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We experimentally demonstrate an underwater optical wireless power transfer (OWPT) using a laser diode (LD)
as a power transmitter. We investigate the characteristics of a solar cell and a photodiode (PD) as a power
receiver. We optimize the LD, the PD, and the solar cell to achieve the maximum transfer efficiency. The maxi-
mum transfer efficiency of the back-to-back OWPT is measured as 4.3% with the PD receiver. Subsequently, we
demonstrate the OWPT in tap and sea water. Our result shows an attenuation of 3 dB/m in sea water.
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In recent years, wireless power transfer technology has
attracted considerable attention and has been rapidly
evolving from theories toward commercial products?.
The existing wireless power transfer technologies may
be broadly classified into non-radiative coupling-based
transfer and radiative radio frequency (RF)-based trans-
fer?. The non-radiative coupling-based transfer technolo-
gies include inductive coupling’¥, magnetic resonance
coupling?, and capacitive coupling”. The transfer effi-
ciency of the non-radiative coupling-based technologies
is relatively high, so they have been widely commercialized
in our daily appliances, such as a wireless smartphone
charger. However, the effective transfer distances of the
non-radiative coupling-based technologies are below sev-
eral meters. Although the radiative RF-based transfer
technologies can transfer power to a longer distance,
the transfer efficiency decreases with the square of the dis-
tancelZ. Although RF-beamforming-based transfer tech-
nology was proposed to increase the transfer distance,
there still exists a limit on the effective transfer distance.
In addition, it causes electromagnetic interference (EMI)
to other electronic devices.

To extend the transfer distance, optical wireless power
transfer (OWPT) could be a suitable solution. OWPT is a
wireless power transfer technology using light as the power
deliverer. In OWPT, a light source is used at the transmit-
ter site to convert electric power to optical power, and an
optical power receiver, such as a solar cell, is used at the
receiver site to convert the received optical power to elec-
tric power.

Unlike the RF beam, the size and the power of a laser
beam can be maintained in a much longer distance. There-
fore, the transfer efficiency of the OWPT using a laser is
not easily degraded with distance. In addition, it does not
cause EMI to existing radio communications. Figure 1
illustrates the expected DC-to-DC transfer efficiencies
of the wireless power transfer technologies as a function
of distance”. Although the transfer efficiency of the
OWPT is lower than other technologies in the short
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distance, it is expected to be higher than other technolo-
gies in the long distance. Until now, there have been sev-
eral researches on OWPTE2, Most of them are based on a
laser transmitter and a solar cell receiver, whereas a couple
of OWPT works using a light-emitting diode (LED) trans-
mitter have been demonstrated®?. Although OWPT
could be a suitable solution for long-distance wireless
power transfer, there is only a limited amount of research
toward this.

Meanwhile, recently, the demand for underwater robots
has increased due to the rising interest in marine develop-
ment. For underwater robots working for a long time, it
could be efficient to charge the batteries wirelessly without
replacing the batteries. However, the RF-based wireless
power transfer is not efficient in the water, especially in
the long distance over a meter, because the absorption
of RF waves is severe in the water, whereas that of visible
light is relatively low. Thus, the OWPT using visible
light could be a good candidate for long-distance under-
water wireless power transfer. Although there have been
several OWPT researches so far, it is hard to find an
OWPT report in the underwater condition.

Therefore, in this study, we conduct an experimental
study for a long-distance underwater OWPT over a meter.
We investigate the DC-to-DC transfer efficiency of
OWPT as a function of distance in tap and sea water.
In the experiment, we use a laser diode (LD) as an optical
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Fig. 1. Expected transfer efficiencies of wireless power charge
technologies as a function of transfer distance.
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power transmitter similarly in other conventional OWPT
works; however, we demonstrate that both a photodiode
(PD) and a solar cell can be used to receive optical power,
differently from other conventional OWPT works. Sub-
sequently, we compare the performance of the PD and
the solar cell as the optical power receiver.

Figure 2 shows the structure of OWPT. At the trans-
mitter site, an optical source is needed to convert from
electric power to optical power because the most common
form of the energy source is electric power. The optical
source can be a laser, an LED, etc. When the electric
power delivered to the optical source is Pg;, and the opti-
cal output power emitted by the optical source is Pqyy, the
electric-to-optic (E/O) power conversion ratio of the
optical source Uy, can be defined as

POtl
Crio= . 1
510 = (1)

After the optical source, a suitably designed optic device
made of lenses or mirrors can be optionally used to direct
the optical power to a desired direction. When the optical
power directed to the desired direction is Py, the direc-
tivity ratio of the transmitter R4, can be defined as

(2)

At the receiver site, a suitably designed optic device
made of lenses or mirrors can also be optionally used to
increase the acceptance ratio of the optical power receiver.
When the total optical power that arrived at the receiver
site is Pg,;, and the optical power accepted by the optical
power receiver is P9, the acceptance ratio of the optical
power receiver R,. can be defined as

3)

After the optic device, an optical power receiver, such as
a solar cell or a PD, is used to convert the received optical
power to electric power. When the output electric power
of the optical power receiver is Pg,, the optic-to-electric
(O/E) power conversion ratio of the optical power receiver
Co,r can be defined as

Cop=5—- (4)

If we consider the loss of light in the transfer medium
and assume the symbol « is the attenuation parameter
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Fig. 2. Structure of OWPT.

of the light per meter, the optical power arriving at the
receiver site Pg,; can be expressed as

POrl = POtQ ’ exp(—aL), (5)

where L is the transfer distance in meters. Therefore, the
total DC-to-DC transfer efficiency of the OWPT,
Epc.io.pc, can be expressed as

Epcionc = Cpjo* Ray " Rac - Coyp - exp(—al).  (6)

Figure 3 shows the block diagram and the photograph
of the experimental setup. In the experiment, a low-cost
100 mW red LD was used for the light source. The peak
wavelength of the LD was measured as 661 nm. To in-
crease the E/O conversion efficiency of the LD to be as
high as possible, optimization of the LD is required. To
optimize the LD, we investigate the characteristics of
the LD.

Figure 4 shows the optical output power and the E/O
conversion efficiency as a function of the operating voltage
of the LD. The E/O conversion efficiency of the LD is the
highest, 47.4%, when the operating voltage is 2.9 V. The
electrical current is 77.1 mA, and the optical output power
is 106 mW at the point. The interesting point is that the
highest E/O conversion efficiency point is before the
power saturation region, as shown in Fig. 4. After the op-
tical output power reaches the maximum value, the E/O
conversion efficiency decreases, as shown in Fig. 4. This
result implies that we have to operate the LD slightly be-
low the maximum output power to obtain the highest E/O
conversion efficiency.

Similarly to the transmitter site, the optimization of the
optical power receiver is required to obtain the maximum
O/E conversion efficiency at the receiver site. In this
study, we investigated and compared two kinds of optical
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Fig. 3. (a) Block diagram and (b) photograph of the experimen-
tal setup for underwater OWPT. The transmitter is located at
the left side in the block diagram, whereas it is at the right side in
the photograph.
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Fig. 4. Optical output power and E/O conversion efficiency of
the LD.

power receivers, a solar cell and a PD. First, we measured
the characteristics of a PD as an optical power receiver.
In this experiment, a Vishay BPV10 PD was used.
The PD is a low-cost silicon positive-intrinsic-negative
(PIN) PD that has a diameter of 5 mm, a sensitive area
of 0.78 mm? and a sensible spectral range of
380-1100 nm. The spectral sensitivity is the highest at
near 900 nm, and the quantum efficiency is 72% at
950 nm. However, the sensitivity of the PD in this experi-
ment may be below the specification value because the
light source of the experiment operates at 661 nm. If
we roughly estimate the quantum efficiency of the PD ac-
cording to the spectral sensitivity data of the PD, it might
be about 45% at 661 nm. Figure 5 shows the voltage—
current graph of the PD by changing the load resistance
when the LD is operating at the highest E/O conversion
efficiency (i.e., when the optical output power is 106 mW),
and the transfer distance is 0 m. When the load resistance
is 27 Q, the output electric power, calculated by the multi-
plication of the voltage and the current, is the maximum
value of 8.12 mW. Therefore, the optimized O/E conver-
sion efficiency of the PD at this optical power is
8.12 mW /106 mW = 7.7%. Here, we mention that the
sensitivity area of the PD is small, so there was a
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Fig. 5. Voltage—current graph of the PD by changing the load
resistance when the LD is operating at the most efficient
condition.

possibility of the light leakage in the PD, although we
did our best to focus the light on the PD using a lens. This
might reduce the O/E conversion efficiency of the PD.
We also investigated the characteristics of a solar cell as
the optical power receiver. In the experiment, a low-cost
silicon solar cell was used. The size of the solar cell is
2.3 cm x 2.5 cm. Figure 6 shows the voltage—current
graph of the solar cell by changing the load resistance
when the LD is operating at the highest E/O conversion
efficiency, and the transfer distance is 0 m. When the load
resistance is 330 Q, the output electric power is the
maximum value of 8.74 mW. Therefore, the optimized
O/E conversion efficiency of the solar cell is
8.74 mW /106 mW = 8.2% at this optical power. Here,
we mention that the beam pattern of the LD is circular,
whereas that of the solar cell is rectangular, and, therefore,
the edge of the solar cell could not receive the optical
power. This might reduce the O/E conversion efficiency.
Figure 7 shows the O/E conversion efficiency of the PD
and the total back-to-back transfer efficiency as a function
of LD output power. This result implies that the O/E con-
version efficiency of the PD is a function of incident optical
power. We think that the reason of decreasing O/E con-
version efficiency with the incident optical power after
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Fig. 6. Voltage—current graph of the solar cell by changing the
load resistance when the LD is operating at the most efficient
condition.
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Fig. 7. E/O conversion efficiency of the LD, O/E conversion ef-
ficiency of the PD, and the total back-to-back transfer efficiency
as a function of LD optical power.
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60 mW is that there is a limit in the acceptable optical
power in the PD. Therefore, we think that there is a pos-
sibility of increasing the total transfer efficiency if we use
another PD that can accept higher optical power. Using
the PD receiver, the maximum back-to-back transfer effi-
ciency is 4.3% when the LD optical power is 50 mW, at
which the E/O conversion efficiency of the LD is
41.0%, and the O/E conversion efficiency of the PD
is 10.4%.

Figure 8 shows the O/E conversion efficiency of the so-
lar cell and the total back-to-back transfer efficiency as a
function of LD output power. This result implies that the
O/E conversion efficiency of the solar cell increases with
the incident optical power up to a certain level and then is
saturated, which corresponds with our previous result.
Using the solar cell receiver, the maximum back-to-back
transfer efficiency is 4.0% when the LD optical power is
130 mW, at which the E/O conversion efficiency of the
LD is 45.5%, and the O/E conversion efficiency of the solar
cell is 8.7%. The experimental results at the maximum
back-to-back transfer efficiency with each type of receiver
are summarized in Table 1.

50
40 -
<
& 30 +LD
>
2 =solar cell
2 20
'S --Total
&
. ._._._.__.__/.'—H_.

0 20 40 60 80 100 120 140 160
LD Optical Power (mW)

Fig. 8. E/O conversion efficiency of the LD, O/E conversion
efficiency of the solar cell, and the total back-to-back transfer
efficiency as a function of LD optical power.

Table 1. Parameter Values at the Maximum Transfer
Efficiencies with the PD and the Solar Cell Receivers

Type of Receiver

Parameter PD Solar Cell
LD output power 50 mW 130 mW
E/O efficiency of the 41.0% 45.5%
LD (Cgy0)

O/E efficiency of the 10.4% 8.7%
receiver (Co/p)

Optimum load resistance of 39 Q 390 Q
the receiver

Total transfer efficiency (Ep,p) 4.3% 4.0%

In the back-to-back transfer, we can assume that
Ry = 1, because the optical source is an LD, and all of
the optical power of the LD is directed to the optical power
receiver. Also, we can also assume that R,, = 1, because
all of the arrived optical power is received by the optical
power receiver. The transfer distance is L = 0, because it is
a back-to-back transfer. Therefore, from Eq. (6), the

DC-to-DC transfer efficiency of the back-to-back OWPT
Epi,p can be expressed as

Epwop = Cgro- Coyp- (7)

According to our experimental experience, the E/O con-
version efficiency of a high-power LD is higher than that of
a low-power LD. The LD used in the previous work was a
3 mW LD, and the LD used in the current work is a
100 mW LD. This is why the E/O conversion efficiency
of the LD in this work is better than in our previous
work?. In addition, as we mentioned, the O/E conversion
efficiency of the solar cell increases with the input optical
power up to a certain level. This is why the O/E conversion
efficiency of the solar cell in this work is better than in our
previous work®. Therefore, we think that there is still a
possibility of improving the E/O and O/E conversion effi-
ciencies more if we increase the LD power in future work.

To investigate the propagation characteristics in the
water, we measured the DC-to-DC transfer efficiencies
of the OWPT as a function of transfer distance in air,
tap water, and sea water, as shown in Fig. 9. Because
the O/E conversion efficiency of the solar cell receiver is
better than that of the PD receiver, only the solar cell
receiver is used in this experiment. The tap water was ob-
tained in Busan, South Korea, and the sea water was ob-
tained in the Gwanganli beach, Busan, South Korea. In the
transfer distance longer than 4 m, the LD beam size spread
farther than the lens used for focusing the transferred light
to the optical power receiver. This is why the experimental
data ended at 4 m in Fig. 9. Therefore, we need to consider
the divergence of the laser beam in the real applications.

Our main concern is the sea water case because our tar-
get application is charging an underwater robot working
in the sea. Fortunately, the data in Fig. 9 seems to be
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Fig. 9. Transfer efficiencies of the underwater OWPT as a func-
tion of transfer distance. The dashed line is the analytic graph of
the sea water with the attenuation parameter of 0.69 m—".
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Fig. 10. Expected transfer efficiency of the seawater OWPT as a
function of transfer distance by using the measured attenuation
parameter.

enough to obtain the attenuation parameter of the sea
water. From Eq. (5) and the data of Fig. 9, we obtained
the attenuation parameter of the sea water, 0.69m™!,
which is equal to 3.0 dB/m. Therefore, the DC-to-DC
transfer efficiency of the seawater OWPT E ., yater Can
be expressed as

Eseawater = C1E/O ’ Rdr : Rac ’ CO/E ’ eXp(_OGQ ’ L)7 (8)

where L is the transfer distance in meters.

Figure 10 shows the expected efficiency of the seawater
OWPT by using Eq. (8). In Fig. 10, we assume that all of
the light from the LD is transferred to the target optical
power receiver. With this assumption, Ry = R,. = 1.
Also, because Cpg/p = 41.0% and Cp/p = 10.4%,
Eq. (8) can be shortened to

Egeawater = 4.3% - eXp(—0.69 : L) (9)

In Fig. 10, it is estimated that 1% and 2% OWPT
efficiencies can be achieved within the transfer distance of
2 and 1 m, respectively.

It is known that the attenuation of blue light is less than
red light in pure water, so we investigated the possibility
of improving the propagation characteristic of OWPT us-
ing a blue laser. However, according to our experimental
trial, the E/O conversion efficiency of a blue LD is lower
than ared LD, and the O/E conversion efficiency of a solar
cell in blue light is lower than in red light. Consequently,
the total transfer efficiency of the OWPT using a blue LD
was lower than the red LD case.

In this study, we experimentally demonstrated an
underwater OWPT using an LD transmitter and two
types of optical power receivers: a solar cell and a PD.
A mathematical expression for the transfer efficiency of
OWPT was also derived. The maximum E/O conversion
efficiency of the LD was 47.4% with the optimization of

the operating voltage. The maximum O/E conversion ef-
ficiencies of the PD and the solar cell were 10.4% and
8.7%, respectively, with the optimization of the load resis-
tance and incident optical power. However, the optimum
points of the LD and the receivers are different, so we cal-
culated the transfer efficiency by multiplying the efficien-
cies of the LD and the receivers at each power level.
Consequently, the maximum back-to-back OWPT effi-
ciency was 4.3% with the PD receiver.

The underwater OWPT experiment shows an attenua-
tion of 3.0 dB/m in the seawater. Therefore, we can deliver
power wirelessly with a transfer efficiency of 2% up to 1 m
in the seawater. Although currently the transfer efficiency
seems not to be enough for real applications, there is a
possibility to improve the transfer efficiency more in the
future, and this work might be a first step for the under-
water OWPT.

This research was supported by the Kyungsung Univer-
sity Research Grants in 2017.
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