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AbstrAct
Visible Light Communication (VLC) has 

emerged in the last few years as a promising tech-
nology not only for high-speed communication 
but also for serving a new generation of Internet 
of Things (IoT) devices that may leverage the per-
vasive lighting infrastructures. Integrating VLC in 
lighting environments for IoT requires the design 
of networked and intelligent luminaries and new 
IoT devices, encompassing the development of 
innovative technologies and new algorithms. A 
common experimental platform is necessary to 
lower the entrance barriers of VLC and speed 
up the research development. In this article, we 
provide guidelines for prototyping VLC for IoT 
applications, assisted by the open-source platform 
OpenVLC. We also introduce the new develop-
ment on OpenVLC, which guarantees support for 
more powerful LEDs and much longer distance 
(extending the communication distance from 6 
m to 19 m), dimming adaption, among other fea-
tures. Its low-cost, open-source, and open-hard-
ware designs allow researchers in the community 
to swiftly adapt it to suit their research purposes. 

IntroductIon
With 5G communications leveraging Radio-Fre-
quency (RF) bands currently rolled-out worldwide, 
the research effort on 6G technologies has already 
started. The research community is looking for 
technologies based on new frequency bands that 
could enable new verticals and attract new stake-
holders. Visible Light Communication (VLC) is one 
of the technologies anticipated to be involved in 
6G. As shown in Fig. 1, VLC has attracted a tre-
mendous attention from both academia and indus-
try [1], specially since the TED talk demonstration 
in 2011 titled “Wireless data from every light bulb”.

Compared to RF-based communications, VLC 
has several advantages: 
• Large frequency bands
• No interference with RF
• Higher spatial multiplexing and security due 

to light propagation control
• Energy efficiency for dual communication 

and illumination functionality
VLC is being standardized in both IEEE (e.g., 
802.15.7, 802.15.13, 802.11bb) and ITU-T 
(G-9991).

Typically, the front-end devices used in a 
VLC system are a Light-Emitting Diode (LED) as 
transmitter of the electrical signal, and a Photodi-
ode (PD) as receiver, which converts the optical 
received power into an electrical one. LED based 
solid-state lighting is massively replacing tradition-
al white lighting emitters, already creating an infra-
structure for VLC. Retrofitting the LED technology 
for communication can unleash the full poten-
tial of ubiquitous Internet of Things (IoT), going 
beyond 5G networks. IoT applications typically 
require data rate from a few kb/s up to hundred 
kb/s [2]. LED technology is entering the IoT mar-
ket, enabling light bulbs as Access Points (APs) 
for communication, or manufacturing low-energy 
devices with embedded sensory functionalities.

This magazine article targets the wireless 
communication research community, commu-
nication engineers, and practitioners who tradi-
tionally worked in RF technology and need an 
open-source and low-cost VLC platform for 
shortening the learning period and exploring the 
opportunities of experimental VLC. There is a gap 
between the current available VLC platforms and 
the demand for entering into the experimental 
VLC research mainly targeting IoT applications. To 
fill this gap, in this article we present how to pro-
totype a VLC testbed for IoT developments. We 
mainly refer to the developed OpenVLC platform 
(www.openvlc.org), a low-cost, full-stack, and 
open-source (both software and hardware) plat-
form for VLC research and prototyping. OpenVLC 
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Abstract—Visible Light Communication (VLC) has emerged
in the last few years as a promising technology not only for
high-speed communication but also for serving a new generation
of Internet of Things (IoT) devices that may leverage the
pervasive lighting infrastructures. Integrating VLC in lighting
environments for IoT requires the design of networked and
intelligent luminaries and new IoT devices, encompassing the
development of innovative technologies and new algorithms. A
common experimental platform is necessary to lower the entrance
barriers of VLC and speed up the research development. In
this paper, we provide guidelines for prototyping VLC for IoT
applications, assisted by the open-source platform OpenVLC.
We also introduce the new development on OpenVLC, which
guarantees support for more powerful LEDs and much longer
distance (extending the communication distance from 6 m to
19 m), dimming adaption, among other features. Its low-cost,
open-source, and open-hardware designs allow researchers in the
community to swiftly adapt it to suit their research purposes.

Index Terms—Internet of Things (IoT), Open Hardware, Open
Source, OpenVLC, Prototyping, Visible Light Communication
(VLC).

I. INTRODUCTION

With 5G communications leveraging Radio-Frequency (RF)
bands currently rolled-out worldwide, the research effort on
6G technologies has already started. The research community
is looking for technologies based on new frequency bands
that could enable new verticals and attract new stakeholders.
Visible Light Communication (VLC) is one of the technologies
anticipated to be involved in 6G. As shown in Fig. 1, VLC
has attracted a tremendous attention from both academia and
industry [1], specially since the TED talk demonstration in
2011 titled “Wireless data from every light bulb”.

Compared to RF-based communications, VLC has several
advantages: i) large frequency bands, ii) no interference with
RF, iii) higher spatial multiplexing and security due to light
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Fig. 1: A consistent increase in the number of published VLC
papers and patents (source: Google Scholar).

propagation control, iv) energy efficiency for dual communica-
tion and illumination functionality. VLC is being standardized
in both IEEE (e.g., 802.15.7, 802.15.13, 802.11bb) and ITU-T
(G-9991).

Typically, the front-end devices used in a VLC system are
a Light-Emitting Diode (LED) as transmitter of the electrical
signal, and a Photodiode (PD) as receiver, which converts
the optical received power into an electrical one. LED based
solid-state lighting is massively replacing traditional white
lighting emitters, already creating an infrastructure for VLC.
Retrofitting the LED technology for communication can un-
leash the full potential of ubiquitous Internet of Things (IoT),
going beyond 5G networks. IoT applications typically require
data rate from a few kb/s up to hundred kb/s [2]. LED
technology is entering the IoT market, enabling light bulbs
as Access Points (APs) for communication, or manufacturing
low-energy devices with embedded sensory functionalities.

This magazine paper targets the wireless communication re-
search community, communication engineers, and practitioners
who traditionally worked in RF technology and need an open-
source and low-cost VLC platform for shortening the learning
period and exploring the opportunities of experimental VLC.
There is a gap between the current available VLC platforms
and the demand for entering into the experimental VLC
research mainly targeting IoT applications. To fill this gap,
in this paper we present how to prototype a VLC testbed
for IoT developments. We mainly refer to the developed
OpenVLC platform (www.openvlc.org), a low-cost, full-stack,

This work has been par-
tially funded by European 
Union’s Horizon 2020 Marie 
Sklodowska Curie grant 
ENLIGHT’EM (814215), in 
part by the project RISC-6G, 
reference TSI-063000-2021-
59, granted by the Ministry of 
Economic Affairs and Digital 
Transformation and the Euro-
pean Union-NextGeneratio-
nEU through the UNICO-5G 
R&D Program of the Spanish 
Recovery, Transformation and 
Resilience Plan, and in part by 
the grant FJC2019-039541-I 
(MCIN/AEI/10.13039/501 
100011033).

Authorized licensed use limited to: TU Delft Library. Downloaded on June 12,2023 at 12:32:50 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Communications Magazine • May 2023 123

perfectly fulfills all the requirements for providing 
VLC-based IoT services, demonstrating to be not 
only a good starting point for experimental VLC 
research lowering the entrance barriers, but also 
a proper platform for performing cutting-edge 
research. After more than eight years of develop-
ments, OpenVLC is a renowned and stable plat-
form used by many researchers and practitioners 
worldwide. In 2020, hardware and software have 
been fully released and the number of messages 
in the OpenVLC Google group has duplicated, 
which indicates the interest for accessing the plat-
form. The messages received have been used to 
improve and consolidate the guidelines and mate-
rials provided to ease the learning curve.

stAte-of-the-Art VLc PLAtforms
This section presents the VLC platforms available 
in the community. We classify them into three 
categories: low-end platforms, high-end platforms 
and commercial products. They are summarized 
in Table 1.

Low-end VLc PLAtforms
Existing research-oriented VLC platforms can be 
classified based on the computing devices on 
which they are developed:
1. Arduino/MCU-based: Shine [3] and EnLight-

ing [4] platforms achieve rates of 1 kb/s and 
400 b/s at maximum distances of 1 m and 5 
m, respectively. SynLight [5] can achieve a 
data rate of 60 kb/s at 70 cm by using the 
pulse amplitude modulation scheme.

2. BeagleBone-based: Apart from OpenVLC, 
introduced in details later in this article, a 
few more platforms are based on Beagle-
bone. SmartVLC [6] focuses on transmitting 

at dimming mode and achieves around 100 
kb/s at a distance of 3.6 m. DenseVLC [7] 
and Purple VLC [8] are based on OpenVLC, 
achieving a data rate (distance) of 33.9 kb/s 
(4 m) and 100 kb/s (6 m), respectively. 

hIgh-end VLc PLAtforms
High-end VLC platforms use advanced and pro-
grammable hardware:
1. FPGA-based platforms: modBulb is a modu-

lar platform that can work with FPGA using 
a clock frequency of up to 20 MHz [9]. 
Besides, DarkLight employs an FPGA with 
a clock speed of 100 MHz [10]. It transmits 
ultra-short pulses to provide dimming. 

2. USRP-based platforms: Although these 
advanced devices increase the cost of the 
platform, some testbeds have been devel-
oped based on them, usually changing the 
default daughterboards to work with base-
band signals [11].

commercIAL PLAtforms
There are also several commercial products 
such as LiFi-XC from PureLiFi, Trulifi from Signi-
fy, Hyperion from Hyperion Tech, LiFiMax from 
Oledcomm, LinkRay from Panasonic, and Met-
aLiFi-1P from HCCL Tech. These products can 
achieve from tens to hundreds of Mb/s, except 
for LinkRay that is oriented to advertising (low 
data rate demand). Other commercial products 
are LiPHY devices from LiPHY company, and Yel-
lowDot from Philips, which are oriented to indoor 
positioning and location-based content delivery 
applications. However, these products are not 
open-source, their implementation details are not 
available, and they are not targeting IoT applica-

TABLE 1. A summary of state-of-the-art VLC platforms, implementations and here presented OpenVLC 1.4.

Name Optical TX antenna Optical RX antenna Processor Data rate Distance Open 
source

TCP/IP 
support

Commercial 
product

OpenVLC 1.4 XHP35A SFH206K BBB 1 Mb/s 
(400 kb/s) 19 m Yes Yes No

Shine [3] HLMP-CM1A-450DD SFH203P Arduino 1 kb/s 1 m Yes No No

EnLighting [4] SoC bulb SoC PDs Arduino 400 b/s 5 m No Yes No

SynLight [5] LUXEON 3014 SD3421 MSP430F2618 60 kb/s 70 cm No No No

SmartVLC [6] Philips 4.7W LED SFH206K BBB 100 kb/s 3.6 m Yes No No

DenseVLC [7] CREE XT-E S5971 BBB 33.9 kb/s 4 m Yes Yes No

Purple VLC [8] 5mm LEDs SFH213 BBB 100 kb/s 6 m Yes No No

modBulb [9] unknown SLD70BG AGLN250 20 Mb/s unknown Yes No No

DarkLight [10] Cree CXA 2520 SD5421 Xilinx Artix-7 1.6 kb/s 1.3 m No No No

LiFi-XC unknown unknown unknown 43 Mb/s unknown No Yes Yes (PureLiFi)

Trulifi 6002 unknown unknown unknown 150 Mb/s 2.8 m No Yes Yes (Signify)

Hyperion 186 Lumen power 
LED unknown LimeSDR unknown 20 m No No Yes (Hyperion 

Tech)

LiFiMax unknown unknown unknown 100 Mb/s unknown No Yes Yes (Oled-
comm)

LinkRay Panasonic displays 
and LED signboards

Mobile phone camera 
(app required) unknown Few kb/s unknown No Yes Yes (Panaso-

nic)

MetaLiFi-1P Metachip (MiniLED) S13954-01CT unknown 30–230 
Mb/s 3 to 25 m No Yes Yes (HCCL 

Tech)
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tions, which generally require modest data rates.

oPenVLc
Against this background, this article presents 
OpenVLC, a pioneering platform that was devel-
oped starting from late 2013 and it has evolved 
until now. Figure 2 shows the samples of different 
versions, from the pilot to the latest OpenVLC 
1.4, and Table 2 synthesizes their main modifica-
tions. Note that the form factor has been decreas-
ing, being more attractive to users. The most 
recent version slightly increases the size because 
it achieves a larger transmission range, such that 
it can be used also for industrial scenarios. Here 
we present the main prototyping guidelines using 
the most recent OpenVLC 1.4 version introduced 
in this article.

OpenVLC is built around the low-cost Beagle-
Bone Black (BBB) platform, which is a small-sized 
embedded board. The most recent version of 
OpenVLC (v1.4) is mainly composed of four parts: 
software in the kernel, firmware, receiver hardware 
and transmitter hardware, as detailed in Fig. 3. The 
software in the kernel, also called OpenVLC driv-
er, is a module installed in the Linux kernel that 
is programmed with C language. The firmware 
is in charge of time-sensitive tasks, implement-
ed in assembly and installed in the Programma-
ble Real-time Units (PRUs) of the BBB, which are 
fast processors that can run at 200 MHz. PRUs 
have single-cycle I/O access to several pins and 
access to a portion of the internal memory and 
peripherals, thus they are appropriate for man-

aging OpenVLC hardware. Finally, the hardware 
is the transceiver assembled on a cape that is 
attached directly to the General Purpose Inputs/
Outputs (GPIOs) of the BBB. The open-software 
and open-hardware models of OpenVLC are at 
the service of the research community and users, 
accessible through www.openvlc.org. and www.
github.com/openvlc/OpenVLC/. 

VLc PrototyPIng: hArdwAre

fundAmentALs
A VLC generic transceiver is composed of a trans-
mitter that converts the digital electrical data into 
an analog light signal, and a receiver that converts 
the incident light into a readable electrical signal.

Transmitter. A typical VLC transmitter contains 
a data source, a modulation scheme followed 
by the LED driver and the LED. The modulation 
scheme is used to map bits into symbols that 
result in a real and positive electrical signal. Next, 
the signal is fed into the LED driver which is in 
charge of accommodating the electrical signal to 
the transfer function of the LED. The output signal 
of the LED is then transmitted through the optical 
channel. The dual functionality of VLC to provide 
both illumination and communication places strict 
requirements on LED operation. For that reason, 
LED drivers are used in VLC to precisely supply 
the operating current of LED in order to control 
the illuminance, LED performance and data mod-
ulation of the VLC transmitter. 

Receiver. The basic VLC receiver design con-

FIGURE 2. Capes for the different versions of OpenVLC (from left to right: pilot, 1.0, 1.1 [12], 1.2 [13], 1.3 [14] and 1.4).
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Fig. 2: Capes for the different versions of OpenVLC (from left to right: pilot, 1.0, 1.1 [12], 1.2 [13], 1.3 [14] and 1.4).

TABLE II: Key developments for OpenVLC versions.

OpenVLC 1.0/1.1 [12] OpenVLC 1.2 [13] OpenVLC 1.3 [14] OpenVLC 1.4
Software
(Kernel)

•Whole OpenVLC 
software code in kernel

•Kernel used for MAC tasks •No change w.r.t. OpenVLC 1.2 •No change w.r.t. 
OpenVLC 1.3

Firmware
(PRUs)

•No PRU used (real-
time problem)

• PRUs used (real-time problem solved)
• Faster reception (1 sample/symbol: bit 

slip problem)
•New frame detection (real time)

•Optimization in number of operations
• Faster reception (2 samples/symbol: bit slip problem 

solved)
•New frame and symbol detection (real time)

•Modulation with 
dimming support

Transmitter
Hardware

• Two possible LEDs 
(high and low power)

• LED changed with more powerful and 
faster

• LED changed by a more powerful 6-9W
• External power. • 3-level optical power

•Current-driven design 
(LED at higher current)

Receiver
Hardware

• Low power LED and 
PD

•Only PD as receiver
• External amplifier

• Filters to remove interference and DC
•Cape size reduced (pins released for IoT applications)

•No change w.r.t. 
OpenVLC 1.3

Limitations •High jitter (no 
firmware)

• Large form factor compromising BBB 
GPIOs. • Tx-Rx desynchronization

• LED ON only when transmitting

• Temperature issues when working at larger power •Data rate limited by 
maximum BBB sampling 
rate (2.1MHz)

 

and transmitter hardware, as detailed in Fig. 3. The software in
the kernel, also called OpenVLC driver, is a module installed
in the Linux kernel that is programmed with C language. The
firmware is in charge of time-sensitive tasks, implemented in
assembly and installed in the Programmable Real-time Units
(PRUs) of the BBB, which are fast processors that can run at
200 MHz. PRUs have single-cycle I/O access to several pins
and access to a portion of the internal memory and peripherals,
thus they are appropriate for managing OpenVLC hardware.
Finally, the hardware is the transceiver assembled on a cape
that is attached directly to the General Purpose Inputs/Outputs
(GPIOs) of the BBB. The open-software and open-hardware
models of OpenVLC are at the service of the research com-
munity and users, accessible through www.openvlc.org. and
www.github.com/openvlc/OpenVLC/.

III. VLC PROTOTYPING: HARDWARE

A. Fundamentals

A VLC generic transceiver is composed of a transmitter that
converts the digital electrical data into an analog light signal,
and a receiver that converts the incident light into a readable
electrical signal.

Transmitter. A typical VLC transmitter contains a data
source, a modulation scheme followed by the LED driver and
the LED. The modulation scheme is used to map bits into
symbols that result in a real and positive electrical signal.
Next, the signal is fed into the LED driver which is in charge

of accommodating the electrical signal to the transfer function
of the LED. The output signal of the LED is then transmitted
through the optical channel. The dual functionality of VLC
to provide both illumination and communication places strict
requirements on LED operation. For that reason, LED drivers
are used in VLC to precisely supply the operating current of
LED in order to control the illuminance, LED performance
and data modulation of the VLC transmitter.

Receiver. The basic VLC receiver design consists of a PD
with output current proportional to the input optical signal,
a Transimpedance Amplifier (TIA) that gives an amplified
voltage signal as output, filters, an ADC and a demodulator.
The optical signal is typically received by a PD because of
offering a linear response, low dark current, low resistance and
very good spectral response, though Avalanche PDs (APDs)
are also very much used for higher sensitivity at the expense
of a larger power consumption.

B. OpenVLC hardware

OpenVLC is designed as a plug-in board called cape that
can fit on the top of a BBB embedded board making it an easy-
to-use platform. The real-time processing capability of the two
BBB’s PRUs allows achieving the time synchronisation in the
order of nanoseconds during transmission and reception of
data. The capes are generally used to extend the functionalities
of BBB in a simple manner. The hardware design has two
main parts: Transmitter and Receiver, as shown in Fig. 3. The

TABLE 2. Key developments for OpenVLC versions.

OpenVLC 1.0/1.1 [12] OpenVLC 1.2 [13] OpenVLC 1.3 [14] OpenVLC 1.4

Software 
(Kernel)

• Whole OpenVLC
   software code in kernel

• Kernel used for MAC tasks • No change w.r.t. OpenVLC 1.2 • No change w.r.t. OpenVLC
   1.3 

Firmware 
(PRUs)

• No PRU used (real
   time problem)

• PRUs used (real-time problem solved) 
• Faster reception (1 sample/
   symbol: bit slip problem)
• New frame detection (real-time)

• Optimization in number of operations
• Faster reception (2 samples/symbol:
    bit slip problem solved)
• New frame and symbol detection
   (real-time)

• Modulation with dimming
    support 

Transmitter 
Hardware

• Two possible LEDs
   (high and low power)

• LED changed by a more powerful
   and faster one

• LED changed by a more powerful 6-9W
• External power
• 3-level optical power

• Current-driven design
   (LED operated at higher
   current)

Receiver 
Hardware

• Low power LED and PD • Only PD as receiver
• External amplifier

• Filters to remove interference and DC
• Cape size reduced (pins released for
   IoT applications)

• No change w.r.t. OpenVLC
   1.3 

Limitations • High jitter (no
   firmware)

• Large form factor compromising BBB
   GPIOs. • Tx-Rx desynchronization
• LED ON only when transmitting

• Temperature issues when working at
   larger power

• Data rate limited by
   maximum BBB sampling
   rate (2.1MHz)
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sists of a PD with output current proportional to 
the input optical signal, a Transimpedance Ampli-
fier (TIA) that gives an amplified voltage signal 
as output, filters, an ADC and a demodulator. 
The optical signal is typically received by a PD 
because of offering a linear response, low dark 
current, low resistance and very good spectral 
response, though Avalanche PDs (APDs) are 
also very much used for higher sensitivity at the 
expense of a larger power consumption.

oPenVLc hArdwAre
OpenVLC is designed as a plug-in board called cape 
that can fit on the top of a BBB embedded board 
making it an easy-to-use platform. The real-time pro-
cessing capability of the two BBB’s PRUs allows 
achieving the time synchronization in the order of 
nanoseconds during transmission and reception of 
data. The capes are generally used to extend the 
functionalities of BBB in a simple manner. The hard-
ware design has two main parts: Transmitter and 
Receiver, as shown in Fig. 3. The electronic compo-
nents are selected with the aim to create a low-cost, 
small size and easy-to-manufacture cape. 

Transmitter: In the new OpenVLC 1.4, a cur-
rent controlled switching regulator is used to 
modulate the transmitter LED at high frequencies. 
The LED driver includes:
1. A DC-DC converter to step-up the provid-

ed 5 V input to 14 V in order to operate the 
high-power LED

2. A switching regulator that operates in con-
tinuous conduction mode to maintain unidi-
rectional current through the LED loop and 
eliminates the biggest delay in switching the 
LED on and off.

The modulator block is composed of an N-channel 
MOSFET in parallel to the LED to improve the slow 
rate of LED for achieving high modulation rates, 
and a MOSFET driver to feed high current to the 
gate of N-channel MOSFET to overcome the effect 
of gate capacitance. The modulation signal is pro-
vided by BBB I/O pin to the driver. This approach 
helps to achieve fast transient response, constant 
switching frequency, and accurate output current. 
A high-power LED together with a collimator and 
a heat sink are used to provide a high illuminance 
with the average power consumption of 6 W. 

Receiver: The receiver converts the incident 
light into an electrical signal using a PD and pro-
cess it to readable digital signal. The first ampli-
fication stage consists of a low-noise TIA, which 
presents a low impedance to PD and acts as an 
isolation between PD and output voltage. Subse-
quently, the signal is passed through the High-Pass 
Filter (HPF) to remove the DC and low frequency 
components coming from other interfering sourc-
es, with a cut-off frequency of 10 kHz. Next, the 
signal is adapted to the dynamic range of the 
ADC by introducing a DC level and a voltage 
amplification. The amplified signal is then passed 
through the Low-Pass Filter (LPF) with cut-off fre-
quency of 1.1 MHz to remove the high-frequen-
cy noise components mainly introduced by the 
overshooting of op-amps. Finally, a digital signal 
is obtained from the ADC and fed into BBB using 
the Serial Peripheral Interface (SPI). 

VLc PrototyPIng: softwAre
In this section, we present the software design of the 

OpenVLC platform. Software manages digital sig-
nals both in the transmitter and the receiver chains.

oPenVLc softwAre In LInux drIVer
The first block of the communication pipeline 
is composed by processes that, as they do not 
require a high timing precision, do not necessarily 
require an extremely high priority. For this reason, 
we place this first group in the operating system 
and implement a Linux driver. This allows creating 
an OpenVLC network interface in the Linux kernel. 
As any other network interface, it allows changing 
its IP address, routing packets using the TCP/IP 
Linux stack, creating routing rules, opening a sock-
et and writing or listening to it, etc. Besides, we 
can use the iperf tool for network measurement. 
Note that, for upper layer applications, the use 
of the OpenVLC channel is completely opaque 
and it does not require any configuration or spe-
cial treatment. Any user space application can 
interact with OpenVLC as with any other network 
interface, such as Ethernet or WiFi interfaces. As 
soon as the Linux driver is initialized, it creates two 
threads, one for transmission and one for recep-
tion, which are represented in Fig. 3.

Transmission: The thread remains in an idle 
state until a message is received from upper lay-
ers. When a packet is received, the kernel module 
places it in a transmission queue and waits for the 
event. Once the transmission thread detects that 
a message is ready to be transmitted, the kernel 
dequeues it and gets out of its idle state to pro-
cess it. In the first state of the processing pipeline, 
the frame is created with the data and a head-
er. Then the frame is divided into blocks to apply 
error correction codes (Reed-Solomon). Finally, 
Manchester coding is adopted to provide a con-
stant illumination and the resulting information is 
placed in a memory shared with PRUs.

Reception: The process followed is the mir-
ror to the one in the transmission thread. Now 
the thread is constantly checking for new data on 
the shared memory. Whenever it contains new 
data, it checks the header to compute the num-
ber of blocks to be received and decodes them. 
After that, it prepares the data in a packet and it 
informs the Linux driver that a packet is ready to 
be processed by upper layers.

oPenVLc fIrmwAre
OpenVLC firmware carries out all the tasks requir-
ing an extreme time precision. BBB has two PRUs 
that can be used for this purpose, each one hav-
ing a precision of 5 ns. The firmware has been 
programmed in assembly. The processing and 

FIGURE 3. Diagram of the front-end transceiver and the communication stack of OpenVLC 1.4. 
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Fig. 3: Diagram of the front-end transceiver and the communication stack of OpenVLC 1.4.

electronic components are selected with the aim to create a
low-cost, small size and easy-to-manufacture cape.

Transmitter: In the new OpenVLC 1.4, a current controlled
switching regulator is used to modulate the transmitter LED
at high frequencies. The LED driver includes: 1) a DC-DC
converter to step-up the provided 5 V input to 14 V in order
to operate the high-power LED; and 2) a switching regulator
that operates in continuous conduction mode to maintain
unidirectional current through the LED loop and eliminates the
biggest delay in switching the LED on and off. The modulator
block is composed of an N-channel MOSFET in parallel to
the LED to improve the slew rate of LED for achieving high
modulation rates, and a MOSFET driver to feed high current to
the gate of N-channel MOSFET to overcome the effect of gate
capacitance. The modulation signal is provided by BBB I/O
pin to the driver. This approach helps to achieve fast transient
response, constant switching frequency, and accurate output
current. A high-power LED together with a collimator and
a heat sink are used to provide a high illuminance with the
average power consumption of 6 W.

Receiver: The receiver converts the incident light into an
electrical signal using a PD and process it to readable digital
signal. The first amplification stage consists of a low-noise
TIA, which presents a low impedance to PD and acts as
an isolation between PD and output voltage. Subsequently,
the signal is passed through the High-Pass Filter (HPF) to
remove the DC and low frequency components coming from
other interfering sources, with a cut-off frequency of 10 kHz.
Next, the signal is adapted to the dynamic range of the
ADC by introducing a DC level and a voltage amplification.
The amplified signal is then passed through the Low-Pass
Filter (LPF) with cut-off frequency of 1.1 MHz to remove the
high-frequency noise components mainly introduced by the
overshooting of op-amps. Finally, a digital signal is obtained
from the ADC and fed into BBB using the Serial Peripheral
Interface (SPI).

IV. VLC PROTOTYPING: SOFTWARE

In this section, we present the software design of the
OpenVLC platform. Software manages digital signals both in
the transmitter and the receiver chains.

A. OpenVLC Software in Linux Driver

The first block of the communication pipeline is composed
by processes that, as they do not require a high timing
precision, do not necessarily require an extremely high priority.
For this reason, we place this first group in the operating
system and implement a Linux driver. This allows creating an
OpenVLC network interface in the Linux kernel. As any other
network interface, it allows changing its IP address, routing
packets using the TCP/IP Linux stack, creating routing rules,
opening a socket and writing or listening to it, etc. Besides,
we can use the iperf tool for network measurement. Note that,
for upper layer applications, the use of the OpenVLC channel
is completely opaque and it does not require any configuration
or special treatment. Any user space application can interact
with OpenVLC as with any other network interface, such as
Ethernet or WiFi interfaces. As soon as the Linux driver is
initialized, it creates two threads, one for transmission and
one for reception, which are represented in Fig. 3:

1) Transmission: The thread remains in an idle state until
a message is received from upper layers. When a packet is
received, the kernel module places it in a transmission queue
and waits for the event. Once the transmission thread detects
that a message is ready to be transmitted, the kernel dequeues
it and gets out of its idle state to process it. In the first state of
the processing pipeline, the frame is created with the data and
a header. Then the frame is divided into blocks to apply error
correction codes (Reed-Solomon). Finally, Manchester coding
is adopted to provide a constant illumination and the resulting
information is placed in a memory shared with PRUs.

2) Reception: The process followed is the mirror to the
one in the transmission thread. Now the thread is constantly
checking for new data on the shared memory. Whenever it
contains new data, it checks the header to compute the number
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precision required for reception force to employ 
both PRUs. For this reason, in OpenVLC we can 
only transmit or receive at a time (half-duplex), 
although it could become full-duplex if more 
PRUs are added or the throughput required is 
decreased. The tasks carried out in the OpenVLC 
fi rmware at transmission and reception are:

Transmission: The main task carried out is the 
Digital-to-Analog Converter (DAC). The transmitter 
is constantly waiting for a new packet from upper 
layers. The packets are handled bit-by-bit. Each bit 
represents a symbol “1” being HIGH and “0” being 
LOW. The processor reads a value from a regis-
ter, obtains the correct bit, and controls the GPIO 
used for transmission. The code requires a diff erent 
amount of instructions depending on the value of 
the symbol, the position of the bit or the require-
ment to read the memory. We have a precise con-
trol to guarantee that every symbol transmission 
takes exactly the same time to avoid de-synchroni-
zation issues. OpenVLC transmits at a bit frequency 
of 1 Mb/s. After fi nishing the transmission, the PRU 
places a 0 in the fi rst memory shared with the ker-
nel, allowing it to write a new packet.

Reception: As we do not know if the received 
signal is noise or data until we process it, we 
must implement a continuous signal processing 
loop. We divide the required processing into two 
groups and place each in one PRU:

PRU0 is in charge of the processing that 
requires hardware control for reception. It con-
trols the ADC for sampling the received signal and 
retrieves values from it using a SPI. This is done at 
2.1 MHz. After reading each raw value of ADC, 
the value is placed in the shared memory.

PRU1 carries out the processing to detect and 
demodulate the frame. It detects if the sample 
received belongs to a HIGH or a LOW compar-
ing it with the medium value of the ADC. As we 
use Manchester coding, after receiving two sym-
bols, we perform the sample-to-bit conversion. 
The PRU1 fi rst checks for a certain pattern in the 
received data. If it matches the preamble and spe-
cial frame delimiter, it receives the next bits and 
computes the size of the frame. Every decoded 
bit is placed in a memory shared with the kernel.

resuLts

exPerImentAL eVALuAtIon
The performance of the new OpenVLC 1.4 is 
shown in Fig. 4a and Fig. 4b. This new version 
can transmit data up to a distance of 19 m, which 

enables its use in industrial scenarios. Besides, it 
provides a cell coverage of around 2 m of radius 
at a distance of 5 m, then providing a standard illu-
mination area with possible multiple neighbouring 
fi xtures. Note that, as indicated in Table 2, Open-
VLC 1.4 supports dimming, i.e., the averaged emit-
ted optical power can be adjusted to a certain 
light percentage depending on the required condi-
tions, still transmitting VLC data. Finally, note that, 
since the creation of OpenVLC, it has increased 
the UDP throughput by a factor of 22 (up to 
400 kb/s), and the transmitter-receiver distance by 
19 (up to 19 m).

Figure 4c compares OpenVLC performance with 
those of state-of-the-art non-commercial research 
platforms. OpenVLC provides a much higher PHY 
throughput (1 Mb/s versus 100 kb/s or even lower) 
and lower packet loss rate. Besides, the maximum 
distance achieved by OpenVLC is around 4 times 
larger than the one provided by the rest of the plat-
forms. Though counterparts use different modula-
tion schemes and front-end elements (Table 1), the 
key diff erences that justify such gain are: 
1. We provide a current-driven design that 

allows driving the LED at very high power 
while having temperature under control; and 

2. The code is carefully split in assembly and 
driver for high and accurate sampling rates, 
yet effi  cient packet processing. Its high per-
formance, maturity and open source, posi-
tion OpenVLC as a suitable platform to do 
experimental VLC research.

communIty ImPAct of oPenVLc
OpenVLC has been used for testing research out-
puts in real VLC scenarios, which helps to identify 
and face new challenges. To give some examples, 
the research community has employed OpenVLC 
for the creation of new developments in: New 
MAC protocols (CSMA with collision detection 
and hidden avoidance (CSMA/CD-HA)); Chan-
nel characterization; Localization techniques; New 
hardware designs such as REAL-VLC; Battery-free 
systems such as PassiveLiFi; Cell-free networking
such as DenseVLC, which shows the potential 
of OpenVLC for its scalability, IoT scenarios and 
complex MIMO systems; Applications such as 
video streaming or underwater communications. 
Besides, new platforms have been created based 
on OpenVLC, such as: SmartVLC for smart light-
ing; LocalVLC for IoT oriented-services; DYRP-
VLC as a dynamic routing protocol; Purple VLC 
as a multi-LED and multi-PD platform to work 

FIGURE 4. Experimental results of the new OpenVLC1.4: a) performance of the new OpenVLC 1.4; b) evolution among all OpenVLC versions; c) comparison with 
the state-of-the-art non-commercial VLC platforms.

OpenVLC has been used for 
testing research outputs in 
real VLC scenarios, which 
helps to identify and face 

new challenges. 
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on light polarization; and platforms on VLC side 
channel. References to all related developments 
are available in the OpenVLC platform website. 

Lessons LeArned And future oPPortunItIes

Lessons LeArned wIth oPenVLc PrototyPIng
OpenVLC was initiated with the objective of mak-
ing VLC accessible to researchers and develop-
ers. We found our place between the users with 
very high requirements (very high-end platforms), 
and users with very specific applications where no 
available system meets the requirements and they 
need to build it from scratch. During the life of 
the OpenVLC platform, we learnt some lessons:

Lesson 1: Provide a quick start guide reduces 
the entrance barrier. Once every component of 
OpenVLC is built, a VLC link can be created in 
approximately 10–15 minutes. This allows many 
users to test if VLC is a technology suitable for 
their requirements in an easy and inexpensive way.

Lesson 2: Strengthen appealing and generic 
figures of metric augments the usefulness, rather 
than focusing on specific features and individual 
research interests. 

Lesson 3: Reduce options of choice for hard-
ware components, as flexibly changing LED and 
PD causes sub-optimal performance due to mis-
matches with the baseband hardware.

Lesson 4: Make the development open access 
whenever it is possible increases the impact. Since 
2020 OpenVLC is open-source and open-hardware. 

future oPPortunItIes
The VLC prototyping guidelines provided in this 
article focus on low-cost design for IoT applications, 
but it also leads to future opportunities on VLC 
prototyping from a low-cost perspective, including 
a range of communication and wireless network-
ing research issues. In the following, we show how 
researchers can contribute to the OpenVLC eco-
system, both in hardware and software, and how 
people can leverage this platform for teaching:

Hardware: New hardware designs: new com-
ponents of circuitry could be tested in OpenVLC. 
For example, the phosphor-coated LED by default 
could be replaced by other kinds of LEDs, e.g., 
mLED, OLED, RGB LED, or even lasers and diffus-
ers. Note that the operating current values must 
be adapted with resistors in the driver to ensure 
operating within the light source dynamic range. 
Besides, solar cells can be employed to simulta-
neously receive data and harvest energy, then 
making the device self-sustainable.

Merge OpenVLC with RF technology: Since 
VLC does not interfere with RF systems, both can 
complement each other for load balancing and 
line-of-sight blockage avoidance. We can either 
include an external dongle or exploit the WiFi 
antenna integrated in some BBB versions.

Modular design: From a design perspective, it 
is always helpful to fabricate the system in a mod-
ular fashion, giving the possibility to the final user 
of changing whatever block is desired. There is 
no published approach that satisfies this modular 
requirement.

Additional material: One more degree of free-
dom can be included by using light polarization 
for data transmission. Materials such as polarizers 
and birefringent elements could be invoked. Also, 

passive VLC could be developed by using retro-
reflectors and LC shutters to modulate the light, 
which is an emerging research topic for low-power 
IoT systems [15].

Theoretical analysis: Analytical studies can be 
demonstrated with OpenVLC as support, such as 
non-linearities of the system or line-of-sight blockages.

Software: Modulation schemes: Pulse-based 
modulations can be developed into a low-end 
platform such as OpenVLC, or even colour-shift 
keying modulation if multi-chip LEDs (e.g., RGB 
LEDs) are employed. This would enable wave-
length division multiplexing techniques, then mul-
tiplying the overall data rate. Although advanced 
modulation schemes could also be integrated, 
they are complex and consume too many resourc-
es to be integrated in a low-end platform. 

Adaptive schemes: Adaptive schemes in terms 
of bandwidth, modulation and coding could be 
developed to adapt to channel conditions. 

Multi-hop networks: Relaying techniques could 
be used for guaranteeing an end-to-end commu-
nication. This approach can tackle the shadowing 
effect in VLC. Suitable protocols for multi-hop net-
works can be implemented. 

Teaching: OpenVLC can also be used for 
teaching in telecommunications, electronics, 
computer science, and photonics. Students can 
become familiar with concepts such as Nyquist 
theorem and its sampling rate, or pulse-based 
modulation schemes; differently from RF solu-
tions, simple access schemes like listen-before-talk 
can be visually shown programming OpenVLC; 
electronics concepts such as a PCB design, ele-
ments limitations (3-dB bandwidth of LEDs and 
PDs), Linux driver design and its interface to the 
TCP/IP stack and to the PHY layer can be learnt; 
as well as photonics concepts such as non-lineari-
ties of LED transfer function.

concLusIon
This article provided the basics for prototyping 
a VLC link, supported by the open-source and 
open-hardware OpenVLC platform. Besides, state-
of-the-art VLC platforms, impact and learned les-
sons from OpenVLC prototyping and future 
opportunities were detailed. We have shown the 
performance and features of various generation of 
OpenVLC platforms over the years and the design 
choices as a platform for research purposes in IoT 
applications. Besides, we presented the latest Open-
VLC version, its design and performance results. 
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