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Abstract: In optical wireless power transmission (OWPT) systems, since beam size is finite, and
relative position and attitude between transmitter and receiver is not always stationary, both beam
alignment and shaping accuracies are important parameters. Analysis based on a power generation
efficiency calculation model of general OWPT systems shows that their tolerances are quite demand-
ing, especially for long range OWPT, and relaxation is inescapably necessary. This study introduces
the fly eye lens as a candidate to relax these difficulties and, moreover, it features producing homo-
geneous irradiation onto the solar cell array. All of these are essential to OWPT systems. In this
study, cooperative OWPT is discussed, in which solar cell array and power transmitter mutually
align each other. Its efficiency calculation model is integrated with a fly eye module surrounded by
reflective walls. System level requirements are analyzed regarding beam shaping and alignment in
terms of power generation ratio, and it is clarified that this module largely relaxes requirements. In
this module, beam power is confined within the module and will be eventually absorbed by the solar
cell as the incident beam is within the acceptance angle. This feature avoids degradation of power
generation ratio due to beam shape mismatch. These advantages bring progress towards building
operational OWPT.

Keywords: optical wireless power transmission; OWPT; fly eye lens; power generation ratio; beam
shaping; beam alignment; beam confinement

1. Introduction

In a wireless society, wireless power transfer is expected to cover from a few hundred
milliwatts to kilowatts for power and from a few meters to kilometers for range [1]. Op-
tical wireless power transmission (OWPT) transmits power by light, which has a narrow
diffraction angle feature. Even though there are some wireless power transmission (WPT)
methods that outperform OWPT in power generation efficiency in particular conditions,
major advantages of OWPT are that it supports both long range and better efficiency
simultaneously. To achieve long range and better efficiency, there are some issues to be
considered in OWPT. In many use cases of solar cell arrays for solar power generation,
one may naturally assume that the whole area of the solar cell array module is uniformly
irradiated. In the case of fiber coupled optical power transmission, one can assume con-
nection between fiber and solar cell are fixed. However, in OWPT, the situation is totally
different because transmitted beam size is finite, and the transmitter and receiver’s relative
position and attitude is not always stationary. One needs to adjust the incident beam shape
to the solar cell array’s to avoid a non-irradiated portion and power loss due to shape
mismatch between the beams. Such sophisticated alignment should be controlled based
on real-time information of the array’s distance and attitude. Moreover, irradiated power
should be uniform to maintain high power generation efficiency in the solar cell array. In
other words, from a system efficiency point of view, one needs active control of the beam
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alignment and its shape, maintaining uniformity to maximize efficiency. Suppose the beam
size is large enough to cover the solar cell array, such as in ordinary solar power generation:
such a beam would fully cover the array. However, light beam power spilled from the array
deteriorates power transfer efficiency, and spilled power may cause eye safety problems if
such power is larger than the safety standard.

There are many device-level research reports [2–4], concepts-level research reports [5–13]
and demonstration reports [14–21] of OWPT from small scale indoor applications to large
space systems. However, studies of beam alignment and shaping based on a mathematical
efficiency model of OWPT have not been mature so far. Theoretical analysis, trade-off based
on a mathematical model, consolidation of system level requirement and design are essential
to fill a gap between initial concept/demonstration and operational system and to step
towards real social infrastructure. In the former study, a general OWPT mathematical model
was proposed based on system efficiency factor ‘power generation ratio’. The model was
constructed to include misalignment and defocus of transmitter optics. OWPT system level
requirements for beam shaping and alignment were theoretically analyzed by this model [22].
It was found that both misalignment and beam shape tolerance become quite demanding, and
some relaxation is inevitably necessary to build operational systems. The general tendency is
that the further the target is, the stronger these difficulties are.

Generally, in OWPT systems, a ‘cooperative’ system configuration and ‘non-cooperative’
one can be classified and defined as follows. In non-cooperative OWPT configurations,
the solar cell array is fixed, and the power transmitter aligns its beam with the solar array
face. In cooperative OWPT configurations, the solar array and power transmitter mutually
align each other. Even though cooperative OWPT is more complex than a non-cooperative
one in system-level design, its advantages regarding misalignment and beam shaping were
clarified in the former study. In this study, cooperative OWPT with the fly eye module is
theoretically investigated, and further relaxation of system requirements are derived.

The fly eye lens is utilized to generate uniform irradiance [23]. Since this feature is
favorable to OWPT, its adaptation to transmitter optics as well as receiver optics has been
proposed, and preliminary experiment results and its usefulness were reported [24,25].
There is a critical angle in the fly eye lens. For a beam with incident angle larger than this
angle, the fly eye lens projects an image of the incident beam, not to the array, but to an
adjacent area of it. To avoid this problem, initial concept of introducing reflective wall
between fly eye lens and solar cell array has been proposed [25], and some preliminary
experiments were reported [25,26]. So far, the fly eye lens has been discussed regarding its
beam homogenization effect. In this study, it is analyzed mainly from beam alignment and
shaping point of view. It is shown that in addition to enhancement of beam homogeniza-
tion, a module utilizing the fly eye lens (hereafter fly eye module) relaxes misalignment
and beam shaping requirements. Following the former component level proposals and
preliminary experimental study, this study aims to construct a system mathematical model
that combines the fly eye module with OWPT efficiency calculation and discuss trade-offs
based on the same basis as the basic model in the previous study. The basic model was
proposed in a literature that utilizes power generation ratio factor, including focus error
and misalignments [22]. The fly eye module configuration is extended from its preliminary
studies. Numerical trade-off among two kinds of reflective wall structures and wall-less
structures are discussed in this study from a beam alignment point of view, and their
advantages and disadvantages are clarified. Misalignment and beam shaping tolerance
were identified as serious problems, especially for long range OWPT systems in the former
analysis. In this study, based on an OWPT system integrated with the fly eye module, ad-
vantages, problems, trade-off items and improvements are proposed. This module not only
relaxes beam alignment requirements, but also confines beam power inside the module
for the beam angle of incidence to be within the critical angle and eventually absorbed by
the solar cell array. This feature avoids not only degradation of the power generation ratio
due to a mismatch of beam shape with the array but also eye-safety issues due to spilled
beam from the solar cell. This advantage brings progress towards building practical and
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robust OWPT. In addition to advantages, issues are also identified to show directions of
future developments. Even though there appears to be no solar cell modules combined
with the fly eye module so far, there should be a solar cell module that is optimized for
OWPT usage. The fly eye module proposed in this study would be one of such candidates.

This paper is structured as follows. In Section 2, a model of the fly eye module is
presented. In Section 3, a simple model to simulate and evaluate the system level efficiency
for general configuration of cooperative OWPT with the fly eye module is presented, and
the homogenizing effect of the module is discussed. The model is based on the efficiency
calculation model of OWPT presented in the former study. It is noted that thanks to
introduction of the fly eye module, the model become largely simplified from the basic
model. In Section 4, system level requirements regarding focus adjustment are discussed,
and in Section 5, system level requirements regarding beam alignment are discussed. In
Section 6, two kinds of reflective mirror structures are introduced in the fly eye module,
and requirement relaxations are discussed in terms of such structures. Finally, in Section 7,
the report is summarized, including remaining issues.

2. Fly Eye Module Model

For general simplified OWPT systems, system power transmission efficiency is de-
scribed by:

ηsystem = ηLight Source × ηTransmission × ηPower Generation × ηSolar Cell (1)

where ηLight Source and ηSolar Cell are efficiency parameters specific to devices, and ηTransmission
is an environmental parameter. The factor, the ‘power generation ratio (ηPower Generation)’
describes the effect of system level efficiency, including optics such as beam alignment and
shaping. It is calculated from the light beam power contributing to power generation in the
solar cell, which is a portion of the power transferred from the incident beam. This factor is
studied by Tang et al. [27] for a typical solar cell module with a series of connected solar cells
without any bypass diodes. Power generation ratio is the product of two factors. The first one
(factor A) accounts for the portion of light beam that irradiates the solar cell module, which is
the ratio of the area of incident beam overlapping with solar cell to the total area of incident
beam. The second one (factor B) accounts for nonlinear characteristics of the solar cell array
caused by shadowing of the solar cell module. This factor will depend on detailed internal
configuration of the array such as number, shape and orientation of each solar cell element.
Improving the efficiency does not mean that the light beam is simply incident on the solar cell.
To maximize power generation ratio and achieve high efficiency, one needs to adjust the shape
of the incident beam with that of the array to avoid non-irradiated area and power loss due to
shape mismatch between the beam and the array. Moreover, power generation efficiency in
the solar cell depends on irradiated power density. To maximize the power generation ratio,
homogeneity of the irradiated beam is necessary. To build a robust OWPT accommodating
such requirements is one of the major tasks in its development.

Figure 1 shows a basic configuration of the solar cell array with fly eye lens. As
examples of lens parameters for assumed configuration, focal length of each element lens
is f = 20 mm, and its shape is square with d = 10 mm side length. Focal length of the
condenser lens is F = 200 mm, and it is square shape with D = 100 mm side length. A
10 × 10 (100) element lens composes one fly eye lens. If the incident beam size is equal to
or larger than the element lens, it is still smaller than the size of the solar cell array; each
image of the element lens is projected onto the focal plane of the condenser lens with Fd/ f
size. It should be noted that this is independent of incident beam size. Since the size of the
solar cell array in Figure 1 is matched with the size of Fd/ f , the whole area of the array is
irradiated by the incident beam without any non-irradiated area.
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Figure 1. Solar Cell Array with Fly Eye Lens.

The factor B of the power generation ratio will be a complex function of the internal
configuration of the solar cell array. However, since the whole area of the array is irradi-
ated by the incident beam in the Figure 1 module, and, therefore, the factor B is always
equal to one (100%) in an ideal case, there is no need for such information of the internal
configuration of the array. It should be emphasized that this is a clear advantage of the fly
eye module in system design. If efficiency of the solar cell depends on the factor B, there
always needs to be some assumption of the internal configuration of the solar cell array
in its efficiency calculation [22,26,28]. This fly eye module can avoid such assumptions,
and, as a result, the efficiency calculation model becomes much simpler than the previous
one without this module [22]. In the case of the operating OWPT composed of solar cells,
which have different internal configurations from each other, there would be a possibility
that efficiencies of different internal solar cell configurations are different. This module
absorbs such internal configuration difference and would produce uniform efficiency.

The remaining issue is maximizing the factor A. Focus adjustment, beam alignment
and the beam confinement mechanism of this module are studied in the following sections.

3. Cooperative OWPT with the Fly Eye Module
3.1. Geometrical, Optical Configuration of the Analysis

Figure 2 shows the geometrical configuration of this analysis, assuming attitude of the
solar cell array is always dynamically controlled to face with the transmitter (cooperative
OWPT). In this study, size of the light source is 5 mm × 5 mm, beam divergence is
0.8 degree (half angle) and power profile is top hat. Transmitter optics include a simple
beam expander, focal length of the two lenses are 150 mm and −30 mm, and nominal
separation between the two lenses is 120 mm. The beam expander is defocused for the
distance range to the module (L) to adjust the beam size at the entrance of the fly eye
module. The size of the solar cell array is 100 mm × 100 mm, and beam size is adjusted to
the smaller size of the array by controlling the focus of the beam expander. In the following
investigation in this report, the beam size is considered to be 1/2 (one-half) of the size of
the array. Even though each size in the system in this report is fixed for numerical analysis
purposes, the result is readily scalable to the other sizes.
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Figure 2. Configuration of this analysis.

3.2. Power Generation Ratio, Homogenization by Fly Eye Module

The fly eye module homogenizes power density and projects the beam over the whole
area of the solar cell array. If the beam size is smaller than the size of the array, the whole
power of the irradiated beam will be confined within the fly eye module, and a high power
generation ratio is expected. An oversized beam causes degradation of the efficiency due
to leakage of the light beam from the receiver module. As the array always faces with the
transmitter in cooperative OWPT, the power generation ratio is 100% if the beam expander
is always defocused appropriately for the range to the array. In the case of a moving
array, this requires real-time defocusing adjustment for the beam expander based on range
information to the array. To relax this strong requirement, defocusing for a fixed range
is investigated in this study. Figure 3 shows range dependence of size of several beams,
whose size at fly eye module entrance is adjusted to be one-half of the size of the array at
1 m, 5 m, 10 m, 20 m, 30 m, 40 m, 80 m and 100 m. If defocusing is adjusted for a fixed
range longer than 30 m, e.g., 40 m, 80 m or 100 m, the size of the beam is always less than
the size of the array (100 mm) within 100 m. Otherwise, the beam size becomes larger than
that of the array (>100 mm) at some range. From here, defocusing the beam expander is
called ‘focus adjustment’ or ‘focus optimization’, and distance range from the transmitter
to the solar cell array is called ‘L’.
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Assume each focus of beams is adjusted such that the size of the beams at 40 m, 80 m
and 100 m are to be one-half of the size of the array. The size of such beams do not exceed
that of the array within 100 m range to it. To see the homogenization effect for these beams by
the fly eye module, range dependence of power density of the incident beam is calculated in
Figures 4 and 5, both at the fly eye module entrance and at the solar cell array (SC).
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In the calculation, the power of each beam is assumed to be 1 (one) watt and size of
the fly eye entrance and solar cell array are both 100 mm × 100 mm. For the calculation,
100× 100 grid points are defined in each fly eye element lens. Power densities are calculated
on each 100 × 100 grid points of each element lens at the module entrance and projected
onto 100 × 100 grid points at the solar cell array.
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Power density at (I, J) grid point (I, J: 1 to 100) of the solar cell array is given by:

ISC(I, J) =
10

∑
a, b=1

Ia,b(I, J) (2)

where ISC(I, J) is power density at (I, J) grid point of solar cell array and Ia,b(I, J) is power
density at (I, J) grid point of (a, b) element lens. Indices a, b are from 1 to 10, because a
10 × 10 element lens composes one fly eye lens.

Power density varies with both focus adjustment range (40 m, 80 m, 100 m) and range
to the array (1 m, 5 m, 10 m, 50 m, 100 m). Figures 6 and 7 show homogeneity at the solar
cell array. In these plots, homogeneities are defined as the ratio of minimum power density
to mean power density over the array in Figure 6 and the ratio of minimum power density
to maximum power density in Figure 7.
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Even though there are some inhomogeneities of power density at the array in both
plots, it should be noted that rigorous ‘homogeneity’ is not pursued in this study but
‘irradiation over whole area of the array,’ and ‘beam power confinement inside the fly
eye module’ are prioritized. In fact, such inhomogeneities are less than a factor of two in
Figures 6 and 7 and are acceptable for practical purpose of OWPT.
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Figure 8 shows the power generation ratio for each adjustment. As shown in Figure 3, if
the focus is adjusted at more than 30 m, the beam size is less than 100 mm within 100 m range.
Thus, the power generation ratio is 100% from 0 m to 100 m for adjustment of 40, 80 and 100 m
in Figure 8. This means that if the beam size is less than the array size (100 mm), the power
generation ratio is maintained at 100%. Even the focus of the beam expander is fixed for some
range; the power generation ratio can be stably efficient even if L varies. This example shows
that focus adjustment once at more than 30 m is enough, and it can be fixed for stabilizing the
power generation ratio from 0 m to 100 m.
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4. Requirement for Focus Adjustment of Transmitter Beam Expander

The requirement for focus adjustment is investigated. In the case that focus is opti-
mized for each L, about 1 mm focus error is allowable (Figure 9a). When focus is fixed at
some range, e.g., 100 m in Figure 9b, similarly 1 mm focus error is allowed in this case. The
requirements for this focus adjustment are greatly relaxed compared to when the fly eye is
not used [22].
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5. Requirement for Beam Alignment
5.1. X(Y) Direction Beam Alignment

In cooperative OWPT, not only focus adjustment, but also alignment of position and
attitude of the solar cell array relative to the transmitter is necessary. Degree of freedom
(DoF) of beam alignment is two for X, Y direction deviation, two for rotation around X,
Y axes, and one for rotation around beam propagation direction. Therefore, there are
five DoFs in total. Since the X, Y directions are identical, the number of independent
requirements for beam alignment reduces to three. In this study, these DoFs are assigned
to deviation in X(Y) direction, tilt of solar cell array and rotation around the optical axis
(beam direction) (Figure 10).
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fixed. Similar results are obtained from both cases. Since the beam size is less than the size 
of the array for every rotation angle and for every L < 100 m, the power generation ratio 
is stably 100% for any rotation angle and for L. As defined in the beginning of Section 3, 
in this study, the beam size was set to 1/2 (half) of the size of the array. When this beam 
size approaches the array size, the efficiency in Figure 12 degrades because part of the 
beam leaks out of the lens array, especially under a rotation angle of close to 45 degrees. 
This means that maintaining a sufficiently small beam size is advantageous for the pro-
posed configuration. 

Figure 10. Beam alignment in cooperative OWPT system.

The initial state is that the beam is exactly directed to the center of the solar cell
array, and its shape is matched with that of the array. Then, the light source is deviated
in X direction by rotating around Y axis and the power generation ratio is calculated. In
Figure 11a, like Figure 9a, focus is optimized for each L. In Figure 11b, like Figure 9b, focus
is optimized at 100 m and fixed. Similar results are obtained from both cases. L dependent
requirements are determined at 80% of the power generation ratio, e.g., 34 mrad at L = 1 m,
3.4 mrad at L = 10 m, 0.32 mrad at L = 100 m. As X, Y direction are identical, requirement
for both X, Y direction are the same. In this study, the beam size was set to 1/2 (half) of the
size of the fly eye lens array, as defined in the beginning of the Section 3. Changing this
size slightly changes the characteristics in Figure 11.

Photonics 2022, 9, 995 9 of 16 
 

 

 
Figure 10. Beam alignment in cooperative OWPT system. 

The initial state is that the beam is exactly directed to the center of the solar cell array, 
and its shape is matched with that of the array. Then, the light source is deviated in X 
direction by rotating around Y axis and the power generation ratio is calculated. In Figure 
11a, like Figure 9a, focus is optimized for each L. In Figure 11b, like Figure 9b, focus is 
optimized at 100 m and fixed. Similar results are obtained from both cases. L dependent 
requirements are determined at 80% of the power generation ratio, e.g., 34 mrad at L = 1 
m, 3.4 mrad at L = 10 m, 0.32 mrad at L = 100 m. As X, Y direction are identical, requirement 
for both X, Y direction are the same. In this study, the beam size was set to 1/2 (half) of the 
size of the fly eye lens array, as defined in the beginning of the Section 3. Changing this 
size slightly changes the characteristics in Figure 11. 

  
(a) (b) 

Figure 11. Power Generation Ratio Dependence on X(Y) Direction Deviation: (a) Focus Optimized 
at Each L; (b) Focus Optimized at 100 m. 

5.2. Rotational Alignment around Beam Direction 
The requirement for rotational alignment around the optical axis is investigated. In 

Figure 12a, focus is optimized for each L. In Figure 12b, focus is optimized at 100 m and 
fixed. Similar results are obtained from both cases. Since the beam size is less than the size 
of the array for every rotation angle and for every L < 100 m, the power generation ratio 
is stably 100% for any rotation angle and for L. As defined in the beginning of Section 3, 
in this study, the beam size was set to 1/2 (half) of the size of the array. When this beam 
size approaches the array size, the efficiency in Figure 12 degrades because part of the 
beam leaks out of the lens array, especially under a rotation angle of close to 45 degrees. 
This means that maintaining a sufficiently small beam size is advantageous for the pro-
posed configuration. 

Figure 11. Power Generation Ratio Dependence on X(Y) Direction Deviation: (a) Focus Optimized at
Each L; (b) Focus Optimized at 100 m.



Photonics 2022, 9, 995 10 of 16

5.2. Rotational Alignment around Beam Direction

The requirement for rotational alignment around the optical axis is investigated. In
Figure 12a, focus is optimized for each L. In Figure 12b, focus is optimized at 100 m and fixed.
Similar results are obtained from both cases. Since the beam size is less than the size of the
array for every rotation angle and for every L < 100 m, the power generation ratio is stably
100% for any rotation angle and for L. As defined in the beginning of Section 3, in this study,
the beam size was set to 1/2 (half) of the size of the array. When this beam size approaches the
array size, the efficiency in Figure 12 degrades because part of the beam leaks out of the lens
array, especially under a rotation angle of close to 45 degrees. This means that maintaining a
sufficiently small beam size is advantageous for the proposed configuration.
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6. Requirement for Tilt of Solar Cell and Beam Energy Confinement in the Fly Eye Module
6.1. Upper Wall Mirror, Lower Wall Mirror Configurations

When the solar cell array is tilted, the incident angle of the beam to the array changes.
It should be accounted that the projected beam on the array is not only moved to the
adjacent area but also some portion of the beam is vignetted. To avoid these problems,
Katsuta et al. suggested an initial concept of surrounding reflective side panels between
the fly eye lens and solar cell array [25] (Lower Wall Mirror in Figure 13).
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There is another configuration that has reflective side panels above fly eye lens (Upper
Wall Mirror in Figure 10). A similar idea is found in the literature [28].

By using such surrounding mirrors, as shown in Figures 13 and 14, spilled beam
energy from the side of the module is reflected, and beam energy is confined in the module
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as a result. There are some studies of solar cell device level light trapping structures to
avoid beam energy loss [29,30]. It should be emphasized that these module level beam
confinement structures, such as Figures 13 and 14 studied here, avoid spilled energy from
the module and are expected to relax requirements for X(Y) direction beam deviation. The
beam energy is efficiently transferred to the array by these confinement configurations and
trapped there if there are any device level trapping mechanisms there. In this study, the
beam confinement concept is numerically analyzed in terms of power generation ratio, and
requirements are derived for beam alignment in Figures 13 and 14 configurations. In this
analysis, the reflectivity of the mirrors is assumed to be 100% for any reflection angle.
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Figure 14. Fly Eye Module with Upper Wall Mirror and Lower Wall Mirror.

6.2. Beam Acceptance Angle and Beam Confinement Effect in Fly Eye Module with Uppwe/Lower
Wall Mirror

In Figure 13, the configuration with the lower wall mirror only, the power generation
ratio is calculated for the tilt angle relative to the beam (incident angle of the beam)
(Figure 15a) and for the X(Y) deviation of the beam (Figure 15b).
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for the tilt angle relative to the beam; (b) for the X(Y) deviation of the beam.
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In the configuration of Figure 14, where upper wall height = SC (solar cell array size),
the power generation ratio is calculated for solar cell array attitude deviation (Figure 16a)
and X(Y) axis angle deviation (Figure 16b).
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the equivalent to extend the module size about 10%. The upper wall mirror’s beam con-
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Each requirement depends on L. Table 1 shows excerpts from Figures 15 and 16. Each 
requirement is defined at the point power generation ratio equals 80%. SC means the size 
of the solar cell array (100 mm). These system level requirements are much more relaxed 
from requirements without the fly eye module in the former study [22]. 

Figure 16. Beam Energy Confinement by Upper and Lower Wall Mirror (Upper Wall Height = SC):
(a) power generation ratio calculation for the tilt angle relative to the beam; (b) for the X(Y) deviation
of the beam.

Let H be the height of the upper wall mirror and θ be the X(Y) axis angle deviation limit.
Assume one deviates the beam in the X(Y) direction, and the upper wall mirror reflects
the deviated beam onto the fly eye module (solar cell array). This effect is equivalently
expressed by extension of the size of the fly eye module by H tan(θ + δθ), as shown in
Figure 17.
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The order of θ and δθ is O(SC/2L). In the case H = SC = 100 mm, L = 1000 mm; this
is the equivalent to extend the module size about 10%. The upper wall mirror’s beam
confinement effect becomes larger when L and SC are comparable and negligible when
L� SC. This is observed in the right figures of Figures 15 and 16.

Each requirement depends on L. Table 1 shows excerpts from Figures 15 and 16. Each
requirement is defined at the point power generation ratio equals 80%. SC means the size
of the solar cell array (100 mm). These system level requirements are much more relaxed
from requirements without the fly eye module in the former study [22].

Table 1. Requirement for Beam Incident Angle and Deviation in X(Y) Direction with Upper and
Lower Wall Mirror Configuration.

Configuration Upper Wall Height Requirement for
Incident Angle

Requirement for
X(Y) Deviation

Wall-Less
(with neither lower
wall nor upper wall

mirror

0 245 mrad

340 mrad (L = 0.1 m)
34 mrad (L = 1 m)

3.4 mrad (L = 10 m)
0.32 mrad (L = 100 m)

Lower-Wall Mirror
(lower mirror only) 0 499 mrad

340 mrad (L = 0.1 m)
34 mrad (L = 1 m)

3.4 mrad (L = 10 m)
0.32 mrad (L = 100 m)

Two-Wall Mirror
(both upper wall and

lower wall)
SC 180 mrad

606 mrad (L = 0.1 m)
117 mrad (L = 1 m)
4.2 mrad (L = 10 m)

0.36 mrad (L = 100 m)

When the beam enters the fly eye lens with a larger incident angle than its critical
angle, the projected beam image is transferred to the adjacent area. Its critical angle can be
expressed as tanθc = d/2 f , where d is the size of the element lens and f is its focal length.
In Figure 1 configuration, the critical angle is 245 mrad (14.3 degrees), numerically. Without
the lower-wall mirror, this results in a zero power generation ratio. For the module with
neither upper nor lower wall mirrors (Wall-Less configuration), the power generation ratio
changes the same as the lower wall mirror configuration for incident angle θ < θc and
becomes zero for θ ≥ θc. This leads to a requirement of within 245 mrad incident angle
for this case. Regarding the X(Y) direction beam deviation, requirements are the same
as the Lower Wall Mirror configuration, since both configurations do not have the upper
wall mirror. With the lower-wall reflective mirror (Lower-Wall Mirror configuration), the
power generation ratio is maintained at high efficiency, and critical angle θc is no longer a
restriction for the incident angle of the beam. On the other hand, assuming the beam enters
solar cell array of cross section S (= SC × SC) with incident angle θ, its apparent area of
solar cell array becomes Scosθ when observed from the incident beam. If beam size exceeds
Scosθ, power generation degrades. This is the only restriction for the beam incident angle
in terms of the power generation ratio in the Lower-Wall Mirror configuration. Beam size
control in the light source side will be effective for this situation.

In the case of the Two-Wall Mirror configuration, the incident angle requirement is
stronger than the lower-wall mirror case. This is due to vignetting of the incident beam
by the upper wall in this configuration, since the effective area of the solar cell array is
reduced to S(cosθ − H/SC sinθ). If the beam size is sufficiently large, such vignetting is
compensated by the equivalent extension of the solar cell array’s area, such as in the case of
the X(Y) direction (Figure 18). In this case, since the beam size at the solar cell is 1/2 (half)
of its size, this does not occur.
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(half) of its size, this does not occur. 

 Figure 18. Beam tilt in two-wall mirror configuration.

On the other hand, the X(Y) beam deviation requirement is more relaxed than the
lower-wall mirror configuration. This is due to the beam confinement effect by the upper
wall. In the case that L and SC are comparable, the precise beam alignment for tilt of the
solar cell array (the fly eye module) is almost unnecessary.

7. Discussion

The fly eye module in Figure 1 with both upper and lower wall mirrors suffers an
increase in its size. In Figure 1, the size of the fly eye lens is 100 mm × 100 mm, its element
lens is 10 mm × 10 mm with 20 mm focal length, and the size of the condenser lens is
100 mm × 100 mm with 200 mm focal length. The size of the whole module is at least
100 mm × 100 mm × 200 mm. When the upper wall mirror is included, the module size
depends on the upper wall height. If the upper wall height is the same as the solar array,
the module size increases to 100 mm × 100 mm × 300 mm. In a module such as Figure 1,
the problem would be size and focal length of each lens and height of the upper wall mirror
to irradiate the whole area of the solar cell array and to confine the beam power within the
module. The size of the solar array is 100 mm × 100 mm, which assumes that twelve solar
cell elements are series connected in the array, and the fly eye module size increases or
decreases proportional to the size of this solar cell element. Even though such a module as
Figure 1 would be acceptable by some applications, miniaturization is always favorable. If
a miniaturized solar cell array could be developed, miniaturization of the fly eye module
would be also feasible. Even though a miniature module can generate small amounts of
electrical current, a necessary number of parallel connected modules would both generate
enough current and achieve compactification of the whole OWPT system. Development
effort towards such miniaturization is proposed and expected.

8. Conclusions

In the OWPT system, both beam alignment and shaping accuracies would affect not
only alignment and shaping mechanisms, but also detection accuracy and mechanism of
the SC position and attitude by light source. As shown in the former study [22], the longer
the distance to the SC, the stronger these requirements are. These would make it seriously
difficult to build robust and practical OWPT systems, especially when they support long
range power transmission.

In this study, the system level requirement of a cooperative OWPT system is theoreti-
cally analyzed. Analysis is conducted with a module utilizing the fly eye lens surrounded
by reflective walls (fly eye module). When the irradiated beam size is smaller than the
solar cell array size in the fly eye module, the beam irradiates the whole solar cell array,
and its power density is homogenized. In a cooperative OWPT utilizing such a module,
the transmitter optics focus adjustment is only necessary in advance of operation at some
range with 1 mm accuracy, and additional adjustment is no longer necessary if the size of
the beam is always less than that of the array within the operational range. In addition to
this, rotation adjustment around the optical axis is not necessary for the same assumption
of the size between the beam and the array. The requirement for beam incident angle and



Photonics 2022, 9, 995 15 of 16

beam direction deviation is relaxed by the surrounding reflective wall configuration of
the module. There would be an upper wall mirror above the fly eye lens, and a lower
wall mirror from the fly eye lens to the solar cell array. Comparing the two-wall mirror
configuration with the lower-wall mirror configuration, the requirement for the beam
incident angle is stronger and the one for beam deviation is weaker. In OWPT system
design, it is a trade-off item that should be prioritized, either the incident angle or balancing
both requirements.

Beam power is confined within the module and will be eventually absorbed by the
solar cell for the incident beam within the acceptance angle determined by the requirements.
This feature avoids degradation of power generation ratio due to beam shape mismatch and
eye-safety problems due to spilled beam from the module. These advantages of the module,
made clear in this study, bring progress towards building a practical and robust OWPT.
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