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Abstract

The increasing demand for wireless mobile links with high data rates, high-reliable and
low latency requires modern wireless technologies such as 5G and beyond. However, the
gradually exhausting radio frequency resources has encouraged scientific investigations
on alternative wireless technologies to avoid a future spectrum crunch. Visible light
communication (VLC) arose as a promising optical wireless communication technology,
exploiting the unlicensed spectrum. Despite the broad free spectrum, VLC offers advantages
such as green technology, lack of electromagnetic interference, high security and low power
consumption. Existing infrastructure can be utilized employing light emitting diode
(LED) for lighting and data transmission simultaneously. In intensive care (IC) medical
environments, this technology is an interesting solution to, among others, prevent the
spread of emerging diseases. This work present a design, numerical simulations, practical
characterizations, as well as experimental performance evaluations of a low-cost, stable

and robust VLC system for application in IC medical environments.

Preliminary studies with VLC systems based on orthogonal frequency division multiplexing
(OFDM) and constant envelope OFDM signals were addressed considering flicker and
light power maximization, respectively. Nevertheless, to accomplish the system complexity
requirement, this work focuses on the transmission of on-off keying modulated signals. A
proof-of-concept experimental setup is presented and, the results based on the eye opening
penalty metric show a comprehensive picture of the proposed VLC system potential.
Parameters such as the LED bias current, the modulation frequency, the line-of-sight link
distance, the signal pattern and the illuminance sensitivity were extensively evaluated. The
results show a susceptibility with correct reception of Manchester coding signals at dimmed
illumination levels below 20 and 5 lux, defining the observation/night light standards
of IC and ward environments. Error-free performance is demonstrated considering an
LED bias current of 400 mA, a signal frequency of 1 MHz and a VLC transmission link
length of 2.5 m. Last but not least, captured vital parameters such as heart rate, oxygen
saturation, pulse rate, respiration rate, temperature and non-intrusive blood pressure
were sent considering an LED polarization current of 400 mA, at VLC links of 1.5, 5 and
15 m. The results obtained with the multi-parametric monitor provide eye-opening-penalty
(EOP) values of 0.89, 0.96 and 2.67 dB at the equivalent link distances, proving the
feasibility of the proposed VLC system as a promising technology in classified intensive

care medical environments.

Keywords: Visible Light Communication, Intensive Care Medical Environments, On-Off

Keying, Manchester Codification, Light-Emitting Diode Nonlinearity.
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1 Introduction

The necessity of wireless links with high data rates, low latency and reliable connectivity
is in its continuous growth process, especially in the use cases predicted in 5G and beyond
[7], [8]. Optical wireless communication (OWC) is a wireless communication technology
using the unlicensed light spectrum with light sources that provides enough modulation
bandwidth for high data rates. Therefore, in the specific light-fidelity (Li-Fi) application,

each luminaire, employed as light source, can be used as a wireless access point [9)].

The limited availability of radio spectrum has led to an increasing contention between
numerous systems, especially in license-free bands. Wireless-fidelity (Wi-Fi) networks are
currently experiencing data rate collapses and latency explosions because of the traffic
load and, in consequence, interfering traffic. The use of light as a carrier avoids these
complications due to the several terahertz available in the unlicensed spectrum, and also
due to the fact that interference from other cells is locally confined and can easily be

blocked by physical separators or beam adjustment [10], [11].

Visible light communications (VLC) is an optical wireless communication system that
transports information through the modulation of a visible light source [12]. According
to Rajagopal, Roberts and Lim [13], the visible light spectrum used for communication
signals can be determined between 400 THz (780 nm) and 800 THz (380 nm) using
light-emitting diodes (LEDs), which are generally applied for illumination. Due to the
growth of high power LEDs, interest in VLC has rapidly increased to meet the green
technology paradigm. The security in data communication, saving energy, high bandwidth
and the possibility of using existing lighting infrastructures are distinct motivations using

light to carry information [12].

New technologies are developed to fulfill the demand of the exponential increase of devices
requiring wireless connectivity. Due to limitations of radio-frequency (RF) capacity, the
unlicensed spectrum used by VLC emerges as a complementary technology to this demand.
Through its numerous advantages, VLC technology is subject to research in the areas such
as transport, automotive, smart cities, manufacturing, sub-aquatic, and classified areas
like health [14, 15, 16]. According to Khan [17], VLC will not interfere or be affected by
the radio waves of other machines, and states that the increase of RF to a certain limit
results in risks to human health. As there are already many lighting devices installed using
LEDs, and the expectation that almost all lighting devices will be LED-based, makes VLC

technology a feasible option for optical wireless systems in healthcare environments.
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1.1 Motivation

The world is increasingly connected, and the electromagnetic spectrum should have the
ability to meet this exponential data growth. The demand of mobile communication is
increasing by more than 50% per year, according to the Cisco visual networking index
[18]. It is also expected that the number of connected devices will increase from 20 billion
to more than 29 billion by 2023, and 70% of the global population will have mobile
connectivity [1]. The predictions depicted in Figure 1 indicate that by 2023, half of the 29
billion devices will be mobile connected. Figure 1 also shows that 80% of internet traffic
will be video transmission, which requires high transmission speeds (speed average around
20 Mb/s). Furthermore, an increase of 2.4-fold of machine-to-machine (M2M) devices up

to 14.7 billion devices, demanding a stable and reliable connection, is expected.

Predictions for the year 2023

70% of global 50% of the 29 80% of internet M2M / 3x faster
population billion connected traffic will be video, Internet average
with mobile devices will be requiring high data of Things mobile

connectivity mobile rates (~20 Mb/s) (loT) speeds

by 5G

6.1 billion to 14.7 billion

M2M devices resulting in

50% of global connected
devices

What alternatives?

v" Use unlicensed
spectrum

Figure 1 — Mobile communication demand for 2023 [1].

To meet the demand of continuous capacity growth, the use of unlicensed spectrum is
required. The implementation of more economical connectivity infrastructures and the
increase in number of access points will also be necessary. Therefore, the applications that
use the visible light frequencies are promising, since its spectrum is unlicensed and has
a bandwidth of 10 thousand times higher than the entire RF bandwidth. Moreover, it
should be stressed that the energy consumption and the emission of greenhouse gases can
be reduced drastically, by adopting LEDs in general lighting applications and in signaling.
The much longer life span and energy savings make the higher costs per LED lamp (when

compared with incandescent and fluorescent lamps), economically viable [18].

In classified areas like hospitals, which are sensitive to electromagnetic interference (EMI)
or where high security standards are required, VLC finds a wide range of applications

because it will not interfere or even be affected by the radio waves of other machines, and
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will prevent eavesdropping [17, 19]. On the other hand, monitoring of vital parameters such
as temperature, pulse, blood pressure, respiration, electrocardiogram, among others, in
hospital intensive care (IC) units is extremely important for rapid and effective interventions,
aimed the patients returning to baseline conditions. Thus, VLC can provide access of vital
parameters to a doctor and/or nurse on personal devices such as smartphones and/or a
tablets [20].

To provide a better diagnosis and better patient experience, eHealth has been proposed as
a complement to traditional health services. According to the world health organization,
eHealth is the use of technologies, information and communication (TIC) in health [21].
In recent years the number of health solutions with medical devices and information
systems connected through wired or wireless networks has grown. Systems that exploit
VLC technology have been widely suggested and experienced in many areas of knowledge,
because of their superior benefits compared to other wireless transmission alternatives
such as Wi-Fi [22]. The advantages of wireless communication systems are contrasted with
communication restrictions in classified areas as those that characterize IC and surgery

environments.

Another important aspect is prevention and spreading of diseases, especially at this moment
of writing the worldwide situation concerning COVID-19. Most of the medical devices are
connected by a cable for power and network connection in a local area network (LAN).
Practice shows that transportation of equipment with cables between two distinct locations

can contribute the spread of bacteria and/or viruses [23].

In this context, communication via visible light arises as a wireless technology of wide
bandwidth data transmission, which uses LEDs as devices to transmit vital parameters of
the patient’s health. Therefore, beyond the prevention of diseases spreading, VLC presents
itself as a safer, efficient and innovative solution, since most health systems require a signal

free of electromagnetic interference and a secure communication [21].

1.2 Literature Review

Several studies on VLC in distinct applications have been published [24], although research
related to the transmission of patients information by VLC in hospitals is sparse. Perceived
by human eyes, the flicker phenomenon, that induces physiological changes in human
beings, became one of the first subjects studied in this area [13, 25, 26, 27, 28|. Accepting
that the intensity of flicker depends on both frequency and amplitude of optical modulated
waveforms, the use of a frequency greater than 200 Hz was stated as a safe value in VL.C
deployments [28], [13]. Nevertheless, the preoccupation with high amplitude fluctuations

of the optical signals remain, especially in the case when a human is being exposed in an
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ambient for a long time [29].

VLC is often investigated for wearable patient monitoring devices. In some cases, a VLC
downlink with an infrared (IR) uplink is proposed like in [30], or entirely with an IR
mobility scheme as described in [31]. The downside of these schemes is the possible
interference with some medical equipment like surgeon robots, where IR optical tracking
systems are used [32]. The respective authors also performed experiments with VLC in
a hospital surgery room, using different Li-Fi schemes with a multi-user multiple-input
multiple-output (MIMO) link to create a robust transmission. To avoid the aforementioned
IR and electromagnetic interference, the authors of [33] deployed VLC to avoid EMI on
patient monitoring systems. In their work, they achieved a 30 cm optical link to transmit
electrocardiogram (ECG) signals using on-off-keying (OOK) modulation. EMI is proven in
a clinical laboratory on equipment by Badizadegan in [34], where the interference caused

erroneous clinical results.

On-off keying modulation technology is used in various simulations and experimental
setups to achieve a reliable and stable connection. According to the experimental work
provided in [35], an uncollimated line-of-sight (LOS) transmission link over 50 cm, with
ECG data at a rate of 56 kbps, is achievable with the OOK format. In order to create
a reliable ECG transmission, the authors of [36] created a scheme based on OOK and
a 81-LED array. In [37] and [38] the authors, based on simulations, state that, for a
multiple-patient optical body area network with all vital parameters, a highly reliable
transmission can be achieved using OOK with RGB and white LEDs. In [39], Kumari and
Samiappan successfully show a VLC system that transmit all vital data over a distance
of 20 cm, also using OOK modulation in their experimental prototype. However, the

relatively short reach achieved in the above-mentioned works is an issue to be addressed.

In [40], posturometry data is transmitted with a prototype over a distance of 2 m with an
OOK modulated signal at 66 Hz, whereas in [41] the authors created an OOK based VLC
uplink prototype for patient information, resulting in an VLC LOS link over 1.3 m at a
speed of 10 bps. In these cases, the extremely low transmission rates can be treated as

prohibitive in videos and/or image applications.

Other modulation schemes such as pulse position and pulse width modulations (PPM
and PWM), as well as orthogonal frequency division multiplexing (OFDM) were also
suggested for VLC application in hospitals. Huang and Zhang show, in [42], conducted
simulations of a VLC positioning system based on dark light technology, where a short
high intensity pulse with a minimum frequency of 160 Hz is codified through PPM. They
state that the high intense short pulse will not be perceived by the human eye and is
suitable for dimming schemes. Aiming to combat a reduction of reliability, efficiency and

accuracy through RF signals, Ilakkiaselvan et al. applied an experimental VLC research
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sending ECG signals using PWM modulation [43]. To create an integrated system where
the existing infrastructure can be utilized, a hybrid system with a combination of VLC
and power line communications (PLC) for hospitals is proposed in [44]. By increasing the
systems complexity, the authors employed pre-equalization to achieve a transmission link
of 5 m, with a 48 Mbps OFDM technique. As can be seen, most of the research is carried
out with ECG signals, and monitoring of multi-parametric monitor parameters was not
considered. Due to its implementation simplicity and, in consequence, to the cost benefit,

OOK is the requested format for applications such as the one attended in this work.

Nowadays, navigation improvements using VLC in hospitals seems to be a research hot
topic. This was carried out with hospital delivery robots by using VLC in addition to
existing technologies. In [45], Murai and contributors carried this solution in practice
where every luminaire has its own identification sequence to help the robots to obtain

more information about the environment.

1.3  Objectives of this Work

The general objective of this work was to propose and evaluate the robustness of a low
cost, stable and reliable VLC transmission system for application in intensive care medical
environments. Numerical simulations and proof-of-concept experimental demonstrations
were conducted to evaluate the performance of the modulation and detection schemes. To

accomplish the main objective, the following specific objectives have to be achieved:
» (i) Comprehensive study and numerical simulations of VLC channel models with
the purpose of system parameters design;

o (ii) Extensive simulations on the modulation techniques, aiming a stable, robust and

flicker free VLC connection;

o (iii) Performance evaluations of the modulation techniques, regarding an analysis of

the systems physical and optical limitations;

o (iv) Development and assembly of an experimental setup to be used in the envisioned

proof-of-concepts;

 (v) Experimental demonstrations of modulated signal transmissions over line-of-sight
(LOS) VLC systems;

« (vi) Validation of the aforementioned proof with data generated by a multi-parametric

monitor normally used in IC medical environments.
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1.4 Methodology

The first stages of this research included a bibliographic review on the developed subject.
The exploratory nature of the research, demonstrated by the bibliographic review, provided
a deep understand of VLC communication systems and its impact on the current market.
An extensive study on the modulation formats used in VLC, as well as the models of
existing optical channels, was accomplished prior the numerical simulations. A set of
simulations was then executed considering the transmission of OFDM, constant-envelope
OFDM (CE-OFDM) and OOK with Manchester codification, aiming adjustments of the
numerical models through parameters design. Numerical simulations were performed to

evaluate the robustness of these models in VLC systems with LOS channels.

The next step consisted on the characterization of all parts of the experimental setup
individually, consisting, among others, of a self-designed VLC transmitter and receiver
prototypes, properly tested, in order to find the factors that could limit the performance
of the VLC system. The assembly of an experimental setup and validation tests with
Manchester line code follows the numerical studies in order to proof the concepts employed
in the research. The experimental results obtained in terms of the metrics bit-error-rate
(BER) and eye opening penalty (EOP), and their analysis considering different distances,

frequencies and LED drive currents, highlighted the quantitative nature of the research.

To emulate an hospital IC environment, data from the PRO12 multi-parametric monitor is
sent through the prepared VLC transmitter and captured by the receiver prototype built
for this purpose. It should be noticed that, the research and the technological development
described in this Master Thesis is part of the subjects to be addressed in the projects
TCV-SUS (Aplica¢io da Tecnologia de Comunicagao por Luz Visivel em Monitorizagao
de Recém Nascidos de Alto Risco) and NEsT-5G (Nucleo de Estudos em Tecnologias
Emergentes para 5G) supported in part by Fundagio de Amparo d Pesquisa e Inovagio do
FEspirito Santo (FAPES) and in part by Conselho Nacional de Desenvolvimento Cientifico
e Tecnologico (CNPq).

The scenario depicted in Figure 2 represents one of the applications proposed in the
above-mentioned projects, in which VLC serves as a backup communication technology in
hospital IC environments. As an alternative to the LAN, this technology should be able to
transfer the multi-parametric parameters to personal devices of the medical team. The
emulation described in this work only took into account the visible light communication

part.
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Figure 2 — Intensive care environment also envisioned for proof-of-concepts.

1.5  Main Contributions of this Work

Beyond the present document, three principal contributions of the research must be
highlighted. The numerical model developed to evaluate the performance of Manchester
coding signals through LOS VLC systems represents the first contribution, that certainly
will assist the studies designated in the TCV-SUS and NEsT-5G projects. The model
was tested through the large quantity of accomplished simulations, where the parameters
such as distance, LED polarization current and frequency were adjusted aiming the

optimum performance of the VLC system.

The construction of a self-made low cost and straightforward VLC transmitter, as well
as a visible light photodetection receiver that allowed, through experimental assembly,
the validation of the implemented numerical model is another important contribution of
this work. The constructed and properly tested transceiver is now available in LabTel
for future VLC projects, and further replications can be easily produced for the practical
implementation of the scenario shown in Figure 2, in HUCAM (Hospital Universitdrio

Cassiano Antonio Moraes) and in others hospitals of SUS (Sistema Unico de Saiide).

Finally, the emphasis reserved to the transmission of the PRO12 multi-parametric monitor
data through the evaluated VLC system represented a special contribution of the research
at all. Part of the results obtained at the end of this work allowed the publication and/or

submission of the following scientific articles:

e Klaas M. vd Zwaag, José L. C. Neves, Helder R. O. Rocha, Marcelo E. V.
Segatto, e Jair A. L. Silva. Increasing VLC Non-linearity Tolerance by CE-
OFDM, OSA Latin America & Photonics Conference (LAOP) 2018, Lima, Peru.
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<https://doi.org/10.1364/LAOP.2018.W3D.3>;

o Klaas M. vd Zwaag, José L. C., Neves, Helder R. O. Rocha, Marcelo E. V. Segatto,
e Jair A. L. Silva. Adaptation to the LEDs flicker requirement in visible light
communication systems through CE-OFDM signals, Optics Communications,
vol. 441, pp. 14-20, 2019, Elsevier. <https://doi.org/10.1016/j.0ptcom.2019.02.017>;

o Klaas M. vd Zwaag, Lidiamara M. vd Zwaag, Jair A. L. Silva, Helder R. O.
Rocha, Marcelo E. V. Segatto, e Teodiano F. B. Filho. Impact of the Signal
Bandwidth in an OOK-based VLC System: Evaluation in Intensive Care
Applications, Presented at Optical Wireless Communication Conference (Eind-
hoven, Netherlands, 2020);

« Klaas vd Zwaag et. al.;, A Manchester-OOK Visible Light Communication
System for Patient Monitoring in Intensive Care Units, submitted to IEEFE

Access.

o Klaas vd Zwaag et. al., Performance Evaluation of an OOK-based Vis-
ible Light Communication System for Transmission of Patient Moni-
toring, IFMBE Proceedings, vol. 83, 2021, Springer. <https://doi.org/10.1007/
978-3-030-70601-2>, and presented at Congresso Brasileiro de Engenharia Biomédica
(CBEB 2020);

« R. Lazaro, Klaas vd Zwaag et. al., Integrating Power Line and Visible Light
Communication Technologies for Data Transmission in Hospital Envi-
ronments, IFMBE Proceedings, vol. 83, 2021, Springer. <https://doi.org/10.1007/
978-3-030-70601-2>, and presented at Congresso Brasileiro de Engenharia Biomédica
(CBEB 2020);

o A. Santos, Klaas vd Zwaag et. al., Aplicagao da Tecnologia de Comunicagao
via Luz Visivel para Monitorizacao em Hospitais, Presented at Congresso
Brasileiro de Engenharia Biomédica (CBEB 2020);

o José Neves, Klaas vd Zwaag, Wesley Costa, Helder Rocha, Marcelo Segatto,
Jair Silva, Malte Hinrichs, Anagnostis Paraskevopoulos, Volker Jungnickel, Ronald
Freund. CE-OFDM in Visible Light Communications, to be submitted in
IEEE Photonics Technology Letters;

1.6 Organization of this Work

The remainder of this work is organized as follows. Chapter 2 presents an in-depth
study of the basic elements of a LOS VLC system, with a particular emphasis in the
nonlinearity provided by LEDs. Important discussions related to OFDM, CE-OFDM



1.6. Organization of this Work 9

and OOK modulation formats in VLC systems, as well as about the simulation results
that described the stability, robustness and the flicker phenomenon, are carried out in
Chapter 3. Chapter 4 is intended for the presentation of the experimental setup and
the electrical and optical characterization of each single used component, to accomplish
the proper functioning of the proof-of-concept. Experimental validation by an extensive
performance analysis with Manchester modulated signals, transmitted over LOS VLC
channels, are shown in Chapter 5. The descriptions provided in Chapter 5 also demonstrate
the satisfying experimental proof of a simulated intensive care medical environment, with
a multi-parametric patient monitor sending and recovering successfully obtained sensor

data over various distances. Conclusions and future works are provided in Chapter 6.
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2 Visible Light Communication

In 1880, Alexander Graham Bell achieved a historical landmark with visible light in an
unguided channel [46]. Bell modulated the solar radiation with the voice signal using a
diaphragm mounted on a mirror transmitting to distances of about 200 m. In his experiment,
he showed, for the first time, the basic principle of modern optical communications [47, 48].
Because of the rudimentary form, the intermittent nature of solar radiation and changing
weather conditions, the photophone was not commercially successful. After a period of
relative small achievements, communication based on visible light experienced a revival
[49]. Improvement in efficacy and lower costs of light generation and limited availability of
radio spectrum, caused by the increased data use and smart devices, contributed to this
new impulse of OWC systems [50]. Due to this, the demand for high speed connections is

expended and research to unlicensed spectrum technologies intensified.

In the current state of VLC research, the main projects are focused on Li-Fi networks,
which is an optical wireless network using VLC technology to provide bidirectional multi-
user communication, mobility and high transmission rates [48]. In 2017, to highlight some
important results, researchers achieved a data rate of 17.6 Gb/s in a 16 m VLC link using a
blue LED, 16-QAM based universal filtered multi-carrier (UFMC) modulation and an ultra-
fast photodetector [51]. In [52], the authors presented a white-light communication link
based on laser diodes with a microelectromechanical system mirror-based beam-steering,
where the researchers achieved a data rate of 35 Gb/s at a link distance of 4 m and 39 m?
of coverage. In 2020, 7.7 Gbps of data transmission rate was achieved with the authors of
[53]. A single 10 pum gallium nitride (GaN) blue microLED transmitting data over a 18.5

cm distance was successfully demonstrated in their experiments.

VLC is the result of the recently achieved development in LED lighting technology. The
widespread use of LEDs in various applications represents an opportunity for VLC. Large
bandwidth, security in data communication, no electromagnetic interference, lighting
and/or energy saving are the main features that have made VLC an emerging technology

for short-range internal communications and a compelling field of worldwide research [54].

2.1 VLC System Model

VLC is a system that combines illumination of lasers or LEDs with light modulation for
data communication [12]. By modulating light intensity in the visible light spectrum range
(380 - 780 nm), through switching on and off the light source at high speed, VLC systems
transmit data not perceived by the human eye [46, 12, 49]. The contrast of RF and VLC
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bandwidth is depicted in Figure 3, showing that the bandwidth of the unlicensed spectrum
is up to &~ 10.000x larger, and thus one of the potentials of VLC [55].

Frequency / Hz
0 4x10%° 3x10'! 4x10% 7.9x10%* 3x10'® 3x10% >

Radio & Micro- | Infra-
waves | red

A\

W_/

l— x ~10,000 J

Figure 3 — The electromagnetic spectrum comparing the RF and VLC bandwidth [2].

LEDs are the preferred choice over lasers when both lighting and data transmission are
requested in certain applications. Nevertheless, as medium for data communication and
illumination in environments like hospitals, LEDs has to propagate white light [49, 56]. In
Figure 4, the VLC system fundamentals are shown, consisting of a transmitter, a wireless
channel and a receiver. The transmitter includes a part of data encoding, an LED and its
driver used to adapt the encoded signals for transmission in an intensity-modulation and
direct-detection (IMDD) optical system.

Data Data
=P Transmitter = Transmission Channe] p=—— Receiver g

N

Noise, Distortion and |
Interference |
L

Figure 4 — Basic elements of a VLC system

The optical beams with data signals propagate through the wireless channel, during
which they suffer progressive attenuation and diverse types of interference /noise, such as
sunlight, coupling incandescent and fluorescent light, among others. Therefore, amplitude
distortions provided by channel gain variations in the used bandwidth, and phase distortions
determined by different time delays suffered by the spectral components at different
frequencies should be considered in signal recovering. The receiver includes an opto-electric
conversion device like a photodiode, a signal post-processing and a decoding scheme to treat
the received signals. The signals are filtered and amplified to compensate the transmission
loss, before equalization processing that can be applied to compensate amplitude and
phase distortions. The signal is then demodulated and decoded to recover the original
signal [57].



2.2. Transceiver Front-Ends 13

2.2 Transceiver Front-Ends

The front-end of a VLC transmitter consists of an clectrical-to-optical (E/O) converter
used as optical source, along with auxiliary elements employed to activate the light source.
Due to its efficacy and low-cost implementation, high brightness white LEDs are commonly
applied for illumination and communication. From the perspective of communication,
LEDs are desirable above conventional lamps, since LEDs have a much faster response,
varying the intensity of emitting photons [58], which is also faster than the persistence
of the human eye [13, 59]. In its turn, the front-end of a VLC receiver consists of an
optical-to-electrical (O/E) conversion, in which the received optical power produces a
proportional electrical current. Since no phase, frequency or polarization sensitivity is
required to detect the intensity of the optical field, positive-intrinsic-negative (PIN) or
avalanche photo-diodes (APD) photodiodes are commonly used in the detection of the
optical field [60].

2.2.1 Light-Emitting Diodes

A light-emitting diode is an optoelectronic device made of semiconductor materials that
transforms electrical energy into light. The emergence of high brightness LEDs revolution-
ized conventional lighting methods and paved the way for visible light to become a realistic
medium for data communications [61]. In 1999, Pang proposed the first application with
an LED as a data communication device in the visible range [62]. However, interest in this
type of communication gained more attention in 2003, with the work described in [63],

where an LED was used simultaneously as a lighting and communication device.

The basic structure of an LED is composed of a P-N semiconductor junction, subject to
direct polarization voltage. This type of light generation is more efficient then conventional
lighting due to lower energy consumption. Therefore, LEDs have a positive impact on the
greenhouse effect by reducing CO,, making it an environment friendly technology for the
future [64]. When a direct voltage is applied through the P-N junction, electrons and gaps
are injected through the depletion region, causing excess minority carriers to recombine
with the majority carriers, giving rise to energy release under the form of light (observation
electroluminescence). This spontaneous radiating released energy is the basis of operation
of the LEDs. The wavelength of the light emitted by the LED is inversely proportional
to the energy of the prohibited band. The greater the energy of the emitted photon, the
shorter the wavelength. Equation (2.1) relates the wavelength to the photon energy as

A= exe (2.1)

Eph

where A is the wavelength expressed in micrometers, h, is Planck’s constant (h, =
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6.63 x 107" Js = 4.14 x 1071 eV), ¢ is the speed of light (¢ = 3 x 10®* ms™') and &, is
the photon energy expressed in electron volt (1 eV = 1,602 x 107! J). It can be seen from
Equation (2.1) that the LED material influences the operation wavelength.

Normally, in VL.C applications there are essentially two types of white light generation.
One with a single blue LED die with a yellow phosphor layer (PC-LED) and the second
composed of a multi-die LED with red, green and blue (RGB) light as shown in Figure 5.
Due to the lower costs, complexity and good color rendering index, the vast majority of
high-brightness white LEDs on the market use currently the phosphor conversion principle
to generate white light. However, from the perspective of VLC, the PC-LED is limited by
the restricted 3 dB bandwidth of 2 — 3 MHz of the yellow phosphor caused by the slow

absorbing and re-emission capacity of the photons [65].

Red Peak

Blue Peak Combined
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Figure 5 — White light generation based on: (a) red, green and blue LEDs; (b) blue LED
and yellow phosphor [3].

Due to higher costs and complexity, RGB LEDs are more applied in dynamic lighting than
in general lighting systems. Despite these disadvantages, RGB LEDs are preferred in high
speed VLC systems due to the superior modulation bandwidth ranging from 10 to 20 MHz
[66, 67]. Table 1 shows a comparison between RGB and PC-LED based technologies.

2.2.2 Positive-Intrinsic-Negative Photodiodes

A photodiode is a semiconductor device that converts light into electrical energy in the
presence of light. High sensitivity for the wavelengths of interest, high bandwidth and
response times adequate to the used data rates, minimum noise, low sensitivity to variations
in environmental conditions and long average lifetimes are some desirable characteristics in
photodetectors [68]. An APD has a much higher gain than the PIN photodiode, however,
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Table 1 — Comparison between RGB and phosphor converted LED technologies [4, 5].

Parameter Phosphor coated LED RGB LED
Bandwidth 2-5 MHz 10-20 MHz
Luminous efficiency 150 lm/W 65 lm/W
Cost low high
Complexity low moderate
Application Illumination Illumination

the excess noise generated by its photocurrent is considered a disadvantage compared to
PIN photodiodes [4]. The PIN photodetector is used very often in VLC systems because of
its high temperature tolerance, lower cost and is suitable in bright environments. Therefore,

the focus of this work is on PIN photodetectors.

A PIN photodiode is composed of a P-N junction with a layer of intrinsic semiconductor
material placed between the P-type and the N-type materials. The intrinsic layer is
optically active and acts as a depletion region for the device. In addition, it is placed in
order to increase the optical exposure and also to reduce the intrinsic capacitance of the
photodetector. The PIN photodiode operates with reverse polarization, which means that
incident photons are absorbed in the depletion region, where there is an intense electric
field. The presence of the electric field ensures that the photo-generated carriers are quickly
separated and collected in the P (gaps) and N (electrons) regions of the photodetector,
before its recombination [69]. The electrical current I at the output of a photodiode is

given by
_p A a(A)ds
I= Poh (1-— 7’)(1 e ), (2.2)

c
P
where P, is the incident optical power, r is the reflection coefficient at the air-semiconductor

interface, « is the absorption coefficient, d, is the depth of the semiconductor slab, ¢ is

the electron charge, c is the speed of light and A, is Planck’s constant.

Responsiveness, Ry = P%, in A/W, is another parameter that characterizes photodiodes,

relating the electrical current at the output of the photodiode to the incident optical

I/q
Po/(hpv)’

Equation 2.3 provides the mathematical expression that relates quantum efficiency with

power. Knowing that the quantum efficiency is mathematically expressed as n =

responsivity [70], [69] as

g g\ Apm]
ey The 124 (2:3)

It is important to notice that silicon (Si), and indium gallium arsenide (InGaAs) exhibit
responsivity close to the theoretical limit imposed by a quantum efficiency of 90 %,

which means that in the detection of visible light radiation, Si and GaAs are the most
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favorable semiconductors. The transit time of carriers photo-generated through the region
of depletion, the frequency response limited by the RC time constant, which depends on the
capacitance of the diode, and the slow diffusion of carriers generated outside the depletion
region are factors that have a considerable impact on the bandwidth and response speed
of a photodetector. [6]. Typical values of PIN parameters for Si, germanium (Ge), and
InGaAs are listed in Table 2.

Table 2 — PIN performance characteristics comparison [6].

PIN Photodiode

Parameter Si Ge InGaAs
Wavelength A (nm) 400 — 1100 800 — 1800 900 - 1700
Peak A (nm) 900 1550 1300 (1500)
Ry (A/W) 0.6 0.65-0.7 0.63—0.8 (0.75 — 0.97)
n (%) 65 — 90 50 — 55 60 — 70
Gain (M) 1 1 1
Polarization Voltage (V) 45 — 100 6 — 10 5
Dark current (nA) 1-10 50 — 500 1-20
Capacitance (pF) 1.2-3 2-5 0.5-2
Rise Time (ns) 05-1 0.1-05 0.06 — 0.5

The dark current is the current that appears at the output of the photodiode in the
absence of light. It includes the photocurrent generated by the background radiation
and the saturation current of the semiconductor junction. The dark current establishes
a minimum threshold in the current detectable by the photodiode, that is, a signal to
be detected must produce a current greater than it. The dark current depends on the
operating temperature, the bias voltage and the type of detector. Often, depending on
the application, it is interpreted as a source of noise [6]. The equivalent power of the
noise equivalent power (NEP) is the minimum optical input power capable of generating
photocurrent. It is equal to the effective value of the noise current in a bandwidth of 1 Hz.
The NEP depends on the frequency of the modulated signal, the bandwidth in which the

noise is measured, the area of the photodetector and the operating temperature.

2.2.3 Trans-Impedance Amplification

It should be stressed that, in order to support the establishment of an LOS communication
scenario, the first part of the signal reception should employ an optical lens or an optical
concentrator to concentrate the light on the detection surface of the photodiode, and
therefore improve the signal-to-noise ratio. An optical filter can also be used to reduce the

effect of optical noise produced by the environment [71].
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Nevertheless, a pre-amplifier is mandatory after the photodetection to amplify the signal
before its processing. The amplifiers used in VLC can be classified into three categories: low
impedance, high impedance and trans-impedance amplifier (TTA). The choice of the type
of amplifier depends on a compromise between speed and sensitivity. The high impedance
amplifier improves sensitivity by reducing thermal noise, but has low bandwidth. With the
low impedance amplifier, thermal noise prevails, making this type of amplifier impractical
in VLC systems. The TTA amplifier is most popular in the VLC system, as it guarantees
high sensitivity and high bandwidth [4]. The other parts of the VLC receiver consists of a

signal processing stage and a demodulation stage, similar to conventional receivers.

2.3 VLC Channel Modeling

Similar to infrared links, indoor VLC can be classified in LOS links and in diffuse non-
line-of-sight (NLOS) links [72]. With carefully aligned transceivers, a LOS communication
can support high transmission speeds by focusing the transmission beam and using a
narrow receiver field-of-view (FOV). In a non-directed link, the communication between a
divergent transmitted beam and a large FOV receiver strongly depends on surface signal
reflections [49]. Even operating in the absence of LOS, a non-directed link can be robust
to shadowing and can inherently support user mobility, despite the power and data rate
limitations provided by multi-path propagation effects [72, 73]. As mentioned above, the
application exploited in this work considers a LOS link in a single-input single-output

(SISO) communication scenario.

2.3.1 An LOS Channel Model

In an LOS link, the received optical power is generally determined as P.ros = hros X P,

for P, the average transmitted optical power and hjpg the channel DC gain given by

A {%Ro(cb)Ts(w)g(w) cos(v)), 0<¢ <V, 2.4

0, >V,

where A, denotes the photodetector area, d is the distance between transmitter and
receiver, ¢ is the irradiance angle, 1 is the angle of incidence, T;(¢) is the gain of an
optical filter, g(v) is the gain of an optical concentrator that depends on the refractive
index, and W, is the receiver FOV [49, 72, 74]. In Equation 2.4, R,(¢) represents the

Lambertian radiant intensity given by

Ro(¢) = (cos())™, (2.5)
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for m the order of Lambertian emission, which is related to the LED semi-angle at half

power denoted as /3, and is mathematically defined as

In(2)
ID(COS((I)l/Q)) ’

m= —

2.3.2  Typical Sources of Noise

Even known that the multipath components of the NLOS are neglected in the link structure
studied in this work, the received signal r(t) is defined as r(t) = s(t) x hros + n(t), for
s(t) the optical modulated signal and n(t) the received noise at the photodiode, that can
be modeled as an additive white Gaussian noise (AWGN) with zero mean and variance
given by

0% =03 + op, (2.7)

where 02, is the variances of the shot noise and o2, the variance of the thermal noise [75]. In
the scenario considered in this work, the shot noise can be neglected due to the transmission
with low data rates, unlike the thermal noise that results from the transimpedance receiver
circuitry, and has a variance given by

o 8TKTy
Oth =

16m? KT,
ncArIZng + W—WncAz

I,B? 2.8
G Im T (2:8)

in which, K denotes the Boltzmann’s constant, 7T the absolute temperature, GG the
open-loop voltage gain, 7. the photodiode fixed capacitance per unit area A,, Iy a noise
bandwidth factor, B, the signal bandwidth, + the field-effect transistor noise factor, g,
the FET transconductance, and the normalized noise bandwidth factor I3 = 0.0868 [74].

2.4 Analysis of the LED Nonlinearity

In the optical intensity modulation that supports VLC, the modulated data varies the
luminous intensity of an LED. That is, the output optical power of a source varies according
to the characteristics of the modulated signal [60]. Therefore, the LED should be biased
before applying the modulating signal since the optical intensity cannot be negative. In the
case of current-based driving circuit, this means that the electrical modulated signal Igp
(which is proportional to s(t)) is superimposed onto the LED bias current Ip¢, providing
an LED current I gzp = Ipc + Isp. The current I, gpp produces an optical output power
given by

Prep = Ppc + Psp, (2.9)

for Ppe and Psp the powers of the bias current and the swinging current component,

respectively. Figure 6 shows a theoretical behavior of the optical power output as a function
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Figure 6 — The theoretical current-power curve of an LED.

of the current flowing through the LED. It can be seen from Figure 6 that there is a

maximum amplitude swing limitation that also limits the optical output power.

The direct current is usually concentrated in the linear region of the characteristic curve
depicted in Figure 6, since the LED’s response exhibits nonlinearity for large input signals.
Increasing the magnitude of the modulating signal will drive the LED into the nonlinear
region, thus distorting the output optical signal. Therefore, in the design of the modulation
scheme in LED-based VLC systems, a trade-off between optical power maximization and

LED introduced nonlinearity should be investigated.

The curve illustrated in Figure 6 can also express the behaviour of a voltage-current
characteristic, however, with a current versus optical power particularity. If the last case

is of interest, the nonlinearity of the LED can be theoretically expressed as follows

I
PLED = LED 1/2k” (210)

[+ (2]

Pma.’l:

for P4, the maximum output power, ( an adjustment constant and k a knee factor also
used to fit the characteristic curve [76]. Figure 7(b) shows a plot of this model, as well as
the result of a measurement of optical intensity in lux against LED bias current. To fit the
model with the measurement, the following parameter values were used: P,,., = 755 lux,
¢ =20 and k = 1.9. A photo of the experimental setup used to measure the characteristic
is shown in Figure 7(a). The agreement between the theoretical and the experimental
measurement indicates that the model presented at Equation (2.10) allows emulating the

nonlinearity behaviour of the white LED.
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Figure 7 — Experimental current-lux curve measurement: (a) the used setup; (b) the
analytical and the experimental curves of the LED.
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3 Modulation Schemes

During a VLC, the LED average optical power may change, giving rise to the flicker
phenomenon, normally defined as the fluctuation of the brightness caused by modulating
the light intensity. Perceived by human eyes, this inconvenience induces physiological
changes in human beings, which is potentialized by high levels of illuminance, long duration
of exposure in the communication ambient and orientation of the light source with respect
to the eyes [13, 25, 26, 27, 28]. Hence, it is acceptable that the intensity of flicker depends on
both frequency and amplitude of optical modulated waveforms [28]. An investigation on the
modulation schemes, that takes into account this phenomena, as well as the maximization

of optical power, aiming reach extension, is essential.

3.1 The Flicker Concept

Generally quantified by metrics such as flicker index and percent flicker (equivalent to
modulation depth), the flicker is mathematically related to the modulated signal amplitudes,
despite the above-mentioned frequency association [26]. It can be seen from Figure 8 that
the percent flicker (Fv;) takes into account the maximum (A) and minimum (B) amplitudes

of the modulated waveforms.

A (Maximum value)
Amplitude
variation
Average
I light
+—
B (Minimum value) output

<+—— One cvcle ————
Figure 8 — Illustrative definition of percent flicker and flicker index.

Hence, for sake of simplicity, (Fy) is used to quantify flicker, mathematically expressed as

A-B

Fy =1 _—
% OO%XA—FB’

(3.1)

in which it is easy to conclude that, when the percent flicker decreases, flicker becomes less
noticeable to the human eye. It should be stressed that commercial off the shelf LEDs has
common values of Fy, around 1 %, 16.96 %, 19.63 %, 21.27 %, 29.41 %, 48.39 %, among
others [77].
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According to [13], to avoid flicker, the changes in brightness must fall within the maximum
flickering time period (MFTP), which is defined as the maximum time period over which
the light intensity can change without the human eye observes it. Lacking a widely
accepted flicker value, a frequency greater than 200 Hz (MFTP < 5 ms) is considered
as safe. Nevertheless, the preoccupation with high amplitude fluctuations of the optical
signals remains, especially in the case when a human being is exposed in a VLC ambient

for a long time [29].

3.2 OFDM Modulation Format

To obtain higher data rates, increase spectral efficiency, combat intersymbol interference
(IST) and explore the granularity of its multicarrier nature, orthogonal frequency division
multiplexing have been considered for VLC systems [78, 79, 80, 81, 82].

OFDM is a modulation format that transmits a high-speed bit stream into a large quantity
of orthogonal subchannels (NV,.), normally called data subcarriers [83]. With a symbol
duration T longer than single-carrier signals to combat ISI, each subcarrier carries low

data rates in an overlapped manner. Analog OFDM signals can be represented as

x(t) = f NZ Xy II(t — iT,)es2 kAt (3.2)

i=—o0 k=1
where X} ; represents the complex data symbols on the ith OFDM symbol, II(t) a rectan-
gular pulse-shaping and Ay the subcarrier spacing. If 7, is defined as the sample or chip
period, then Ay = 1/(N,.T,) and Ty = (Ns. + Nop)Te, for Nop the samples of a periodic
extension of an OFDM signal, denoted as cyclic prefix (CP), used to virtually eliminate
the ISI [84]. Therefore, the sampled version of this kind of multicarrier signals can be

written as

oo N
s 3¢ -27kn

e(nT,) = Y > Xyl Ve, (3.3)

i=—00 k=1
in which II(¢) = 1 during the symbol duration 7, and 0 otherwise. It can be seen
from Equation (3.3) that an inverse discrete Fourier transform (IDFT) can be used to
multiplex the complex data symbols obtained after subcarrier mapping in a multilevel
signal constellation. Furthermore, the bandwidth of the confined spectrum of an OFDM

signal is approximately given by

(Nsc + 1) (Nsc + NCP)
NSC NSC

B, ~ 27 R, (3.4)

for R the system symbol rate [84].
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3.3 Constant Envelope OFDM

The main drawback of OFDM-based VLC system is related to the high values of peak-to-
average power ratio (PAPR) that increases flicker, which is undesirable for human health.
Nonlinear companding, iterative clipping, pilot-assisted symbols and selected mapping
are some PAPR reduction methods proposed in the literature [85, 86, 87, 88]. However,
the constant envelope transformation technique proposed in [89] and experimentally
demonstrated in [90] is promising in VLC systems, not only to overcome nonlinearities, as
stated in [91], but also to adapt to the flicker levels required by off-the-shelf LEDs.

CE-OFDM is a modulation format where an electrical carrier is phase modulated by
OFDM signals, to reduce the inherit OFDM large PAPR [89, 90]. A complex bandpass
CE-OFDM signal can be written as

s(t) = Ae??®) (3.5)

where A is the signal amplitude, ¢(¢) is the phase signal during the nt signal interval
nl <t < (n+1)T and T is the signalling interval duration [92]. A real coefficient
CE-OFDM bandpass signal, with PAPR = 3 dB, is generated if

y(t) = R(APDeI™ely = Acos 27 fot 4 ¢(t)]
= Acos[2nfet + 0, + 2mhCnx(t)] (3.6)

where f. is the carrier frequency, 6, is the phase memory (when ¢, = 0 the modulation
is memoryless), h is referred to as the electrical phase modulation index, and Cy is
a constant used to normalize the variance of the message signal. Therefore, the signal
root-mean-squarc (RMS) bandwidth becomes Brys = max(2rh, 1) B, Hz. More details

about this transformation technique can be found in [89] and [90].

3.3.1 Increasing VLC Nonlinearity Tolerance by CE-OFDM

In conventional OFDM based VLC systems, nonlinearity is one of the major concerns, also
due to the inherit nonlinear characteristics of the LEDs. Therefore, CE-OFDM signals can
also be applied to reduce the impact of LED nonlinearity. To substantiate this observation,
we conducted experiments in the preliminary setup depicted in Figure 9, in which OFDM
and CE-OFDM signals were propagated in VLC links.

Pseudorandom binary sequences [PRBS = log,(M) x (27 — 1)] were multiplexed in an
64-TFFT after Hermitian symmetry and QAM subcarrier mapping. The 4.76 Mb/s (4-
QAM) and 9.5 Mb/s (16-QAM) signals (centered at 7.5 MHz in a 5 MHz bandwidth)
generated using Matlab were loaded into a 2.5 Gsamples/s arbitrary waveform generator
after cyclic extension (150 ns for 7.65 us of signal duration). The signals were amplified

and superimposed onto the LED bias current, aiming to increase the LED modulation
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Figure 9 — Experimental setup and insets with PSD and the first manufactured receiver.

depth. The output of the Bias-Tee was directly supplied to the commercial LXML-PWC2
phosphorescent white LED. It should be stressed that a bias voltage of 2.85 was used in all
conducted experiments. After free space propagation, supported by bi-convex optical lenses,
the VLC signals were detected by a HAMAMATSU S10784 photodiode. The electronic
circuit described in Appendix B was built to boost the received multicarrier signals, before

offline processing.

As expected, the results presented in Figure 10(a) show that the performance of the
CE-OFDM system is dependent on the modulation index h. As an optimal value (see
scatterplots shown inset), 2rh = 2.2 was adopted in the rest of the subsequent experiments.
Performance evaluations against VLC link length was conducted with conventional OFDM
and CE-OFDM formats. Figure 10(b) shows error vector magnitude (EVM)! performance

comparisons, considering 4 and 16-QAM subcarrier mappings.

T 12 T T
T O 4-QAM
| e —— Fitting O OFDM (4-QAM)
6 f% v o ¥ (@) o 1eQamfl [\ (b)  |.--O-OFDM (16-QAM)
A —Fitting Y —O—CE-OFDM (4-QAM)
5 . » | %, —{0—CE-OFDM (16-QAM)
_ T 27xh=22 = %
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27h Link length (m)

Figure 10 — (a) EVM versus 2rh. (b) EVM against VLC link length.

1 See Reference [93] for details on the EVM metric.



3.8. Constant Envelope OFDM 25

Figure 10(b) shows that, at 50 c¢m, conventional OFDM is strongly affected by signal
saturation, due to the amplification stages presented in both transmitter an receiver. Hence,
EVM penalties up to 8% were achieved, when compared to the proposed CE-OFDM scheme.
After 1.5 m, an almost constant CE-OFDM gain of 3% (5.5 dB) occurred when 16-QAM
is used as subcarrier mapping. Disregarding the saturation region, with 4-QAM, the gain
decreases from ~ 1.5% at 1.5 m to 0.5% at 2.5 m.

3.3.2 Flicker Adaptation Through CE-OFDM Signals

The apparatus of Figure 9 was also used to show the LED flicker adaptation provided by
the transmission of CE-OFDM signals in VLC systems. The experimental results depicted
in Figure 11 show a performance comparison between VLC systems with OFDM and
CE-OFDM signals. Measured in terms of EVM, the performances were evaluated for
different common values of flicker. It should be stressed that the employed values of Fy,
were pre-defined and, in consequence, the quantities A and B of Equation (3.1) imposed

in the generated multicarrier signals.

12
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Figure 11 — EVM versus F'% for OFDM and CE-OFDM with 27h = 2.8 and 1.6.

It is clear from Figure 11 that the system with CE-OFDM signals outperforms the
system with conventional OFDM, specially for values of Fy, greater than 10 %, which is
corroborated by the scatterplots shown inset Figure 11. This is explained by the low value
of PAPR provided by CE-OFDM [89, 90].
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3.4 OOK with Manchester Coding

The Institute of Electrical and Electronics Engineers (IEEE) proposed the IEEE 802.15.7
standard for short-range OWC using VLC [25]. OOK, variable pulse-position modulation
(VPPM) and color-shift keying (CSK) are modulation schemes recommended in the
standard, for data rates until 96 Mb/s. Implemented with specific line coding and/or
scrambling methods, these schemes are able to mitigate intra-frame and inter-frame flicker
[25, 94]. Nevertheless, due to its implementation simplicity and, in consequence, to the
cost benefit, this work focuses on the OOK format.

OOK is a type of line coding in which the generated information bits are substituted by
pulses [95]. Commonly, the information bit 1 is, during the signaling interval, mapped to
positive pulse, whereas the bit 0 is replaced by the absence of a pulse in an unipolar signal
formulation, or by a negative pulse if bipolar signal streams are required. The simplicity
of this mapping process is requested in low cost applications, such as the one attended in

the present work.

Several formation laws can be used during the design of the pulses. The Manchester coding
is one of the most employed due to the facilities it provides in clock recovering, while it
avoids long sequences of both bits one and zero [95]. The rule that stipulates a positive
pulse transition, in the middle of the duration of bit 1, and the opposite to bit 0, was

adopted in this work.

3.4.1 System Model

Figure 12 shows the block diagram of the numerical model used to simulate and evaluate
the performance of a OOK-based VLC system through AWGN channels. Pseudorandom
binary sequences (PRBS) z;, are generated for symbol mapping via Manchester codification
[96]. The symbols are then up-sampled and in sequence pulse shaped with, for the sake of

simplicity, rectangular pulses, resulting in si(nT") modulated symbols.

Transmitter AWGN Receiver
: Channel H :
X Thes Up-sampling | is,(nT)} L rnT) , hester | | Vi
Data In + Mamh.ester ] + L w(nT) L r \ :r,((n ): D0w1.1 | Decision [¥] Mamhe.ster i Data Out
: Coding Pulse shaping | | L/ i |_sampling Decoding |
H : N : H
ni(nT)

Figure 12 — The OOK numerical model used in the simulations.

It is worth noting that zero mean Gaussian noise ng(n7') is added through the AWGN
channel model. The received OOK signals ri(nT') are then downsampled, before a symbol
recovery decision based on the average integrated signal levels. Manchester decoding can

be executed by detection of one of the symbol period halves, leading to a y; data stream.
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Figure 13 shows part of the received pulse streams codified with with Manchester rules. The
signals depicted in Figure 13(a) were received without additive Gaussian noise, whereas
the ones shown in Figure 13(b) were corrupted by AWGN according to a signal-to-noise
ratio (SNR) denoted in terms of energy per bit to noise power spectral density ratio
Ey/Ny =11 dB.
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Figure 13 — Received signals. (a) Without noise, (b) with AWGN at E,/Ny = 11 dB.

3.4.2 Model Validation Through Numerical Simulations

A performance evaluation in terms of bit-error-rate against £j,/Ny was conducted in order
to validate the numerical model, comparing the simulation results with the values provided
by a BER closed-form. Figure 14 shows the performance comparison, considering an
AWGN channel. The theoretical BER expression used in the comparison is given by

1 E,
BER = - l) .
R 267"fc<NO>7 (3.7)

for er fc the complementary error function [69]. The agreement between the simulations

and the analytical results validates the numerical mode.

It can be seen from Figure 14 that a BER = 107 is achieved with an E,/Ny ~ 6.8 dB,
whereas for a BER = 1079 this value increases to ~ 11 dB. Figure 15 illustrates an
eye-diagram obtained with Manchester signals corrupted with AWGN at FEj,/Ny = 11 dB.

The reasonably open eyes announces a good system performance.

3.5 Estimating the BER and the EOP Metrics from Eye-Diagrams

A performance investigation in which the BER is evaluated by counting the number
of different bits between transmitted and received bits can become prohibitive if the
communication scenario is extremely favorable. This kind of scenario belongs to the

situation where the eye-diagram is well opened, demanding an estimation of the SNR
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Figure 14 — Numerical and analytical BER versus Ej /N, of the Manchester based system.
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Figure 15 — Simulated Manchester eye-diagram with F,/Ny of 11 dB.

through the mean and the standard deviation values of an histogram obtained from the

discrete levels of eye-diagrams. In this case, the SNR in dB can be estimated using

SNR = 20 x log,, (u) , (3.8)

O'1—|—0'0

where g, p1, and oy and o7 are means and standard deviations of the Gaussian probability
density functions (pdfs) of the signal levels that represents bits “0” and “1”, respectively

[97]. Therefore, in case of Manchester signals, the BER can be estimated as

_1 |1 — Vi o — Vil
BER = 5 lech <W> + erfc (T‘h)] y (39)

for Vj;, a threshold voltage. In this case, it is assumed that the pdf of received signal levels
follow a Gaussian distribution, thus enabling a fast calculation of BER values by using
the erfc.

The quality factor @) is another common measure used to assess the system performance.
However, instead of using the mean and standard deviation values of the histograms, it

uses the mean and standard deviation values estimated using the dual-Dirac method (see
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details of dual-Dirac in [98]). The @ values can be calculated from g, py and o, oy as

follows
S (3.10)
o1+ o0g
The BER can be obtained from the @ factor by
1 Q
BER = —er — . 3.11
5! fe (ﬂ) (3.11)

The SNR parameter is a time-averaged indicator used most effectively when noise is
the main degrading factor of a system performance. However, when the performance of
communication systems is degraded by ISI distortions and nonlinearities in general, it
becomes less accurate because the popular assumption that pdf of the received signal
levels follows a Gaussian distribution is not suitable. In contrast, waveform distortions are
taken into account by using the eye-opening (EO) metric [97]. The EO is determined from
the difference between the “mark” and “space” levels. In addition, the eye opening penalty
is the penalty of an EO, when compared to a reference EO. This reference EO is usually
obtained from a back-to-back configuration, when signal waveforms are not distorted at

all. In logarithmic scale, the EOP is normally given by

E re
EOP = 10 x logy, (Eg f) , (3.12)

in which FO,.y is the eye height, the difference between the positive and negative levels
of a reference signal, and EO,.. is the eye opening amplitude of the received signal [97].
EO and EOP metrics are useful for noise-free systems as they provide a good measure for
pulse distortions. If the distortions are dominated by noise, their calculations become less
precise. Moreover, it should be stressed that the accuracy of EO and EOP calculations rely
on the sampling instance. Detected pulses are usually sampled in the middle of the eye
diagrams where the EO is the widest. Figure 16 depicts an eye-diagram overview showing

different kind of signal distortions.

Figure 16 — Eye diagram overview.
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An eye-diagram shows a range of effects and signal pattern behaviours from which amplitude
and time measurements can be obtained. As shown in Figure 16, the eye height can be
derived from the inner amplitudes of both signal levels and used for the EOP metric. It also
displays the rise and fall times provoked by the systems capacitance, influencing especially
the higher frequencies. The droop phenomenon appears especially at lower frequencies
due to the input coupling capacitance. Furthermore, the symbol period of the Manchester
symbol with transition can be observed. The two eyes depicted in Figure 16 demonstrate
distinct eye amplitudes caused by the droop effect. The illustrated timing variance or jitter
can become crucial in low dimming schemes. Because the likelihood the aforementioned
distortion effects can arise in the application of this work, the EOP metric supported by

eye diagrams can be helpful in the system parameterization.
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4 System Design and Characterization

To reach the desired well function of the optical wireless communication system, all
components must be studied thoroughly. Moreover, the system characterization in both
electrical an optical back-to-back (B2B) should be measured to guide the system design.
Thus, the chosen elements of the system and their characterization are described in this
Chapter. The characterizations are important since the devices might present different char-
acteristics than the ones displayed in their technical specifications, leading to unexpected

functionality.

The chapter begins by displaying a general block diagram of the evaluated VLC system,
followed by the characterization of the key components present in the transmitter, the
optical channel and the receiver. Then, the electrical and optical B2B characterization are

presented and discussed.

4.1 System Block Diagram

Figure 17 depicts a block diagram of the setup prepared to experimentally demonstrate
the robustness of the proposed VLC system. The OOK signals, generated using Matlab,
are loaded into a 250 MSamples/s arbitrary function generator (AFG), used as digital-to-
analog converter (DAC). The analog signals available at the AFG output are amplified
and superimposed onto an LED bias current, aiming to provide non-negative amplitudes.

The output of the Bias-Tee was directly supplied to a commercial white LED.

DC
MATLAB
& 5= E. l LED PD
MDO 3012 l AFG —0—§— > Z§ VLC LOS Channel
@ 2,5 GS/s 250 MS/s _ Free Space >
N a'ﬂ@ “ EAT1 Bias-Tee Lens 1 Lens 2 EA2
Coaxial Cable

Figure 17 — Block-diagram of the implemented VLC system. EA: electrical amplifier, DC:
direct current, PD: photodiode.

After propagation through the optical wireless channel, supported by bi-convex optical
lenses, the VLC signals are detected by a photoreceiver, before analog-to-digital conversion
(ADC) by a 2.5 GSamples/s mixed domain oscilloscope (MDO). The system performances

are offline measured via Matlab.
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4.1.1 The Employed Amplifier

In order to amplify the analog signals available at the AFG output, the SHF 100 AP device
depicted in Figure 18(a) was used, also due to its availability in the laboratory [99]. It is
a low noise broadband RF amplifier, with an operating bandwidth ranging from 30 kHz
to 25 GHz, a 19 dB of gain, a maximum input power around 4 dBm, and a maximum

peak-to-peak input voltage equals to 1V.
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Figure 18 — (a) A photo of the amplifier. (b) The frequency response taken from its
datasheet.

The amplifier was supplied with a positive voltage of approximately 49 V, and its gain
can be adjusted by applying a voltage between 0 to —5 V. The frequency response shown

in Figure 18(b) illustrates the wide-band characteristic of this electronic device.

4.1.2 The Bias-Tee used to Guarantee Non-negative Signals

To directly modulate the the LED, the RF signals from the AFG needs to be combined
with the direct current that drives the LED. This is mandatory because the amplitudes of
the optical modulated signals need to be non-negatives. For this purpose, the Bias-Tee
from the manufacturer Picosecond Pulse Labs (Model 5575A) was used. Figure 19 shows

an image of this device.

Among its main features, the ones that stand out are the bandwidth at - 3 dB (which
extends from 10 kHz to 12 GHz), a low rise time of 30 ps, a maximum direct current
equals to 500 mA, a 0.6 €2 resistance and a core saturation that limits the low frequency

response for currents above 20 mA.
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Figure 19 — An image of the used Bias-Tee.

4.1.3 The Manufactured Transmitter

The optical transmitter is an essential component in a VL.C system. The commercially
LumiLED LXML-PWC2 phosphorescent white LED, depicted in Figure 20(a), was used
to build the PCB prototype shown in Figure 20(b) [99]. After the manufacturing process,
it was necessary to survey some functionally information, such as the optical spectrum,
the characteristic curve that shows the dependence of the voltage on its bias current (I-V

curve), as well as the luminance against the DC voltage.

ULC LED Adapter
K.vd 2vaag & J.Neves

29-05-201

(a) (b)

Figure 20 — (a) The chosen LED. (b) The manufactured transmitter.

The optical spectrum provides information on the radiant intensity of the LED as a
function of the wavelength. Figure 21 illustrates the optical spectrum obtained with an
Ocean Optics USB2000 spectrometer. According to Figure 21, the optical spectrum has
two peaks of radiant intensity. The first occurs in the range of blue light between 450 to
470 nm and the second peak appears in the range of green and yellow light, between 530 to
560 nm. It can be concluded from this measurement that the white LED was manufactured

from a blue LED with a phosphor layer used to create the white light.
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Figure 21 — LED’s measured optical spectrum.

To survey the I-V curve of the LED, the DC voltage of a voltage source was manually
adjusted to not exceed 3.2 V (value of the LED’s datasheet), and the current was adjusted
to 0 mA. The current was then varied, and the voltage observed on the source display and
a Fluke 87-V multimeter. Figure 22 shows a comparison between the curve provided by

the datasheet and the curve measured in different parts of the transmitter.
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Figure 22 — I-V curves comparison between the datasheet curve and measurements.

It can be observed from Figure 22 that the measurement obtained on the LED terminals is
close to the curve provided in the datasheet. The slight differences are due to the different

measurement conditions. As expected, the attenuation introduced by the connection cable

and the Bias-Tee is prominent.
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[lluminance measurements allow the indication of the amount of light within an environ-
ment. Figure 23 illustrates the illuminance curves measured as a function of DC voltage,
at different positions of a portable luximeter (THDL- 400 model). For each position of the

luximeter, the direct voltage of the LED was varied, and the illuminance value observed

in its display.
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Figure 23 — llluminance as a function of the LED DC voltage, considering different dis-
tances.

Figure 23 shows that, as expected, the light intensity decreases with distance. It can
also be observed from Figure 23 that with a DC voltage of Vs = 2.82 V, the measured
illuminance was 242, 59, 27.2 and 15.8 lux, at 50, 100, 150 and 200 cm, respectively.

4.1.4 The Collimator Lens used in the VLC Channels

The optical wireless channel analyzed in the experiments was configured as an LOS channel,
with the emitter and receiver distanced by 1.5 m. Therefore, the power received in the
photodetector is approximately constant, since the square of the distance that separates
the emitter from the receiver is much larger than the arca of photodetection. The signals
arrive at the receiver almost at the same time, which means that multipath phenomenon

is practically negligible.

To guarantee the LOS peculiarity, two biconvex glass lenses from the PHY WE manufacturer
were used to collimate the light beam. These lenses exhibit convergent behavior, which
means that a ray that falls parallel to the lens axis refracts on the focus, and a ray that

passes through the focus refracts parallel to the axis. The transmitter lens has a focal
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length of + 100 mm (Model 41734.2E), while the lens of the receiver has a focal distance
of + 50 mm (Model 41734.1E).

4.1.5 The Designed and Manufactured Optical Receiver

The PIN photodiode is one of the main components of the photodetection system, as
it is responsible for converting the signal from the optical to the electrical domain. The
photodetection system designed and manufactured by researchers from LabTel and 2SOLVE
to detect and processes the optical signals from the VLC channel is shown in Figure 24.

The main parameters of this system are summarized in Table 3.

Figure 24 — The designed and manufactured photodetection system.

Table 3 — Main parameters of the photodetection system.

Parameters Value

Spectrum range A (nm) 380 a 1100

Peak A employed LED (nm) 870 (R) = 0.65 (A/W))

R, (A/W) 0.23 (A =460 nm) e 0.35 (A = 530 nm)
Dark current (nA) 1

Capacitance (pF) 4.5

Bandwidth (MHz) 100 (A = 850 nm)

Radiant sensitive area (mm?) 1

The PIN used in the first stage of the photodetection system is the OSRAM PIN SFH2400-
Z photodiode. The second stage consists of a modified transimpedance amplifier (TTA)
with DC-cancellation, used to convert the photocurrent generated by the PIN into a
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voltage signal and thereafter amplify it. The employed TIA configuration based on the
operational amplifier LMH6629 has a bandwidth of 100 MHz and a gain of 1.8 k(). In
some cases a third stage with amplification and filtering is desired, although the output
voltage of the used setup was sufficient. Additional information about the photodetection

system can be found in Appendix B.

4.2 Measurement of the Electrical B2B Frequency Response

To create analog RF signals through the AFG and to recover the digital signals using the
MDO, the Tektronix’s MDO3012 digital oscilloscope was used. The attenuation profile of
the pair AFG + MDO must be outlined in order to assist the identification of the optical
limitations. Hence, to characterize the frequency response of this pair, the experimental
setup illustrated in Figure 25(a) was prepared, and denominated as electrical B2B because
the AFG output was directly connected to the MDO3012 oscilloscope. A frequency scanning
was done in Matlab with a variable sine-wave frequency, considering an initial frequency
of 1 Hz and a final frequency of 50 MHz.
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Figure 25 — (a) Setup used in the electrical B2B frequency response measurement. (b) The
measured frequency response.

Before scanning, to avoid abnormal offsets or other effects, the oscilloscope was calibrated
by its internal routine and both AFG output and MDO input were paired at 50 €2
impedance. The peak amplitude in the frequency domain of each captured sine was stored
to generate the frequency response illustrated in Figure 25(b). An almost flat frequency

response can be verified in Figure 25(b).

4.3 Measurement of the Optical Frequency Response

Normally, the frequency response of a white LED is modeled as a low-pass filter with a

cutoff frequency limited to few MHz [100]. Because this limitation is perfectly perceived in
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a frequency response measurement, the apparatus depicted in Figure 26 was prepared. An
Anritsu’s MS2038C network analyzer was utilized to obtain the frequency response of the
VLC system, after a proper parameterization and calibration. It should be stressed that the
parameter Ss; was captured, which represents the profile of the amplitude characteristic

of the VLC transfer function, respecting the intensity that can saturate the photodiode.
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Figure 26 — (a) Experimental configuration used to characterize the VLC system. (b) A
photo of the setup emphasizing the miniaturization of the transceivers.

The above-mentioned low-pass characteristic is clearly shown in Figure 27, demonstrating
that, indeed, the LED represents the main limitation of the system in terms of bandwidth.
Nevertheless, it is important to notice that in the application addressed in this work, this

is not the major issue.
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Figure 27 — Measured frequency response of the evaluated VLC system.

It can be seen in Figure 27 that the 3 dB bandwidth of the VLC system is limited to 2.4
MHz. However, if pre-emphasis and/or pos-equalization techniques are implemented in
the systems, at a cost of system complexity increases, a bandwidth around 8 and even
10 MHz can be achieved.
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5 Experimental Results

To verify the performance of the VLC system arranged with the components discussed in
the previous Chapter, various impactful aspects were experimentally tested. This Chapter
initially shows the complete system configuration, as well as the form and distribution of the
signal eye levels used as reference in the measurements, followed by an impact evaluation
of the LED polarization current (Ipc) on signal nonlinearities and EOP. Furthermore,
the effect of distance and frequency on the system performance are exposed. Last, but
not least, the illuminance levels for human well-being and a full demonstration with a
multi-parametric monitor as healthcare equipment are carried out to examine the feasibility
of the evaluated VLC system.

5.1 System Configuration

Before the exhaustive experimental study, the equipment were calibrated, configured
and stabilized. To ensure stable readings, a delay was implemented due to oscilloscopes
settling time. It is worth noting that, due to impedance mismatch, distortion appeared
at certain frequencies of the B2B received signals. The VLC experiment incorporates
adjustment of the channel distance, the signal frequency and the LED polarization current.
To resemble diverse conditions, LOS channel lengths of 30 cm to 15 m were established
and data transmission rates of 250 kbps up to 10 Mbps were covered. Furthermore, the
LED drive current varied among 0 — 800 mA to complete a survey that displays the system
optimum performance areas. To establish an EOP value used as reference, a normalization
process was performed by capturing the peak-to-peak amplitude in a 20 % window in
the middle of the pulse. The received signal amplitude was determined and normalized
based on peak-to-peak measurement. Table 4 summarizes the main parameters used in

the experiments.

Table 4 — Main parameters of the system configuration.

Parameters Value
LOS channel length (m) 0.3 to 15
Data transmission rate (Mbps) 0.25 to 10
LED drive current Ipc (mA) 10 to 800
LED modulation current Isp (mA) 400

Superimposed Manchester symbols per eye diagram 9950
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Figure 28 shows examples of 1 MHz Manchester signals, upsampled at a rate equal to 8
samples per symbol using Matlab. It can be verified from Figure 28(a) that the symbol
duration of the signals employed in the experiments is 1 us, and long sequences of zeros
and ones are prevented by the half-bit transition, that facilitates data synchronization at
the receiver. Figure 28(b) shows slight overshoot and undershoot (ringing effect) in the
signals received in the B2B configuration. Higher frequencies encountered as well other

effects that were related to impedance impairment.

A received signal measured in the integral VLC setup is depicted in Figure 28(c). The
low-pass smoothing characteristic demonstrates that the LED is one of the main system
limitations in terms of bandwidth. The other main limitation is caused by the electronics
coupling capacitance in attempt to eliminate the DC component. Long sequences of ones
and zeros will increase the droop phenomenon and, in worse-case, zero-out the pulse.

However, in the application addressed in this work, this is not the primary concern.
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Figure 28 — Examples of 1 MHz Manchester signals. (a) Generated using Matlab. (b)
Received in B2B. (c) Measured after propagation over a VLC link of 1.5 m.

As described in section 3.5, the EOP is an appropriate metric to analyze a conditional
noiseless system performance, although affected by signal distortions. In this work, the
EOP metric is referenced on the B2B eye diagram shown in Figure 29. Every eye diagram
in this work consists of 9950 superimposed received symbols, divided into two symbol
periods and the Manchester symbol transition in the middle. It can be seen from Figure 29
that a minor ringing effect is present and the horizontal levels tend to rise. The B2B eye

diagram depicted in Figure 29 can, nevertheless, be used as a reference.
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Figure 29 — The 1 MHz Manchester eye-diagram measured in B2B.

5.2 An Eye Diagram Used as Reference in the Measurements

In addition, to corroborate the adoption of the eye opening penalty as a metric in the
performance evaluations, a VLC link length of 1.5 m and a signal fundamental frequency of
1 MHz were settled. Therefore, the eye diagram shown in Figure 30(a) can be understood
as a reference eye diagram for the rest of the measurements. The two main distortions
depicted in Figure 30(a) denote system capacitance effects. Firstly exposing the LEDs high
frequency limitation on the rising and falling edges, and secondly a droop phenomenon
limiting lower frequencies due to coupling capacitance. A deformation, that is caused by
saturation of the receiver, elevates the eye crossing amplitude due to unbalanced positive

and negative pulse duration.
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Figure 30 — (a) The eye-diagram of the 1 MHz Manchester signals received after propaga-
tion in a VLC link of 1.5 m. (b) Distribution of the signal levels.

On behalf of simplicity, the eye of the right symbol-half shown in Figure 30(a) was outlined
in this work, due to the largest signal eye opening. To verify initial EOP results, a sample
at 250 ps (the maximum FEO,.f) and a sample at 360 ps (the maximum EO,..) were
considered. As mentioned earlier, a Gaussian distribution of the signal levels is key in the

implementation of the EOP metric.

The histograms displayed in Figure 30(b1) and (b2) represent the positive and negative

level distributions at the sample intervals. Although the mean of the distribution is shifted
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due to nonlinearities, it is possible to conclude that both levels are conform this Gaussian
condition. With 1.92 and 1.52 (a.u.) for EO,.s and EO,.., respectively, the obtained EOP
is 1.02 dB. The signal-to-noise ratio, based on the standard-deviation and signal mean
levels, of the received VLC signal, showed 27.01 dB, whereas the BER calculated from
this SNR is 4.23 x 10711, Because of this so low BER, the EOP metric represents a good
choice, in detriment of BER, to exhibit the performance of such relative noiseless VLC

system.

5.3 Evaluating the Impact of the LED bias Current

It is straightforward thinking that, taking into account the aforementioned physical
limitations, the LED bias current (Ipc) plays an important role in the performance of
VLC systems. The importance of the Ipe parameter is also evident regarding dimming
and human health [101]. Nonetheless, performance degradation due to nonlinearities is
expected when the bias current boundaries are exploited. The EOP as function of bias
current, measured at 1.5 m with a frequency of 1 MHz, is shown in Figure 31. Taking
an EOP of 15 dB as a reference penalty, it is possible to observe from Figure 31 that an

error-free performance is reached in the wide range of currents between 10 and ~ 700 mA.
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Figure 31 - EOP as a function of the bias current Ipc at a distance of 1.5 m and a
frequency of 1 MHz. Eye diagrams are shown as inset to emphasize the impact
of clipping noise and nonlinearities.

As expected, three performance regions can be established in the measured curve depicted
in Figure 31 [90]. In the first, comprising the bias currents between 0 and 100 mA, the

system performance is limited by electronic and signal clipping noise [101]. In this case,
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the intensity of the signal is reduced, as well as the SNR, increasing thereafter the EOP.
This is substantiated by the left eye diagram depicted inset in Figure 31.

An optimum performance region is verified in Figure 31, with the currents adjusted
between 100 and 500 mA. The wide open eye-diagram shown in the middle of Figure 31
corroborates with such definition. EOP values of 1.4 dB up to 30.39 dB obtained at 500
and 800 mA, respectively, marks the area where the performance is affected by the system
nonlinearities. It should be stressed that these nonlinearities are raised mainly by the
transmitter and receiver saturation [102]. The astonishing eye-diagram reproduced in the
nonlinear region illustrates the impossibility of bits recovering. The bandwidth limitation
of the employed LED also suggests a limit in the fundamental frequency of the Manchester
pulses. Figure 32 shows results of a performance analysis that considers the three distinct
frequencies 0.5, 1 and 5 MHz. The effects of the system bandwidth and nonlinearities
are apparently displayed with the measurements of EOP. These measurements were also

executed considering a VLC link of 1.5 m.
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Figure 32 — (a) EOP versus Ipc measured with frequencies of 0.5, 1 and 5 MHz, in a link
of 1.5 m. (b) Corresponding eye diagrams captured with Ipc = 400 mA.

Figure 32(a) shows that the system performance degrades with the frequency of the
modulation format, especially at higher bias currents. With Ipc = 700 mA, the measured
values of EOP were 1.68, 12.37 and 18.47 dB for frequencies of 0.5, 1 and 5 MHz, respectively.
Moreover, a high performance correlation can be observed with the signals generated
with the frequencies of 500 kHz and 1 MHz signals, in the range between 0 and 500 mA.
Although lower frequencies achieve better EOP at higher bias currents, unsurprisingly, an
overall higher penalty appears due to the LED bandwidth limitation. Figure 32(a) presents
an EOP increase of 2.42 and 11.6 dB at 300 and 500 mA, respectively, for a 5 MHz signal
in comparison to 1 MHz. The limiting bandwidth distortions are also illustrated in the

corresponding eye diagrams shown in Figure 32(b), measured with Ipc = 400 mA.
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5.4 Performance Analysis at Different Link Lengths

Another important aspect is the performance of the VLC system over distinct distances.
Once adequately developed, this analysis allows a certain degree of freedom when a
smartphone and/or a tablet are utilized as opto-electric conversion devices. The impact
of link distance in the system performance can be analyzed in Figure 33, considering the
three frequencies 500 kHz, 1 MHz and 5 MHz. In this case, the EOP was measured after
propagation over link lengths that vary from 30 cm until 15 m, with Ipe fixed at 400 mA.
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Figure 33 — Measured EOP as a function of the transmission distance with three different
frequencies and an LED polarization current of 400 mA.

Figure 33 demonstrates that signals generated with the lower frequencies are less sensitive
to distance, as verified with the fact that the performance results of 500 kHz and 1 MHz are
nearly superimposed. The measured EOP values for 0.5 and 1 MHz were 1.03 and 0.85 dB
at 50 cm, 1.08 and 0.81 dB at 5 m, and 2.41 and 2.66 dB at 15 m, respectively. However,
when 5 MHz is the fundamental frequency used in the Manchester signals, performance
penalties around 3.14, 1.58 and 11.91 dB were registered at 0.5, 5 and 15 m, respectively,
compared to the curve obtained with 1 MHz. Figure 33 also shows that outliers occurred
at 1.5 m due to the photoreceiver saturation generated by means of optimum focal point.
The first column of Figure 34 confirms this nonlinearity phenomenon that was caused

because the system was aligned at this distance, before the followed measurements.

An eye diagram analysis was performed to validate the signal patterns and simultaneously
the exploitation of the EOP metric, at various link distances. An overview is shown in
Figure 34 with link lengths equal to 1.5, 5 and 15 m, and frequencies of 0.5, 1 and 5 MHz.
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As can be seen, shorter distances are impacted by nonlinearity in terms of signal level
imbalance caused by the elevated light intensity and, consequently, by receiver saturation.
A decrease in SNR is slightly noticeable at 5 m, unlike the significant decrease registered
at 15 m, that results in the EOP of 14.57 dB shown in Figure 33. Again, the SNR and the
BER metrics remain at 10.67 dB and 6.62 x 104, An interesting fact is that low frequencies
show better performance with the second eye, in contrast to the higher frequencies that
show better performance with the first, as can be seen in Appendix A. This claim supports

the previous decision related to the exploitation of the second eye in the signal detection.
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Figure 34 — Eye diagram overview with frequency as a function of the distance, obtained
at a bias current of 400 mA.

5.5 Exploring the Systems Optimum Performance

A fixed LED polarisation current was also investigated during the experiments. Although,
in practice, the system design for hospital applications is complex, where illuminance
and distance constantly differ, robustness is essential. To understand the flexibility of the
design, and to actuate in the optimum operating region, a detailed survey was executed. At
cach distance, the EOP was measured considering various bias currents and frequencies. It
should be noticed that, after the above analysis, this work focused on the lower frequencies,

due to the nature of the application.

It is clear from Figures 35(a) and 35(b) that, due to high illuminance intensity, all fre-
quencies at distances up to 1.5 m suffer saturation distortions with currents approximately
above 500 mA. However, error-free system behaviour is presented at further distances from
~ 10 up to 800 mA, with 0.5 to 3.5 MHz frequencies. As expected, the EOP increases
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Figure 35 — The EOP as function of both bias current and frequency. (a) At 0.5 m. (b) At
1.5 m. (c) At 3 m. (d) At 15 m.
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with frequencies above 3.5 MHz and distances beyond 7.5 m. Nevertheless, a short com-
munication link based on 10 MHz can be achieved with an EOP ranging from 6.27 to
10.69 dB, for VLC link lengths between 0.3 and 5 m.

Typical VLC channels in hospitals can be established directed downwards from the ceiling
and, in some cases, directed from walls, which leads to distances between 1 and 3 m.
Nevertheless, the results presented in Figure 35(c) and Figure 35(d) prove that the
evaluated VLC system can also be applied in relatively long range environments, with a

dimming range around 10 up to 700 mA and at a cost of signal frequency reductions.

5.6 llluminance Susceptibility Survey

Whilst the evaluated VLC system shows a high degree of flexibility, it must comply to
some standards, considering that it will be implemented in an intensive care or in a general
hospital environment [103]. It can be derived from the standard that the observation/night
light at IC and ward environments demand 20 and 5 lux, and general lighting of 200
till 1000 lux, respectively. From this perspective, a research was executed to validate
compliance of the complete system with collimators. Figure 36 illustrates an overview
of the illuminance measured at the VLC receiver side as function of LED bias current,

captured at varies distances through a portable luximeter (THDL- 400 model).
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Figure 36 — Illuminance as a function of the LED bias current, considering different
distances.

Figure 36 shows that illuminance values between 26.81 and 164.3 lux with 20 mA, and
between 1062 and 5730 lux with 800 mA were recorded at distances ranging from 1 to 3 m,

respectively. Diverse measurements with values below 20 lux (in particular between 0.69



48 Chapter 5. Experimental Results

and 5 lux) are clearly noticed, marking the recommended IC illuminance standard. This

also allows the conclusion that the receiver is adequate for such so sensitive environment.

Although the systems lux between 1 and 3 m is high compared to the standard, some minor
adjustments at the transmitter can reduce the illuminance. From Figure 23, where the
illuminance was measured without collimators, it can be concluded that a luminaire with
a more diffuse light addresses this concern. Another solution can be sought in applying an

Ipc below 10 mA, along with optical modulation index adjustments.

5.7 Experimental Results with the Multi-parameter Monitor

Finally, after all experimental results that proved the feasibility of the prepared VLC
system, the developed prototype was examined in a health-care setup. Accordingly, a
multi-parametric PRO12 monitor was used as displayed in Figure 37, to resemble a
health communication environment. This monitor captures vital parameters, such as
heart rate, oxygen saturation, pulse rate, respiration rate, temperature and non-intrusive
blood pressure, and utilizes the HL7 protocol for data communication [104]. It should
be stressed that HL7 is nowadays the recommend protocol for communication with this
kind of multi-parameter monitors. Since the HL.7 protocol is limited, the transmitted data
was used for trend analysis, like a central monitoring system applied in hospitals. The
data acquisition was executed every second over a LAN connection and sent to a local
HL7 server, and then prepared for VLC transmission through the evaluated setup. Due to
limitations on opening and closing the connection between TekVisa and the oscilloscope,
that takes up to 70% of the transmission total time, the VLC refresh-rate was between 1.5

and 2 s.

Figure 37 — A photo of the VLLC system in an health communication environment with a
multi-parametric monitor. EA: electrical amplifier, PD: photodiode.

It is worth noting that the setup depicted in Figure 37 is based on the diagram of Figure 17,
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with a multi-parametric meter as addition. In the reception, a simple form of checksum is
executed on the data that contains information related to heart rate and respiration rate
based on a ECG-measurement. Likewise, an oxygen saturation (SPOs), a pulse rate based
on SPO,, and a temperature measurement belong to the 1 Hz data string. A non-invasive

blood pressure measurement is sent solely, after the execution of a respecting measurement.

It is also important to notice that, despite its absence in Figure 37, the information
captured in Matlab was used to generate the OOK signals based on Manchester coding,
that served for modulating signals in the optical modulation process. This means that the
codified pulses were offline generated using a fundamental frequency of 1 MHz, and the
analog signals provided at the output of the AFG modulated the LED. Due to the provision
of 420 symbols up-sampled at 8 to 3360 samples in total, the oscilloscopes parameters and

settings with a resolution of 10 samples per symbol were achieved and shown in Figure 38.
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Figure 38 — Eye diagrams of received vital parameters at 1 MHz, 400 mA bias current and
link lengths of 1.5, 5 and 15 m.

The captured vital parameters were sent considering an LED polarization current of
400 mA, at VLC distances of 1.5, 5 and 15 m. Figure 38 shows eye diagrams of the
received signals with all evaluated distances. As can be observed in Figure 38, the already

down-sampled signals at the reception present a slight deviation in the final EOP, although
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the obtained results follow the line of earlier experimental results of Figure 33, where
1.02, 0.83 and 2.66 dB were achieved at 1.5, 5 and 15 m, respectively. Results with the
multi-parametric monitor provide EOP values equal to 0.89, 0.96 and 2.67 dB at the

equivalent distances.

In Figure 39(a), a snapshot of the real-time multi-parametric meter screen is shown. Besides
this, Figure 39(b) depicts a screenshot of the HL7 semi-real-time data, measured by the
sensors and captured with a graphical interface prepared in Matlab. It can be seen from
Figure 39(b) that the measured data was successfully recovered after propagation over a
VLC link of 1.5 m. Therefore, these results prove the feasibility of the VLC technology as

a robust alternative in intensive care medical environments.
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Figure 39 — Generated and received vital parameters. (a) Data generated in multi-
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6 Conclusion and Future Works

It is well known that the 5G and beyond of mobile communication networks are emerging
as revolutionary technologies supporting, among others, ultra-reliable wireless connectivity
for human-oriented and machine-type communications. In this context, optical wireless
communication reappeared as a promising technology that can easily, among others, block
locally confined interference by physical separators or beam adjustment, avoiding data
rate collapses and latency growth. As an OWC solution, visible light communication
has emerged as a promising and complementary technology to radio frequency, due to
advantages like green technology, unlicensed spectrum, low energy consumption and
absence of electromagnetic interference. Allied to this, as a technology that employs light
emitting diodes for data transmission, it also ensures the lighting functionality along with
the prevention of spreading emerging diseases, allowing its adoption in classified medical

environments.

Therefore, a VLC system for application in intensive care medical environments was
proposed, designed, characterized and experimentally evaluated in this work. Indeed,
numerical and experimental performance assessments show the feasibility of a stable
and reliable data connection at different VLC link lengths and light intensities, with a
straightforward and low-cost solution based on an on-off keying signal codification. The
OOK modulation format was appointed, after a preliminary study of flicker reduction on
OFDM-based VLC systems, to accomplish the simplicity requirement established in the
system design, as well as to explore light power maximization provided by constant envelope
signals. Performance comparisons between analytical and numerical simulation validated
the numerical model subsequently used in the offline proof-of-concept experiments. The
discerned communication scenario contemplated a line-of-sight propagation channel in a

single-input and single-output VLC system.

Two distinct prototypes were developed and merged into an experimental setup, success-
fully evaluating the proposed proof-of-concept. The former, equipped with specific and
costly components, performed well with the OFDM-based schemes, although with limited
applicability at lower frequency OOK signals. The latter addressed this limitation with
off-the-shelf electronics and a cost reduction from 124$ to 15$ respectively. Regarding an
analysis of the system electrical and optical limitations, the experimental results, based on
the eye opening penalty metric, show a comprehensive picture of the system performance.
The impact of parameters such as the LED bias current, the modulation frequency, the
LOS link distance, the signal pattern and the illuminance sensitivity were extensively

evaluated. The in-depth study provided a satisfactory understanding of system flexibility
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and optimum operating area. Currents above 500 mA at distances up to 1.5 m provoked
a degree of saturation nonlinearities. Despite these nonlinearities, extraordinary perfor-
mance was exhibited at distances beyond, with EOP values ranging from 0.41 to 4.48 dB,
frequencies extending from 0.5 to 3.5 MHz and currents between ~ 10 and 800 mA. The
increased values of EOP, registered at link lengths beyond 7.5 m and 3.5 MHz, did not

prevent the transmission over links of 5 m, considering a signal frequency of 10 MHz.

[Mlumination standards for general IC and ward environment lighting were satisfied, as
all distances have multiple measurements between 200 and 1000 lux respectively. The
satisfactory multiple results demonstrate the susceptibility of the system with correct signal
reception at dimmed illumination values below 20 and 5 lux, marking the observation /night
light standards in the respective environments. Therefore, it is possible to conclude that
the evaluated VLC system can perfectly be applied in such scenario, especially if an LED
bias current of 400 mA, an OOK signal frequency of 1 MHz and a link length of 2.5 m are

considered.

Moreover, the transmission of data generated by the sensors of the multi-parametric
monitor via the designed VLC system with Manchester line codification was successfully
demonstrated in this work. The stable and reliable experimental setup, intentionally
prepared, confirmed the ability of LEDs to also serve as information access points in areas
such as intensive care medical environments. Vital parameters such as heart-rate, oxygen
saturation, pulse rate, respiration rate, temperature and non-intrusive blood pressure
of a multi-parametric patient monitor were successfully transmitted and recovered with
the experimental setup. The captured vital parameters were sent considering an LED
polarization current of 400 mA, at VLC distances of 1.5, 5 and 15 m. The results obtained
with the multi-parametric monitor provide EOP values of 0.89, 0.96 and 2.67 dB at the
equivalent link distances. This final evaluation proved the feasibility of the proposed VLC
system as an interesting technology in classified intensive care medical environments,
preventing electromagnetic interference on vital equipment, with a low-cost and straight-
forward solution, respecting human well-being by a flicker-free and on demand illuminance
dimmable wireless data transmission over variable distances, along with additional support

of prevention spreading emerging diseases.

As future works, it is suggested to improve the detection and recovery of the Manchester
symbols to reduce harmonics with relative high amplitudes, as well as interference in-
troduced by different sources in the same frequency range. In terms of signal reception
with low light intensities, the adoption of a more diffuse luminaire and the impact of
the optical modulation index parameter can be investigated. To understand the limits
of the system, a maximum EOP level for signal detection should be defined, depending
on up-sampling factors, noise levels, among others. Stand-alone electronic improvement

should be considered in a real-time data treatment, utilizing for example, a high speed



microcontroller or an FPGA with transceiver integrated circuits for signal conditioning
and simplicity. Reception of patient’s vital parameters at a specialist owned smartphone
by its camera or sensors can now be exploited to show vital data along with alerts, that

can help to shorten the time between intervention in hospitals.
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APPENDIX A — Performance Comparison

among Manchester Eye Patterns

The obtained results exposed performance differences among both Manchester half symbol
periods (eyes). It was noticed that the first eye, compared to the second, exhibits a
reduced performance at lower frequencies. However, contrarily better performance at
higher frequencies occurred, as in [105] where is shown that Manchester symbol can be
sampled in the first or the second half. Figure 40 shows both eyes with the eye opening

penalty as function of the bias current and frequency.
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Figure 40 — Detail of the measured EOP of the first eye (a) and second (b) as function of
current at a distance of 3 m.

Some preliminary experiments demonstrated stable signal reception when recovery was
based on the second eye with frequencies from 250 kHz up to 10 MHz. The first one showed
a surprisingly better performance with frequencies of up to 30 MHz. It should be noted
that the experiments were executed without error handling and as well as the first eye
suffers a higher overall penalty at lower frequencies. The aforementioned results can be
explained by displaying Manchester’s signal patterns in an eye-diagram. The first eye tent

to constrict at lower frequencies as can be seen in Figure 34 at 500 kHz, while Figure 41
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shows an improved eye due to its nonlinearities at higher frequencies.
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Figure 41 — Eye-diagram at 10 MHz at 400 mA LED polarization current and 3 m trans-

mission link.

An algorithm could be used to select what eye pattern should be utilized for decoding. To
detect lower frequencies, frequencies below <100 kHz, impulse registration can be applied
like in [106]. On the other hand, simple and low cost pre-emphasis and/or pos-equalization

techniques, eliminating LEDs limitations, can be applied to increase the bandwidth as

demonstrated in [101, 67].



APPENDIX B - Receiver Prototype

Schematics

For this work, two distinct receivers were developed and employed in the experiments.
At first, a receiver was designed based on the works described in [67, 107]. This receiver
operated properly for sinusoidal signals, however an internal DC-cancellation in the
transimpedance amplifier MAX3665, blocked square-wave signals below 5 MHz. Due to the
nature of this research, the second prototype was based on [108] and designed to receive
signals of 25 kHz till 250 MHz.

A difference is that the former prototype is equipped with more advanced differential
components and filters while the latter consists of off-the-shelf components. Despite these
differences a performance comparison with a 5 MHz 16-QAM OFDM signal, similar results
were shown, while component costs dropped from 124 to 15 $, respectively. Both prototype

schematics are shown on the subsequent pages.
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