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Abstract—RGB LED bulbs have entered the market as a
promising alternative to traditional phosphor coating LEDs to
meet illumination standards. In this paper, we introduce and pro-
pose solutions to address the challenges of RGB LED lighting for
the Internet of Things applications, performing communication,
harvesting energy and sensing tasks. Through experiments, we
demonstrate that we can use RGB LEDs for multiple tasks. We
can achieve a bandwidth in the order of 50 kHz and distances of
around 3.5 m using commercial RGB LED bulbs as transceivers,
without using any dedicated photodetector. RGB LED links are
composed of three main colours, and we show that red is the best
colour both for communicating to another receiving RGB LED
bulb, as well as for harvesting with a solar cell; green and blue
can instead be exploited for standard-compliant lighting and/or
sensing purposes. We evaluate the system in two proof of concepts
and provide insights for operating RGB LEDs for multiple tasks.

Index Terms—Visible light communication, RGB LED bulb,
harvesting, sensing

I. INTRODUCTION

Visible light communication (VLC) is paving its way as an
enabling technology for Internet-of-Things (IoT) devices due
to its energy efficiency, pervasive lighting infrastructure and
support for a larger bandwidth. With the advancement in light-
emitting diodes (LEDs) technology, the global market for VLC
is booming worldwide with a projection of USD 111.9 billion
by 2027 [1]. VLC is not only emerging as a complementary
technology to solve the spectrum crunch problem in radio
frequencies (RF), but it can also be applied in novel IoT
applications [2[]-[4].

Traditionally, white LEDs with phosphor coating are used
for illumination and communication. However, white LEDs do
not provide any control on colour hue, which is an important
factor in applications such as smart homes (eye comfort) and
greenhouses (plant growing). To address these limitations, red,
green and blue (RGB) LED bulbs have been explored as an
alternative to meet illumination standards, with products in
the market such as Philips Hue Lighting for adjusting colour
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Fig. 1: Representation of scenarios to employ RGB LED
for communication, harvesting and sensing, the three main
research problems addressed in this paper.

hue [5]. RGB LEDs consist of three chips enclosed in a single
packaging to emit RGB colours. RGB LEDs offer individual
control of each chip to produce a large subset of colours and
allow for modulation schemes transmitting data simultaneous
on different communication channels.

We envision that RGB LEDs will become pervasively
deployed thanks to their high reconfigurability. However, their
cost is still higher than traditional white phosphor LEDs,
which could limit the market penetration. For this reason,
users need to perceive that the added value of RGB LEDs is

©2020 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or

reuse of any copyrighted component of this work in other works.




1 i) 1
A Red LED

5 i “‘ Green LED
208f S B b Blue LED 108 o
a il [———JRed Filter %
= i1 [ IGreenFilter =
< L ] =
o6 I \ Blue Filter 06 E
B i £
° 1 \ g
804l [N z
= I E
£ " i
502} ! -

|
=z ]

0 === 0
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 2: Emission spectra of LED Cree XLamp MCE and
transmittance of filters DBT660, DBT545 and DBT435.

sufficiently higher than traditional light sources to justify the
investments. We address this problem by investigating how
RGB LEDs can be used for other applications to foster their
adoption, as shown in Fig.[T}

Traditionally, photodiodes (PDs) are used for sensing. How-
ever, their band covers the full visible spectrum as well as
part of infrared. Fig.]2] shows a typical spectral power density
of an RGB LED (6], also used in our experiments, and the
transmittance spectra of three band-pass filter glasses [7] that
could be used on top of a PD. The use of optical filters, which
are not narrow band, may lead to an important inter-colour
interference at the receiver, making it difficult to distinguish
the colour source for each received data.

On the contrary, the use of RGB LED as a receiver can
mitigate this problem as they have a lower detection bandwidth
without the need of using extra devices and filters. In our
study, we experimentally show that, similar to single LEDs [_]],
commercial RGB LED bulbs that are designed for artificial
illumination can be used as a light-sensing device in a narrow
band of wavelengths close to the band of emission. For
instance, we show that the green chip of RGB LEDs is
sensitive to frequencies in the visible green band. This makes
them suitable both for multi-band communication from RGB
LEDs to RGB LED:s (cf. Fig.[Ta), and for environment sensing
measuring the light reflected from the intended object (cf.
Fig. . Besides, these solutions are low-cost, as there is
no need for any dedicated photodetectors. The knowledge
of sensed light, e.g. detecting the presence of sunlight, can
further allow reconfiguring the colours of RGB LEDs while
transmitting, for optimized energy harvesting of solar cells
embedded in IoT devices (cf. Fig. [Ic).

This paper shows the joint performance in communication,
harvesting and sensing of RGB LEDs, addressing the chal-
lenges, and presenting quantitative experiments that help to
understand which applications are viable with todays’ RGB
LEDs. Our contributions are listed in what follows:

e We provide insights for configuring commercial RGB
LEDs for transmitting the desired colours, which is crit-
ical to optimize communication, harvesting and sensing;

o We design a receiver for sensing light with RGB LEDs,
that overcomes their low responsivity (i.e., generated
current per optical received power, measured in A/W);

o We present numerical results for communication band-
width and responsivity, where RGB LED is used at the
transceiver, and we show the potential of each colour;

o We study best wavelengths emitted by RGB LED bulbs
for harvesting;

« Traditional solutions for stress detection in plants are very
costly, and we present a low-cost solution for sensing
the health of a plant with RGB LEDs in a smart home
environment.

Our experiments show the following results:

e In communication, red colour of RGB LED bulbs both as
transmitter and as a receiver (red-to-red) shows the best
performance in terms of path loss and data rate, with
communication link of about 3.5 meters;

e Our studies show that, harvesting using solar cells, red
colours performs best followed by blue and then green.

e Green and blue colours can be exploited for standard-
compliant lighting and/or sensing purposes.

II. CHALLENGES

The use of RGB LED bulbs for communication, harvesting
and sensing present some challenges:

Parameters of LED as receiver are not known: Nowa-
days, LEDs are mainly designed for illumination, or even
data transmission [9] but not for photo-detection. Besides, the
LED used as receivers does not have proper optics to receive
light, and their field of view (FOV) should be broad and
independent of the photodetection area. However, due to being
photosensitive devices, they can perform as photodetectors [8].
Manufacturers do not provide information related to spectral
sensitivity, FOV, and the effect of temperature on responsivity,
which can affect the performance of RGB LEDs as a receiver.

Limited bandwidth: Complex modulation schemes are not
affordable for IoT applications as we target in this paper
due to being power-hungry. IoT scenarios typically require
single-carrier and simple modulation schemes, such as On-
Of-Keying (OOK). This limitation can be also mitigated by
wavelength division multiplexing, paying special attention
to inter-colour interference, both at transmitter and receiver
spectra. Besides, using RGB LEDs for multiple purposes may
result in conflicting requirements, and the modulation must be
such that multiple applications can efficiently run concurrently.

Energy harvesting: Solar cells are typically optimized
to harvest light from the sun, but they operate poorly with
artificial light. However, artificial lights like RGB LEDs could
be configured to approximately match the optical spectrum
response of solar cells. This can be of help if the RGB LED
can sense that there is not sufficient sunlight that can be
harvested by the IoT device.

III. DESIGN

The design of our VLC system has mainly three parts:
i) fixed VLC transceiver, such as one or more light bulbs
located on the ceiling that can adapt the hue based on the
illumination requirements and can sense the environment; ii)
mobile VLC transceiver, which could be IoT devices that could



Transmitter (TX)

R G B
R 352(1.6) | 485153 | 22230
LED1asRX G 3255 () 2631 () | 1095 ()
B 32190 2619 () | 2050 ()
R 602 (30) | 7.0829) | -23.02 ()
LED 2as RX G 4234 () 4011 () | -40.08 ()
B 2436 () 2403 () | 1411 0)
R 0 (3.0) | -1643 (0.5) | 23.60 ()
LED3asRX G 2551 () 2382 () | -9.98 (0.4)
B 24630 2436 () | -19.49 ()

TABLE I: Comparison of LEDs as transmitter and receiver
path loss and 3-dB bandwidth (the latter is shown in brackets
in kHz; - means a very low bandwidth). The transmitter is
set at constant electrical power of 1.75W (350mA, 5V) for
all cases of R, G and B. The distance of 50 cm is maintained
between the transmitter and receiver to measure the voltage
in millivolts (normalized and converted to dB) at each chip of
receiver LED.

be battery-free (e.g. through a solar cell) and sense different
parameters that are communicated to fixed transceivers; iii)
other objects in the environments, such as plants, that are
sensed by the VLC transceivers. The design goals for our
system focus on understanding the potential of RGB LEDs
to perform communication, harvesting and sensing tasks, i.e.:

o Establish a bi-directional communication using RGB
LEDs and explore its performance boundaries for indoor
scenarios. This includes the design and prototyping of an
end-to-end system;

o Explore lighting hue on the transmitter side to evalu-
ate the harvesting performance. Multiple points of the
chromaticity diagram are studied, with a total constant
electrical power consumption for fair comparison;

« Evaluate possible scenarios where RGB LEDs can be ex-
ploited for sensing. As examples, we design an algorithm
for the detection of sunlight to optimize energy harvesting
on a mobile device, and we detect wavelength variations
of received light for environmental tracking.

A. Comparison of commodity LEDs

There are several RGB LED types available in the market
made by different manufacturers and classified mainly with
their output lumens, colour, forward voltage (V;) and maxi-
mum drive current. Specifications of the LED related to com-
munication and photo-detection such as frequency response
or responsivity are not usually mentioned in the datasheet as
the LEDs are mainly designed for the purpose of illumination.
We study three commodity RGB LEDs; LED 1: Cree Xlamp
XML [10]; LED 2: Osram opto LZ4 [11]; LED 3: Cree Xlamp
MCE [6]. The LEDs have individually addressable connections
for each RGB colour and also have a white LED to facilitate
illumination in an indoor environment. The V; is around 2.3V
(red), 3.4V (green) and 3.2 V (blue), which make it convenient
to power up and control the LEDs with low-cost controllers
for modulation. The goal is to test the communication per-
formance of LEDs, and select the best one for our study. In
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Fig. 3: Schematics and breadboard design for the transmitter.

MOSFET

the experiment, we send a tone signal maintaining a constant
electrical power of 1.75 W, and measure the voltage at the LED
receiver with Saleae logic analyser [|12] for all 27 combinations
of three RGB LEDs.

Results are shown in Table[l] where we show both path loss
and bandwidth (3-dB bandwidth values are shown in brackets).
The best combination is the red-to-red link for LED 3, while
other combination performances vary depending on the chip
manufacturer. Note that the combination of the same LED
colour at transmitter and receiver does not always provide the
best performance, due to spectra mismatching in transmission
and reception. Next, the bandwidth of each combination of
three LEDs was measured by feeding the transmitter with
a sine wave and changing its frequency. Then we measure
the path loss at the receiver. The results show that around
3 kHz of bandwidth is obtained with a red-to-red combination
and LED model 2 and 3, whereas we get a lower or even
negligible bandwidth for the rest of the combinations. Once
demonstrated all combination performances, from this point
on, unless otherwise specified, we perform the experiments
with a red-to-red combination of LED 3. Next, we design
dedicated circuitry for the various operations of RGB LEDs.

B. Transmitter circuit design

We propose a simple and low-cost MOSFET based switch-
ing circuit to modulate RGB LED as shown in Fig.[3] MOS-
FET offers low resistance in the conduction state that reduces
the power consumption and allows to handle larger current
through the LED. The potentiometers P1, P2 and P3 control
the current in each individual LED red, green and blue, respec-
tively. The input signal to the LED driver circuit is generated
using the Analog discovery II waveform generator [[13].

C. Receiver circuit design for communication

The schematics for RGB LED based VLC receiver is shown
in Fig.[d] The signal received at the LED is not very sharp, it
is vulnerable to noise from indoor luminaries and it degrades
steeply as we increase the transmission frequency or range
of communication. As a first stage, we configure the LED
in zero bias. At zero bias, the LED exhibits zero leakage
(dark) current, which is ideal as the responsitivity of LEDs as
a receiver is low. We then amplify the signal with a low-noise
Trans-Impedance-Amplifier (TIA). The TIA amplifier affects
the bandwidth of the system considerably, as shown in the
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Fig. 4: Reception chain with RGB LED as a receiver.

next section. Thus the decision of feedback resistance value
Ry affects the system performance and it must be optimized.
The capacitor Ct helps to improve the stability of TIA.

As the next stage, a high-pass filter (HPF1) is used to filter
out the DC component and noise from indoor luminaries. The
cut-off frequency of the filter is set to 200 Hz with resistor
Ry and capacitor Cpp. After this, a non-inverting voltage
amplifier (VA) with a gain of 10 is added to amplify the
receiver signal in order to compensate for any channel loss.
This stage also makes the received signal compatible with
the comparator in the next stage to convert the analog signal
into digital. A low-pass (LPF1) and high-pass (HPF2) filters
can be added before the comparator to band limit the signal.
LPF helps to remove high-frequency noise due to amplifier
overshoots, and improves the signal-to-noise ratio. HPF2 helps
to remove the DC bias introduced by the voltage amplifier
and average the signal on the ground. As the last stage, a
low-power comparator is used to digitize the data. Single TI-
TLC272 op-amp [14] is used for both TIA and VA due to its
low cost and high precision. For comparator, ST-TS881 [|15]]
is used which features ultra-low power consumption and low
noise.

D. Receiver circuit design for sensing

In addition to the VLC receiver, RGB LED bulbs can work
to detect the presence of sunlight and the health of a plant.
The sun emits electromagnetic (EM) radiations in a broad
EM spectrum with most irradiance in the ultraviolet, visible
and infrared regions. The broad-spectrum can generate more
current in RGB LED as compared to indoor lighting. This
effect can be utilized to detect the presence of sunlight and
hence optimize the harvesting of energy on mobile devices.
Similarly, the color of the plant changes due to disease and
drought. When the plant is illuminated with RGB LED, the
reflected spectrum varies with the state of the plant. This effect
can also be detected with RGB LED as a receiver. In this
configuration, the signal does not change significantly over
a short time period, so variations are detected by averaging
the received signal over a longer period. As the RGB LEDs
generate very low output current (usually in the order of nA),
a voltage follower amplifier (VFA) or simply a high resistance
in parallel can be used to drive the analog-to-digital converter
of a microcontroller unit (MCU) as shown in Fig.[5| VFA has
a unity voltage gain and it draws minimal current from the
LED.

o—— | Voltage follower » Al
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—— (1MQ)
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1

Fig. 5: Design for detecting sunlight and health of plant using
RGB LED. Output of each LED colour is measured to detect
variation in light due to broad spectrum of sunlight and change
of plant color in disease or drought.
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Fig. 6: Experimental performance of peak-to-peak voltage of
a communication link at a distance of 50 cm when a red LED
is performed both as transmitter and a receiver, for different
feedback resistance of a TIA.

1V. EVALUATION

A. Communication

TIA design has an important effect on the receiver per-
formance. The feedback resistance Ry sets the gain of the
received signal as represented in Fig.[6] The larger Ry, the
stronger the received signal is, which is represented as peak-
to-peak signal voltage. In Fig.[7] we evaluate the end-to-end
system performance by means of bit error rate (BER) versus
distance between transmitter and receiver. We plot BER results
for Ry=1000k(). Note that very good results are obtained
for an OOK rate of 1 kHz and 10 kHz but the performance
degrades at larger distances. Moreover, the system shows good
robustness to sunlight interference of 600 lux due to HPFI,
with a slight decrease in performance observed due to the shot
noise from sunlight.

Insight #1 (I1): Red-to-red LED communication is the best
performing in comparison to any other colour combination.
We can achieve more than 2.5m at 20kb/s while around
1.25m at 100kb/s. For this reason, we dedicate red LED
for communication purposes in Fig.[IT] where we represent a
potential realization of a modulation scheme using RGB LEDs
for all the envisioned applications.

B. Energy Harvesting

The emission spectrum of a light source influences notably
the amount of power harvested by a solar cell. We have config-
ured an RGB LED bulb for feeding each colour chipset with
a specific current. To do a fair comparison, the total current
fed to RGB LED is set to 350 mA, allocated to each colour in
portions of 50mA, and leading to 36 possible combinations
of transmitted colours represented in Fig.[8a] Then, on the
receiver side we place a solar cell ‘SLMDI121HO04L .
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Fig. 8: The study shows effect of different wavelengths (RGB
combinations) on energy harvesting using 2xSLMD121HO4L
solar cells and BQ25570 harvester. The red colour shows best
results followed by blue and green.

We analyze experimentally all possible combinations of
colours. The results are shown in Fig.[8b] where we show that
almost 2.5 pW is harvested when illuminated with red colour,
and it decreases dramatically when illuminating with green
wavelengths. However, acceptable results are obtained with a
great number of combinations, which provides very valuable
flexibility when the user may change the hue for additional
purposes such as smart home activities or greenhouse condi-
tions.

Insight #2 (I12): Transmitting red wavelengths are the most
efficient ones for energy harvesting purposes. In Fig.[IT] we
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Fig. 9: Usage of an RGB LED to detect the sunlight. Higher
voltage is generated with blue and green LEDs when sunlight
is received, in comparison with results when artificial light
(fluorescent lighting) and white light (phosphor-coated LED)
are received.

increase the red signal average for boosting harvesting when
no sunlight is received.

C. Sensing

RGB LED generates current at each LED chip depending on
the intensity and wavelength of the incident electromagnetic
radiation. This property makes it be a suitable and low-
cost solution to many applications that involve sensing with
variations in wavelength. Two prospective solutions with proof
of concept are presented in this paper.

The first study is performed to evaluate the effect of sunlight
on the generation of photo-current in RGB LED as compared
to fluorescent light and white LED. The illuminance is fixed
to 500, 1000 and 1500 lux in all cases and voltage is measured
at the output of each chip of RGB LED. It is noticed that the
voltage generated in LEDs due to sunlight varies at different
times of the day as sunlight’s spectral composition varies
across the day [16]. The average values are plotted in Fig.[9]
In the figure, we can see a clear increase in voltage of green
and blue LED when exposed to sunlight. The reason is that the
spectrum of sunlight has a large magnitude in the ultraviolet
region, which causes the increase in voltage with the green
and blue LED. The detection of sunlight can succour the
optimization of energy harvesting, especially for IoT devices.
In the case of detected sunlight, RGB LED can adjust the hue
to prioritize communication or power-hungry tasks.

Another important application of RGB LED is to sense
the health of a plant. The colour of plant leaves changes in
case of drought or disease. We exploit this colour variation
to detect the health of a plant. A fresh plant is taken and
illuminated with RGB LED and white light. The plant is left
to dry for 8 days. The change in colour of leaves is presented
in Fig.[T0a] The voltage measurements are taken at the output
of RGB LEDs on daily basis. Some combinations show a
higher difference in voltage than others in a span of 8§ days.
The voltage at the output of receiver LEDs for best colour
combinations is plotted in Fig.[TOB] We can notice a voltage
change of 0.51 (red-red), 0.46 (green-red), 0.39 (blue to green),
and 0.037V (white-green) from day 1 to day 8. The voltage
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Fig. 10: RGB LED for sensing the health of the plant.

difference is detectable with a simple threshold circuit using
op-amp to identify the health of a plant. This may open the
door to multiple sensing applications for environment tracking.

Insight #3 (I3): Blue LED receives larger differences when
sunlight or artificial lights are received. It is followed by a
green LED. In Fig.[TT} when blue and green LEDs are OFF,
they are exploited for sunlight sensing, which helps adapting
transmission parameters for harvesting energy. For instance,
we increase the red signal average for boosting harvesting
when no sunlight is received.

Insight #4 (14): For plant sensing (reflections), we observe
more variance when red LED is used for transmission and
reception, though the usage of green transmission and red
reception also shows good performance. Since transmission of
red LED is used for data transmission, we see and represent
in Fig.[T]] the usage of green transmission and red reception
as a good candidate for plant sensing.

Insight #5 (I5): As noted in , blue light matches
the melanopic spectrum of a human eye, which affects the
hormone melatonin and, consequently, increases stress and
cardiac rhythm. Following blue LED measurements, it is
desirable to reduce the blue light emission in the evening and
night, see Fig.@ Note that blue LED can be ON while the
red LED is used as a receiver for data and sensing, because
blue wavelengths are not received by red LED (see Tablell).

Insight #6 (16): Simultaneous data reception and sensing
can be performed. As 14 indicates, we employ a green LED as
a transmitter for plant sensing, while a red LED as a receiver
for both communication and sensing. Indeed, communication
data are extracted by looking at short-term signal variations
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Fig. 11: Representation of insights from experiments.

(on-off-keying) while sensing data are detected at long-term
by averaging the received signal over multiple readings.

V. RELATED WORK

In the 1990s, Miyazaki et al. incepted the idea to
use LED as a photo-detector. Since then, the use of LEDs
as both transmitter and receiver has been demonstrated using
single low-power 5Smm LEDs used as indicator [19]-[23].
LEDs used as an indicator are very directional and can not be
used for illumination purposes of indoor environments [19].
In and [21]], the authors proposed a low-cost solution
achieving a throughput of 870b/s and 2.4kb/s at the range
of 90cm and 18 cm, respectively. Data rates of 1 Mb/s and
10 Mb/s are demonstrated in [22]] and [24] by using complex
modulation techniques and condenser lenses but again with
low communication range of 20cm and 30cm, respectively.
A common problem in these systems is the use of low-power
Smm pin LED for communication which makes their solutions
difficult to scale. On the contrary, our solution utilizes a
simpler hardware design, ideal for IoT applications, and a
high-power RGB LED that can be used in several applications.

Again for Smm indicator LEDs, in [25]], the responsivity
(measured in A/W) at different reverse bias voltages consider-
ing green and blue LEDs as transmitters were investigated.
They proved that the maximum responsivity was obtained
when green and red colour LED are used as transmitter and
receiver, respectively. Furthermore, the responsivity of the
LED as receiver improved at a reverse bias voltage of 25 V.
However, this entails a much higher consumption than the
operation at no current bias as used in this work. LEDs as
transmitter and receiver are sensitive to temperature variations,
which produces a wavelength variation in the emitted power
spectrum and spectral response [26]. Therefore, LEDs must
be carefully studied when used as photo-sensitive receivers,
as they may be excited at different wavelengths than their
homologous transmitters. RGB LEDs used for illumination can
also be used for high-speed communication with orthogonal
frequency-division multiplexing (OFDM) schemes [27], [28].
However, these schemes require dedicated photodetectors,



optical filters and expensive receiver circuitry. Besides, the
energy consumption can not be handled by IoT devices.

Apart from communication, the light hue also affects the
harvesting capabilities of solar cells [29]. A significant im-
provement in harvesting efficiency can be achieved by illu-
minating the dye-sensitized solar cell with RGB LEDs [30].
Moreover, RGB sensors, but not LEDs, have been studied to
sense different environmental parameters such as the health
of the plants [31f], [32]] in smart homes or greenhouses. None
of these prior works has investigated the usage of RGB LED
bulbs for communication, and sensing in resource-constrained
IoT applications. Besides, the studies concerning harvesting
with RGB LEDs are performed with a specific type of so-
lar cells optimized for artificial illumination (dye-sensitized),
while in our work we conduct the study with more traditional
silicon-based solar cells which could be used both outdoors
and indoors. Finally, we take a holistic approach where we
investigate how different applications can coexist using RGB
LED bulbs.

VI. CONCLUSION

We have shown that RGB LED bulbs have the potential for
being used beyond illumination and communication in IoT
applications. Our work has been supported by experimental
studies, and we have concluded the paper presenting a possible
operation of RGB LED bulbs to guarantee the coexistence of
multiple applications. This, in turn, can allow increasing the
added value perceived by users purchasing RGB LED bulbs
and accelerate their market adoption.
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