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Abstract

Simultaneous lightwave information and power transfer (SLIPT), co-existing with optical wireless communication,
holds an enormous potential to provide continuous charging to remote Internet of Things (loT) devices while ensuring
connectivity. Combining SLIPT with an omnidirectional receiver, we can leverage a higher power budget while
maintaining a stable connection, a major challenge for optical wireless communication systems. Here, we design a
multiplexed SLIPT-based system comprising an array of photodetectors (PDs) arranged in a 3 x 3 configuration. The
system enables decoding information from multiple light beams while simultaneously harvesting energy. The PDs can
swiftly switch between photoconductive and photovoltaic modes to maximize information transfer rates and provide
on-demand energy harvesting. Additionally, we investigated the ability to decode information and harvest energy
with a particular quadrant set of PDs from the array, allowing beam tracking and spatial diversity. The design was
explored in a smaller version for higher data rates and a bigger one for higher power harvesting. We report a self-
powering device that can achieve a gross data rate of 25.7 Mbps from a single-input single-output (SISO) and an 85.2
Mbps net data rate in a multiple-input multiple-output (MIMO) configuration. Under a standard AMT1.5 illumination,
the device can harvest up to 87.33 mW, around twice the power needed to maintain the entire system. Our work
paves the way for deploying autonomous loT devices in harsh environments and their potential use in space

applications.

Introduction

There has been considerable attention on the simulta-
neous wireless information and power transfer
(SWIPT)"?. SWIPT harnesses ambient radio frequency
(RF) waves, commonly used for communication, to power
or extend the battery life of low-power IoT devices,
eliminating the need for frequent battery replacements
and addressing a critical bottleneck in the widespread
adoption of IoT. Compared to many reported wireless
power transfer (WPT) demonstrations®>, a major
advantage of SWIPT is its ability to utilize existing RF
infrastructure®®. However, SWIPT faces the challenges of
low energy conversion efficiency and complicated receiver
design’. In contrast, simultaneous lightwave information
and power transfer (SLIPT), serving as the optical
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counterpart of SWIPT, is an emerging technology that
benefits from the broad unlicensed optical spectrum and
the utilization of low-cost, and off-the-shelf components.
SLIPT, as a piggybacked feature on optical wireless com-
munication, makes it highly valuable for various applica-
tions, including indoor’, outdoor'®™'%, and underwater"?
scenarios. Using solar cells (SCs) of different materials to
receive information and harvest energy is the key feature
for all previous demonstrations. A seminal experimental
demonstration reported decoding visible light signals at a
low data rate of 3 kbps while harvesting solar energy using
the same SC'*. An SC-based receiver was designed to
establish a short communication link of tens of cm with a
data rate of 11.84 Mbps while generating two mW of
power'®. An organic SC with an active area of 8 mm” was
used to harvest 0.43 W of power and achieve a data rate of
34.2 Mbps'®. A data rate of 522 Mbps was demonstrated
over a 2-m link using a GaAs SC with an active area less
than 1-mm” and illuminated with light signals at
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847 nm'’. Using a perovskite SC with a 6.5 mm? active
area, a 660-nm LD-based 40-cm long link was demon-
strated, reporting an average data rate of 49 Mbps and
highlighting the ability to harvest between 3 and 5 mW of
power'®,

Most of these demonstrations rely on a time-splitting
approach consisting of using the same receiver to harvest
energy and decode information over different time
frames. In addition to the time-splitting mechanism, there
are two other main strategies for SLIPT: power splitting
and space splitting. Power splitting involves dividing the
power of an incoming light beam, allocating a portion for
information decoding and the remaining portion for
energy harvesting. Space splitting utilizes spatially sepa-
rated receivers for energy harvesting and information
decoding operations. Space splitting can potentially allow
for the creation of omnidirectional optical wireless com-
munication (OWC) receivers that have long been a topic
of interest'. Using spatially separated receivers also
enables angle-of-arrival and position estimation®’. Light
beam tracking can mitigate other common OWC pro-
blems, such as transmitter and receiver misalignment®".

Several studies have addressed easing the precise
alignment constraints of OWC links, notably through the

use of mechanical beam steering®>*®, arrays of recei-
vers®*?® luminescent solar concentrators that are pla-
nar’® or in the form of scintillating fibers®”*®, and
receivers with angle diversity*”°, Space splitting can relax
the alignment by simply creating multiple receivers
pointing in different directions.

Furthermore, spatially separated receivers can employ
diversity schemes, which are widely used in RF commu-
nication through multiple input/multiple output (MIMO)
systems. Using MIMO for spatial diversity in optical
communication systems has been theoretically studied®".
Yet the full potential of OWC MIMO configurations that
can be used across a wide range of applications still needs
to be demonstrated. The design of a device that addresses
various constraints of OWC links and could be employed
in different scenarios is illustrated in Fig. 1.

In this work, to the best of our knowledge, we propose
the first system that combines space and time-domain
SLIPT, creating an energy-harvesting MIMO-SLIPT sys-
tem. The designed system can be programmed to operate
depending on the received wavelength through a concept
we refer to as the wavelength-based SLIPT approach. Our
proof-of-concept device can self-power, eliminating the
need for an external power source. The developed system
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comprises a 3 x 3 silicon PD matrix, in which the PDs can
be controlled independently to decode information or
harvest energy. As a feature, the proposed device provides
a mitigation solution for beam wandering, jittering, and
misalignment issues for OWC links. We report commu-
nication tests using an orthogonal frequency-division
multiplexing (OFDM) modulation scheme with net data
rates exceeding 85 megabits per second (Mbps). At the
same time, the device harvests enough energy for self-
powering while supporting the operation of additional
sensors. The various tested capabilities of the system are
presented, and potential improvements are discussed.
Moreover, we name a single plane a two-dimensional
(2D) space receiver and a multi-plane a three-dimensional
(3D) space receiver. Both systems have multiple inputs
and are capable of delivering multiple outputs. This
MIMO concept allows for a high-speed connection or
interrupted data stream from various sources. Our
approach also introduces the concept of quadrant
decoding for the SLIPT system. A total of 10 quadrant
configurations can be set for each plane, thus making the
device a reconfigurable 2D receiver analog to a pro-
grammable antenna array for diversity schemes.

Results
Multi-plane multiplexed system design

Easing the alignment and pointing requirements for
OWC-SLIPT is possible using large-area solar panels'®
However, this approach limits the receiver bandwidth, as
solar panels are not usually configured in photo-
conductive mode to maximize DC performance. The
photo-conductive mode is essential to obtain higher fre-
quency, as this mode is based on widening the depletion
region by reverse biasing the receiver, thus making it
more sensitive with a higher 3-dB bandwidth due to the
lower junction capacitance and the shorter transient time
resulting from the higher drift velocity. Nevertheless, a
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solution for this problem was introduced by simply
mechanically switching the receiver connection, alter-
nating between photo-conductive and photovoltaic mode
depending on the application'®'?. Although proven to be
an efficient solution for SLIPT application, mechanical
systems are prone to failure due to fatigue and are slower
than electronic-based systems, despite notable advances
in the field*’. The electronic switch matrix also offers easy
miniaturization, creating the opportunity to integrate
multiple receivers with independent control. In this work,
we leverage this advantage by integrating multiple small
PDs with higher bandwidth than solar panels. The con-
figuration creates a large receiver plane similar to a solar
panel that can switch each PD unit to photo-conductive
and photovoltaic modes. By having multiple independent
interfaced PDs, the unit receivers can be grouped in
quadrants to fulfill a diversity scheme. This concept
allows for decoding independent data signals from various
sources or collecting duplicated signals for maximal ratio
combining (MRC). The quadrant concept has been
demonstrated for indoor visible light positioning™. Using
an array of PDs can enable MIMO communication similar
to what has been presented in a previous study through
organic dual-function photovoltaic cells''. For instance,
each PD can decode the data from one particular source,
increasing the overall data rate.

As shown in Fig. 2a, one or multiple modulated laser
beams can transmit power and data simultaneously. As
the beams can be from different wavelengths, three
wavelength detectors were added, each with three color
channels. The color detection was designed to be done
automatically at the hardware level, using an integrated
analog and digital circuitry designed using Programmable
System-on-Chip (PSoC). In this way, there is no proces-
sing burden, and the main microcontrollers (MCU) can
use the power to process and decode the information with
a bigger power budget. Although PSoC has internal
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Fig. 2 A 3D SLIPT system with multiplexed receiver planes. a The system receives simultaneously multiple data inputs throughout (i) different
wavelengths and (i) a single stream with a secondary beam for powering. b Circuit diagram of the system
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components that can interface the PDs, its 3dB band-
width is limited to around 1 MHz, much lower than the
large and small PDs used. For that, we utilized an external
TIA connected directly to the output of the PD selector
and biasing control. As the maximum data rate of our
system is higher than what the MCU can process for
decoding, a large external memory was added and inter-
faced using the SDIO interface, providing a maximum
capable bandwidth of 100 Mbps. The simplified circuit
diagram is presented in Fig. 2b.

The designed system presents two operational modes,
single PD and quadrant PD mode. In the single PD mode,
the emphasis is on maximizing the amount of harvested
power. In this mode, eight PDs from the device con-
tinuously harvest energy, while only one PD is used to
receive information signals. This mode ensures that a
significant amount of power is harvested while main-
taining a communication link. The primary advantage of
the single PD mode is its higher power harvesting cap-
ability. Meanwhile, the quadrant mode prioritizes data
transfer efficiency, in which up to four PDs can be
assigned to receive information, thereby increasing the
data throughput and optical link stability. However, the
number of PDs used for energy harvesting is reduced to
five. This trade-off results in a higher data transfer rate at
the expense of slightly lower power harvesting cap-
abilities. Another disadvantage of the quadrant mode is
the higher resources needed for decoding, as the quadrant
mode employs a maximum of four transimpedance
amplifiers (TIA) in parallel, requiring a faster ADC or
multiple ADCs in parallel.

Single PD communication performance

When the system, illustrated in Fig. 3a, is set to receive
communication signals, the STM32 sends a control signal
to the PD selector and biasing control block to reverse
bias all PDs, one at a time. Following that, the STM32
utilizes its analog-to-digital converter (ADC) to sample
the received signal from each PD. By comparing the
signal-to-noise ratio (SNR) obtained from each PD, the
STM32 identifies the PD that provides the highest SNR.
Due to noise injected from the analog switch during the
reverse bias operation, a settling time wait is implemented
to mitigate interference with the ADC measurement. The
total time for a full SNR scan takes up to 43 ms. This
duration includes the settling time for each PD and the
time required for the STM32 to perform the necessary
calculations and comparisons. Figure 3b shows the con-
trol signal, the switching output signal, and the PSoC-
ready signal. The switching between PDs in a multi-input
single-receiver operation takes up to 22 us. This max-
imum speed is derived from experimental measurement
(see Fig. S1 and S2), which takes into account the recovery
of the signal. Using an OFDM modulation scheme with
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bit and power loading to leverage the channel optimally,
we obtained a gross data rate of 5.3 Mbps and a net data
rate of 4 Mbps for the large area PD and a gross data rate
of 25.7 Mbps with a net data rate of 21.3 Mbps for the
small PD. Depending on the available SNR at each sub-
carrier, the number of bits per symbol can be adapted to
achieve the highest possible throughput through a bit-
loading process, and the power of each subcarrier is
optimized depending on the SNR profile. For the large
PD, the average measured bit error rate (BER) is
3.3 x 102, which is below the forward error correction
(FEC) limit of 3.8 x 10~2. For the small PD, the average
measured bit error rate (BER) is 3.4 x 10~ >, Power loading
factor, spectral efficiency, SNR, and BER per subcarrier
are shown in Fig. 3(c). The constellation signal result is
presented in Fig. 3d, in which the maximum QAM order
used in our demonstration is 64. It is also noted a small
SNR in the lower frequencies of the OFDM-QAM used;
this is due to a low-pass filter used in the system to block
the DC signal, mitigating the saturation of the TIA and
ADC in the receiver circuitry. As a self-powered device,
the saturation of its components for communication is a
major problem if left unchecked.

Quadrant-based decoding

Quadrant decoding refers to the method of receiving
parallel data through multiple beams or a single one,
either from a wandering beam or a beam spreading, for
overall signal quality. For the quadrant configuration, a
total of four steps are needed, Fig. 4a. In the first and
second steps, an idle matrix is divided into quadrants for
energy harvesting and information decoding. Afterward,
all the PDs selected for energy harvesting are combined in
series using the switching matrix, while the chosen PDs
for information decoding are isolated and connected in
parallel. These four parallel channels can reach a max-
imum of 85.2 Mbps of combined net data rate. In this
configuration, the amount of energy harvested by the PDs
can not power the entire system, as the MCU needs to run
at full clock speed with four parallel signal streams being
decoded. In this setup, where the PDs application is
locked to quadrants, there’s only one switching reconfi-
guration needed, and it happens at the same top speed of
22 us. This is the same speed as the single PD config-
uration because all the switches receive the command
simultaneously. For demonstration, we set quadrant II for
data while the laser drifted from PD1 to PD4. The laser
continuously transmitted information throughout the
drifting using an OFDM QAM-16 modulated signal.
Figure 4b shows the signal received from PD1-4 in parallel
while the laser’s signal was captured once it passed in
front of each PD. Figure 4c shows the final processed SNR
and BER for each PD. The SNR raises while the laser
beam gets aligned with the PD, reaching its maximum
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Fig. 3 Single PD configuration. a Picture of the large receiver plane with a 658 nm laser beam and its system diagram for the single PD reverse
biasing to maximum bandwidth achievement and recombination of all other PDs. b Oscillogram of MCU interruption command for best SNR scan
throughout all PDs with 4 and 5 ms switching time. ¢ Power loading factor, spectral efficiency, SNR, and BER per subcarrier. d A picture of the small
receiver plane with a 450 nm laser beam modulated using quadrature amplitude modulation and its experimental results shown in the constellation

value, and then the laser drifts away from the PD, leading
to a gradual decrease of SNR. For long-distance applica-
tions, the divergence angle of the beams will significantly
impact the MIMO schemes for a single-plane receiver. A
typical visible laser with a large divergence angle will lead
to an overlapping of the beams on the quadrant PDs.
However, this effect is not perceived if the multi-plane
receiver is used. We further investigated the impacts of
beam incidence angle on communication efficiency and
tracking, and the results and discussion are presented in

Fig. S12 in the SI section Self-powering and tracking
under different illumination angles.

Wavelength switching

The wavelength detection capability was tested as each
laser beam frequency can be tuned for distinct functions
that are optimum for each wavelength. Three wavelengths
were used in the test: 450 nm (blue), 658 nm (red), and
530 nm (green). The PD used has a typical responsivity of
0.36 A/W at 630 nm, which decreases to nearly zero A/W
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with the wavelength decreases. This characteristic allows = communication scenarios, blue wavelengths are more
the red wavelengths (625-750 nm) to be used for power  suitable due to lower absorption in water. Figure 5b shows
transfer. The green wavelengths (500-565nm) exhibit the circuit diagram of a single color sensor system
higher responsivity than blue wavelengths (450-485nm), implemented in hardware. The design takes three clock
making them more suitable for visible-light communica-  cycles to provide the information of which color is
tion with the presented system. However, in underwater  detected through the two-bit output interface. At a
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48 MHz clock, the design consumes 69.36 mW, and at a
3 MHz clock, the design consumes 27.88 mW. By sam-
pling for 1 ms and sleeping for 200 ms, the color detection
system consumes 139.4-yJ. Figure 5c¢, d show the output
voltage of the PGA and the digital output, respectively.
The threshold voltage generated by the internal DAC
determines when the comparator output is high. The LUT
outputs ‘[0,1]" when the red wavelength is higher, {1,0]’
when the blue wavelength is higher, ‘[1,1]’ when the green
wavelength is higher, and ‘[0,0]” for any other case.

Energy harvesting and battery-less operation

In parallel decoding for the small PD plane, each PD
channel can receive a much faster data rate than the MCU
can process. A pass-through system architecture can be
used to handle the data directly from the DMA to the
external memory; however, even at maximum clock
speed, a combined parallel data rate of 85.2 Mbps is not
feasible using an ultra-low-power MCU. Nevertheless,
using such a low-power processing unit enables the

handling of the slower PD plane while being completely
self-powered by the receiver plane without needing a
battery. The targeted application will dictate the trade-off
between processing power and battery-less features.
There is a fundamental difference in the amount of power
that can be harvested from sunlight and artificial light
sources. For free-space optical communication (FSO),
terrestrial and in space, natural light provides an unmat-
ched amount of energy that can be harvested, yielding the
possibility of a bigger power budget for processing. At the
same time, in underwater applications, the system will
tend to prioritize power-saving features.

The large area receiver panel was tested with natural
and artificial light sources. Table 1 shows the electrical
output in each scenario and the amount of Lux from each
source. Figure 5e shows the measurement setup for
energy harvesting testing for direct exposure to sunlight.
The maximum power that can be harvested in this
situation is 87.33 mW, which is enough to power con-
tinuously for all applications but full-speed data transfer
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Table 1 Power harvesting under illumination by different sources

Light source Lux Open circuit voltage [V] Short circuit current [mA]
Unilluminated ambient 14 257 78%x1073

Incandescent lamp (60 W) 1275 382 2.75

Focused Incandescent lamp (75 W) 17780 5.06 2136

Shaded ambient (indirect sunlight) 1852 3.84 14.10

Direct sunlight 55900 4.10 2130

with ADC at the maximum sampling rate (power con-
sumption values are presented in Table S1). Nevertheless,
a typical sensing application would require much lower
data rates than what we can achieve with our system.
Thus, the maximum speed of the system can be neglected
in favor of power saving.

The PD configuration of Fig. 3a was used for natural
and artificial light energy harvesting. For energy harvest-
ing from artificial light sources, the device can not always
be maintained on self-powered capabilities, and an energy
storage device must be used, or a charging period must be
implemented. Figure 5f shows the charging of a 0.1F
supercapacitor using an artificial source. Two conditions
were set: the first with a single PD being used for com-
munication and the second with no PD active for com-
munication. The full charge of the supercapacitor took
around 32.2 min for single PD mode and 31 min for no
active PD mode. The test was conducted in the dark, with
ambient light of 14 lux. Furthermore, the impact of beam
incidence angle on the energy harvesting feature is further
detailed in Fig. S13 at the SI section Self-powering and
tracking under different illumination angles.

Compared to the cube system, the large area receiver
has an active area of 900 mm? while each cube plane has
69.3 mm>. Under the 60 W incandescent lamp, each cube
plane provides an open circuit voltage of 4.66V and a
short circuit current of 2.22 mA. The cube presents a
conversion of 0.149 mW/mm? while the large area
receiver is 0.12 mW/mm? The PDs of the cube are more
efficient; however, its lower active area yields less power
than the large area receiver under the same illuminance.
Figure S4 in supplementary materials shows the respective
dimensions of both receiver panels.

A challenge arises for the self-powered reconfigurable
system when harvesting high levels of energy without
requiring data processing. If the energy storage device is
full, the power fluctuates in the ultra-low power system,
and it starts to lose power mostly as heat. The excess of
harvest power is compensated by a large increase in the
leakage current of the switches. This prevents the MCU
from controlling the panel’s reconfiguration. As a solu-
tion, the system was programmed to increase its clock

speed while idle once the supercapacitor was full and no
data needed decoding. This hardware problem is further
discussed in the Supplementary Information in Control
Loss in Super Harvest Mode section.

Discussion

The designed device is based on silicon PDs offering a
sensitivity covering from 300 to 1100 nm, making it sui-
table for a wide range of OWC applications, including
underwater optical wireless communication, visible light
communication, and the 850-nm FSO and even wave-
lengths used for near earth demonstrations. The use of
different wavelengths in OWC has traditionally been
focused on maximizing the data rate through wavelength
division multiplexing (WDM)>*~*°. Color switching opens
the possibility of optimized wavelength use, as it facilitates
channel identification and separation, especially in com-
plex networks with overlapping signals, preventing data
crosstalk and ensuring signal integrity. For instance, in
underwater communication, different wavelengths pene-
trate water depths differently, making wavelength detec-
tion crucial for identifying and routing data from specific
underwater sensors. In the specific demonstration of this
work, both PDs have better energy harvesting efficiency
for the 625-750 nm range. By detecting specific wave-
lengths within the 625-750 nm range, the device can
intelligently disable the PDs dedicated to communication
and activate all PDs for energy harvesting. Conversely, the
device can enable specific features by switching to a dif-
ferent wavelength range. For example, the device can
activate the PD designated for communication by transi-
tioning from the 625-750 nm to the 500—-565 nm wave-
length range. The internal PGA and DAC allow the
creation of an adaptive threshold voltage for different light
conditions. When the ambient light is high, the DAC
voltage increases and the PGA gain decreases. Moreover,
wavelength switching paves the way for standardizing
specific wavelengths for custom applications or even
implementing the optical frequency hopping®’. However,
a possible approach would be processing the wavelength
using multiple receivers, each with a fixed filter. Never-
theless, this would require more processing power,
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slowing the maximum data rate that can be achieved by
frequency hopping.

For a more practical design, we can leverage the use of
narrow-band PD with high conversion efficiency in the
4th quadrant of the semiconductor I-V. Photovoltaic laser
power converters (PVLPCs) can reach up to 68.9% con-
version efficiency for single-junction®®. Integrating such
devices into this work’s proof of concept design would
allow for a much higher power budget and better pro-
cessing capabilities.

Furthermore, an omnidirectional receiver can be helpful
in reducing the effect of turbulence-induced beam wan-
dering®. Increasing the detection bandwidth of unit PDs
comes at the expense of the active area. For instance,
high-speed detectors are restricted to a few mm?® areas
due to the limit imposed by the resistor-capacitor (RC)
time constant™. Studies showed that the achievable rates
could touch the 1 Gbps boundary with GaAs cells illu-
minated by infrared light vertical cavity surface emitting
lasers*!. Surpassing this challenge can be done by incor-
porating large field of view (FoV) antennas, particularly
fused fiber optic tapers, formed by hundreds of thousands
of optical fibers**. Such a solution is broadband and will
not affect the charging of the device by ambient light.
Other solutions to enlarge the FoV of PDs include lumi-
nescent solar concentrators or scintillating fibers. Still,
both can be wavelength-dependent and unstable for use
for an extended time*’. An omnidirectional receiver with
EH capability can be very interesting for harsh environ-
ment operations and can be installed on sensors requiring
continuous commands. Another potential use case of the
omnidirectional receiver is in CubeSats and outer space
applications (see Fig. 1), mainly because the device can
harvest energy from the sun while orbiting. Other appli-
cations of the self-powered omnidirectional receiver
involve visible light communication (VLC)* and under-
water wireless optical communication (UWOC)*.

The current design of the system provides six receiver
planes in the form of a cube, and one of the receiver
planes is removable to provide access to the switching
matrix boards through a flexible flat ribbon cable (FFC). A
stack-up solution is used to multiplex all the inputs from
all planes (Fig. S4a).

Mechanically moving the PD to the individual faces of
the cubes can be challenging due to the inner circuitry. A
possible system improvement is the fabrication of flexible
substrates using micro-PD arrays for truly omnidirec-
tional application. The arrays can be manufactured in a
single flexible PCB sheet and be folded using an origami-
like approach. Using micro-PD arrays would also add the
benefit of having higher bandwidth than large areas PDs.

This paper reports a major step towards developing
energy-efficient omnidirectional optical communications
systems. By leveraging the reconfiguration of the PD in its
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fundamental photoconductive and photovoltaic mode, we
can achieve realistic higher data rates while harvesting the
maximum power from the PD. It is worth noting that the
development of miniaturized hardware for OWC/UWOC
brings complexity resulting in bandwidth losses, mostly
due to the switch circuitry. As one of the first devices to
encompass the entire SLIPT circuitry interface and
decoding, the maximum achieved data rate of 85.2 Mbps
can only be displayed in real-time using an oscilloscope
and be processed offline, as the hardware is not capable of
processing and decoding the large volume of data.
Nevertheless, the gross rate of 5 Mbps from a completely
self-powered SLIPT system is the highest reported, both
in free space and underwater. Furthermore, the intro-
duction of a wavelength-based SLIPT paves the way for
standardization and optimization of SLIPT-based systems,
in which we demonstrated a hardware-level imple-
mentation that can be designed in-chip to also achieve
great energy efficiency.

Materials and methods
Main board circuit design

The system is composed of two MCUs (STM32L4R9
and CY8C5888), a switch matrix composed of 14 analog
switches (Texas Instruments TS3A24159), a Quad-SPI
flash memory (25Q128jvsq), an SD card slot and an
external TIA from Texas Instruments (OPA380). The
system utilizes its two MCUs with distinct roles, which
can work in parallel for optimal performance or only one
active to preserve power. The main MCU is an
STM32L4R9 ultra-low-power, high-performance 32-bit
microcontroller with Arm® Cortex®-M4 core, DSP, and
floating-point unit (FPU). In this project, this MCU digi-
tizes the analog voltage output from the TIA and stores it
in the SD card using the ping-pong buffer technique with
flash memory. The second MCU is the CY8C5888 PSoC
from Infineon Technologies AG. The PSoC interfaces
with the wavelength detector, measures the signal
strength using its internal TIAs, and controls the switch
matrix. The PSoC and the STM32 share a UART bus and
GPIOs used for communication between both MCUs. The
circuit was designed and simulated using the Proteus
Design Suite from Labcenter Electronics. The signal tra-
ces were shielded using a stitching technique, and ground
splitting was used to separate digital from analog zones.
The PCB was manufactured and assembled using stan-
dard FR-4 base material with 1.6 mm thickness and 1 oz
outer copper weight. The internal circuitry of the PSoC
was designed using PSoC Creator 4.4 software. The
firmware of both MCUs was done in C+ +, using
STMCube Integrated Design Environment (IDE) for the
STM32 and PSoC Creator IDE for the PSoC.

For color detection, two hardware designs were imple-
mented in the PSoC. The first one makes use of a TIA
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followed by an ADC. The CPU core processes the digi-
tized signal from the color detectors through a custom
C+ + code. The code averages the ambient light auto-
matically, taking it as a baseline, using the averaged value
as a threshold for detecting sudden increases in lumin-
osity due to light beams being directly pointed at the
device. The different color channels are selected using an
analog multiplexer at the negative input of the TIA. The
data on which color is dominant is sent from the PSoC to
the STM32 through the UART protocol. The second
design dispenses the use of the PSoC CPU core, as all the
detection is done via hardware, and the color detection is
output in binary and interpreted by the STM32. The
section Color-based SLIPT presents the second design in
detail. Fig. S4 shows the main board device.

An off-the-shelf ultra-low-power boost converter with a
battery management system (Texas Instruments BQ25504
EVM) controls the energy harvesting process. The
BQ25504 is specifically made to efficiently collect and
control the power generated from various DC sources,
and it has an integrated dynamic maximum power point
tracking for optimal energy extraction. A 5V 0.1-F
supercapacitor was used as an energy storage device
(EATON PB B3-129).

Receiver panel circuit design

The large receiver panel comprises nine red-enhanced
high-performance silicon PD (Luna Optoelectronics
sd445-14-21-305) enclosed in hermetically sealed ceramic
packages. Each PD has an active area of 1cm? in a
2.24cm® package. The PDs were arranged in a 3x 3
matrix with minimal spacing between the packages. Sur-
rounding the PD matrix are three RGB color sensors
(Kingbright APS5130PD7C-P22) placed to detect the
specific light colors reaching the receiver panel. The color
sensors utilize three integral color filters and silicon PD
with peak intensities at blue (470 nm), green (550 nm),
and red (620 nm) wavelengths. A 90° angle header with a
2.54 mm pitch was selected as a connection. The printed
circuit board (PCB) is manufactured with a standard FR-4
base material of 1.6 mm thickness and 1 oz outer copper
weight. The part components were purchased from Digi-
Key Electronics, and the assembly was performed in-
house. Fig. S4 shows the receiver panel.

The small receiver panels are built in a 2x2cm
squared-shaped PCB containing 9 equally spaced PDB-
C171SM Advanced Photonix PD on its top layer and an
FFC connector on its bottom layer. The multi-plane, or
cube-shaped, receiver was built using 6 identical squared-
shaped PCBs manufactured with standard FR-4 base
material of 1.6 mm thickness and 1-oz outer copper
weight. The small receiver panel boards were designed
and assembled in-house, and the components were pur-
chased from Digi-Key Electronics.
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Wavelength-based SLIPT

The color detector from the receiver panel is connected
to the PSoC, where a hardware design was implemented
to facilitate color detection and provide a digital output.
The design process was carried out using PSoC Creator
4.4 software. The three output voltages from the color
sensor are individually amplified by three programmable
gain amplifiers (PGA) that operate in parallel. The system
can handle the different color signals simultaneously and
independently by using multiple PGAs, each corre-
sponding to a specific color channel. This parallel pro-
cessing enables efficient color detection and analysis. The
amplified voltage from each PGA is separately compared
against a single threshold voltage created by a digital-to-
analog voltage converter (DAC). The three comparator
outputs feed the inputs of a lookup table (LUT) that
provides the two-bit results. The LUT is configured to
provide an output only when a single color is pre-
dominant. Both the threshold voltages from the DAC and
the gain of the PGA are adjustable to accommodate
varying ambient light conditions.

At the transmitter side, two lasers were used: a 450 nm
(Osram PL-TB450B) and a 658 nm (Mitsubishi Laser
Diodes ML101J23). The transmitter also comprised a
high-power LED with a peak intensity of 530 nm. Each
laser was connected to the power source and signal gen-
erator through a bias tee (Picosecond Pulse Labs 5543-
223). The bias voltages were generated by two dual-
output DC power supplies (Agilent E3649A). The OFDM
signal was generated using a waveform generator (Key-
sight 33600 A). DC measurements were performed using
a source meter (Keithley 2450). A mixed signal oscillo-
scope (Tektronix MSO 4104) was used to measure the
three analog outputs at the PGA stage. A digital storage
oscilloscope (Agilent DSO-X 2024 A) was used to mea-
sure the system’s digital output.

Power harvesting

A 60 W incandescent lamp (Reflector R80) was placed
indoors at 20 cm from the device to evaluate the energy
harvesting capability using an artificial light source. The
experiment was conducted in a dark room with only the
lamp turned on. The light intensity was measured using a
light meter (Extech 401025) positioned beside the receiver
facing the lamp. One PD was configured as an informa-
tion receiver in the system, while the remaining PDs were
set as energy harvesters. The device was then positioned
in two locations: inside a room with open windows to
measure under diffuse sunlight and outside under direct
sunlight. The light intensity in both places was also
measured using the light meter. The system’s open circuit
voltage and short circuit current were measured using a
digital multimeter (Keysight 34470 A). The collected data
were plotted using a custom Python code.
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Coding/decoding information

A pseudo-random binary sequence (PRBS) was generated
and modulated using a quadrature amplitude modulation
(QAM) scheme. A Hermitian symmetry was applied before
the inverse Fast Fourier transform (IFFT) to provide real
values. The used bandwidth was between 0.015 and
1.5 MHz, and the size of the IFFT was 1024. A cyclic prefix
length of ten was used to limit intersymbol interference.
The minimum allowed SNR per subcarrier was 3 dB. The
parallel sequence was converted to a serial sequence and
then sent by the arbitrary waveform generator to a laser
through a bias tee. At the receiver, the signal was down-
sampled and synchronized. The serial sequence was then
converted to parallel. The CP was removed, and a Fast
Fourier Transform (FFT) was applied. By removing the
symbols of the Hermitian symmetry, the symbols were
extracted. The symbols were then demodulated and con-
verted to a serial stream of bits, which was compared to the
transmitted signal to determine the BER. The gross data
rate, GDR, is calculated using the following formula:

Nsc

fa _ Jawe
GDR = E 1 1
R = NCp og, (M (1)

Ngrr

with Nsc = 500 is the number of subcarriers. M; = 2% is
the QAM order of the i?” subcarrier, and b is the number
of bits allocated to that subcarrier. The net data rate is
calculated by accounting for the training symbols used for
channel estimation and synchronization and the 7% FEC
overhead. Figures S6 and S7 show the coding/decoding
information setup for both the main receiver panel and
the cube system. Each subcarrier is assigned a spectral
efficiency based on the calculated signal-to-noise ratio
(SNR). The SNR is estimated by sending uniform 4-QAM
OFDM symbols and calculating the error vector magni-
tude (EVM). Based on that, the maximum achievable
spectral efficiency is estimated as logy(1 + SNR).

Single PD selection and quadrant control

For single PD selection, the system is configured to
reverse bias one of the PDs from the matrix. At the same
time, the remaining PDs are connected in series, as seen
in Fig. 3a. The output of the in-series PDs is connected to
the energy harvesting circuit. The switching and biasing
circuit transfer function A(dB) is given by (2) and its
circuit representation for each PD is given in Fig. S10.

R
A(bB) = 10log[&*(R,uCps)* + 1] + 201og [ﬁ]
loadon
v ®
—10log &> <L> (Cload + Cp + Cps)* +1)
loadRon

where Cpg is the internal drain to source capacitance of
the switch, Cp is the drain to ground capacitance, and
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Cioaa and Ry,,, are the capacitance of the negative input
connection of the TIA seen by the output of the switch.
The parasitic Cj,,, capacitance is highly dependent on the
traces in the PCB. R,,, is the internal resistance of the
switch when on. As (2) only represents the switching and
biasing circuit, we do not consider the input and shunt
resistance of the PD, which are dependent on the light and
voltage bias. For the quadrant control, we divided the PD
matrix into ten different quadrants, as presented in
Fig. 4d. The quadrant is formed with the 4 PDs next to
each other or the row and column of the matrix. When
the quadrant is in harvesting mode, more than one
quadrant can overlap each other. In the information
decoding mode, the PDs are isolated, while in the
harvesting mode, the PDs are connected in parallel. Even
when isolated, there is channel-to-channel crosstalk. Fig.
S11 shows the equivalent circuit model for the crosstalk in
the quadrant mode.
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