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Abstract—This paper presents an analysis on the performance
of an optical wireless power transfer system in which optical
transceivers made from a perovskite are used. Experiments are
performed under different settings, whose resulted data reveal in-
teresting findings. First, system performance is only matched with
the existing theory when no collimating lens is employed. Hence, a
data-driven mathematical model is proposed and verified when a
collimating lens is used. Second, a collimating lens helps increase the
amount of wirelessly transferred power and the transfer distance if
perfect alignment between optical transceivers is guaranteed, but
substantially limits the sliding distance between them otherwise.

Index Terms—Bidirectional wireless power transfer, data-driven
mathematical modeling, optical transceiver, optical wireless power
transfer, perovskite light-emitting diodes, perovskite solar cells.

I. INTRODUCTION

O PTICAL wireless power transfer (OWPT) is an emerging
and promising approach applicable in many practical sys-

tems including internet of things [1], [2], consumer electronics
[1], [3], implantable medical devices [4]–[6], vehicle electrifi-
cation [7]–[12], robotics [7]–[12], etc. OWPT systems possess
unique features that other WPT systems do not have. First,
OWPT systems are capable of harvesting ambient light energy
in the absence of optical transmitters, for instance, from sunlight
and indoor lighting equipment. Therefore, OWPT systems can
be self-charged even when the primary side, i.e., the optical
transmitters, are not present, which is extremely important and
convenient for numerous applications such as implant medi-
cal devices and biosensors, wearable electronics, etc. Second,
OWPT systems have relatively simple electronic circuits and
can be flexibly attached on uneven surfaces [7]. Third, OWPT
systems have the capability of simultaneous information and
power transfer [13]. Last but not least, OWPT systems can
be utilized in different environments, namely air, water, space,
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under the skin [7], [14], in brain science [15], [16], and even at
the nanoscale [17].

In our previous study [7], we proposed a thing-to-thing
OWPT (T2T-OWPT) network in which hybrid perovskite solar
cells serve as optical transceivers capable of both emitting and
absorbing light. The advantages obtained when using optical
transceivers are on the potentials of simpler structure, lighter
weight, lower cost, and better functionality, flexibility, and
convenience for the OWPT system [7]. For instance, any de-
vice equipped with our proposed perovskite optical transceiver
can be self-charged when it is not in the light-emitting mode,
which was not possible in conventional OWPT systems where
optical transmitting devices cannot work in light absorption
mode. Initial experimental results were reported in [7] for our
perovskite cells working in both light emission and absorption
modes, which proved the feasibility of our proposed T2T-OWPT
concept. However, no results have been reported so far when our
proposed T2T-OWPT system operates in different conditions
which are close to realistic situations, for example, when the
optical transceivers are not properly aligned.

On the other hand, there have been a few studies in the litera-
ture to examine the operation of OWPT systems under changing
conditions. In [18], simple formulas were used to calculate the
OWPT system efficiency when the solar cell attached on the
optical receiver was partially covered by the light beam from the
laser transmitter. Moreover, when a reflection mirror was used to
improve the efficiency, no mathematical analysis was provided
in [18]. Next, the research in [19] proposed and analyzed simul-
taneous mobile information and power transfer system, where
the laser emitter was fixed while the optical receiver could be
moving. A mathematical model was then proposed in [19] for
the mobile optical coupling link.

In the current work, we present our latest results on the
operation of our proposed T2T-OWPT concept as well as the
related theoretical and empirical analyses. More specifically,
we perform different experiments on the OWPT between two
identical perovskite solar cells under different settings includ-
ing perfect and imperfect alignment that are likely happened
in realistic situations, and in the presence and absence of a
collimating lens. Obtained experimental results are then ana-
lyzed and compared with the existing theory. Remarkably, when
no collimating lens is employed, our experimental results are
matched with that from the existing theory. Nevertheless, it is
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interesting that when a collimating lens is used, the obtained
experimental results are completely different that cannot be
explained with the existing theory. As such, we empirically
propose a mathematical model to capture the essence of those
experimental results. Our proposed data-driven mathematical
model, therefore, contributes a useful result to the literature that
would facilitate further understandings, in particular when the
T2T-OWPT systems are implemented in realistic situations, and
for OWPT systems in general.

The remainder of this paper is organized as follows. The
performance of perovskite-based devices operating in the light
emission and absorption modes is presented in Section II.
Theoretical results on the optical transmission are revisited in
Section III. Experimental results on the OWPT between per-
ovskite transceivers without any lens are given and analyzed
in Section IV. Then experimental data on the OWPT between
perovskite transceivers with a collimating lens are introduced
in Section V, showing that they are not fitted into the theory
introduced in Section III. To explain the experimental results in
Section V, a data-driven mathematical model is proposed and
validated in Section VI. Finally, a summary of the main results
in this study and directions for the future research are provided
in Section VII.

II. PERFORMANCE OF PEROVSKITE-BASED DEVICES

The perovskite-based device architecture is glass
substrate/indium tin oxide anode layer (∼100 nm)/tin oxide
electron transport layer (∼30 nm)/perovskite layer (∼650
nm)/N,N-di(4-methoxy-phenyl)amino]-9,90-spirobifluorene
(spiro-OMeTAD) hole transport layer (∼150 nm)/gold
electrode (∼80 nm), which is a widely used architecture
in the research field of perovskite solar cells. We used the large
perovskite layer thickness of ∼650 nm to efficiently absorb
the light coming from other perovskite device operating in
the light emission mode. The composition of the perovskite
layer was Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3. Here, FA
is the formamidinium and MA is the methylammonium.
The spiro-OMeTAD layer was doped with lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI), tris(2-(1H-
pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)tri[bis(tri-
fluoromethane)sulfonimide] (FK-209), and 4-tert-butylpyridine
(4-tBP) to increase the electrical conductivity and device
performance. Please see [20], [21] for the device fabrication
and evaluation. Under the simulated solar illumination (100
mW/cm2 and AM1.5G), the current density−voltage curve
of perovskite-based devices was measured and depicted in
Fig. 1(a). By analyzing this curve, a short-circuit current density
of ∼23.8 mA/cm2, an open-circuit voltage of ∼1.17 V, a fill
factor of∼0.73, a series resistance of∼1.88× 102 Ω, and a shunt
resistance of 2.17 × 106 Ω were obtained. Then multiplying
the short-circuit current density, open-circuit voltage, and fill
factor gives us a power conversion efficiency (PCE) at ∼20.2%.
Next, when we applied an external voltage to the same devices,
the perovskite cells started to show electroluminescence. The
maximum external quantum efficiency (electron-to-photon
conversion) was ∼1.5%, as shown in Fig. 1(b).

Fig. 1. (a) Current density−voltage curve of perovskite-based devices op-
erating in the light absorption mode under the simulated solar illumination.
(b) External quantum efficiency−voltage curve of perovskite-based devices
operating in the light emission mode. (c) One example of the output signal wave
obtained by optical wireless transmittance between two perovskite devices.

The aforementioned results clearly indicate that our
perovskite-based devices not only can be operated in both the
light absorption and emission modes but also have been im-
proved to have higher performances compared to the perovskite
cells previously introduced in [7]. The electroluminescence peak
wavelength was ∼790 nm, at which the light absorption band of
the perovskite exists. In other words, the emission band overlaps
with the absorption band. By employing this self-absorption
effect, the OWPT system construction is possible by emitting
the photons from one-side perovskite device operating in the
light emission mode and then absorbing the photons by the
other perovskite device operating in the light absorption mode.
Please refer to [7] for the operation concept of our OWPT system
using the two perovskite devices and discussion on its system
efficiency.

Perovskite light-emitting diodes (PeLEDs) are known to be
very unstable under continuous operation. Although many re-
searchers are now investigating the degradation mechanisms
of PeLEDs for better operational durability [22]–[24], our
perovskite-based devices operating in the light emission mode
were very unstable as well. Electroluminescence intensity
quickly degraded within one hour even under the operation
at a low current density level such as 1 mA/cm2. We need a
further study to improve the operational durability of PeLEDs.
To avoid the degradation during the optical transmission ex-
periments, a perovskite device was driven to generate elec-
troluminescence under electrical pulse excitation. For this, a
multifunction generator (WF1973, NF) was used. The voltage
was 8 V, the pulse width (ON time) was 10 ms, and the OFF time
was 190 ms. The electroluminescence from the pulse-driven
perovskite device was detected by the other perovskite device
of the same architecture. This perovskite device operating in
the light absorption mode was connected with a 50 Ω resister.
With this low resistance, the operating condition of the device
is close to the short circuit. The voltage signals, which were
converted from the current signals coming from the device
and amplified by ∼100 times using a low-noise amplifier (T-
01LNA, Turtle Industry Co.) and averaged over hundreds of the
measurements to improve a signal-to-noise ratio, were detected
with an oscilloscope (DS-5105B, Iwatsu). The voltage signals
displayed on the oscilloscope looked a nearly square wave shape
as shown in Fig. 1(c) and were very stable, without a decrease
in signal intensity, pointing to the negligible degradation during
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Fig. 2. Light intensity-dependent characteristics of our perovskite solar cells.
(a) VOC and JSC. (b) FF and PCE.

the measurements. The values used on the vertical axis of the
experimental plots discussed later mean the obtained output
signals.

Next, we measured light intensity-dependent current
density−voltage curves of our perovskite solar cells. As a light
source, we used a commercial 780 nm LED. This light wave-
length is close to the EL peak wavelength measured from the
same device architecture operating in the light emission mode
(∼790 nm). As can be seen in Fig. 2(a) and (b), the open-circuit
voltage VOC is increased and the fill factor FF is decreased as the
light intensity is increased. The light intensity-dependent VOC

is normally seen in solar cells, with slopes in between kT/q and
2kT/q which indicate the bimolecular and trap-assisted recombi-
nation, respectively [25]–[27], where k is the Boltzmann’s con-
stant, T is the temperature, and q is the charge of an electron. The
slope of our VOC in a linear–logarithmic scale is 1.36kT/q, which
means that both the bimolecular and trap-assisted recombination
exit in our solar cells. However, the decrease in FF at the higher
light intensity indicates that the bimolecular recombination is
more dominant than the trap-assisted recombination since the
bimolecular recombination rate is proportional to the photo-
generated charge carrier density [25]–[27]. Because of the afore-
mentioned decrease in FF, the overall PCE is decreased as the
light intensity is increased, as observed in Fig. 2(b). Finally, the
short-circuit current JSC is linearly increased with the increase
of the light intensity, with a correlation coefficient R of 0.99992
(see Fig. 2(a)). Therefore, the solar cell output plots presented
in the next sections do not include the non-linearity effect of the
device performance. Moreover, this linearity of JSC implies that
we can estimate the output of our perovskite transceiver when
it is illuminated with the superposition of multiple perovskite
transceivers, by summing up its outputs as being individually
illuminated by each of those perovskite transceivers. Thus, in
what follows we consider the OWPT between two identical
perovskite transceivers, one works in the light emitting mode
and the other works in the light absorbing mode.

III. THEORETICAL ANALYSIS OF OWPT USING PEROVSKITE

TRANSCEIVERS

The following mathematical formula has been widely used to
calculate the DC optical gain of optical links from LEDs, and

Fig. 3. System setup in Scenario 1.

has also been employed in OWPT systems [7], [8],

H (0) =

{
(ml+1)A

2πd2 cosmlφgf (ϕ) gc (ϕ) cosϕ : 0 ≤ ϕ ≤ ϕw

0 : ϕ > ϕw

(1)
in which A is the physical area of the optical receiver, d is
the optical transmission distance, ϕ is the angle of incidence
(i.e., the angle at which the receiver sees the transmitter), φ is
the angle of irradiance (i.e., the angle at which the transmitter
sees the receiver), gf (ϕ) is the gain of an optical filter, gc(ϕ) is
the gain of an optical concentrator, and ϕw is the width of the
field of view (FOV) at the optical receiver. If no optical filter
and concentrator are used, then their gains are omitted in (1).
Moreover, ml denotes the order of Lambertian emission which
is given by the semi-angle at half illuminance φ1/2 of an LED
as follows,

ml = − ln 2

ln
(
cosΦ1/2

)

In the context of OWPT systems, cosφ = 1 and cosϕ = 1
in (1) when two perovskite transceivers are perfectly aligned
(see Fig. 3). This means theoretically the optical link DC gain
in our considering perovskite-based OWPT systems is inversely
quadratically dependent on the distance between the perovskite
transceivers. Nevertheless, when two perovskite transceivers are
not perfectly aligned, cosφ and cosϕ will be variant. As such,
the optical link DC gain in the considering OWPT systems
would no longer be a quadratic function of the inverse of the
distance between the transmitter and the receiver. In the next
section, we will perform different experiments to verify this
theoretical formula and accordingly propose a new data-driven
mathematical model for the results that do not fit into it.

IV. EXPERIMENT ON PEROVSKITE-BASED OWPT
WITHOUT LENS

This section is devoted to analyze the performance of a
perovskite-based T2T-OWPT system in which no lens is used.
Different tests are performed under which the perovskite optical
transmitter and receiver are perfectly and imperfectly aligned.
It turns out that experimental data are well-matched with the
theory presented in Section III, i.e., they follow the rule set in
(1). Details on those tests are provided below.
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Fig. 4. System output versus optical wireless power transfer distance, when
no lens is used.

Fig. 5. System setup in Scenario 2.

A. Scenario 1: Perovskite Optical Transceivers are Precisely
Aligned

In this scenario, two perovskite transceivers are arranged in
parallel and aligned perfectly. No lens is utilized, hence the
light beam from the perovskite optical transmitter is spread. The
system setup is demonstrated in Fig. 3.

Experimental results for Scenario 1 are depicted in Fig. 4.
As seen from Fig. 4(b), the output of the perovskite optical
receiver is almost inversely linearly decreased with respect to the
square of the distance between two perovskite transceivers. This
coincides with the theoretical analysis introduced in Section III.

B. Scenario 2: Perovskite Optical Transceivers are Vertically
Slid

This experiment examines the system operation when two
perovskite optical transceivers are not perfectly aligned, which
likely happens in realistic situations. Particularly, we fix the per-
ovskite optical transmitter while sliding the perovskite optical
receiver vertically to observe how the receiver output varies. The
distance between the two device planes containing perovskite
optical transceivers is kept constant at 10 cm, as depicted in
Fig. 5.

In this case, the angle of incidence ϕ and the angle of irradi-
ance φ are equal and dependent on the sliding distance. Taking
the natural log on both sides of (1) results in the following linear
relationship between the log of the optical link DC gain and the
log of cosϕ, when the angle of incidence is not larger than the
width of the FOV at the optical receiver.

log (H (0)) = (ml + 1) log (cosϕ)

+ log

(
(ml + 1)A

2πd2
gf (ϕ) gc (ϕ)

)
(2)

Fig. 6. System output versus slid distance between the optical transmitter and
receiver, when no lens is used.

Fig. 7. Verification of experimental data to theoretical result in Scenario 2.

Experimental results for Scenario 2 are exhibited in Fig. 6.
Obviously, without a collimating lens, the light beam from the
perovskite optical transmitter is spread, which helps increase the
success of wirelessly transmitted power to the optical receiver.
As a result, the wireless power transfer can be sustained at a
long slid distance. Moreover, the output of the perovskite optical
receiver is reduced slowly. Next, we compare the experimental
data with the theoretical formula in (2). Results plotted in Fig. 7
show that the log of the perovskite optical receiver output is
closely to be linearly dependent on the log of cosϕ, i.e., (2) is
almost held in this scenario.

C. Scenario 3: Perovskite Optical Transceivers are Rotated

In this scenario, the system operation is examined when two
perovskite optical transceivers are also not perfectly aligned,
but unlike that in Scenarios 1 and 2, the situation we are
considering here is when one perovskite cell is rotated with
respect to the other. In particular, let us fix the perovskite optical
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Fig. 8. System setup in Scenario 3.

Fig. 9. Verification of experimental data to theoretical result in Scenario 3.

transmitter whilst rotating the perovskite optical receiver, as
shown in Fig. 8. The distance between the centers of perovskite
optical transceivers is also kept constant at 10 cm. We can
verify similarly the system operation when one perovskite cell
is rotated in another direction, hence we do not present here for
brevity.

In this scenario, the angle of irradiance φ = 0, while the
angle of incidenceϕ is equal to the rotating angle. Subsequently,
taking the natural log on both sides of (1) gives us the following
linear relationship between the log of the optical link DC gain
and the log of cosϕ, when the angle of incidence is not larger
than the width of the FOV at the optical receiver.

log (H (0)) = log (cosϕ) + log

(
(ml + 1)A

2πd2
gf (ϕ) gc (ϕ)

)

(3)
Experimental results for Scenario 3 are plotted in Fig. 9. Next,

Fig. 10 shows the relation between the log of the perovskite
optical receiver output and the log of cosϕ. It can be seen from
Fig. 10 that the above-mentioned relation is almost linear with
obtained experimental data, hence validating (3).

V. EXPERIMENTS ON PEROVSKITE-BASED OWPT WITH A

COLLIMATING LENS

This section presents our experimental results on the same
system setups as that in Section III, except that a collimating

Fig. 10. Verification of experimental data to theoretical result in Scenario 3.

Fig. 11. System setup in Scenario 4.

lens is now put in between the perovskite optical transmitter
and receiver. More specifically, this collimating lens is put just
in front of the perovskite optical transmitter so that the light
beam coming out from the lens is collimated. The diameter and
focal length of the lens used in this study are 25.4 and 16 mm,
respectively.

Unlike Section III, we find here that experimental data do
not match the existing theory introduced in Section II, i.e., they
do not follow (1). Moreover, there is a trade-off on the system
performance when using and not using a collimating lens. Partic-
ularly, a collimating lens is useful to enhance the OWPT when
two perovskite transceivers are perfectly aligned, because the
magnitude of the output signal is much higher than that without
the lens. However, the employment of a collimating lens narrows
down the sliding distance between perovskite transceivers, since
the output signal is quickly vanished when the sliding distance
is increased, in the presence of the lens.

A. Scenario 4: Perovskite Optical Transceivers are Precisely
Aligned, a Lens Is Used

This scenario is set up similarly to Scenario 1, but a colli-
mating lens is put in front of the perovskite optical transmitter
to irradiate the collimated light beam to the perovskite optical
receiver, as illustrated in Fig. 11.

Experimental results in this scenario are shown in Fig. 12(a)–
(b). We can clearly see that system performance in this scenario
is very different from that of Scenario 1, where the perovskite
receiver output is no longer dependent linearly on the inverse
of the squared distance between perovskite transceivers. There
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Fig. 12. System output versus inter-transceiver distance, when a collimating
lens is used.

Fig. 13. System setup in Scenario 5.

Fig. 14. System output versus inter-transceiver slid distance, when a collimat-
ing lens is used.

is no existing theory in the literature to be applicable to this
scenario.

B. Scenario 5: Perovskite Optical Transceivers are Vertically
Slid, a Lens Is Used

This scenario is only different from Scenario 2 that a collimat-
ing lens is employed to make the light beam from the perovskite
optical transmitter collimated. The system setup is described
in Fig. 13. Note that perovskite optical transmitters can also
be slid in a different direction. However, such a case can be
verified in a similar manner, and therefore we do not show here
for conciseness.

The obtained results in Fig. 14(a) reveal that the perovskite
optical receiver output is quickly decreased if the sliding distance
between the transmitter and the receiver is increased, in the
presence of a collimating lens. This can be explained as follows.
When the sliding distance is increased, the angle of incidence
ϕ and the angle of irradiance φ are bigger, hence the light
intensity is much smaller, due to the term cosϕ. Moreover, a
large portion of light emitted from the optical transmitter cannot
reach the optical receiver because it is slid out of the range of
the collimated beam. The combination of the above two reasons

Fig. 15. System setup in Scenario 6.

Fig. 16. System output versus optical receiver rotating angle, when a colli-
mating lens is used.

results in the quick decay at the output of the optical receiver, as
observed from the experimental data.

Similar to Scenario 2, we verify the relation between the log
of the perovskite optical receiver output and the log of cosϕ.
Such relation obtained by the experimental data is depicted
in Fig. 14(b), revealing that it is strongly nonlinear, i.e., it is
completely different from the theory. Hence, further theoretical
analysis is needed to explain the obtained experimental data.

C. Scenario 6: Perovskite Optical Transceivers are Rotated, a
Lens Is Used

This scenario is similar to Scenario 3, except that a collimating
lens is used to make the light beam from the perovskite optical
transmitter collimated, as depicted in Fig. 15.

The relation between the log of the perovskite optical receiver
output and the log of cosϕ is shown in Fig. 16(b) using the
obtained experimental data. As can be observed in Fig. 16(b),
such relation is not linear by the experimental data. Thus, a
further theoretical study is required for an explanation of the
obtained experimental data.

VI. DATA-DRIVEN MODEL FOR PEROVSKITE-BASED OWPT
WITH A COLLIMATING LENS

As seen in Section V, the existing theory described in Sec-
tion III cannot be employed to explain the obtained experimental
data when a collimating lens is used. Therefore, in this section,
we aim at deriving a data-driven mathematical model to be
fitted with experimental data. Interestingly, we find that the
mathematical model shown in (4) can be utilized to be well
fitted with all three scenarios presented in Section V, where
a, b, c, d are parameters of the model and x is the variable to
which we want to fit the obtained data with.

ax2 + bx+ c

x+ d
(4)
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Fig. 17. Performance verification of the proposed data-driven model for
Scenario 4.

The data-driven mathematical model in (4) has physical mean-
ings. First, it contains a term describing the reverse depen-
dence of the OWPT system on the considered variable (inter-
transceiver distance, slid distance, or rotating angle). Second,
the rational model in (4) also includes another term showing
that the OWPT system output does not simply inversely depend
on the considered variable.

Note that different data-driven models could be developed for
each of Scenarios 4, 5, and 6, however we observe that none of
them is applicable for all of these three scenarios. Hence, we only
introduce here the analysis results with the model introduced in
(4). Next, to verify the accuracy of the data-driven model in (4) on
representing the dynamics of our considering perovskite-based
OWPT, we perform additional tests as follows.

In Scenario 4, we use the first seven data points to train
the data-driven model in (4), i.e., to determine its parameters.
Consequently, the determined parameters are utilized to predict
the dimensionless output of the perovskite optical receiver in
accordance with the inter-transceiver distance of 22.5 cm. The
fitted curve corresponding to the first seven data points as well as
the predicted and realistic dimensionless output of the perovskite
optical receiver are then shown in Fig. 17. It can be seen that the
predicted output is quite close to the real one obtained from the
experiment. Hence the proposed data-driven model in (4) works
reasonably well.

With Scenario 5, we assume that one data point is missed or
is not measured, while using the rest to train the data-driven
model in (4). The trained model is then used to extrapolate
or predict the dimensionless output of the perovskite optical
receiver at the missed sliding distance (1.5 cm in this test). The
fitted curve obtained from training data points, the predicted
and assumed missing points are then shown in Fig. 18. We
can observe that the predicted and assumed missing points are
very close to each other, showing the good performance of the
proposed data-driven model in (4).

Finally, in Scenario 6 we train the model in (4) in a similar
manner as that for Scenario 4, where the first five data points

Fig. 18. Performance verification of the proposed data-driven model for
Scenario 5.

Fig. 19. Performance verification of the proposed data-driven model for
Scenario 6.

are used for training and the last two data points are employed
for verification. Then the fitted curve, the predicted and realistic
dimensionless output of the perovskite optical receiver at two
rotating angles are depicted in Fig. 19, showing the excellent
performance of the trained model with predicted values almost
identical with realistic ones.

VII. CONCLUSION

This paper presents the latest experimental results on optical
wireless power transfer between two perovskite transceivers and
their analysis to better illustrate the viability of the previously
proposed thing-to-thing optical wireless power transfer concept.
The experiments were performed under different settings to ac-
count for realistic situations, namely perfect and imperfect align-
ments between perovskite transceivers, where the perovskite
optical receiver is slid and rotated in the latter context. Moreover,
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a collimating lens is also used in both situations to verify its
effects to the system operation.

Our experimental results indicate that if no collimating lens is
employed, then the system performance is almost matched with
the existing theory on the optical link DC gain computation for
Lambertian-type LEDs, in both cases of perfect and imperfect
alignments. Nevertheless, if a collimating lens is utilized to focus
the lighting beam of the perovskite optical transmitter, then we
found that the above-mentioned theory cannot be used to explain
the obtained experimental results. Therefore, we empirically
propose a data-driven mathematical model to be fitted with
the obtained experimental data. Interestingly, we find that a
mathematical model in the form of ax2+bx+c

x+d is usable for all
scenarios when a collimating lens is used, where a, b, c, d
are parameters of the model and x is the variable to which
we want to fit the obtained data with. Additional tests are then
performed to verify the above data-driven model in predicting
the system output based on existing experimental data, showing
its reasonable performance.

We also found that employing a collimating lens helps en-
hance the wireless power transfer in both magnitude and distance
aspects, which is evidenced through the increased output of
the perovskite optical receiver. However, there is a trade-off of
tremendously reduced distance for wireless power transfer with
a collimating lens when the perovskite transceivers are slid with
each other. Thus, a careful consideration of using a collimating
lens is needed in the realistic implementation of thing-to-thing
wireless power transfer systems. For applications with stationary
objects and a perfect alignment condition, a collimating lens
should be utilized. On the other hand, for systems in which
components can be moving, a collimating lens should not be
used.

In the future research, a physics-driven model for the optical
coupling link between optical transceivers made from perovskite
solar cells, in the presence of a collimating lens or other lens
should be developed. Moreover, additional experiments should
be performed to obtain more data for validating the derived
theoretical model. In another research line, the efficiency of per-
ovskite optical transceivers in both light emission and absorption
modes should be significantly improved in order to boost the
efficiency of the whole OWPT system.
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