 W with high confidence, the required
number of optical sources should be estimated based on the
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LD with the lowest efficiency.

7) Experiment III — Objective, Method, Setup and Results:
Experiment III is undertaken for the determination of the solar
cell efficiency. Two LDs with aspheric lenses are transmitting
power to the mono-c-Si cell placed at a distance of 5.2 m. The
electrical input power is 561.3 mW. The S121B sensor is used
for the measurement of 25 values of power, F, at a distance of
3.4 cm from the solar cell. The measurement points are located
on a square grid as shown in Fig. 10. The distance between
two consecutive points is 2.08cm. The average irradiance
of the 25 measured points is computed and is multiplied
by Sefr. Therefore, the value of Prxo(5.2m) is calculated,
and the parameters of 74 (5.2m), p(5.2m) and 7.(5.2m) are
determined from (44), (46) and (48), respectively.

The 25 measured data of F; are shown in Fig. 11 versus
the z- and y-dimensions of the solar cell. The power of
each of the two optical transmitters measured at the (x,y, z)

Fig. 10. Experiment III: Measurement points of irradiance for the calculation
of Pryx, in front of the solar cell.

points of (0,0,3.7cm) and (0,0,3.2cm) is 74.58 mW and
72.8 mW, respectively. These values are significantly attenu-
ated at a distance of 5.2m from the transmitters. In particular,
the maximum optical power measured at the (z,y,z) point
of (0,2.08cm,5.2m) is 3.12mW. The average irradiance
value of these 25 measurements is 0.86mW/(1cm?) =
0.86 mW/cm?. Therefore, the received optical power of the cell
is calculated to be Pryo(5.2m) = 0.86 x 12.5% = 134.38 mW.

The application of P, = 17.8mW and Fry, = 134.38 mW
to (44) results in 74(5.2m) = 13.25% in the case of Npy = 2.
This value of solar receiver efficiency is 5.37% lower than the
respective one at STC (see Table III) and therefore the cell
is able to accommodate more optical power. For this reason,
the specific mono-c-Si cell is selected to be the receiver in the
simulation model developed for the objective of harvesting
1 W in Study III. Moreover, the maximum power that this cell
can generate under STC is 2.91 W according to Table III that
is larger than the required amount of 1 W.

So long as the experimental value of 74(5.2m) is now
known, an estimation of the collection efficiency can be made
using (48). The term (1 — r) of (48) is assumed to be
negligible because » = 0.0025 < 1. The input electrical
power of 561 mW is equally supplied to the two optical
transmitters. Thus, the electrical-to-optical efficiency of two
optical transmitters for P, = 561 mW is the same as 7 p
of Nty = 1 for P, = 280.5mW. Also, a mean value of
nLp = 26.76% is calculated for P, = 280.5 mW based on the
quadratic curve fitting of Fig. 8. Therefore, the application of
Nmax = 0.0317, nLp = 0.2676 and 7,(5.2m) = 0.1325 to (48)
results in the collection efficiency value of 7. (5.2 m) = 89.4%.
This very high value allows for the characterization of the link
with 2 LDs as highly directive so that it effectively delivers
134.38 mW to a solar cell area of 12.5 x 12.5cm? placed at
5.2m with only 10.6% of optical losses.

Finally, the application of Ipher = 62.6mA and
Prxo(5.2m) = 134.38 mW to (46) gives an estimated respon-
sivity of p(5.2m) = 0.47 mA/mW. An experimental value of
responsivity of p(5.2m) = 0.49 mA/mW is obtained under the
assumption of Ipyegr >~ Iye = 65.4 mA.

8) Estimation of the Number of Optical Transmitters: Let
Nty req be the required number of pairs of LDs and lenses
for harvesting 1 W at a 5.2m link distance. In Scenario II of
Experiment I, a value of V;;, = 351 mV is achieved with P, =
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Fig. 11. Experiment III: Optical power measured by a sensor on the x-y transverse plane of the solar cell.

17.8mW for Ntx = 2. Therefore, a required voltage V) =
537mV is assumed for the solar cell at high illumination levels
for attaining P, = 1 W according to [56]. The load current at
MPP is calculated to be I}, = 1/0.537 = 1.86 A. The values of
537mV and 1.86 A are substituted for V| and I}, respectively,
in the ‘exhaustive’ search algorithm (36). This results in the
following set of parameters: (o cfr, Rseff, Aeft, Rpeft, Ipheft) =
(83.9pA, 0.5 mQ, 1, 500k, 1.96 A). The responsivity of the
solar panel is considered to be p = 0.49 A/W, as measured
in Experiment III. Solving (46) for Frx, results in: Fryo, =
Ipnerr/p = 1.96/0.49 = 4W. An assumption of 10.6% of
geometrical optical losses is made, as measured in Experiment
III. Thus, the transmitted optical power is calculated to be
Pryo = Prxo/Nc = 4/0.894 = 4.47 W. Therefore, the required
number of optical transmitters is calculated to be: Ntyreq =
4.47/(73.69 x 1073) ~ 61, where 73.69mW is the average
output optical power of the 2 LDs measured in Experiment
III.

9) Variation of Harvested Power and Link Efficiency
Induced by the Application of Data Communication: In order
to investigate the variation of PH and link efficiency induced
by the reception of an information signal, an experiment
with the solar receiver designed in [35] is undertaken. In
particular, a single optical transmitter transfers power and
data simultaneously to the solar panel placed at a link
distance of 5.2m. Also, an orthogonal frequency division
multiplexing (OFDM) signal with adaptive bit and energy
loading is applied for communication [35]. The OFDM signal
has a single sided communication bandwidth of 5 MHz. An
average data rate of 16.6 Mb/s is achieved at the receiver with
a respective average bit error rate (BER) of 1.52 - 1073, Fig.
12 shows how the harvested power of the load scales with
voltage, with and without the reception of the alternating

current (AC) communication signal. A 4™ degree polynomial
is applied to the experimental data for curve fitting. The
harvested power of the load remains the same, even when an
OFDM signal is received. So long as the time domain OFDM
signal has a zero mean value, the DC biased optical OFDM
signal has the mean value of the DC bias. The receiver circuit
comprises one branch for EH and a second branch for data
communication with an inductor and a capacitor, respectively.
Therefore, the EH branch captures the DC component,
whereas the communication branch captures the AC signal.
Finally, since the input electrical power to the transmitter is
constant, the link efficiency also remains unaffected by the
communication signal received.

IV. StUuDY II: LASER BEAM COLLIMATION

The objective, method, setup, applied analytical model and
results of Experiment IV of Study II are summarized in
Table VI.

A. Objective

The objective of Study II is the creation of an OW link
able to transmit power efficiently at long distances, such as
100 m—300 m. Thus, Experiment IV is undertaken for the
determination of beam divergence with a targeted value of
1 mrad. For this reason, the collimation capability of a large di-
ameter lens is investigated. The motivation of using a relatively
large optical element in front of the LD is two-fold. Firstly, the
etendue law, also known as brightness theorem, states that the
product of source area and the solid angle subtended by the
system’s entrance pupil as seen by the source remains constant
in an optical system with passive components [63], [64]. This
means that decreased beam divergence and, therefore, efficient
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Fig. 12. V-P curve of resistor load with and without the application of a
communication signal.

TABLE VI
SUMMARY OF EXPERIMENT IN STUDY II

Study II Laser beam collimation
Experiment 1\
Determination of beam
Objective divergence
with a target of 1 mrad
Measurement of diameter of
Method circular laser beam

images and 23 values of
received optical power

Optical source Single laser diode

Setup Optics Spherical lens

Receiver
Measurement device
Link distance

Optical power sensor
Optical power sensor
4m and 8 m

Analytical
model (1)—(10) and (14)-(32)
Definition I Definition II
Results _ Py = 3mrad
1 = 2.1 mrad by = 5.8mrad

beam collimation can be achieved by a respective increase
in dimensions of the lens. Also, a lens with large diameter
is able to spread the optical power received from the LD
decreasing the irradiance values along any of its transverse
planes. Therefore, eye safety is improved, and the product of
LD-lens can be classified as a lower Class [11].

B. Experimental System and Results

1) Experiment IV — Method, Setup and Applied Analyti-
cal Model: The characteristics of the red LD used in this
experiment are given in Table III. Also, a 45-368 plano-
convex (PCX) spherical lens made of borosilicate glass Schott
BK7 with magnesium fluoride (MgF,) ARC is used [65]. The
features of the lens are given in Table VIIL.

In Experiment IV, the beam generated from the LD is
collimated by the PCX spherical lens placed at dyp = 5.15cm

15
TABLE VII
STUDY II: DATA SHEET PARAMETERS OF LENS
Parameter | A R Ro te f n T
Unit [cm] [mm)] [mm] [mm] [ecm] | - (%)
Value 7.5 ) —38.76 | 32.68 | 7.5 1.52 | 1.5

x: 'slow' axis

y: 'fast' axis

Fig. 13. Experiment IV: Beam pattern and vertical axes for the determination
of beam divergence.

from the LD with a tolerance of +0.5 mm. The optical power
emitted from the LD is measured to be 4.76 mW. The pattern
of circular and elliptical image of the lens and LD, respec-
tively, at 4m from the output surface of the lens are shown
in Fig. 13. The beam divergence is defined and determined in
two different ways. First, the beam divergence is defined as
the plane angle of the truncated cone created by the circular
image that is measured at two different link distances, d; and
ds. In particular, the diameter of the circular image, Diy, is
measured at dy = 4m and d2 = 8 m, respectively. In this case,
the beam divergence is calculated by:

_ _1 [ Dim(d2) — Dim(d1)
1 = 2tan 2y — ) .

(D

Also, note that the new beam waist is located before the
distance of 4m so that the images at 4m and 8m belong
entirely to a diverging cone.

So long as the first definition does not include any infor-
mation of the beam intensity, a second definition is used. In
particular, the half width of the beam is estimated at the two
points where the irradiance is decreased by 1/e times or 36.8%
of the peak irradiance. For this reason, appropriate curve fitting
with the analytical model presented in Sections III-B1, I1I-B2
and III-B3 is applied to the data measured along the ‘slow’
z- and ‘fast’ y- axes, respectively. A number of 23 irradiance
measurements is conducted at the distances of 4m and 8m
inside the semi circle of the image. Also, the illumination
symmetry around both axes enables the calculation of the
received optical power inside the circular image. Here, the
beam divergence along the z- and y- axis is calculated by:

1 [ Wildz) — Wi(dy)
dy — dy

Py = 2tan” (52)
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Fig. 14. Experiment IV: Data of irradiance on the z-y transverse plane of the laser beam at 4m and 8 m accompanied by the respective analytical model

curves.

TABLE VIII
ANALYTICAL PARAMETERS FOR CURVE FITTING OF DATA IN
EXPERIMENT IV

Parameter ~ Unit Value Parameter  Unit Value
Pryo [mW] 4.76 | A - 1.00
Ao [nm] 660.00 | B [mm] 21.50
Ix [deg] 6.25 | C [m—1] —13.42
Jy [deg] 10.60 | D - 0.712
Wox [um] 1.92 | Wax [mm] 7.99
Woy [pum] 1.12 | Way [mm] 13.66
Go [kW/em?]  140.70 | Rax [m] 3.54
do [cm] 5.15 | Ray [m] 3.54
Wix [mm] 5.64 | dix [m] —3.54
Wiy [mm] 9.64 | diy [m] —3.54
Rix [mm] 51.50 | Wax [um] 92.93
Ry [mm] 51.50 | Wsy [um] 54.39
and , )
W!l(ds) — W!(d
by = 2tan ™! y(d2) = Wyld)] (53)

do —dy

respectively. The values of W (z) and W (z) denote the beam
radii up to the 1/e points of peak irradiance along the z- and
y-direction and have already been defined in (30) and (31),
respectively.

2) Experiment IV — Results and Discussion: The diameters
of the circular images at 4 m and 8 m are measured to be 2.9 cm
and 3.75 cm, respectively. Thus, the application of d; = 4m,
dy = 8m, Dj(4m) = 2.9cm and D;,(8m) = 3.75¢cm to
(51) results in a measured beam divergence of ¢ = 2.12 mrad.
This value is very close to the objective of 1 mrad that is
achievable by the use of a lens with even larger diameter than
that of the spherical one. Also, the optical power contained in

the circular image is measured to be 1.94mW and 1.87 mW
at dy = 4m and dy = 8 m, respectively. Therefore, 40.8% and
39.3% of the transmitted optical power of Pry, = 4.76 mW
is included in the circular image at 4m and 8 m, respectively.
This means that the lens placed at 5.15cm from the LD fails
to collect and collimate the whole optical power of the source
inducing geometrical losses. Finally, the elliptical image (see
Fig. 13) includes the remaining amount of optical power.

The experimental data of intensity at 4 m and 8m fitted by
the respective curves of analytical model are shown in Fig.
14. The curves labeled as ‘Analytical Model’ are derived by
the use of (1)-(10) and (14)—(32). The analytical parameters
used for curve fitting of the experimental data are shown
in Table VIII. The slight deviation of some measured data
points from the elliptical Gaussian fitting is explained by the
existence of the diffraction effect [66]. This effect occurs
when an optical wave passes through an aperture and is
strongly dependent on the distance between the aperture
and the observation plane, the wavelength and the aperture
dimensions. In particular, here the diffraction effect stems
from the transmission of the laser beam through the circular
aperture of the lens mount to free space. The small black
rings observed in the circular image of Fig. 13 and in Fig.
4 are translated to deep ‘dips’ of the irradiance. Also, even
slight misalignment between the optical source and the lens
can significantly affect the beam irradiance pattern observed
at the far field. The application of the physical model of the
elliptical Gaussian beam for curve fitting results in the values
of W.(4m) = 1.2cm and W/(8m) = 1.8cm. Therefore,
the application of these values to (52) yields 1y = 3 mrad.
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Fig. 15. Non-sequential components shaded model of the array of 7 x 6 laser
diodes and lenses.

Similarly, the beam radius along the y-axis is calculated to
be Wj(4m) = 2cm and W)(8m) = 3.15cm. Therefore,
the beam divergence of the ‘fast’ axis is computed to be
1y = 5.75mrad by (53).

V. StUDY III: HARVESTED POWER WITH A TARGETED
VALUE OF 1 W

A. Motivation and Objective

In Study I, the number of red LDs required to harvest 1 W
using a mono-c-Si cell was estimated to be 61. Also, the
experimental levels of the transmitted power were in the order
of mW. As a next step, here an array of 42 LDs is designed
for the transmission of an amount of optical power able to be
converted to 1 W by the mono-c-Si cell. The number of 42
LDs operating at 785 nm is selected because of their ability to
transmit larger amounts of power with higher efficiency than
the red LDs used in Study I. In order to achieve a maximum
harvested power of 1 W, a minimum efficiency of 13.89% is
required from the solar cell.

B. Approach

The transmitter of 7.2 W of total optical power is designed
in Zemax comprising 42 LDs and collimation lenses. Also, the
elliptical Gaussian propagation model presented in Section III
is used to support the simulation results given in Section V-E.

C. Simulation Model

The optical design consists of the following objects: source
diode, even asphere lens, array and detector rectangle created
in the non-sequential components (NSC) mode. Laser diodes
and respective aspheric lenses are placed in a rectangular array
with perfectly aligned optical axes, as shown in Fig. 15.

The object source diode is used for the simulation of a
Panasonic LNCT22PKOIWW CW LD. This LD has a typical
efficiency of 27.4% and FWHM beam divergences of ¥ =
7.5° and ¥, = 15°. According to the model of the source

TABLE IX
SIMULATION PARAMETERS OF 785 nm LASER DIODE

Parameter | Ny, Nanr Pryo ax ay

Unit - - [mW] [deg] [deg]
Source | Value 103 107 | 171.1 | 6.37 | 12.74
diode Parameter | Sx, Sy Ny Ny Ax Ay

Unit - - - [mm] [mm]

Value 1 7 6 15.2 16.77

diode, the intensity of the beam generated from a rectangular
source is given by:

Gs(bx,0y) = Gs 0%

25, 28,
X oxp {_2[(9> + (HY) ” (54)
Gy ay

where G5 denotes the overall peak intensity, note that the
manufacturers of LDs give the relative instead of the absolute
value of intensity; 0, and 0, are the angles in degrees along
the - and y- directions, respectively; and ax and ay are the
angular divergences in degrees on the z-z and y-z planes,
respectively. The FWHM angular divergences are given by
ax =9 /y/2In(2) and ay =¥, //21n(2).

Also, the values of Sy and S, are the super-Gaussian factors
along the z- and y-axes, respectively and range from 0.01
to 50. The special case of Sy = Sy, = 1 corresponds to a
typical elliptical Gaussian beam. The simulation parameters
of the object source diode are given in Table IX. Parameters
Ni and Ny, denote the number of layout rays and analysis
rays, respectively. The term Py, is used for the output optical
power of each LD. Also, Ny and Ny represent the number of
LDs placed along the x- and y- axis, respectively. Finally, Ax
and Ay are the distances between the centers of two LDs
and lenses placed consecutively along the z- and y- direction,
respectively.

The even asphere lens is used for the simulation of a
Thorlabs ACL12708U-B lens with an ARC for the wavelength
range of 650 nm—1050nm [67]. The aspheric coefficients of
lens are given in [67]. The array object is used for the
creation of a rectangular array consisting of 7 x 6 identical
aspheric lenses. An orthogonal descent optimizer is used for
the determination of dy which denotes the distance between
each LD and the input surface of its respective collimation
lens. The performance criteria are the maximization of total
flux and spatial uniformity. Finally, the value of d; is refined
by the use of a Hammer optimizer yielding dy = 3.737 mm. A
12.5 x 12.5cm? rectangular detector modeling the mono-c-Si
solar cell is used to measure the received optical power for
a distance range of [1,100] m using increments of 1 m. The
material of the detector rectangle is selected to be absorb
and the number of pixels along the z- and y-dimension is
150 x 150.

D. Eye Safety Regulations

1) Single Laser Diode: The LD considered in the sim-
ulation model is also classified as Class 3B according to
the manufacturer [44]. The MPE in terms of irradiance is
calculated to be v = 1.5 mW/cm? similar to the methodology
presented in Appendix C. Also, the NOHD is determined to
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TABLE X
ANALYTICAL PARAMETERS
Parameter  Unit Value Parameter  Unit Value
Pryo [mW] 171.10 Rix [mm)] 3.74
Ao [nm] 785.00 Ryy [mm] 3.74
Ux [deg] 3.75 A - 0.836
Iy [deg] 7.50 B [mm] 4.93
Ny - 7 C [cm~1] 1.247
Ny - 6 D - 0.46
Ax [mm)] 15.20 Waox [um] 528.19
Ay [mm)] 16.77 Way [mm)] 1.06
Wox [wm] 3.81 Rax [m] —1.38
Woy [um] 1.90 Ray [m] —1.39
Go [MW/cm?] 1.51 | dix [cm] 54.63
do [mm] 3.737 | diy [m] 1.27
Wix [um] 244.97 Wisx [um] 410.15
Wiy [wm] 491.99 Way [wm] 311.92

be dyoup = 75cm and, therefore, the near infra-red (NIR)
beam radiation requires enclosure with a length of 75cm.

2) Laser Diode and Collimation Lens: The optical trans-
mitter consisting of the LD and lens considered in the
simulation model is classified as Class 3B, similar to the
methodology presented in Appendix D. The MPE is calculated
to be v = 6.66 mW/cm? and the NOHD is dyoup = 54.3m.
Therefore, a shielding tube with a length of 54.3 m is required
which is not suitable for practical applications. In order to
restrict the NOHD, either the beam diameter should increase
by the use of a lens with a larger diameter or the output power
of the LD should decrease based on the MPE value.

E. Results and Discussion

The parameters of the analytical model presented in Sec-
tions I1I-B1, I1I-B2 and I1I-B3 are used to verify the simulation
model and are summarized in Table X. The analytical curves
of £W;(z) and £Wy(z) of a single optical link are shown in
Fig. 16(a) and 16(b) for distances up to 5m and up to 100 m,
respectively. These curves are derived by the use of (1)-(10)
and (14)—(31). Note that the reference point z = 0 denotes the
tangent plane to the output surface of the lens and the beam
widths refer to the FWHM intensity points. In Fig. 16(a), it
is observed that the laser beam along the y- axis focuses on a
smaller beam waist at a longer distance and then diverges more
than the laser beam along x- axis. The theoretical values of
beam divergence expressed at FWHM intensity are calculated
to be ¢y = 1.22mrad and v, = 1.6 mrad according to Fig.
16(b). Also, the beam diameters along the z- and y- directions
are 12.1cm and 15.8 cm, respectively, at the link distance of
100 m.

Finally, the received optical power of the 42 laser link
is shown as a function of distance in Fig. 17 based on
the analytical and simulation model. The two curves are in
close agreement, and a maximum gap of 1dB is observed
at the distance of 100 m. According to the analytical model,
a value of optical power of 7.15W is delivered effectively
to 20m. Also, a simulation-based value of 7.13W is able
to be transferred to 10m. After the distance of 20m, the
analytical curve falls with a larger rate compared with the
simulation curve (see Fig. 17). This effect is attributed to
the term of Wi (2")Wy(2") that exists in the denominator
of (32) in the theoretical model. This term attenuates the

0.4

II7 Y [cm)]

0.4 I I I I I I I I I

z,y [cm]

Fig. 16. Theoretical full width at half maximum (FWHM) intensity of the
single laser beam versus distance up to (a) 5m and (b) 100 m along x- and
y- axes.

irradiance and therefore the optical power faster than the
respective irradiance of (54) of the simulation model. Also,
the rear surface of the aspheric lens is modeled as spherical
in Section III-B2 and this geometrical assumption makes light
collimation less efficient. The geometrical losses of optical
power are 0.09dB and 0.1dB at the link distance of 30m
for the analytical and simulation model, respectively. This
means that the particular multiple laser-based link presents
a very large collection efficiency of 97.9% and 97.7%
at 30m according to theory and simulation, respectively.
The optical-to-electrical efficiency of the particular cell
is measured to be 13.25% for an input optical power of
134.38mW in Experiment III. A received optical power
of about 7W is expected to increase the power conversion
efficiency. At the same time the increase in the temperature
of the cell is expected to reduce the value of 7 slightly.
Overall, the targeted value of 1 W is expected to be achieved
in practice by this large amount of received optical power for
link distance values of up to 30 m.
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Fig. 17. Received optical power versus distance for two different models.

VI. SUMMARY AND CONCLUSIONS

In this comprehensive study, the application of the principle
of OWPT to SCs was investigated for the first time for an
indoor scenario during darkness hours, i.e. in the absence of
ambient light.

In particular, an experimental study was undertaken to
determine the maximum link efficiency, maximum harvested
power and optical receiver efficiency. The optical sources were
up to four red CW LDs combined with the use of aspheric
lenses for beam collimation. The optical receivers were a solar
panel and a solar cell based on the technology of multi-c-Si
and mono-c-Si, respectively. The link distance was 5.2m. A
high energy efficiency with a fill factor of 69% and a harvested
electrical power of 30.6 mW was attained by the solar panel.
The best value of maximum link efficiency of 3.2% was
achieved by two optical transmitters and the solar cell. This
relatively low value was explained by the contribution of the
low measured average efficiency of the 2 LDs of 26.8% and
the solar cell efficiency of 13.3%. For the same link, the
geometrical losses of optical power were estimated to be only
10.6% and this fact was sufficient to characterize the optical
link as highly efficient with OWPT showing great potential
at longer distances. However, the analytical calculation of the
MPE and NOHD for eye safety resulted in the need for a beam
enclosure of up to 3.6 m. Also, a comparison was made for
the same OW link with a state-of-the-art IPTS with optimally
shaped dipole coils. As a result, a performance improvement
in terms of total power efficiency by 2.7 times was achieved
by the link consisting of 2 LDs and a solar cell. Therefore, the
applicability of indoor OWPT to SCs was demonstrated with
an acceptable link efficiency and the possibility of extending
the distance of 5.2m.

Another experimental study was undertaken for the deter-
mination of the laser beam divergence with a targeted value
of 1mrad. In particular, an optical transmitter was created
by the use of the red LD and a spherical lens. Also, an
analytical model was developed for the prediction of the
elliptical Gaussian beam propagation and was applied to

the experimental data for curve fitting and estimation of its
unknown parameters. As a result, the divergence of full width
at 36.8% of peak intensity was determined to be 3 mrad and
5.75mrad along the ‘slow’ and ‘fast’ axes of the laser beam,
respectively. Moreover, the beam divergence determined by
the diameter of the circular image was measured to be only
2.1 mrad. Thus, this single optical link was characterized by
high directivity enabling the application of OWPT to longer
distances.

The best maximum harvested power measured in the exper-
iments was 30.6 mW. This provided the basis for the deter-
mination of the number of LDs needed to achieve the target
of 1 W which is required for the operation of small RF cells.
This led to a 42 laser-based transmitter of 7.2 W that transfers
power to the mono-c-Si cell placed up to 100 m. The system
was designed by the use of the simulation tool Zemax and the
respective theoretical model of Gaussian beam propagation.
The beam divergence defined by the FWHM intensity was
analytically determined to be 1.2 mrad and 1.6 mrad along the
‘slow’ and ‘fast’ axes, respectively. In addition to this large
directivity, the simulation and analytical models were in close
agreement showing that the transfer of 7.2 W up to 30 m with
geometrical losses of only 2% was feasible. Therefore, the
minimum required efficiency of the solar cell was only 13.9%,
while an efficiency of 13.3% was measured in the experiments
for an input optical power of 134.4mW. However, a beam
enclosure was required due to eye safety restrictions.

Finally, in a practical outdoor scenario of power supply
to a SC, the great potential of harvesting sunlight power
in addition to WPT from ‘dedicated’ laser sources remains
unresearched. This important advantage of solar cells
over rectennas, harvesting additional power from a natural
source as well as from human-made EM sources, gives the
opportunity for a wide application of the principle of OWPT.

APPENDIX A
MOTIVATION FOR A GAUSSIAN BEAM MODEL AND
PARAXIAL APPROXIMATION

The manufacturers’ data sheets for LDs give a graph of the
far field relative intensity versus the parallel and perpendicular
to the junction angular divergence of the beam. These angular
divergence graphs can be approximated by Gaussian curves of
different widths for the LDs considered in this research [43],
[44]. Also, the selected LDs operate at the fundamental trans-
verse electrical (TE) mode. Therefore, an elliptical Gaussian
beam propagation model is considered for the generated laser
beam [41].

Ray optics, also known as geometrical optics, is the simplest
theory that describes light propagation [46]. According to
this theory, light consists of optical rays traveling from
one medium to another under defined geometrical rules.
Optical rays are described by their position in space and
inclination. In paraxial optics, a subset of ray optics, rays
propagate at small angles from an optical axis, which the
optical components are aligned with. Also, in wave optics,
waves with wavefront normals forming small angles with the
propagation z- axis are called paraxial. These waves satisfy
the paraxial Helmholtz equation [68]. A well known and
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useful solution of this equation is the Gaussian beam. Paraxial
optics is used in first-order ray tracing and Gaussian optics. In
particular, the paraxial approximation is used and is described
by the properties: sin(d) ~ ¢, tan(¥) ~ 9 and cos(¥) =~ 1,
where 9 [rad] is the angle between the optical axis and the ray.

APPENDIX B
MATHEMATICAL DERIVATION OF (12) AND (43)

The total optical power of the beam is expressed as the
double integral over the transverse x-y plane by:

Pryo =/ / G(z,y, z)dzdy
7WOXWO}' /OO exp | —— i dax
W)Wy (2) ) P W2
00 72y2 :|
X exp { dy
\/—oo W2(2)

WoxWoy /°° —222
Gy W) exp . T X

(55)

The two exponential integrals of the second part of (55) yield
the following result [69]:

WOXWOy ™ ™
P =G B2 N 3 O

™
= §GOWOXWOy' (56)

The ratio of the optical power collected by a rectangular
optical receiver with the dimensions of 2x( X 2yg at a distance
z > dy + t. over the total optical power can be expressed by:

Zxo Yo
wle) = 7 ! / G (2, 2)dady
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Again, the two exponential integrals of the second part of (57)
result in [69]:

(57)
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APPENDIX C
CLASSIFICATION OF THE SINGLE LASER DIODE

The maximum output optical power of the LD is Pryom =
130 mW [43]. The beam diameter is defined in BS EN 60825-
1:2014 [11] as the smallest circle that contains 63% of the total
laser power, i.e. 1/e¢ beam width. Also, the beam divergence
is defined as the far field plane angle of the cone created
by the beam diameter. So long as the LD has a Gaussian
elliptical profile, the beam divergences are defined along the
z- and y-axes as ¢y = 2Ux and @, = 29y, respectively. In
particular, they are calculated to be ¢, = 12.5° ~ 0.22rad and
¢y = 21.2° ~ 0.37rad from [43]. According to (1) and (2) the
beam diameters along the x- and y- axes can be calculated up
to the 1/e ~ 0.37 points of the intensity pattern. In particular,
the application of A\g = 0.66 um, ¥, = 6.25° and ¥, = 10.6°
to (1) and (2) results in Wyx = 1.92 um and Wy, = 1.12 um,
respectively. Therefore, the beam diameters along the z- and
y- directions are calculated to be Doy = 2Wjpx = 3.84 um and
Doy = 2Wy, = 2.24 um, respectively.

Condition 3 of Table 10 [11] can be applied to the selected
optical emitter. The measurement of AEL needs to be made
by the use of a circular aperture stop with a diameter of
D,, = 7"mm at a distance d, = 10cm from the optical
source. The specific LD is divergent and the elliptical beam has
larger dimensions than the circular area of the aperture stop.
Therefore, the AEL must be expressed in terms of irradiance
(in mW/cm?) rather than optical power (in mW). The angular
subtenses along the z- and y- axes can be found from:

Do\ Doy
ax =2tan"! (2; ) R dO (59
and D D
ay = 2tan (2d0y) ~ Tw~ (60)

In particular, applying the values of Doy = 3.84 um, Dg, =
2.24um and d, = 10°pum to (59) and (60), the angular
subtenses are calculated to be ay = 38.4urad < i, =
1.5mrad and oy = 22.4 urad < oy, respectively. Note that
the classification principle 4.3 d) of [11] states that the angular
subtense of a rectangular source is computed by the arithmetic
mean value of the two angular dimensions of the source. Also,
any value of the angular subtense smaller than oy, or bigger
than ap.x = 100 mrad needs to be limited to iy OF Qimax,
respectively, before the calculation of mean value. Therefore,
a = (1.5+1.5)/2 = 1.5mrad and the LD is assumed to be a
point source.

Assume that the LD can be classified as Class 3R and select
a time base of 0.25s according to the classification principle
4.3 e) of [11]. Then, the correction factor, Cf, is equal to 1
according to Table 9 [11]. Therefore, the AEL is determined
to be K = 5mW based on Table 6 [11]. The AEL expressed
as irradiance is computed by:

K

T(Dap/2)?

The application of x = 5mW and D,, = 0.7 cm to (61) results
in GAEL ~ 13 mW/ch.

Now, the beam irradiance must be determined at d, =
10cm from the LD chip and be compared with Gag. For

GapL = (61)
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this reason, the beam diameter along the z- and y-axes
is calculated by the use of (3) and (4), respectively. The
application of z = d, = 10cm, Wy, = 1.92um and
A = 0.66um to (3) yields Wy (1l0cm) = 10.94mm.
Also, the values of z = dp = 10cm, Wy, = 1.12pum
and Ao = 0.66 pm are applied to (4) and they result in
Wy (10cm) = 18.76 mm. Therefore, the beam diameters at
dm = 10cm are Dy(10cm) = 2Wy(10cm) = 21.88 mm and
Dy(10cm) = 2W,(10cm) = 37.52 mm. The geometry of the
circular aperture is approximated by that of a square aperture
with side length equal to the diameter of the circular aperture,
ie. 2xg = 2yp = 7mm. In this case, the collection efficiency
can be expressed based on (43) by:

ne(z) = erf { (62)
where W, (z) and W, (z) are given by (3) and (4), respectively.
The values of z = d, = 10cm, zg = yog = 3.5mm,
Wy(10cm) = 10.94mm and Wy (10cm) = 18.76 mm are
applied to (62) resulting in 7.(10cm) = 0.139. Therefore, the
received optical power is Pryo(10cm) = 9c(10cm)Pryom =
0.139x 130 = 18.07 mW. Finally, the received beam irradiance
from a square aperture of side length 2z is given by:

o PRX,O(Z)
GRX(Z) = (21‘0)2

The application of z = dy = 10cm, Prxo(10cm) =
18.07mW and 227 = 0.7 cm to (63) results in Gryx(10cm) =
36.88 mW/cm?. This value is larger than G ag. Consequently,
the LD cannot be classified as Class 3R.

Now, the LD is considered to belong to Class 3B,
and a time base of 100s is selected according to the
classification principle 4.3 e). The received optical power,
i.e. Prxo(10cm) = 18.07mW, is less than the AEL, i.e.
k = 0.5W, derived from Table 8. As a result, the optical
source is classified as Class 3B.

: (63)

APPENDIX D
CLASSIFICATION OF THE LASER DIODE USED WITH
COLLIMATION LENS

In this case, the laser consists of the DC power supply, the
LD and the aspheric lens used in Scenario II of Experiment II.
So long as the area between the LD and the lens is shielded
by an aluminum tube, the total optical device is considered
to be an extended optical source. Note that Condition 1 of
Table 10 [11] is applicable to collimated beams, but the most
restrictive condition must be used for classification and, again,
this is Condition 3 of Table 10 [11]. Thus, the measurement of
AEL needs to be made by the use of a circular aperture stop
with a diameter of D,, = 7mm at a distance of d, = 10cm
from the new beam waist according to Table 11 [11]. As
a first step, the new beam waists must be determined. The
application of the values of parameters presented in Table
II to (1)-(10) and (14)-(29) results in W3, = 34.93 um
and W3, = 20.39 um. Therefore, the substitution of Z =
dn = 10cm, W3, = 34.93um and A\g = 660nm to
(30) gives W.(10cm) = 602.46 um. Also, the values of

21

2" = dy = 10cm, W3y = 20.39 um and Ay = 660nm are
applied to (31) and yield Wj(10cm) = 1.03mm. So long
as the beam diameters at 10cm from the beam waists are
smaller than the diameter of the circular stop aperture, the
AEL can be expressed as power and not as irradiance. The
angular subtenses along the x- and y- axes are given by:

1 [Wl(dw) 2W.(dm)
«=2tan"! | =X ~ X 64
o an [ a ] d (64)
and
W! (dm 2W! (dm
ay = 2tan " [ };l( )} R~ 2( ) (65)

The application of W} (10cm) = 602.46 um, Wy (10cm) =
1.03mm and d,, = 10cm to (64) and (65) results in oy =
12mrad and o, = 20.6 mrad, respectively. Therefore, o =
(ox + ay)/2 = 16.3 mrad.

Assume that the optical transmitter can be classified as
Class 3R, and select a time base of 0.25s according to the
classification principle 4.3 e) of [11]. Then, the correction
factor C is equal to o/amin = 10.867 according to Table 9
[11]. Therefore, the AEL is determined to be kK = 5Cg [mW]
based on Table 7 [11] and, finally, x = 54.34 mW.

Now, the laser beam power needs to be calculated at
10cm from the beam waists in order to be compared with
the AEL of Class 3R. So long as dix ~ di, according
to Table II, the collection efficiency of the rectangular
receiver is calculated at 2’ ~ 2” = 10cm. The application
of zp = yo = 3.5mm, W/ (10cm) = 602.46 um and
Wi (10cm) = 1.03mm to (43) gives a collection efficiency
value of 7.(10cm) = 1, as expected. So, the received optical
power is Pryo(10cm) = Pryom = 130 mW that is larger than
K = 54.34mW. Therefore, again this optical transmitter is
not classified as Class 3R, but as Class 3B. This is because
the AEL of Class 3B is k = 500 mW.
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