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0Abstract

Optical wireless communication (OWC) is progressively emerging as a

pivotal technology in upcoming communication networks and is believed

to be poised for a revolution within both industry and research sectors.

Its capacity to offer huge bandwidth, rapid deployment, and low power

consumption has attracted significant attention. Hence, these characteristics

position OWC as a compelling candidate to meet the requirements of future

communication systems.

Among the principal technologies encompassing OWC, optical camera

communication (OCC) has experienced a pronounced increase in recent

years owing to the proliferation of camera-equipped devices. Consequently,

the widespread adoption of these devices, along with the advances in image

sensors, has boosted the interest of OCC. This technology overcomes the

limitation of visible light communication (VLC) and light fidelity (LiFi)

against path loss and eases the complexity of the implementation with re-

spect to free-space optical (FSO) links. However, one of the major challenges

of OCC lies in increasing the data rate, which has led to the development

of new techniques and approaches to improve it. In this context, the use

of non-conventional cameras is leveraged in order to improve the OCC

system performance. Given that the data rate is partially defined by half

of the camera’s frame rate, high-speed cameras (more than 120 fps) are the

predominant choice for increasing the data rate.

Despite that constraint, certain applications prioritize factors other than

data rate, making them well-suited for the incorporation of different types of

camera to enhance overall system performance. To the best of the author’s

knowledge, the use of high-spectral-resolution cameras as receivers in OCC
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systems remains relatively unexplored. Multispectral (MS) and hyperspec-

tral (HS) cameras provide more bands than conventional red, green, and

blue (RGB) types by using narrow band-pass filters. The number of bands,

as well as their spectral width, determines the camera’s spectral resolution.

Those characteristics make these kinds of cameras a valuable tool in several

applications, such as remote sensing, agriculture, and medicine. Specifically,

MS and HS cameras are set to become a vital factor in precision farming

due to the increasing demands in food production, making it necessary to

optimize farming practices sustainably. This considerable interest and the

particular features of these devices open up a variety of opportunities for

communication. Notably, this operating principle of this type of cameras

permits capturing the spectral response curve, also known as spectral sig-

nature, of different elements of an image. Thus, using light-emitting diodes

(LEDs) with different peak wavelengths transmitting certain data, the MS

camera captures the signals and could separate them taking advantage of

their distinct spectral signature, to decode the information ultimately.

On the other hand, the employment of LEDs has considerably increased

in the last decade. Developments in this type of device have caused im-

provements in their efficiency, allowing high luminous intensity with low

power consumption. As a result, it has raised the LED demands in sev-

eral sectors, such as industrial, commercial, and residential. This increase

has also heightened the OWC attention because they are customarily used

as the transmitter light source. The key feature that makes these devices

helpful for communication is their rapid switching capability that allows

modulating light.

Moreover, LEDs are sensitive to temperature variations that affect their

performance and spectral features. In general, luminous efficiency de-

creases, and the peak wavelength increases as temperature grows. Even

though the temperature dependence of LEDs is well-known, few researchers

have addressed the impact of thermal effects in OWC. Nonetheless, this ef-
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fect is analyzed in this thesis. On the one hand, it was suggested to increase

the communication channels that can be attained using a single device by

taking advantage of the increase in the LED’s wavelength (red-shift) along

with using a multispectral camera to capture the spectral variations. Thus,

this reaction, typically considered harmful to the system performance, is

turned into a benefit. On the other hand, the consequences of not taking

LED spectral variations in approaches that require channel compensation

to diminish inter-channel interference (ICI) are examined.

In this thesis, a set of objectives has been formulated to study the use of

multispectral cameras and LED thermal effects in OCC. First, it is intended

to implement an OCC link based on the LED’s temperature effects and a

multispectral camera. Multispectral cameras possess a distinct advantage

in their high-spectral resolution, which makes them suitable candidates for

capturing and differentiating the spectral variations induced by thermal

changes in LEDs. By implementing an OCC link that capitalizes on LED

temperature effects and utilizes MS cameras, the objective is to demonstrate

the feasibility of establishing multiple communication channels from a

single light source.

Second, it is intended to implement nonlinear techniques for data de-

tection in multispectral camera communication (MCC) systems with the

purpose of enhancing the system performance. In this context, the primary

goal lies in a comparative analysis between the performance of the OCC

system employing these nonlinear methodologies and that of conventional

linear methods.

Finally, the objective is to analyze thermal effects on LEDs in OCC systems’

compensation stage. This objective centers on a comprehensive analysis

of the thermal effects on LEDs in OCC systems using conventional RGB

cameras. The goal is to quantify the impact of temperature-induced spectral

variations on system performance and establish the necessity of compensat-

ing for these effects.
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In order to achieve these objectives, the basic methodology followed

throughout this thesis involves three main steps. First, analyze the LED

behavior when its p-n junction temperature changes by developing a mech-

anism for controlling the temperature. Second, collect behavior character-

istics from the light sources using various instrumentation equipment to

characterize them and an MS camera to establish a communication link.

Lastly, process data by applying several techniques to analyze them.

In this thesis, both simulations and experimental studies have been con-

ducted. On the one hand, the thermal impact of LEDs on channel com-

pensation in the context of OCC has been addressed. Thus, an OCC link

employing an RGB LED was assessed when obsolete channel state infor-

mation (CSI) in terms of temperature is used for the channel compensation,

i.e., when the actual p-n junction temperature of the transmitter is different

from the LED temperature at optimal working conditions from which the

CSI was estimated. Therefore, several temperatures were induced to the

light source under test based on the Joule effect by increasing the driving

current of the device. Both temperature and LED emitted signals were

characterized using a thermal camera and an optical spectrometer, respec-

tively. Then, the responses of Bayer-based and Foveon image sensors were

simulated to obtain the associated CSI and perform the zero-forcing (ZF)

compensation of two channel matrices at different temperatures. Finally, the

system performance was evaluated, estimating signal-to-interference-plus-

noise ratio (SINR) and bit error rate (BER), and demonstrating performance

degradation due to LED spectral variations.

Moreover, an innovative configuration using an MS camera as a receiver

in an OCC system and the thermally induced spectral changes of LEDs

was carried out. The effects of temperature on LEDs, which are usually

considered a detrimental factor, were used in this study to increase the

number of communication channels using the same device. To achieve

this result, an on-off keying (OOK) transmission was simulated to analyze
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the system performance. It consisted of generating a transmitted signal

(a bit stream after being affected by the channel matrix) to which noise

was added. Then, a ZF equalizer was used to estimate the transmitted bit

stream, applying the Moore-Penrose pseudoinverse of the channel matrix.

Once the transmitted bit stream was estimated, it was compared to the sent

bit stream to calculate the BER.

Finally, considering the MS camera and the effect of temperature on LEDs,

a cluster-based data detection approach was performed for improving

the performance of an OCC system. The balanced iterative reducing and

clustering hierarchies (BIRCH) algorithm was used to generate a clustering

model with the purpose of recovering the LED’s signals.

This cluster analysis results in a BER enhancement with respect to linear

methods, namely, ZF and minimum mean square error (MMSE). In addition,

this experimental study proposed a novel approach exploring the possibility

of adopting a spectral signature multiplexing based on temperature.

The success of the approach that integrates high-spectral-resolution cam-

eras with the consideration of temperature effects on LEDs hinges on several

key factors. Primarily, the spectral variations that LEDs present due to tem-

perature fluctuations are contingent upon the materials composing the

LEDs and the characteristics of the LED substrate. Typically, as temperature

increases, the peak wavelength of LEDs tends to shift towards longer wave-

lengths, albeit at the cost of reduced efficiency. Striking a balance between

accommodating this red-shift and mitigating the accompanying reduction

in efficiency is of critical importance.

Concurrently, the effectiveness of this approach is intrinsically linked

to the spectral resolution of the camera employed. A camera’s spectral

resolution dictates its sensitivity to spectral variations, and as such, cameras

with a greater number of spectral bands and narrower bandpass widths are

better equipped to capture and discern such variability.

Nevertheless, the adoption of this technology may encounter certain
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limitations. Mainly, the high acquisition cost of high-spectral-resolution

cameras, making integration into commercial off-the-shelf (COTS) devices

impractical, and limited data rates due to low frame rates in most of these

cameras. Despite these challenges, some models offer rolling shutter (RS)

mode for increased data rates, but the non-communication-oriented design

of cameras may lead to issues such as data loss or data stream merging.

Additionally, addressing temperature-induced spectral changes in LEDs is

crucial for maintaining reliable signal demultiplexing.

Considering the constraints and potential attributes of high-spectral-

resolution cameras for communication purposes, several compelling appli-

cations can be envisioned. To mitigate the expense associated with acquiring

such cameras, their primary utility should focus on enhancing existing sys-

tems equipped with cameras for communication tasks. For example, in

industrial automation and quality control, these cameras can serve a dual

role by detecting contaminants in food processing lines and monitoring the

performance of conveyor systems, transmitting this information via OCC

links. This approach facilitates real-time monitoring and maintenance in

production facilities. Similarly, in precision agriculture, multispectral cam-

eras can provide early disease detection, parasite presence, and critical data

on soil nutrient levels and moisture content. Placing these cameras on �xed

stands within agricultural �elds offers dual bene�ts of crop health moni-

toring and data reception from �eld-installed sensors, facilitating informed

decision-making. These applications highlight the multifaceted utility of

high-spectral-resolution cameras, enhancing ef�ciency, monitoring, and

decision-making across various domains.
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0Resumen

La comunicación óptica inalámbrica (OWC) se per�la de manera progresiva

como una tecnología crucial en las futuras redes de comunicación y se cree

que está preparada para una revolución en la industria y el ámbito de la

investigación. Su capacidad para ofrecer un ancho de banda amplio, una

implementación rápida y un bajo consumo de energía ha atraído una aten-

ción signi�cativa. Por lo tanto, estas características sitúan a la OWC como

un candidato válido para satisfacer los requisitos de los futuros sistemas de

comunicación.

Dentro de las principales tecnologías que abarcan la OWC, la comuni-

cación óptica a través de cámaras (OCC) ha experimentado un notable

crecimiento en los últimos años debido a la proliferación de dispositivos

equipados con cámaras. Como resultado, la adopción generalizada de

estos dispositivos, junto con los avances en los sensores de imagen, ha

impulsado el interés de la OCC. Esta tecnología supera la limitación de la

comunicación por luz visible (VLC) y LiFi frente a la pérdida de señal y

simpli�ca la complejidad de la implementación en comparación con las

comunicaciones ópticas por el espacio libre (FSO). Sin embargo, uno de

los principales desafíos de la OCC radica en aumentar la velocidad de

transmisión de datos, lo que ha llevado al desarrollo de nuevas técnicas y

enfoques para mejorarla. En este contexto, se aprovecha el uso de cámaras

no convencionales para mejorar el rendimiento del sistema de OCC. Dado

que la velocidad de transmisión de datos está parcialmente de�nida por la

mitad de la tasa de fotogramas de la cámara, las cámaras de alta velocidad

(más de 120 fotogramas por segundo) son la elección predominante para

incrementar la tasa de datos.
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A pesar de esa limitación, ciertas aplicaciones priorizan factores diferen-

tes a la velocidad de transmisión de datos, lo que las hace adecuadas para

la incorporación de diferentes tipos de cámaras con el �n de mejorar el

rendimiento general del sistema. Dada la escasa literatura en este ámbito,

el uso de cámaras de alta resolución espectral como receptores en sistemas

de OCC aún se encuentra poco explorado. Las cámaras multiespectrales

(MS) e hiperespectrales (HS) proporcionan más bandas que las roja, verde

y azul (RGB) convencionales mediante el uso de �ltros de paso de banda

estrechos. El número de bandas, así como su anchura espectral, determina

la resolución espectral de la cámara. Estas características hacen que este

tipo de cámaras sea una herramienta valiosa en diversas aplicaciones, como

la teledetección, la agricultura y la medicina. Especí�camente, las cáma-

ras MS y HS se están convirtiendo en un factor vital en la agricultura de

precisión debido a las crecientes demandas en la producción de alimentos,

lo que hace necesario optimizar las prácticas agrícolas de manera soste-

nible. Este considerable interés y las características particulares de estos

dispositivos abren una variedad de oportunidades para la comunicación.

Es importante destacar que el principio de funcionamiento de este tipo de

cámaras permite capturar la curva de respuesta espectral, también conocida

como �rma espectral, de diferentes elementos de una imagen. De esta

manera, utilizando diodos emisores de luz (LEDs) con diferentes longitudes

de onda máximas para transmitir ciertos datos, la cámara MS captura las

señales y podría separarlas aprovechando su distintiva �rma espectral para

�nalmente decodi�car la información.

Por otro lado, el uso de LEDs ha aumentado considerablemente en la

última década. Los avances en este tipo de dispositivos han llevado a

mejoras en su e�ciencia, lo que permite una alta intensidad luminosa con

un bajo consumo de energía. Como resultado, ha aumentado la demanda

de LEDs en varios sectores, como el industrial, comercial y residencial. Este

aumento también ha incrementado la atención de la OWC, ya que estos
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se utilizan comúnmente como fuente de luz transmisora. La característica

clave que hace que estos dispositivos sean útiles para la comunicación es su

capacidad de conmutación rápida que permite modular la luz.

Además, los LEDs son sensibles a las variaciones de temperatura que

afectan su rendimiento y características espectrales. En general, la e�ciencia

luminosa disminuye y la longitud de onda máxima aumenta a medida que

aumenta la temperatura. A pesar de que la dependencia de la temperatu-

ra de los LEDs es un fenómeno bien conocido, pocos investigadores han

abordado el impacto de los efectos térmicos en OWC. Sin embargo, este

efecto se analiza en esta tesis. Por un lado, se sugirió aumentar los canales

de comunicación que se pueden obtener utilizando un solo dispositivo

aprovechando el incremento en la longitud de onda de los LEDs (despla-

zamiento hacia el rojo) junto con el uso de una cámara multiespectral para

capturar las variaciones espectrales. Así, esta reacción, que generalmente

se considera perjudicial para el rendimiento del sistema, se convierte en

un bene�cio. Por otro lado, se examinan las consecuencias de no tener en

cuenta las variaciones espectrales de los LEDs en enfoques que requieren

compensación de canal para reducir la interferencia entre canales (ICI).

Las cámaras multiespectrales presentan características únicas con respecto

a las cámaras convencionales. Así, se pretende explotar esas características

especí�cas para alcanzar resultados que otros tipos de cámaras no podrían.

Además, las variaciones espectrales en los LEDs debidas a cambios en la

temperatura de la unión p-n, que normalmente es un efecto perjudicial para

la comunicación, se considera una mejora para alcanzar nuevos canales de

comunicación. Considerando estos aspectos, las hipótesis de este trabajo se

enuncian a continuación.
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Hipótesis 1 (H1)

La utilización de cámaras multiespectrales en sistemas de OCC mejora las capa-

cidades de multiplexación al permitir una separación y detección e�caces de los

transmisores que operan en distintas longitudes de onda.

Las cámaras multiespectrales, que cuentan con múltiples bandas centra-

das en diferentes longitudes de onda, proporcionan una mayor precisión

espectral en comparación con las cámaras convencionales. Gracias a esta

característica, los sistemas OCC pueden lograr capacidades de multiplexa-

ción mejoradas. Las distintas bandas espectrales que ofrecen las cámaras

multiespectrales permiten separar los transmisores que operan a distintas

longitudes de onda. Esta hipótesis sugiere que el uso de cámaras multiespec-

trales puede reducir la complejidad de las técnicas de multiplexación, como

la multiplexación por división de longitud de onda (WDM), mejorando así

el rendimiento general de los sistemas OCC.

Hipótesis 2 (H2)

Las variaciones en la longitud de onda de emisión de los dispositivos LED causadas

por los efectos de la temperatura pueden detectarse y aprovecharse mediante cámaras

multiespectrales para establecer nuevos canales de comunicación en sistemas de

OCC.

Los LEDs presentan un desplazamiento en la longitud de onda de pi-

co como consecuencia de las variaciones de temperatura. Las cámaras

multiespectrales con alta resolución espectral pueden captar y detectar es-

tos cambios, creando así nuevos canales de comunicación a partir de la

misma fuente de luz. Esta hipótesis sugiere que, utilizando cámaras mul-

tiespectrales, los sistemas de OCC pueden bene�ciarse de la información

adicional que proporcionan las variaciones inducidas por la temperatura

en las emisiones de los LEDs.

Los efectos de la temperatura en los LEDs, que dan lugar a desplaza-
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mientos en la longitud de onda, han sido ampliamente estudiados en la

literatura. Las cámaras multiespectrales ofrecen la ventaja de una alta reso-

lución espectral, lo que les permite captar cambios sutiles en los espectros

de emisión de los LEDs. Al explotar estas variaciones inducidas por la

temperatura, los sistemas de OCC pueden aumentar potencialmente su

capacidad de transmisión de datos. La precisión espectral de las cámaras

multiespectrales facilita la separación de los transmisores que operan a

distintas longitudes de onda. En consecuencia, las técnicas de multiple-

xación convencionales, como WDM, pueden aplicarse con mayor e�cacia,

simpli�cando la complejidad asociada a la multiplexación en los sistemas

de OCC.

Los sistemas de OCC tradicionales a menudo enfrentan di�cultades para

separar y distinguir e�cazmente las señales procedentes de varios transmi-

sores. Las cámaras multiespectrales pueden superar esta limitación propor-

cionando información espectral en diferentes bandas. La mayor precisión y

resolución espectral de las cámaras multiespectrales permite una separación

más e�caz y precisa de los transmisores que operan a diferentes longitudes

de onda. Por consiguiente, las técnicas de multiplexación pueden aplicarse

con mayor facilidad y �abilidad, lo que se traduce en un mejor rendimiento

y un aumento en la capacidad de transmisión de datos en los sistemas de

OCC.

Hipótesis 3 (H3)

Ignorar los efectos de la temperatura de los LEDs en la etapa de compensación de

los sistemas de OCC reduce el rendimiento del sistema, afectando a la precisión y

�abilidad de la transmisión de datos.

Aunque los efectos de la temperatura en los LEDs han sido ampliamente

estudiados, sus repercusiones especí�cas en los sistemas de OCC no se han

analizado en profundidad. Esta hipótesis aborda el posible impacto de los

efectos de la temperatura de los LEDs en el rendimiento de los sistemas
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OCC. Si las variaciones inducidas por la temperatura en las longitudes

de onda de emisión de los LEDs no se tienen en cuenta adecuadamente

durante la compensación de canal, podría producirse una degradación del

rendimiento del sistema. Por lo tanto, esta hipótesis enfatiza la importancia

de considerar los efectos de la temperatura para garantizar una transmisión

de datos precisa y �able en los sistemas de OCC.

Las variaciones de temperatura pueden afectar signi�cativamente al ren-

dimiento de los LEDs, incluyendo los cambios en las longitudes de onda de

emisión. La falta de consideración de estos efectos de temperatura durante

la compensación del canal, puede producir imprecisiones en la detección y

decodi�cación de señales. Las variaciones inducidas por la temperatura no

compensadas pueden introducir errores y reducir el rendimiento global de

los sistemas de OCC, principalmente debido a la interferencia entre canales.

Por lo tanto, esta hipótesis pone de mani�esto la necesidad de técnicas

adecuadas de compensación de canal que tengan en cuenta los efectos de la

temperatura en los LEDs para mantener un rendimiento óptimo del sistema.

Hipótesis 4 (H4)

El uso de métodos no lineales para la detección de datos mejora el rendimiento de

los sistemas de OCC, lo que resulta en tasas de error más bajas.

Para mejorar el rendimiento de los sistemas de OCC, se sugiere la apli-

cación de métodos no lineales para la detección de datos. Las técnicas de

detección no lineales han demostrado ser prometedoras en sistemas de co-

municación para mitigar de�ciencias y mejorar la calidad de la señal. Esta

hipótesis pretende explorar el potencial del empleo de métodos no lineales

para la detección de datos en sistemas de OCC, con el objetivo de mejorar el

rendimiento general del sistema en términos de capacidad de transmisión

de datos, tasas de error y robustez frente al ruido y las interferencias.

Las técnicas de detección no lineales tienen la capacidad de captar rela-

ciones complejas entre las señales transmitidas y los datos recibidos. Ex-
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plorando la aplicación de estos métodos en sistemas de OCC, podemos

lograr potencialmente un rendimiento de detección mejorado, especialmen-

te en escenarios con condiciones de canal desa�antes. La investigación

se centrará en adaptar y optimizar los algoritmos de detección no lineal

a las características y retos únicos de los sistemas de OCC con cámaras

multiespectrales. Los resultados de esta investigación pueden conducir a

avances signi�cativos en la tecnología de OCC, permitiendo menores tasas

de error y una mayor �abilidad.

Con el �n de validar las hipótesis presentadas anteriormente, se ha formu-

lado una serie de objetivos para estudiar el uso de cámaras multiespectrales

y los efectos térmicos de los LEDs en OCC. Estos objetivos se han elaborado

para desarrollar el potencial de estas tecnologías y sus implicaciones para

el avance de los sistemas de OCC. La consecución de estos objetivos no sólo

refuerza los fundamentos teóricos de nuestras hipótesis, sino que también

proporciona una comprensión global de las implicaciones prácticas y la

viabilidad de aprovechar las cámaras multiespectrales, los efectos térmicos

de los LEDs, las técnicas no lineales y las estrategias de compensación de

temperatura en el marco de la OCC.

Objetivo 1 - (O1)

Implementar un enlace de OCC basado en los efectos de temperatura del LED y

una cámara multiespectral.

Las cámaras multiespectrales poseen una clara ventaja en su alta reso-

lución espectral, lo que las convierte en candidatas idóneas para captar y

diferenciar las variaciones espectrales inducidas por los cambios térmicos en

los LEDs. Mediante la implementación de un enlace de OCC que aprovecha

los efectos de la temperatura de los LEDs y utiliza cámaras multiespectrales,

el objetivo es demostrar la viabilidad de establecer múltiples canales de

comunicación a partir de una única fuente de luz. Este objetivo engloba los

siguientes subobjetivos:
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1. Diseñar y construir un montaje experimental que integre cámaras

multiespectrales como receptores y fuentes LED como transmisores,

permitiendo variaciones controladas de temperatura.

2. Caracterizar la respuesta espectral de los LEDs a distintas temperatu-

ras. Realizar mediciones exhaustivas de los espectros de emisión de los

LEDs a diferentes temperaturas para establecer un marco de referen-

cia de los desplazamientos de longitud de onda y el ensanchamiento

espectral causados por los efectos de la temperatura.

3. Diseñar esquemas de modulación de temperatura para la codi�cación

de datos teniendo en cuenta las características de la cámara MS.

4. Desarrollar algoritmos de decodi�cación de datos para la cámara

multiespectral con el �n de decodi�car los datos de manera precisa.

5. Evaluar el rendimiento del sistema utilizando métricas para validar

los resultados.

Objetivo 2 - (O2)

Aplicación de técnicas no lineales para la detección de datos en sistemas de comuni-

cación de cámaras multiespectrales.

Este objetivo pretende mejorar las prestaciones de los sistemas de OCC

mediante la incorporación de técnicas no lineales para la detección de datos

en el marco de las cámaras multiespectrales. En este contexto, el objetivo

principal radica en un análisis comparativo entre el rendimiento del sistema

de OCC que emplea estas metodologías no lineales y el de los métodos

lineales convencionales. Los subobjetivos incluyen:

1. Evaluar y seleccionar técnicas no lineales adecuadas. Revisar técnicas

de detección no lineales analizando su e�cacia en el marco de OCC y

elegir las técnicas más prometedoras que se ajusten a las características

espectrales y operativas de las cámaras multiespectrales.
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2. Integrar algoritmos de detección no lineal en sistemas de OCC con

cámaras MS. Adaptar e implementar los algoritmos de detección no

lineal elegidos al sistema MCC, garantizando la integración para opti-

mizar el rendimiento.

3. Establecer un enlace de comunicación utilizando cámaras multies-

pectrales para evaluar el rendimiento. Implementar un enlace de

comunicación funcional, aprovechando las capacidades de las cáma-

ras multiespectrales para facilitar una evaluación en profundidad del

rendimiento exhibido por las técnicas no lineales integradas.

4. Realizar un análisis comparativo del rendimiento entre el sistema de

OCC utilizando técnicas no lineales y métodos lineales tradicionales.

Objetivo 3 - (O3)

Analizar los efectos térmicos en los LEDs en la etapa de compensación de sistemas

de OCC.

Este objetivo se centra en un análisis exhaustivo de los efectos térmicos

en los LEDs en sistemas de OCC que utilizan cámaras RGB convencionales.

El objetivo es cuanti�car el impacto de las variaciones espectrales inducidas

por la temperatura en el rendimiento del sistema y determinar la necesidad

de compensar estos efectos. Los subobjetivos incluyen:

1. Establecer un entorno de temperatura controlada. Con�gurar un

entorno experimental controlado que permita ajustar la temperatura

de los LEDs manteniendo unas condiciones de ensayo constantes.

2. Medir las variaciones espectrales inducidas por la temperatura de los

LEDs. Llevar a cabo una serie de experimentos para medir la respuesta

espectral de los LEDs a diferentes temperaturas. Caracterizar los

desplazamientos de longitud de onda y el ensanchamiento espectral

causados por los cambios de temperatura.
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3. Aplicar técnicas de compensación de temperatura que mitiguen los

efectos negativos de las variaciones espectrales inducidas por la tem-

peratura de los LEDs utilizando varias matrices de canal a diferentes

temperaturas.

4. Evaluar el rendimiento del sistema de OCC a distintas temperaturas

cuando la temperatura del LED di�ere de la considerada en la etapa

de compensación. Medir y analizar las métricas de rendimiento del

sistema mientras se someten los LEDs a diferentes temperaturas.

Para lograr estos objetivos, la metodología básica seguida en toda esta

tesis implica tres pasos principales. En primer lugar, analizar el comporta-

miento de los LEDs cuando cambia la temperatura de su unión p-n mediante

el desarrollo de un mecanismo para controlar la temperatura. En segundo

lugar, recopilar las características del comportamiento de las fuentes de

luz utilizando diversos equipos de instrumentación para caracterizarlas y

una cámara multiespectral para establecer un enlace de comunicación. Por

último, procesar los datos aplicando diferentes técnicas para su análisis.

En esta tesis, se han llevado a cabo tanto simulaciones como estudios

experimentales. Por un lado, se abordó el impacto térmico de los LEDs

en la compensación de canal en el contexto de OCC. Así, se evaluó un

enlace de OCC que utiliza un LED RGB cuando se emplea información

del estado del canal (CSI) obsoleta en términos de temperatura para la

compensación de efectos del canal, es decir, cuando la temperatura real

de la unión p-n del transmisor es diferente de la temperatura del LED en

condiciones óptimas de funcionamiento, a partir de la cual se estimó la CSI.

Por lo tanto, se indujeron varias temperaturas en la fuente de luz sometida

a prueba mediante el efecto Joule al aumentar la corriente de conducción

del dispositivo. Tanto la temperatura como las señales emitidas por el

LED se caracterizaron utilizando una cámara térmica y un espectrómetro

óptico, respectivamente. A continuación, se simularon las respuestas de los
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sensores de imagen Bayer y Foveon para obtener la CSI asociada y realizar

la compensación de forzamiento a cero (ZF) de dos matrices de canal a

diferentes temperaturas. Finalmente, se evaluó el rendimiento del sistema,

estimando la relación señal-interferencia más ruido (SINR) y la tasa de error

de bits (BER), y se demostró la degradación del rendimiento debido a las

variaciones espectrales del LED.

Además, se llevó a cabo una con�guración innovadora utilizando una

cámara multiespectral como receptor en un sistema de OCC y se estudiaron

los cambios espectrales inducidos por la temperatura en los LEDs. Los

efectos de la temperatura en los LEDs, que generalmente se consideran un

factor perjudicial, se utilizaron en este estudio para aumentar el número de

canales de comunicación utilizando el mismo dispositivo. Para lograr este

resultado, se simuló una transmisión on-off keying(OOK) para analizar el

rendimiento del sistema. Esta consistió en generar una señal transmitida

(una secuencia de bits después de ser afectada por la matriz de canal) a la

cual se le agregó ruido. Luego, se utilizó un ecualizador ZF para estimar

la secuencia de bits transmitida, aplicando la pseudoinversa de Moore-

Penrose de la matriz de canal. Una vez estimado el �ujo de bits transmitido,

se comparó con la secuencia enviada para calcular la BER.

Por último, considerando la cámara MS y el efecto de la temperatura en

los LEDs, se llevó a cabo un procedimiento de detección de datos basado en

clústeres para mejorar el rendimiento de un sistema de OCC. Se utilizó el

algoritmo de reducción iterativa equilibrada y agrupación utilizando jerar-

quías (BIRCH) para generar un modelo de agrupamiento con el propósito

de recuperar las señales de los LEDs. Este análisis de agrupamiento da

como resultado una mejora de la BER con respecto a los métodos lineales

(ZF y MMSE). Además, este estudio experimental propone un enfoque

novedoso que explora la posibilidad de adoptar una multiplexación de

�rmas espectrales basada en la temperatura.

Retomando las hipótesis planteadas, un análisis exhaustivo de las pruebas
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respalda su validez. Las hipótesis H1 y H2 se demostraron en las publica-

ciones 2 (P2) y 3 (P3) del compendio. Para ello, se propuso una solución

innovadora basada en las �rmas espectrales de los LEDs y sus cambios

espectrales causados por la temperatura. Gracias a la resolución espectral

de las cámaras MS, se pudo obtener más de un canal por fuente de luz con

una BER satisfactoria. En particular, en la P2, se realizó un primer estudio

utilizando una cámara MS y explotando los efectos de la temperatura del

LED. Tras caracterizar los LEDs sometidos a ensayo, se simuló un sistema

de OCC asumiendo una transmisión OOK y aplicando un ecualizador ZF

para obtener la señal recibida. Como resultado, se obtuvieron métricas

de rendimiento como el número de condición de las matrices de canal,

compuestas por las �rmas espectrales de los LEDs, y la BER.

Por otro lado, en la P3 se realizó un estudio experimental aprovechando la

cámara MS y las variaciones espectrales en los transmisores. Adicionalmen-

te, este trabajo respalda la H4 ya que comparó el rendimiento del sistema

utilizando métodos lineales tradicionales y clusteringpara la detección de

datos, demostrando que este último obtuvo mejores resultados. Asimismo,

los hallazgos de las P2 y P3 permiten alcanzar los objetivos O1 y O2 de

esta tesis, esto es, la implementación de un enlace de OCC utilizando una

cámara multiespectral y el efecto de la temperatura sobre los LEDs, y el

uso de técnicas no lineales para la detección de datos en sistemas de OCC,

respectivamente. Así, se demostró que una cámara MS podía detectar los

cambios espectrales inducidos por las variaciones térmicas en los LEDs y,

por tanto, explotar esta característica para conseguir más de un canal de

comunicación desde el mismo dispositivo con un rendimiento satisfactorio.

Además, en la P1 se realizaron experimentos para medir el efecto de los

cambios de temperatura en el proceso de compensación de canales y evaluar

el rendimiento del sistema de OCC en distintas condiciones de temperatura.

Se demostró que la SINR y la BER disminuían cuando había diferencias

de temperatura en las matrices de canal utilizadas para la compensación.
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Estas cuestiones que di�cultan la consecución de una comunicación �able

validan la H3. Por lo tanto, el tercer objetivo de esta tesis (O3), consistente

en examinar los efectos térmicos del LED en sistemas de OCC, se consigue

también en esta publicación.

Partiendo de la base de que el uso de cámaras multiespectrales para

comunicación apenas se encuentra en la literatura, este trabajo ha ampliado

el conocimiento actual sobre las ventajas y limitaciones de esta tecnología en

OCC. Además, se ha analizado el efecto térmico del LED considerando que,

aunque ha sido ampliamente investigado, sus repercusiones en OWC no

han sido examinadas en profundidad. Además, este efecto, habitualmente

considerado perjudicial para los sistemas, se ha aprovechado gracias a

las cámaras MS para obtener más de un canal de comunicación desde un

mismo dispositivo.

La mayoría de las cámaras utilizadas en OCC como receptores son cá-

maras convencionales debido a su omnipresencia en la mayoría de los

aparatos electrónicos de consumo, por lo tanto, los resultados de esta tesis

constituyen un paso inicial hacia el uso de cámaras con una alta resolución

espectral para �nes de comunicación. Básicamente, los dispositivos multi-

espectrales e hiperespectrales serían bene�ciosos para aquellas situaciones

que hacen uso de las características espectrales de los transmisores, por

ejemplo, WDM, donde se utilizan varios canales más que el RGB proporcio-

nado por las cámaras convencionales. Así, aunque la matriz de �ltros de

color (CFA) presentes en el sensor de imagen de la cámara permite separar

los canales RGB de un LED, el amplio ancho de banda óptico de los �ltros

de color provoca solapamientos entre los canales. Además, la gran anchura

espectral del LED provoca interferencia entre canal (ICI). Por lo tanto, estos

factores complican la obtención de canales de comunicación independientes

utilizando únicamente una cámara convencional. En cambio, la riqueza

espectral de las cámaras MS facilita este proceso. Asimismo, abren nuevos
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enfoques, como el incremento de canales de comunicación mediante la

variación espectral del LED mencionada anteriormente.

Los principales aspectos que afectan al éxito de este planteamiento que

combina cámaras de alta resolución espectral y los efectos de la temperatura

en los LEDs son las variaciones espectrales de los LEDs causadas por la

temperatura, que, a su vez, dependen de los materiales de los LEDs, y la

resolución espectral de la cámara. Por un lado, dependiendo del sustrato

del LED, el comportamiento espectral del dispositivo puede variar con la

temperatura, de modo que mientras que la longitud de onda pico suele

aumentar al incrementarse la temperatura, la e�ciencia disminuye. En este

sentido, también es crucial el compromiso entre el desplazamiento al rojo

y la disminución de la e�ciencia. Por otro lado, la resolución de la cámara

determina su sensibilidad a las variaciones. Por tanto, cuanto mayor sea el

número de bandas y menor su anchura, mayor será la variabilidad captada.

No obstante, la adopción de esta tecnología puede encontrar ciertas limi-

taciones. Principalmente, el elevado coste de adquisición de las cámaras de

alta resolución espectral, que hace inviable su integración en dispositivos

comerciales salidos del estante (COTS), y la limitada velocidad de transmi-

sión de datos debida a las bajas tasas de fotogramas de muchas de estas

cámaras. A pesar de estas di�cultades, algunos modelos ofrecen el modo

rolling shutter (RS) que permitiría incrementar la velocidad de transmisión

de datos, aunque el diseño de las cámaras, no orientado a la comunicación,

puede provocar problemas como la pérdida de datos o la confusión de �ujos

de datos. Además, para mantener una demultiplexación �able de la señal,

es crucial abordar los cambios espectrales inducidos por la temperatura en

los LEDs.

Teniendo en cuenta las limitaciones anteriores y los potenciales atributos

de las cámaras de alta resolución espectral para �nes de comunicación,

pueden concebirse varias aplicaciones atractivas. Para mitigar el gasto

asociado a la adquisición de estas cámaras, su utilidad principal debería
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centrarse en mejorar los sistemas existentes que ya están equipados con estas

cámaras para tareas de comunicación. Por ejemplo, en la automatización

industrial y el control de calidad, estas cámaras pueden desempeñar una

doble función detectando contaminantes en las líneas de procesado de

alimentos y supervisando el rendimiento de los sistemas transportadores,

transmitiendo esta información a través de enlaces de OCC. Este enfoque

facilita la supervisión y el mantenimiento en tiempo real de las instalaciones

de producción. Del mismo modo, en la agricultura de precisión, las cámaras

multiespectrales pueden proporcionar detección precoz de enfermedades,

presencia de parásitos y datos críticos sobre los niveles de nutrientes y

el contenido de humedad del suelo. La colocación de estas cámaras en

soportes �jos dentro de los campos agrícolas ofrece la doble ventaja de

vigilar la salud de los cultivos y recibir datos de los sensores instalados en

el campo, lo que facilita la toma de decisiones. Estas aplicaciones ponen de

mani�esto la utilidad polifacética de las cámaras de alta resolución espectral

en la mejora la e�ciencia, la supervisión y la toma de decisiones en diversos

ámbitos.
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1 Introduction

In the Information Age, the current 5G (and upcoming 6G) systems and internet of
things (IoT) applications have caused the number of users that require access to
information via the internet, and the number of wireless communication devices
have grown steadily. As a consequence, it is well-known that coordinating the radio
frequency (RF) spectrum has become a complex task. Hence, RF and microwave
communications need complementary technologies to alleviate the shortage of their
spectra due to the limited electromagnetic (EM) spectrum. Thus, it is necessary
to use different ranges of the spectrum in order to bene�t from higher-speed
transmissions and network capacities, or enhanced spectral ef�ciency, among
others.

In regard to this quest, optical wireless communication (OWC) is a candidate to
complement RF communications. In addition to the complementarity of frequency
bands, OWC is useful in situations where it is crucial to avoid interference between
RF devices, such as in hospitals or airports. It includes the infrared (IR), the
visible light (VL), and the ultraviolet (UV) parts of the EM spectrum, providing
more frequencies for communication. Thus, OWC is increasingly becoming an
essential technology in future communication networks and is foreseen to undergo
a revolution in terms of industry and research. Regarding industry, it is expected
that the growth in internet users and cloud computing will lead to an increase in the
OWC market size from USD 18.9 billion in 2020 to USD 35.49 billion by 2028 [1]. As
for research, OWC is attracting considerable interest due to its characteristics, such
as huge bandwidth, rapid deployment, and low power consumption, which makes
this technology a candidate to ful�ll the demands of the upcoming communication
systems [2].

OWC includes the following principal technologies: visible light communication
(VLC), light �delity (LiFi), free-space optical (FSO) communication, and optical
camera communication (OCC) (Table 1.1) [3]. In the �rst place, VLC is based on
using the VL spectrum to achieve communication applications with a high data
rate. The main transmitters employed in VLC are light-emitting diodes (LEDs),
which are usually detected by a photodiode (PD). The use of commercial off-the-
shelf (COTS) LEDs permits complementing illumination with communication since
light can be modulated so that the human eye would not be affected. With the
purpose of providing bidirectional communication links in a high-speed wireless
networking system, LiFi emerged as a high-speed light-based technology, relying
mostly on orthogonal frequency division modulation (OFDM) and IR. Unlike VLC,
LiFi can utilize either IR, VL, or UV [4]. However, these two technologies have
the limitation of path loss that constrains long-distance links. Therefore, FSO
communications can support long-range transmissions adopting a laser diode (LD)
instead of an LED to overcome this constraint. Nevertheless, the drawback of this
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type of technology is the sensitivity to the link conditions, for example, weather
circumstances or physical obstacles.

Table 1.1: Comparison of OWC technologies. Source: [3], [5]

Technologies VLC LiFi FSO OCC
Standard IEEE 802.15.7 IEEE 802.15.11bb, ITU G.9991 Well developed IEEE 802.15.7a
Transmitter LED/LD LED/LD LD LED/screen
Receiver PD PD PD camera
Spectrum VL IR/VL/UV IR/VL/UV IR/VL/UV
Modulation OOK, IM, PM, OFDM, CSK, etc OOK, IM, OFDM, CSK, etc OOK, IM, PM, OFDM, OAM, etc OOK, IM, PM, OFDM, CSK, etc
Data rate Mbps - Gbps kbps - Gbps Gbps bps - Mbps
Distance <100 m <10 m >1 km up to km
Implementation complexity moderate moderate high low
Computation complexity low low moderate high
Path loss moderate moderate high low
Robustness to interference moderate moderate - high
Additional function illumination, localization illumination - imaging, localization

Limitation
illumination constraints, limited use in outdoor, sensitive to weather, low data rate
limited range, limited range turbulence,
vulnerable to mobility and physical obstructions

On the other hand, the use of cameras in a myriad of devices has intensively
grown in recent years. Besides, due to the COVID pandemic, their use for surveil-
lance and temperature control has been fostered. Therefore, the ubiquity of these
devices, as well as the advances in image sensors, has boosted the interest of OCC.
This technology overcomes the limitation of VLC and LiFi against path loss and
eases the complexity of the implementation with respect to FSO links. However,
one of the major challenges of OCC lies in increasing the data rate, which has led
to the development of new techniques and approaches to improve it. For instance,
some research has focused on using machine learning strategies to overcome this
problem [6], [7]. Likewise, the use of non-conventional cameras is leveraged in
order to improve the OCC system performance. As the data rate is partially de�ned
by half of the camera's frame rate, high-speed cameras (more than 120 fps) are the
most common types of cameras employed to increase the data rate [8], [9].

Despite that constraint, there are applications where other factors play a more
signi�cant role than the data rate. For those cases, different types of cameras
could be used to enhance the system performance. For example, Guerraet al.
proposed employing a thermographic camera and Peltier cells as receiver and
transmitters, respectively, in a system similar to OCC [10]. On the other hand, up
to the author's knowledge, the use of high-spectral-resolution cameras as receivers
in OCC systems has not yet been suf�ciently exploited. Multispectral (MS) and
hyperspectral (HS) cameras provide more bands than conventional red, green, and
blue (RGB) types. In Fig. 1.1, the operating principle of this type of device is shown.
It can be seen that by using LEDs with different peak wavelengths transmitting
certain data, the MS camera captures the signals and could separate them taking
advantage of their distinct spectral response curves, to decode the information
ultimately.

Moreover, each camera band is centered at a speci�c wavelength and presents
a width. The number of bands, as well as their spectral width, determines the
camera's spectral resolution. Those characteristics make these kinds of cameras
a valuable tool in several applications, such as remote sensing, agriculture, and
medicine [11]–[13]. Speci�cally, MS and HS cameras are set to become a vital factor
in precision farming due to the increasing demands in food production, making it
necessary to optimize farming practices sustainably [14]. This considerable interest
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and the particular features of these devices open up a variety of opportunities for
communication.

Figure 1.1: Operating principle of an MS camera in an OCC system.

Furthermore, the employment of LEDs has considerably increased in the last
decade. Developments in this type of device have caused improvements in their
ef�ciency, allowing high luminous intensity with low power consumption [15].
As a result, it has raised the LED demands in several sectors, such as industrial,
commercial, and residential. This increase has also heightened the OWC attention
because they are customarily used as the transmitter light source. The key fea-
ture that makes these devices helpful for communication is their rapid switching
capability that allows modulating light [16].

Moreover, LEDs are sensitive to temperature variations that affect their perfor-
mance and spectral features. In general, luminous ef�ciency decreases, and the
peak wavelength increases as temperature grows [17], [18]. Even though the tem-
perature dependence of LEDs is well-known, few researchers have addressed the
impact of thermal effects in OWC [19]. Nonetheless, this effect is analyzed in this
thesis. On the one hand, it was suggested to increase the communication channels
that can be attained using a single device by taking advantage of the increase in the
LED wavelength (red-shift) along with using a multispectral camera to capture the
spectral variations. Thus, this reaction, typically considered harmful to the system
performance, is turned into a bene�t. On the other hand, the consequences of not
taking LED spectral variations in approaches that require channel compensation to
diminish inter-channel interference (ICI) are examined.
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1.1 Motivation

This thesis was originated based on three principal aspects: the group's line of
research and its expertise, my previous works with MS cameras, and the gap in
OCC using this type of camera.

First, the foundational framework of this thesis is signi�cantly reinforced by the
presence of the University Institute for Technological Development and Innovation
in Communications (IDeTIC) of the Universidad de Las Palmas de Gran Canaria
(ULPGC). Notably, the Division of Photonics Technology and Communications
boasts extensive experience working on VLC. In this sense, the division's active
participation in numerous national and international research projects, alongside
its productive collaborations with industry and academic players, such as Lightbee
and the Universidad de La Laguna, exempli�es its deep-rooted engagement in the
�eld.

Furthermore, my end-of-degree and master's thesis were founded on processing
images from MS and HS cameras for remote sensing [20], [21]. They basically
involved using imagery from an MS satellite sensor and an HS airborne imager,
and applying computing techniques to generate land cover maps. Therefore,
my prior experience with high-spectral-resolution imagery provided me with
fundamental insights into the principles of this technology.

Finally, the potential characteristics provided by high-spectral-resolution cam-
eras and their absent use in OWC inspired the emergence of this thesis. Simultane-
ously, the employment of LED's thermal effects collaterally arose with the purpose
of exploiting the camera features. Therefore, considering those three pillars men-
tioned above, the aim was to broaden current knowledge of this type of camera in
optical communication, as well as to �nd doable applications to be performed in
the near future.

1.2 Hypotheses

MS cameras present unique characteristics with respect to conventional cameras.
Thus, it is intended to exploit those speci�c features in order to reach outcomes that
other types of cameras could not. Furthermore, the spectral variations on LEDs due
to changes in the p-n junction temperature, which is normally a detrimental effect
for communication, is considered as an improvement to reach new communication
channels. Considering these aspects, the hypotheses of this work are stated as
follows.

Hypothesis 1 (H1)

The utilization of multispectral cameras in OCC systems enhances the multiplexing capa-
bilities by enabling ef�cient separation and detection of transmitters operating at distinct
wavelengths.

Multispectral cameras, which feature multiple spectral bands centered at differ-
ent wavelengths, provide enhanced spectral accuracy compared to conventional
cameras. Based on this characteristic, OCC systems can achieve improved mul-
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tiplexing capabilities. The distinct wavelength bands offered by multispectral
cameras enable the separation of transmitters operating at different wavelengths.
This hypothesis suggests that utilizing multispectral cameras can alleviate the
complexity of multiplexing techniques, such as wavelength division multiplexing
(WDM), thereby enhancing the overall performance of OCC systems.

Traditional OCC systems often face challenges in effectively separating and
distinguishing signals from multiple transmitters. Multispectral cameras can
overcome this limitation by providing spectral information across different bands.
The increased spectral accuracy and resolution of multispectral cameras allow
for more ef�cient and accurate separation of transmitters operating at different
wavelengths. Consequently, multiplexing techniques can be implemented with
greater ease and reliability, leading to improved performance and increased data
throughput in OCC systems.

Hypothesis 2 (H2)

Wavelength emission variations on LED devices caused by temperature effects can be de-
tected and exploited using multispectral cameras to establish new communication channels
in OCC systems.

LEDs exhibit a shift in peak wavelength as a result of temperature variations.
Multispectral cameras with high spectral resolution can capture and detect these
changes, thereby creating new communication channels from the same light source.
This hypothesis suggests that by utilizing multispectral cameras, OCC systems
can bene�t from the additional information provided by temperature-induced
variations in LED emissions.

The temperature effects on LEDs, resulting in wavelength shifts, have been
extensively studied in the literature. Multispectral cameras offer the advantage of
high spectral resolution, enabling them to capture subtle changes in LED emission
spectra. By exploiting these temperature-induced variations, OCC systems can
potentially increase their data transmission capacity. The spectral accuracy of
multispectral cameras facilitates the separation of transmitters operating at dis-
tinct wavelengths. Consequently, conventional multiplexing techniques such as
WDM can be applied more effectively, simplifying the complexity associated with
multiplexing in OCC systems.

Hypothesis 3 (H3)

Neglecting the LED temperature effects in the compensation stage in OCC systems leads
to a reduction in system performance, affecting the accuracy and reliability of data trans-
mission.

While the temperature effects on LEDs have been extensively studied, their
speci�c repercussions on OCC systems have not been thoroughly analyzed. This
hypothesis addresses the potential impact of LED temperature effects on OCC
system performance. If the temperature-induced variations in LED emission wave-
lengths are not adequately considered during channel compensation, it could result
in a degradation of system performance. Therefore, this hypothesis emphasizes the
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importance of accounting for temperature effects to ensure accurate and reliable
data transmission in OCC systems.

Temperature variations can signi�cantly affect the performance of LEDs, includ-
ing changes in their emission wavelengths. Failure to consider these temperature
effects during channel compensation can lead to inaccuracies in signal detection
and decoding. The uncompensated temperature-induced variations may intro-
duce errors and reduce the overall performance of OCC systems mainly because
of cross-talking between channels. Thus, this hypothesis highlights the need for
appropriate channel compensation techniques that account for LED temperature
effects to maintain optimal system performance.

Hypothesis 4 (H4)

The use of nonlinear methods for data detection improves the performance of OCC systems,
resulting in lower error rates.

To further enhance the performance of OCC systems, the application of nonlinear
methods for data detection is suggested. Nonlinear detection techniques have
shown promise in various communication systems for mitigating impairments
and improving signal quality. This hypothesis aims to explore the potential of
employing nonlinear methods for data detection in OCC systems, with the goal
of enhancing the system's overall performance in terms of data throughput, error
rates, and robustness against noise and interference.

Nonlinear detection techniques have the ability to capture complex relationships
between transmitted signals and received data. By exploring the application of
these methods in OCC systems, we can potentially achieve improved detection
performance, especially in scenarios with challenging channel conditions. The
investigation will focus on adapting and optimizing nonlinear detection algorithms
to the unique characteristics and challenges of OCC systems. The outcomes of this
research can lead to signi�cant advancements in OCC technology, enabling lower
error rates and improved reliability.

1.3 Objectives

In pursuit of validating the hypotheses presented above, a set of objectives has
been formulated, each designed to shed light on speci�c facets of OCC using mul-
tispectral cameras and LED thermal effects. These objectives have been crafted to
unravel the potential of these technologies and their implications for OCC system
advancement. The achievement of these objectives not only bolsters the theoretical
underpinnings of our hypotheses but also provides a comprehensive understand-
ing of the practical implications and feasibility of leveraging multispectral cameras,
LED temperature effects, nonlinear techniques, and temperature compensation
strategies within the OCC framework.
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Objective 1 - (O1)

Implement an OCC link based on the LED's temperature effects and a multispectral camera.
Multispectral cameras possess a distinct advantage in their high spectral reso-

lution, which makes them suitable candidates for capturing and differentiating
the spectral variations induced by thermal changes in LEDs. By implementing an
OCC link that capitalizes on LED temperature effects and utilizes MS cameras, the
objective is to demonstrate the feasibility of establishing multiple communication
channels from a single light source. This objective encompasses the following
sub-objectives:

1. Design and construct an experimental setup that integrates multispectral
cameras as receivers and LED sources as transmitters, allowing controlled
temperature variations.

2. Characterize LEDs' spectral response at varying temperatures. Perform com-
prehensive measurements of LED emission spectra at different temperatures
to establish a baseline understanding of the wavelength shifts and spectral
broadening caused by temperature effects.

3. Design temperature modulation schemes for data encoding considering the
MS camera's characteristics.

4. Develop data decoding algorithms for the multispectral camera to decode
data accurately.

5. Assess the system performance using metrics to validate the results.

Objective 2 - (O2)

Implement nonlinear techniques for data detection in multispectral camera communication
systems.

This objective aims to enhance the performance of OCC systems by incorpo-
rating nonlinear techniques for data detection within the multispectral camera
framework. In this context, the primary goal lies in a comparative analysis between
the performance of the OCC system employing these nonlinear methodologies and
that of conventional linear methods. The sub-objectives include:

1. Analyze and select suitable nonlinear techniques. Review nonlinear detection
techniques analyzing their ef�cacy within the OCC framework and choose
the most promising techniques that align with the spectral and operational
characteristics of multispectral cameras.

2. Integrate nonlinear detection algorithms into OCC systems with MS cameras.
Adapt and implement the chosen nonlinear detection algorithms to the MCC
system.

3. Establish a communication link using multispectral cameras for performance
assessment. Implement a functional communication link, exploiting the
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capabilities of multispectral cameras to facilitate an in-depth evaluation of
the performance exhibited by the integrated nonlinear techniques.

4. Conduct comparative performance analysis between the OCC system bol-
stered by the newly integrated nonlinear techniques and traditional linear
methods.

Objective 3 - (O3)

Analyze thermal effects on LEDs in OCC systems' compensation stage.
This objective centers on a comprehensive analysis of the thermal effects on

LEDs in OCC systems using conventional RGB cameras. The goal is to quantify
the impact of temperature-induced spectral variations on system performance
and establish the necessity of compensating for these effects. The sub-objectives
include:

1. Establish a controlled temperature environment. Set up a controlled exper-
imental environment that allows temperature adjustments for LEDs while
maintaining consistent testing conditions.

2. Measure LED temperature-induced spectral variations. Conduct a series of
experiments to measure the spectral response of LEDs at different tempera-
tures. Characterize the wavelength shifts and spectral broadening caused by
temperature changes.

3. Apply temperature compensation techniques that mitigate the negative ef-
fects of LED temperature-induced spectral variations using several channel
matrices at different temperatures.

4. Evaluate OCC system performance under varying temperatures when LED
temperature differs from that considered in the compensation stage. Measure
and analyze the system's performance metrics while subjecting LEDs to
different temperatures.

1.4 Organization of the document

This document is structured as a compendium thesis. It consists of a collection of
journal publications indexed in Journal Citation Reports (JCR) that constitutes the
experimental contributions of this thesis.

The organization of this document is depicted in Fig. 1.2. Chapter 1 includes
the motivation, hypotheses, and objectives of the research. The remainder of the
document is divided into the following chapters. First, Chapter 2 reviews the
literature on OCC, LEDs, and high-spectral-resolution cameras. Next, Chapter 3
describes the fundamentals that support this work. Afterward, the methodology
implemented to get the results is discussed in Chapter 4. Then, the thesis' outcomes
are presented in Chapter 5 by means of the publication compendium. Finally, in
Chapter 6, some conclusions are drawn, and future works from this research are
proposed.
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Figure 1.2: Structure of the document.

1.5 List of publications

This compendium comprises a collection of research publications that were devel-
oped during this thesis. The compendium includes a total of three papers published
in indexed journals, constituting an essential part of the collection. Additionally,
three additional papers have been published in conference proceedings, further
contributing to the body of work presented in this compendium. Furthermore,
one paper, which extends the �ndings of a previously published conference pro-
ceedings paper, has been published in a journal. Detailed information regarding
these publications, including their respective titles, authors, and relevant bibli-
ographic details, is presented below, ensuring comprehensive coverage of the
research achievements within this thesis.

1.5.1 Compendium

The publications included in the compendium (see Chapter 5) are entitled as
follows:

• D. Moreno, J. Rufo, V. Guerra, J. Rabadan, and R. Perez-Jimenez, “Effect of
temperature on channel compensation in optical camera communication,”
MDPI Electronics, vol. 10, no. 3, p. 262, January 2021, DOI: 10.3390/electron-
ics10030262.

• D. Moreno, J. Rufo, V. Guerra, J. Rabadan, and R. Perez-Jimenez, “Optical
multispectral camera communications using LED spectral emission varia-
tions,” IEEE Photonics Technology Letters, vol. 33, no. 12, pp. 591-594, June 15,
2021, DOI: 10.1109/LPT.2021.3078842.
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• D. Moreno, V. Guerra, J. Rufo, J. Rabadan, and R. Perez-Jimenez, “Clustering-
based data detection for spectral signature multiplexing in multispectral
camera communication,” Optics Letters, vol. 47, no. 5, pp. 1053-1056, March
2022, DOI: 10.1364/OL.449207.

1.5.2 Other research publications

In addition to the core publications within this compendium, three papers have
been presented in conference proceedings (Annex A):

• D. Moreno, B. Majlesein, J. Rufo, V. Guerra, J. Rabadan and R. Perez-Jimenez,
"Thermally-induced spectral variations of LED applied to optical multispec-
tral camera communications," 2020 12th International Symposium on Communi-
cation Systems, Networks and Digital Signal Processing (CSNDSP), 2020, pp. 1-6,
DOI: 10.1109/CSNDSP49049.2020.9249518.

• D. Moreno, B. Majlesein, V. Guerra, J. Rufo, J. Rabadan and R. Perez-Jimenez,
"Comparison of clustering algorithms for data detection in Multispectral
Camera Communication," 2022 4th West Asian Symposium on Optical and
Millimeter-wave Wireless Communications (WASOWC), 2022, pp. 1-5, DOI:
10.1109/WASOWC54657.2022.9798432.

• D. Moreno, V. Guerra, J. Rufo, J. Rabadan and R. Perez-Jimenez, "Spectral
Signature Multiplexing in Multispectral Camera Communication," 2022 13th
International Symposium on Communication Systems, Networks and Digital Signal
Processing (CSNDSP), 2022, pp. 515-520, DOI: 10.1109/CSNDSP54353.2022.9907907.

Furthermore, as an outcome of the �ndings of one of the preceding publications,
an extended version of the research was subsequently published in a journal
(Annex B):

• D. Moreno, V. Guerra, J. Rufo, J. Rabadan and R. Perez-Jimenez, "Multi-
spectral Optical camera communication links based on spectral signature
multiplexing," IET Optoelectronics, vol. 47, no. 5, pp. 91–100, 2023, DOI:
10.1049/ote2.12090.

1.5.3 Collaborations

During this thesis, the following article was developed by researchers from IDeTIC,
where the author has participated as a collaborator:

• B. Majlesein, J. Rufo, D. Moreno, V. Guerra, J. Rabadan, "Underwater optical
camera communications based on a multispectral camera and spectral vari-
ations of the LED emission," Proceedings of the Workshop on Light Up the IoT,
2020, pp. 30-35, DOI: 10.1145/3412449.3412554.
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This chapter discusses the latest research in the �eld of the technologies used in this
thesis. It also serves as a complement to the related work sections of the articles
included in the compendium. It is divided into three main subsections:

• OCC technology.

• Thermal impact on LED behavior.

• Multispectral and hyperspectral camera applications.

2.1 Optical camera communication

OWC is a technology that has attracted widespread interest in recent years. Since
the �rst developments in VLC [22], [23], where an indoor communication system
using white LEDs and photodiodes was proposed, the advances in other OWC
sub-parts have been boosted. Speci�cally, OCC is among the most commonly
investigated technologies within OWC. Unlike other OWC technologies, it is based
on a camera as a receiver instead of photodiodes, which provides remarkable
characteristics to the system, such as ease of deployment, robustness to interference,
and spatial multiplexing of the light sources, among others [3], [24], [25].

Furthermore, the fact that currently most consumer electronic devices, such as
smartphones, tablets, or laptops, include a camera, as well as the advances in image
sensor technology, has contributed to the increasing interest in OCC. As a result,
this technology has been included in the revision of the Institute of Electrical and
Electronics Engineers (IEEE) 802.15.7 standard [26].

Moreover, OCC permits both video capturing and communication, which has
generated growing interest in monitoring. Typical OCC applications focus on
positioning and navigation [27]–[29], vehicular communication [30]–[32], and
underwater communications [33]–[35]. Regarding outdoor applications, recent
works have assessed the effects of weather conditions over the optical channel,
which impair the system performance due to attenuation [36]–[40]. One of the
most remarkable �ndings of these works was the increase in the data rate of the
OCC system because scattering caused by sandstorms can increase the region of
interest with respect to clear atmosphere situations [39].

OCC features two communication modes depending on the sensor's scanning
method. Sensors presenting global shutter (GS) acquisition simultaneously expose
every pixel per frame and can only detect waveforms with bandwidths below
half the frame rate. On the other hand, image sensors with rolling shutter (RS)
scanning scan the image sequentially and permit higher speed communication
since several changes in the optical source's waveform can be captured within
a single frame. Nonetheless, since OCC is based on image-forming optics, the

11



Chapter 2 State of the Art

maximum achievable speed depends on the projected size of the light source [41].
Some authors propose the use of non-line-of-sight (NLOS) OCC links in order to
maximize the optical source's size (which is, in this case, formed by wall or �oor
re�ections). Bani-Hassan et al.carried out an experiment comprising an array of
ceiling-mounted transmitters and a camera pointing slightly downwards [42]. The
obtained results suggested that MIMO-based communication using NLOS links is
feasible in OCC, thanks to the receiver's sensitivity. However, performance metrics
such as BER are signi�cantly reduced with respect to the line-of-sight (LOS) cases.

On the other hand, since these cameras are designed for photography, OCC's
maximum achievable data rate is limited by the device's pixel clock and scanning
method, allowing only low data rate transmissions [25]. Hence, addressing the
challenge of enhancing data rates has been a central focus in OCC, leading to the
proposal of various schemes and techniques. In an effort to mitigate intersymbol
interference (ISI) and improve the data rate, Younus et al. introduced an arti�cial
neural network (ANN) equalizer. The authors trained the ANN once for multiple
exposure times and stored the resulting model in a look-up table [43]. However,
their approach lacked robustness when dealing with high exposure times, thereby
limiting its applicability in scenarios that require visualization and data collection.
This limitation was addressed in a subsequent study [6], where a convolutional
autoencoder was employed to enhance signal quality. This approach allowed for
exposure times up to seven times longer than the symbol period while employing
a more computationally ef�cient architecture compared to the method proposed in
[43]. Another notable advancement was made by Huang et al., who proposed a real-
time OCC system based on color-intensity modulation multi-input multi-output
(CIM-MIMO). Their approach involved the creation of a high-dimensional signal
constellation and parallel communication channels utilizing spatial, color, and
intensity dimensions. This strategy aimed to increase the data rate and enhance
the performance in terms of BER [44].

Additionally, the color �lter array (CFA) located over most camera sensors allows
increasing the data rate by using LEDs of different wavelengths and WDM, getting
independent signals for each light source (Fig. 2.1). Several studies, for instance,
[45], [46], and [47], have been conducted on WDM techniques to enhance the
system performance. Furthermore, a number of works have taken advantage of
this image sensor's ability to separate colors of the RGB LEDs and obtain parallel
OCC systems using color shift keying (CSK). This technology inherited from VLC
permits increasing throughput and reducing ISI by modulating the light signals
modifying the RGB colors' intensity after mapping data onto the constellation
symbol from the International Commission on Illumination (CIE) 1931 color space
(Fig. 2.2) [48]–[50]. A chromaticity diagram is also employed in generalized color
modulation (GCM), in which the intensities of the optical signals are modulated
from multiple LEDs, regardless of the target color [51], [52].
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Figure 2.1: CFAs of (a) Foveon-based sensor, and (b) Bayer �lter sensor. Bayer mosaic
contains 25%, 50%, and 25% of red, green, and blue regions, respectively, while Foveon
mosaic presents 100% of the color.

Figure 2.2: CIE 1931 color space chromaticity diagram.

2.2 E�ect of temperature on LEDs

Turning now to the light sources employed to transmit the data streams, LED-based
lamps are the preferred transmitter for VLC communication mainly because of
their fast switching capability, although other devices, such as digital displays,
have been used to send the information [53]. In addition, these devices have been

13


	Dedication
	Acknowledgments
	Abstract
	Resumen
	Contents
	Acronyms
	1 Introduction
	1.1 Motivation
	1.2 Hypotheses
	1.3 Objectives
	1.4 Organization of the document
	1.5 List of publications
	1.5.1 Compendium
	1.5.2 Other research publications
	1.5.3 Collaborations


	2 State of the Art
	2.1 Optical camera communication
	2.2 Effect of temperature on LEDs
	2.3 High-spectral-resolution cameras

	3 Theoretical Framework
	3.1 Light-emitting diodes
	3.2 Cameras
	3.3 Processing
	3.3.1 Channel compensation


	4 Methodology
	4.1 LED temperature stabilization
	4.2 Data acquisition
	4.2.1 Characterization
	4.2.2 OCC link

	4.3 Data processing

	5 Experimental Results
	5.1 Publication 1 (P1)
	5.2 Publication 2 (P2)
	5.3 Publication 3 (P3)
	5.4 Summary

	6 Conclusions and future research
	6.1 Conclusions
	6.2 Future work

	Bibliography
	A Conference proceedings.
	B Journal article
	C Supplementary scripts for OCC systems

