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Figure 1: Demo and overview of the proposed underwater display system. (a) Prototyped underwater display shows characters
of “IUI.” (b) By arranging many pixel nodes, 3D display whose structure is complex can be easily built. (c) Overview of the
proposed system. (d) Photo of prototyped pixel node.

ABSTRACT
This paper proposes a 3D shape-flexible underwater display system
which allows users to built a 3D display easily. To attain the flexi-
bility, this paper proposes and evaluates the underwater wireless
powering and communication method, which eliminates cables
connected to each node. Simulation results show that the proposed
method can deliver 4.78 mW to a 8mm × 8mm × 8mm size node
and the communication speed of 9600 baud is feasible.

CCS CONCEPTS
• Hardware → Displays and imagers; Sensors and actuators;
Power networks.
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1 INTRODUCTION
Great advances in device implementation technology has allowed
us to produce novel types of display. Some of the newly developed
displays, e.g., [1] and [7], change their physical device shapes and
then provide more diverse ways to present information to us unlike
conventional displays presenting only 2D images. On the other
hand, the size of the entire display system is fixed, and hence the
scalability is limited. To overcome the scalability problem, a com-
mon approach of constructing a display by aggregating many small
modules is adopted in [2, 3, 10, 11]. However, in these works, the
numerous wires required for connecting modules limit the scal-
ability and furthermore degrade the vision quality seriously. To
enable a truly scalable and high vision-quality display, we should
eliminate the communication and power supply cables.

For eliminating power cables, magnetic field-based wireless
power transfer (WPT) is a promising technology in many contexts
[4, 13]. “Luciola” system [8, 12] has actualized mm3 class lumines-
cent particles that operate without wiring thanks to the magnetic
field-based WPT. Here, the magnetic field-based WPT requires a
coil to receive the energy. Most of coils are made of copper wire,
and consequently the vision quality degrades when the pixel size
become smaller and comparable to the coil size. A similar problem
occurs in wireless communication. Most of the wireless communi-
cation circuits require coils and many electric components, which
deteriorates the vision quality of the display system.

For these reasons, a coil-less wireless powering and commu-
nication method with a small number of components is highly
demanded. The authors previously proposed a coil-less underwater
WPT method [9]. However, communication methods suitable for
the display have not been provided. Also, Ref. [9] evaluated only the
relationship between the node size and the receivable power, and
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Figure 2: Schematic of the controller.
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Figure 3: Schematic of the pixel node.

thus the limitation and potential of the method are still unknown.
This work proposes a simple communication method compatible
with [9] and reveals the features and limitations of theWPTmethod.
This work also shows a display demo with a prototyped system.

2 PROPOSED METHOD
Fig. 1(c) shows the overview of the proposed display system. Both
the controller and pixel node are equipped with two electrodes
responsible for the proposed WPT and communication, where the
water is used as a conducting medium.

Figs. 2 and 3 show the circuit diagrams of the controller and pixel
node, respectively. The controller consists of two voltage converters,
an UART signal converter, and a driver circuit. UART is one of
serial communication protocols and is used for the communication
between the controller and host PC. If there is no signal, the signal
line of UART is kept to 5V. When the signal line is kept to 5 V, the
output transistor of the driver circuit becomes on-state and the
voltage between the two electrodes becomes DC 141 V, which is
obtained by rectifying AC 100 V. The current generated by this
DC 141 V signal flows through D1 in Fig. 3, and then powers the
micro-controller unit (MCU).

When the host PC transmits data via the UART, the voltage
between the two electrodes in the controller toggles between 141
and 0 V. Even in such a case, D1 and C1 retains the supply voltage
for the MCU to work. The MCU always conducts A/D conversion
and compares the voltage between point A (VA) and B (VB ) in Fig. 3.
If the MCU detects VA < VB situation, MCU recognizes “receiving
symbol 0.” Note that too long “symbol 0” results in over-discharge
of C1, and hence the communication speed must be fast to some
extent. Section 3.1 evaluates this limitation. Thanks to the proposed
powering and communication scheme, the pixel nodes can be freely
located as shown in Fig. 1(a) and (b).

3 EVALUATION
This section conducts simulation experiments to show the feasibility
and the potential of this work.
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Figure 4: LTspice simulation result of the proposed
underwater wireless communication method.
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Figure 5: Simulation setup.

3.1 Underwater wireless communication
This section conducts circuit simulations with LTspice XVII to con-
firm the feasibility of the proposed underwater wireless communi-
cation method. As explained in Section 2, the low communication
speed may bring power shortage at the pixel node. Hence, this sec-
tion tests the communication speed of 9600 bps, which is common
low communication speed for legacy devices. The upper figure in
Fig. 4 shows the voltage between the two electrodes in the controller
(TX) side and the lower figure shows the voltage at two points A
and B shown in Fig. 3 in the pixel node (RX) side. Fig. 4 indicates
that VB retains around 3.9 V to keep the MCU alive even while VA
toggles according to the supplied voltage. Therefore, the MCU can
sense the received symbol with ADC and hence the communication
is enabled.

3.2 Underwater WPT
This section evaluates the performance of the proposedWPTmethod
with the ANSYS HFSS electromagnetic simulator.

3.2.1 Setup. Fig. 5 shows the simulation setup and the definition
of rotation angle ϕz . In the simulation, a pixel node whose size
is 8 mm × 8 mm × 8 mm is placed at the center of the aquarium
whose size is 100mm × 100mm × 100mm. By Thevenin’s theorem,
the equivalent circuit of the WPT system is explained with V1,Veq ,
and Req as shown in Fig. 5. Therefore, successive sections evaluates
values ofVeq/V1 and Req . As for the water conductivity σ , we used
σ = 0.01 [S/m] since the conductivity of drinking water ranges
from 0.005 to 0.05 S/m [5].

3.2.2 Results. First, we evaluated the frequency response of the
circuit setting ϕz = 0. Simulation results show that the reactance
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Figure 6: Relationship between circuit constants and
frequency.
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Figure 7: Relationship between circuit constants and
conductivity of water.

of Req is almost zero all time, and hence the following results only
show the resistance. Fig. 6 indicates that the circuit constants do
not depend on the power frequency, meaning that both DC and AC
power supply can be used for our WPT method.

Fig. 7 illustrates how the conductivity σ of the water affects
the circuit constants. Veq/V1 does not depend on σ while Req is
inversely proportional to σ . This means that higher σ enables larger
power delivery. However, too high σ results in water electrolysis
in actual devices, and hence σ should be carefully tuned.

Fig. 8 shows the directivity characteristics of the pixel node. ϕz
does not affect Req while Veq/V1 becomes zero as ϕz approaches
to 90 [deg]. This result points out that the proposed underwater
WPT method has a directivity issue to be resolved, which is one of
our future work.

Finally, we evaluate the position dependence of receivable power.
As a first step, we placed a pixel node at the center of the aquarium
and evaluated the received power Pr ef . Next, wemoved the position
of the pixel node in the range of 10 [mm] ≤ x ,y ≤ 90 [mm] and
evaluated howmuch the received power Pr ef varied keeping z = 50
[mm], where the pixel node is assumed to have a 2.3 k Ω resistor.
The resistance values is determined based on the datasheet of the
MCU [6]. Fig. 9 illustrates the result. WhenV1 = 141 [V], measured
Pr ef is 4.78 mW, which is sufficient to drive both the MCU and
LED. As shown in Fig. 9, even when the pixel node approaches
electrodes, the increase in received power is limited to only 3.68 %.
Therefore, the position dependence of the proposed WPT method
is small.

4 CONCLUSION
This paper presented a scalable and shape-flexible underwater dis-
play system. To ensure the flexibility of the display system, we pro-
posed an underwater WPT and wireless communication method
which enables pixel nodes to be controlled without any wiring.
Evaluation results showed that the proposed WPT method could
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deliver the power of more than 4.78 mW to a 8mm × 8mm × 8mm
size node. Also, the proposed method can retain the communication
even when the speed is dropped to 9600 baud.
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