
Delft University of Technology
Master of Science Thesis in Embedded Systems

Screen Antenna: Integrated Data Transfer
and Display using RGB LEDs

Nishad Mandlik

Embedded
Systems





Screen Antenna: Integrated Data Transfer and
Display using RGB LEDs

Master of Science Thesis in Embedded Systems

Embedded Systems Group
Faculty of Electrical Engineering, Mathematics and Computer Science 

Delft University of Technology
Van Mourik Broekmanweg 6, 2628 XE Delft, The Netherlands

Nishad Mandlik

02 July 2023

mailto:n.g.mandlik@student.tudelft.nl


Author
Nishad Mandlik 

Title
Screen Antenna: Integrated Data Transfer and Display using RGB LEDs 

MSc Presentation Date
06 July 2023

Graduation Committee
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Abstract

This thesis presents Screen Antenna - A Visible Light Communication (VLC)
system that integrates data transmission and reception, with the conventional
pixel display capability of RGB LEDs. The system is constructed with off-the-
shelf components and runs on the Arduino Due microcontroller. The hardware
and software have been designed with the objectives of scalability and flexibility.
This research aims to optimize the system’s performance in terms of throughput,
error rate, and display quality.
To evaluate the system’s performance, extensive experiments were conducted

under different lighting conditions, PWM frequency and Rx-Tx distances. The
experiments focused on achieving the maximum achievable throughput while
maintaining a low Bit Error Rate (BER). Through careful optimization of the
system parameters, a maximum throughput of 4.4kbps was achieved. Further-
more, the system consistently maintained a Bit Error Rate of less than 0.005%,
ensuring reliable and error-free data transmission.
In addition to data transmission, the impact of data transmission on the

display’s visual quality was investigated. The Delta E value, which quantifies
the observed colour difference between two pixel values, was used as a metric for
display quality. The data rates were calibrated such that the display operated
with a Delta-E value of less than 1 in more than 90% of the colour spectrum,
indicating minimal colour distortion during data transmission.
This study contributes to the field of VLC by showcasing a practical imple-

mentation that combines scalability, visual quality, and performance. Future
research directions could focus on expanding the display size and enhancing the
data rate by means of more sophisticated hardware.
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“Science is about knowing, engineering is about doing.” – Henry Petroski
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Chapter 1

Introduction

In an era characterized by ever-increasing connectivity and information ex-
change, the demand for fast, reliable, and secure wireless communication tech-
nologies has become paramount. Traditional methods, such as radio frequency
(RF) and microwave-based communication, have played a vital role in shaping
our interconnected world. However, the growing scarcity of RF spectrum [1]
and concerns regarding data security have paved the way for an emerging tech-
nology with immense potential — Visible Light Communication (VLC) [14].
Furthermore, VLC is immune to electromagnetic interference, making it a reli-
able option in environments where radio frequency interference may be an issue
[14]. Finally, VLC can be integrated with the existing light-emitting devices,
allowing for dual functionality in the same system.

LEDs are widely used for illumination and display. With the advent of VLC,
the use of LEDs as data transmitters is gaining popularity. Furthermore, in-
organic LEDs can also sense light to a certain extent due to their inherent
photodiode-like properties [6]. Under reverse bias, these LEDs exhibit the po-
tential to be operated in the photovoltaic mode. When photons with sufficient
energy (greater than the bandgap energy of the semiconductor material) strike
the LED, they can generate electron-hole pairs within the depletion region of
the LED. This creates a potential difference, which can be measured as a voltage
or used to drive a current flow. By measuring the resulting voltage or current,
the intensity or presence of light can be inferred. However, it is important to
note that the photovoltaic functionality of LEDs is not as optimized as that
of dedicated photodiodes. LEDs are primarily designed for efficient light emis-
sion, so their sensitivity as light detectors may be relatively lower compared
to specialized photodiodes. Nonetheless, in certain situations where both light
emission and detection are desired, inorganic LEDs can serve the dual purpose
of emitting and sensing light [6].

In the realm of consumer electronics, LED displays are prominently featured
in televisions, smartphones, laptops, and smartwatches, offering vivid colours,
high contrast ratios, and energy efficiency. LED displays have also become the
go-to choice for digital signage, both indoors and outdoors, due to their superior
brightness, visibility in different lighting conditions, and ability to create large-
scale, eye-catching displays. The development of LED technology has played a
significant role in the advancement of display technology. The timeline starts
with the development of the first LED matrix display in 1968. These early
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LED displays utilized classic inorganic LEDs [15]. However, one limitation of
these LEDs was that they could not be reduced in size, which affected the
pixel density and overall resolution of the display. This limitation was overcome
with the development of Passive Matrix Organic LEDs (PMOLEDs). PMOLED
displays offered improved pixel density and resolution compared to classic inor-
ganic LEDs. However, they were associated with certain drawbacks, including
a shorter lifetime and scalability issues [2]. The shorter lifetime meant that
the OLED pixels would degrade over time, leading to a reduction in display
quality and eventually, the need for replacement. Subsequently, Active Mat-
rix Organic LEDs (AMOLEDs) were introduced as a solution to the scalability
problems faced by PMOLEDs. AMOLED displays allowed for better scalability
which made them suitable for applications such as televisions and large displays
[2]. However, the lifetime limitation of OLED technology still persisted with
AMOLEDs. Now, a promising development in the field of display technology
is the emergence of microLEDs. MicroLEDs are essentially micro-scale inor-
ganic LEDs, thus offering a longer lifetime along with small-size advantages.
This means that microLED displays can achieve higher pixel density, improved
resolution, and longer lifetimes compared to previous technologies [4]. It is im-
portant to realise that while microLEDs show great promise, they are still in
the development phase and have not yet been widely commercialized. However,
ongoing research and advancements in microLED technology suggest a potential
breakthrough in the display industry in the future.

1.1 Problem Statement

With inorganic LEDs being the future of display technology, and their ability to
transmit and receive data, we aim to design RGB-LED displays that are capable
of data transfer without any additional photo-sensor (Figure 1.1). While LED
displays excel in visual output, their current design primarily focuses on one-
way information dissemination, hindering their potential for interactive data
exchange. This limitation creates a demand for a solution that enables bidirec-
tional data transfer within LED displays, facilitating real-time interactivity.

1.2 Challenges

The integration of data transfer capabilities into an RGB LED Display comes
with several challenges:

1. Photo-sensitivity
The first hurdle involves obtaining a substantial output from the LED
when used as a light sensor. As LEDs are primarily designed for light emis-
sion rather than light detection, their inherent sensitivity in the photovol-
taic is relatively lower. This necessitates the incorporation of appropriate
amplification circuitry to enhance their sensitivity for accurate photode-
tection.

2. Mode switching
The system needed to seamlessly switch between multiple modes of opera-
tion, namely display, transmit, and receive. This necessitates the inclusion
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Figure 1.1: Concept of the Screen Antenna System

of switching components within the circuit design. When the LED is emit-
ting light, it operates in forward bias, whereas as a light sensor, it requires
reverse bias. Hence, switching components are needed in the circuit to fa-
cilitate these requirements. Secondly, due to conflicting bias requirements,
simultaneous display and reception are not possible. As a workaround to
this limitation, the LED’s Pulse Width Modulation (PWM) cycle needs to
be leveraged to perform data reception during the off-time of the display
cycle. Furthermore, on the software side, efficient time-sharing implement-
ation is crucial for the processor to handle the dual responsibilities of data
transfer and refreshing pixels.

3. Visual Quality
Displaying pixels is still the primary purpose of the screen. Hence, data
transfer algorithms should be designed such that the visual quality of the
content displayed on the screen is not compromised.

1.3 Contributions

The notable contributions introduced by this thesis are as outlined below:

1. Utilization of Off-the-Shelf Components
The project leveraged readily available off-the-shelf components to build
4x4 RGB LED displays, making them accessible for implementation in
various applications and reducing the need for custom-designed compon-
ents, thereby saving time and resources.

2. Increasing throughput without compromising on pixel quality
Both display and transmission require the LED to emit light. Operating
these two functions with Time Division Multiplexing (TDM) causes mu-
tual influence, thus hampering the performance of both. A logical step is
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to intertwine these together into one function. This is accomplished by
superimposing phase shifts with the PWM signal. While the duty cycle
is responsible for displaying the desired pixel colour, phase modulation is
used to transmit different bit values (0 and 1). Thus, the pixel colour
limits the maximum achievable data rate. In view of this, we propose an
algorithm that allows us to maximize the duty cycle while ensuring that
the colour difference is below the differentiation threshold of human vis-
ion. Moreover, this project also presents the use of multiple transmitter
LEDs with a single receiver, to ensure that the available cycle is used to
the fullest.

3. Initial Scanning for Potential Transmitters
As mentioned above, a receiver LED needs to receive data from multiple
transmitter LEDs. But due to geometrical inaccuracies in the displays,
these cannot be statically assigned. Hence, an initial scanning phase is in-
corporated into the system to dynamically identify potential transmitters
for each receiver LED.

4. Immunity to Lighting Conditions
The system uses relative values of light intensity which makes it operable
in a wide range of lighting conditions, following an initial calibration.

1.4 Organization

The organization of this report follows the development process of the project.
First, some related works are introduced, to provide a background of this field
and pave the way for commencing this project. Next, we give a brief overview of
the system. This is followed by the hardware architecture of the system which
forms the basis for the subsequent software implementation. With the basic
functionality implemented, we move forward to describe a couple of techniques
(Colour Augmentation and Many-to-One Communication) to improve the data-
rate of the system. Then, the report presents the results of evaluating the system
under different test conditions. And finally, the conclusion and future scope for
research are discussed.
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Chapter 2

Related Work

2.1 Visible Light Communication (VLC)

Visible Light Communication (VLC) is a wireless communication technology
that utilizes visible light for data transmission. It leverages the properties
of light, particularly the rapid switching capabilities of Light-Emitting Diodes
(LEDs), to enable high-speed and secure data communication.
VLC works by modulating the intensity of light emitted by LEDs at a speed

that is imperceptible to the human eye. These light-intensity variations carry
digital information in the form of data bits. The modulation techniques com-
monly used in VLC include on-off keying (OOK), pulse amplitude modulation
(PAM), and frequency shift keying (FSK).
To establish a VLC link, a transmitting device encodes data into light signals

by rapidly turning the LED on and off or adjusting its brightness. The light
signals are then detected and decoded by a light sensor, at the receiving end.
The sensor converts the received light into electrical signals, which are further
processed and interpreted as data.
VLC does have some limitations, including the need for a direct line of sight,

limited coverage range, and sensitivity to ambient lighting conditions. How-
ever, ongoing advancements in VLC technology, along with its unique advant-
ages, continue to expand its potential applications and make it an increasingly
promising wireless communication solution.

2.2 Light Sources

A light source is necessary for transmitting data in VLC. VLC focuses on integ-
rating data transmission capabilities into the existing illumination infrastruc-
ture. Data modulation is performed directly at the light source, or by using
modulators such as polarisers and liquid crystals in conjunction with a light
source. LEDs, LASER Diodes or even sunlight can act as potential sources
for VLC. Research on using LEDs as data transmitters has gained significant
attention in recent years due to its potential applications in various fields. This
technology utilizes the rapid switching capabilities of LEDs to transmit data
through light signals. Various studies have been conducted to explore the po-
tential of LED-based data transmission. These studies have focused on areas
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Figure 2.1: Potential applications of Visible Light Communication
(Source: [8])

such as modulation techniques, receiver design, channel characteristics, and sys-
tem performance.

2.3 Light Sensors

VLC utilizes light sensors to detect light signals for data reception. Selection of
a light sensor depends on the specific requirements of the VLC system, including
the desired data rate, transmission distance, ambient light conditions, and cost
considerations. Some examples of such sensors are listed below:

1. Light-dependent Resistor (LDR)
LDRs are passive components that exhibit a change in resistance based on
the intensity of incident light. They are commonly used in various light-
sensing applications, but due to their lower sensitivity and slower response
times, they are not suitable for data communication.

2. Photodiode and Phototransistor
These light-sensing devices are widely used in VLC. They work on the
principle of Photoelectric Effect and generate a current when excited by
incoming photons.

3. Image Sensor
In applications where imaging devices such as cameras act as VLC re-
ceivers, the light sensing is performed by Complementary Metal-Oxide-
Semiconductor (CMOS) or Charge-Coupled Device (CCD) based image
sensors.

4. Photomultiplier Tube (PMT)
PMTs are highly sensitive light detectors that can amplify very weak light
signals. They consist of a photocathode, electron multiplier stages, and
an anode. PMTs are primarily used in specialized VLC applications that
require extremely high sensitivity, such as low-light conditions or long-
range communications.
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(a) Photodiode (Source: [5]) (b) CMOS Sensor (Source: [19])

(c) PMT (Source: [7]) (d) Solar Panel (Source: [22])

(e) LED (Source: [24])

Figure 2.2: Some of the light sensors that are used as data receivers
in VLC

5. Solar Cell
In addition to harvesting energy from sunlight, solar cells have also found
applications as light sensors, in the field of VLC. The use of a solar panel
as a data receiver has been demonstrated in [20].

6. Light Emitting Diode (LED)
LEDs bear several similarities with photodiodes in terms of structure
and band-gap. Research has explored the innovative use of LEDs as
sensors, expanding their capabilities beyond traditional lighting applic-
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ations. LEDs have demonstrated the potential to serve as cost-effective
and versatile sensors in various fields.

2.4 LED-to-LED Data Transfer Without Light-
ing Constraints

Initial works on using LEDs for data communication date back to as early as
2003. Dietz et al. [2003] presents a nascent technique for establishing bidirec-
tional data transfer between two LEDs directed towards each other. It uses
“Morse code”-like symbols to represent ‘0’ and ‘1’ bits and the message pro-
tocol is similar to the RS-232 standard. However, in this study, LEDs were only
used for transferring data, without having any primary functionality. Thus, the
LEDs did not have any requirements to maintain a specified intensity or to be
flicker-free.

Schmid et al. [2013] discusses the creation of ad-hoc networks using red LEDs
positioned in a circular arrangement. Further works, namely Chun et al. [2014]
and Stepniak et al. [2015] are aimed at increasing the throughput of the LED-
to-LED communication beyond 100Mbps. This has been achieved through the
use of transimpedance amplifiers, LEDs with a larger emission and detection
area, and the implementation of better modulation schemes such as Ortho-
gonal frequency-division multiplexing (OFDM) and Discrete Multi-Tone (DMT)
Modulation. Studies such as Kadirvelu and B [2017] are focused on the use of
high-pass filters for increasing the immunity of the LED communication system
towards ambient light. The performance of various coloured LEDs in commu-
nication has been explored in Umrani et al. [2018]. Still, in all these works,
LEDs were solely used for the purpose of transmitting and receiving data, and
therefore, had no constraints on their lighting properties. More recently, Mir
et al. [2022] provided a step in this direction. It uses RGB LEDs to perform
various functions. Based on the transmission and reception properties of the
red, green, and blue components, it uses the red colour for transmission, and
blue and green for illumination and sensing of environmental parameters.

2.5 LED-to-LED Data Transfer With Lighting
Constraints

The work presented in Li et al. [2017] bares several similarities to the goal of this
thesis. It proposes data transmission architecture and modulation schemes for
communication between two LEDs whose primary functionality is illumination.
Techniques for transmission and reception while maintaining the LEDs at a
desired brightness are discussed. The transmitter or the receiver, however, uses
a single LED, or a group of LEDs that operate synchronously at the same
intensity. Hence, it fails to provide the architecture for managing several LEDs
which have to operate at different intensities.

Some later developments in this area have concentrated on devising mod-
ulation schemes for LED transmitters. Henao et al. [2019] and Henao-Rios
et al. [2020] present modulation techniques that enable LEDs to perform the
dual functionality of illumination and data transmission. These techniques en-
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sure that the data is transmitted in such a way that the intended illumination
is sustained. Yet, these studies use LEDs only for transmission, while the recep-
tion is performed by dedicated photo-sensors. When LEDs have to be used as
sensors, their dual functionality restricts their capabilities to sample the received
signal. This factor needs to be taken into account while choosing a modulation
scheme for LED-to-LED communication.

2.6 Touch Screen

LEDs have been explored for proximity sensing. By utilizing their light emission
and detection capabilities, LEDs can identify the presence and movement of
objects in their vicinity. In Hönck [2011], a red LED display with touch screen
functionality is presented. At a given instant, some of the LEDs in the matrix are
ON and the others are OFF. The OFF are used to sense the light reflected from
the ON LEDs. Reflections occur when an object is placed in close proximity
to the LED matrix. This is how the “touch” functionality is emulated. The
concept used is similar to this thesis in the sense that the LED matrix is capable
of simultaneous display, transmission, and reception. However, the touch-screen
application misses a few key features that are required for our Screen Antenna
system. Firstly, the touch screen uses only red LEDs instead of the RGB ones.
This means that the design complexity is less, and also displaying a multi-
coloured content is not possible. Secondly, the receiver LED only needs to
detect the presence or absence of reflected light. Thus, accurate decoding of
data is not required. And finally, LEDs in the touch screen are only operated
as ON or OFF, without having any intensity variation. The goal of this thesis
is to implement elements like these and create a system that has additional
attributes and applications over existing research works.
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Chapter 3

System Overview

This chapter provides a top-level overview of the functionality and building
blocks of the system. This is depicted in Figure 3.1.
As with any VLC system, there is a need to integrate the data transfer func-

tionality with the intended lighting functionality. In practice, this main lighting
functionality should be the only perceptible component of the system, with the
data transfer being imperceptible. This is achieved by transmitting the data in
the form of high-frequency oscillations such that they are not noticeable to the
human eye. Secondly, the transmission of data should not degrade the primary
lighting feature itself. The algorithms used to accomplish this are described in
the subsequent chapters, but first, we shall outline the functional blocks in the
system and their interaction.
With the goal of designing an LED display that can also be used for send-

ing and receiving data, the system can be visualized as a fusion of a typical
communication system with an LED Display. For the purpose of this project,
a prototype consisting of a 4x4 matrix of RGB LEDs is built. Thus, the dis-
play driver is a fundamental block for LED interfacing. It is also essential to
devise an addressing scheme so that the driver is able to change the colours of
individual pixels. The addressing can be as simple as assigning microcontroller
pins to each LED, as well as something more complex such as select-lines for
rows and columns. In the case of RGB LEDs, the pixel colour is defined by the
brightness of the red, green, and blue channels. The driver can modulate the
brightness by using varying currents or by varying the duty cycle of a PWM
signal.
For the communication aspect, blocks such as sampling, signal conditioning,

encoding, and decoding are included in the design. Since the pixels themselves
are used for performing data transmission also, the encoded data is provided to
the display driver along with the content to be displayed on the screen. Encoding
ensures that the bits are represented in the form of pixel colours. Similar to the
case of changing colours of the pixels, an addressing scheme is also necessary
to sense the light incident on individual LEDs. With the inherent sensitivity of
the LEDs towards incident light being low, appropriate signal conditioning is
employed to amplify the received signal. This is followed by a sampling unit,
and finally by a decoder, so as to extract accurate data from the sampled values.
It must be noted that this is a generic design based on the system’s func-

tionality. In practice, some of the blocks may be unnecessary, while some may
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Figure 3.1: System Overview

even need additional complexity and optimization. Furthermore, it could be
necessary to implement supplementary interaction between these blocks. The
design of some blocks also offers scope for customization since it is possible to
implement these in hardware as well as software. This is decided based on the
specific needs of the system. These attributes will be discussed in chapter 4 and
chapter 5.
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Chapter 4

Hardware Design

In this section, I will describe the design of the hardware components in the
system.

4.1 Selection of RGB LED and Communication
Colour

Efficient data transfer requires the use of LEDs with a clear lens and low viewing
angles. This choice of LEDs ensures that the emitted light is focused in a specific
direction, optimizing the transmission of data signals. To identify the most
suitable LEDs for the data transfer application, a series of tests were conducted
using the devices listed in Table 4.1.

Once the LED devices were evaluated, the next step was to determine the best
colour combination for communication purposes. In this regard, the perform-
ance of red, green, and blue LEDs was specifically examined. The evaluation
focused on their ability to function both as transmitters and receivers in the data
transfer system. By assessing the performance of red, green, and blue LEDs,
the most effective colour combinations for optimal data transmission were iden-
tified. This initial experimentation was performed using a simple setup shown
in Figure 4.1.
Figure 4.2 shows the five best responses among the several colour combina-

tions of different LEDs. Based on this, LED 3 (Kingbright WP154A4SEJ3VBDZGC-
CA) was found to work best as a photo sensor, and hence, best suited for com-

Figure 4.1: Basic setup for initial experimentation
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Table 4.1: List of LED devices under consideration for use in this
project

Manufacturer Model Viewing Angle

LED 1 Inolux HV-5RGB25 25◦

LED 2 Kingbright WP154A4SUREQBFZGC 60◦

LED 3 Kingbright WP154A4SEJ3VBDZGC-CA 50◦

LED 4 Bivar R50RGB-4-0045 45◦

munication purposes. The results of some of the colour combinations for the
chosen LED are displayed in Figure 4.3. It can be seen that the incidence of red
light on red LED gives the best response followed by green light on red LED
(similar to the observations in [17]).

Figure 4.2: Best Tx → Rx responses among various colour
combinations of different LEDs

LED 3 (Kingbright WP154A4SEJ3VBDZGC-CA) is most suited to
be used as a sensor

Subsequently, the mutual interference of red and green light was studied. For
this purpose, a red and a green LED were used as transmitters and another red
LED is used as a sensor. It can be seen in Figure 4.4 that there is considerable
interference between when red and green signals when they are simultaneously
incident on a red LED acting as a sensor. Due to this, for the rest of this
thesis, only the red-to-red combination is used for data transfer, since it is more
efficient than its green-to-red counterpart. Even though green light is not used
for transmitting data, a pixel displaying some green component can hamper the
red-to-red communication, specifically when the green source is located close to
the red sensor. This is especially true in an RGB LED, which has the red and
green components packaged in a single device. Light emission from the green
component could potentially affect the sensing abilities of the red component.
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Figure 4.3: Results of testing different Tx → Rx combinations with
LED 3 (Kingbright WP154A4SEJ3VBDZGC-CA)

Red → Red communication is most effective

To test this, a red emitter and red sensor were used. The tests were repeated
after switching on the green component of the device which houses the red
sensor. As seen in the results (Figure 4.5), the effect of switching on the green
component is negligible and it does not affect the red-to-red communication.

Figure 4.4: Mutual interference between red and green light during
simultaneous incidence on the red sensor is significant

15



Figure 4.5: Green emitter does not significantly affect a red sensor
situated in the same RGB LED device

4.2 Circuit Design

Figure 4.6: Hardware blocks necessary for system operation

At a high level, the system functionality requires certain key blocks in the
circuit. These are depicted in Figure 4.6 and explained below:

1. Transmitter (Tx) Block: This block comprises the circuitry necessary
for operating the LED in its normal forward bias mode when it functions
as a transmitter or display.

2. Receiver (Rx) Block: The Rx block consists of biasing and conditioning
components that prepare the LED to function as a photosensor. This block
is responsible for converting the received optical signals into electrical
signals that can be further processed and decoded.

3. Switching Components: Switching components play a crucial role in
the circuit as they facilitate the seamless transition of the LED between
its roles as a transmitter and a receiver. These components enable the
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circuit to switch between the Tx and Rx modes, ensuring that the LED is
correctly biased and operated based on the intended function at a given
time.

4. Microcontroller: The circuit needs a control unit for coordinating and
managing the operation of the various blocks. It provides the necessary
intelligence to control the LEDs, switching components, and decode the
received signals.

These blocks work together synergically to enable the integration of data
transfer capabilities in the LED display.

Figure 4.7: Circuit design illustrating the interface between the
various components

The display and Tx functionalities can be implemented using the onboard
PWM pins of the microcontroller. However, this is not feasible when the system
is scaled to incorporate a large number of LEDs. Hence, it is beneficial to employ
a PWM driver IC that can interface multiple LEDs and communicate with
the microcontroller via a serial communication bus. In this project, the PCA
9956BTW LED Driver designed by NXP Semiconductors is used. It supports
up to 24 LED channels and offers benefits such as dual control (current and duty
cycle) for LED brightness [18], which have been exploited later in this project.

In order to enable accurate detection of incoming light signals, the Rx block
should ensure proper reverse biasing and signal amplification. As mentioned
in section 4.1, only the red component is used for reception, and when the
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red component is sensing, the blue and green components could potentially be
displaying pixel data. This puts forward the need to be able to operate one
component in reverse bias while the other two operate in forward bias. This
does not pose a challenge when the three components are independent of one
other, however, the LED device in use is a 4 terminal device with a common
anode and 3 separate cathodes for each of the three components. As a solution
to this challenge, this project presents a design with three voltage levels namely
0V (GND), 5V, and 9V. The common anode is continuously maintained at 5V
and the anode is switched between 0V and 9V to operate the LED in forward-
and reverse- bias respectively. In addition to the reverse bias, it is imperative to
amplify the received signal. A MCP619 -based transimpedance amplifier is used
for this purpose. Finally, this amplified signal is converted to the digital form.
Similar to the PWM case, to ensure scalability, a dedicated Analog to Digital
Converter (ADC) is used instead of the microcontroller’s built-in ADCs. The
Microchip MCP3008 offers 8 independent ADC channels that can communicate
with the microcontroller via Serial Peripheral Interface (SPI).
For the switching operation, the components should enable seamless mode

switching between the Tx and Rx blocks. Due to biasing requirements, sensing
and emission of light cannot be performed by the same LED simultaneously. In
other words, the LED can sense light only during the off-time of its PWM cycle.
By leveraging this property, the circuit can be made more efficient. Rather than
using a separate control signal to switch between the Tx and Rx blocks, the
PWM signal itself can be used to connect and disconnect the Rx block to the
LED. The IXYS CPC1125N solid-state relay fits these requirements perfectly.
For the processing unit, the Atmel SAM3X8E -based Arduino due board is used.
The system interface between an RGB LED and other Rx, Tx, and switching
components is shown in Figure 4.7. The circuit schematics for one row of LEDs
are included in Appendix A.

4.3 Implementation

As a prototype for this thesis, two 4x4 LED matrix displays are developed.
Apart from the microcontroller, the other hardware components are implemen-
ted on a Printed Circuit Board (PCB) to achieve compactness and space effi-

Figure 4.8: Front view of the PCB implementation of the system
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Table 4.2: List of the major hardware components used in this system

Component type Manufacturer Model Qty

RGB LED Kingbright WP154A4SEJ3VBDZGC-CA 16
SSR IXYS CPC1125N-CA 16

LED Driver NXP PCA9956BTW 2
Op-Amp Microchip MCP619 4
ADC Microchip MCP3008 2

ciency. Additionally, using a PCB ensures the repeatability of experiments and
consistent results. The layout and connections on the PCB are designed to be
reproducible, allowing for consistent performance across multiple prototypes.
This helps eliminate variations that may arise from using different wiring meth-
ods or manually assembled circuits. The PCB also provides structural support
and protection for the components, reducing the risk of damage or accidental
disconnection. The soldered connections on the PCB offer more reliability and
stability compared to loose wires or point-to-point wiring. Table 4.2 shows the
main hardware components used in one matrix display. Figure 4.8 shows the
front view of the PCB, with the components soldered onto it. The PCB designs
can be referred to in Appendix B.
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Chapter 5

Software Design

5.1 Skeletal Components

With regards to the data communication requirements and the specified hard-
ware design, a couple of software components form the heart of the software
system.

1. Timer Interrupts

As with any communication system, ensuring accurate timing is key to
effective data transfer. Moreover, in a multi-modal system, timing control
is important to facilitate fairness between the various modes of opera-
tion. Timers and interrupts help enhance the reliability and performance,
and responsiveness of data communication systems. They allow protocol-
specific timing requirements to be enforced and enable task switching at
regular intervals. By implementing handlers for the timers, the micro-
controller can be configured to perform certain tasks at every tick of the
timer. When timers are used for controlling communication, the signal
level can be changed at every tick. Thus, the tick frequency essentially
decides the data rate of the system.

2. Peripheral Interfacing

The hardware employs two types of peripherals, namely LED Drivers and
ADCs. These can be interfaced via I2C and SPI respectively. Although
open-source libraries are available for the given LED driver and ADC,
using them is not the preferred approach. They come with unnecessary
abstraction layers that can impact performance. Abstraction is not cru-
cial in this project since a static microcontroller platform is being used.
Therefore, this project focuses on developing custom libraries that prior-
itize fast performance and meet their specific requirements. With such
a custom design, the software can be tailored to the unique needs of the
system and performance can be optimized for efficient execution. This al-
lows for more control over the software and ensures that it aligns perfectly
with the objectives.
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5.2 Practical Limitations

To design efficient software for data communication, it is crucial to have a
thorough understanding of the system’s sampling, signal reconstruction, and
processing abilities. This is essential to determine the sampling rate at which
the LEDs can reliably capture and detect changes in the transmitted signal.
Secondly, the reconstructed signal needs to be reliable and consistent to accur-
ately represent the transmitted information. By evaluating the signal recon-
struction capabilities of the system, it becomes possible to assess the accuracy
and fidelity of the received data.
In order to gather this knowledge, experiments were conducted by using the

transmission of a square wave between two LEDs as a test scenario. This allows
for the evaluation of the system’s ability to accurately transmit and receive di-
gital signals. By measuring the fidelity of the received square wave, the software
design can be fine-tuned to ensure robust and efficient data communication.

Figure 5.1: Sampling results for square waves of different frequencies

Figure 5.1 shows the results of these experiments. As the frequency of the
wave on the transmitter side is increased, the “square”-nature of the reconstruc-
ted signal reduces. This can be attributed to the settling time of the sensor.
When the incident light exhibits a level change, the sensor output undergoes
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some oscillations and overshoots before settling at the new value. This is evident
in the 2.5Khz case. However, for higher frequencies, the level of the transmitted
signal changes faster than the settling time of the receiver. The average settling
time for the receiver was measured to be 200µs, for rising as well as falling edges.
However, the half-point of the level change in much lesser time. The half-time
was measured to be 25µs. Thus, by using the half-point as a threshold, the signal
then be efficiently reconstructed even at higher frequencies, without requiring
the sensor to settle to the level change.

Another critical factor in the sensing of light signals is the presence of ambient
light. It leads to an additional component of light, apart from the data signal,
being incident on the sensor. Thus, a change in lighting conditions can change
the square wave levels read by the ADC. This also changes the aforementioned
threshold. This effect was mitigated by sampling the ambient light intensity at
the start. This value is then subtracted from all subsequent samples, to yield a
“relative” incident intensity. Here, it was assumed that the ambient light acts as
a constant component, shifting the HIGH and LOW levels of the pulse equally.
The second assumption is that the ambient lighting conditions remain constant
throughout the duration of the data transfer.
Next, a series of experiments were conducted to profile the software functions.

It was observed that I2C and SPI transactions are the most critical operations.
The results of the profiling are displayed in Table 5.1.

Table 5.1: Profiling results of software bottlenecks

Function Type of Operation Average time

Changing LED State I2C Transaction 40µs
Reading ADC SPI Transaction 20µs

With these results, it becomes possible to design an efficient software solu-
tion that maximizes the data transfer rate, minimizes errors, and optimizes the
overall performance of the LED-based communication system.

5.3 Receiver Functionality

As discussed earlier, the sensing can only be carried out during the inactive
periods of the display cycle. However, there is a challenge regarding the syn-
chronization between the display’s PWM cycle and the microcontroller’s ability
to process the received signal. The LED driver, which controls the display
PWM cycle, does not provide information to the microcontroller about the in-
active phase of the cycle. But the microcontroller requires control over the
off-time of the duty cycle in order to effectively process the received signal.
To overcome this limitation, a solution is implemented where the microcon-

troller takes control of managing the display cycle instead of relying on the LED
driver. This is achieved by the microcontroller by instructing the LED Driver
to turn the LED on or off at every rising or falling edge of the PWM cycle,
respectively.
By taking charge of the display cycle management, the microcontroller can

synchronize its operations with the display’s PWM cycle and effectively perform
the necessary sensing tasks during the inactive phase. But there still exists a
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Figure 5.2: Integrated display and Rx functionality using TDM

major challenge resulting from an irregular sensing interval that relies on the
duty cycle. To address this challenge, a potential solution is to implement a
Time-Division Multiplexing (TDM) approach, where the display and receiver
functions operate alternately within equal time slots. However, this approach
comes with a trade-off: the duty cycle of the display is reduced by half.

To mitigate the impact of this reduced duty cycle, the system takes advant-
age of the LED Driver’s dual-control property. By doubling the current, the
reduction in the duty cycle can be compensated. This enables the display to
maintain its brightness and visual performance while accommodating the neces-
sary sensing operations during inactive periods. This procedure is demonstrated
in Figure 5.2.

5.4 Transmitter Functionality

For integrating the transmission functionality with the functions, a common
approach is to employ TDM similar to what is used for the receiver. However,
in this scenario, there is an inherent challenge: transmitting data during the
display cycle can impact the displayed pixel colour, resulting in an undesired
visual effect.
To address this issue, a solution is to embed the data transmission within

the displayed intensity itself. This means that the transmission of data should
generate the desired LED intensity, without affecting the pixel colour. The key
requirement for such a system is that the LED should maintain the desired
intensity regardless of the data bits being transmitted. In other words, the
symbols representing ‘0’ and ‘1’ should produce the same effective intensity.
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One effective coding scheme that achieves this objective is Manchester coding.
By utilizing Manchester coding, the system ensures that a constant intensity is
maintained throughout the transmission process [28]. However, due to the OFF -
intervals of the Manchester symbols, the overall intensity is reduced by half. To
counteract this reduction in intensity, a current compensation technique can be
applied to restore the effective intensity to the required value.
In this project, the IEEE 802.3 convention for the Manchester symbols is

used. By employing Manchester coding, the system can achieve consistent LED
intensity regardless of the transmitted data, thereby preventing unwanted visual
artifacts. Furthermore, by applying the current compensation technique, the
system ensures that the overall effective intensity meets the desired specifica-
tions. As shown in Figure 5.3, by combining Manchester coding with current
compensation, the system can successfully perform reliable data transmission
without compromising the quality of the displayed content. With this method,
the data rate is fundamentally limited by the intensity of the pixel. Techniques
aimed at improving this data rate are explored in chapter 6 and chapter 7.
Although Manchester coding fits the requirements of the transmitter display,

it is also essential for the receiver to able to detect and identify Manchester
signals. As mentioned in section 5.3, the sampling operation of the receiver is
limited to half of the duty cycle. Thus, it is not possible to sample the entire
Manchester symbol. But that does not pose a problem, because the symbol
can be reconstructed even when one of its halves is known. Thus, the receiver
samples only the second half of the transmitted symbol, and decodes it to obtain
the correct bit value.
Since the pixel intensity values range from 0 to 255, both inclusive, the time

period is divided into 255 slots. The number of slots transmitting Manchester
code is determined by the pixel intensity. The rest of the slots in the period
remain inactive.

5.5 Message Structure

The message structure in this system follows a specific format to ensure reliable
and accurate data transmission. The components of the message are outlined
below:

1. Preamble

The message begins with a preamble, which serves as an initial synchron-
ization sequence to establish communication between the transmitter and
the receiver. A series of 40 HIGH bits are sent as a preamble, thus aiding
in aligning the timing and allowing the receiver to identify the start of a
message.

2. Target

The preamble is followed by a set of 255 slots which contains some initial
HIGH bits followed by the rest inactive slots. The number of HIGH bits
is decided by the desired pixel intensity. This number is defined as the
“target”. From section 5.4 it is known that the receiver only samples the
second half of the Manchester symbols. Hence, the receiver is unable to
distinguish between an inactive slot, and a slot transmitting a ‘0’-bit. The
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Figure 5.3: Embedded display and Tx functionality using Manchester
coding

purpose of this target bit-set is to inform the receiver about the number of
active slots in the following sets of 255 slots each. It should be noted that
in the message structure, the number of bits refers to the actual number
of bits in the transmitted data which may not necessarily equate to the
number of slots.

3. Data Length

Following the target, the message structure includes four bytes that indic-
ate the total number of bytes contained within the message. This inform-
ation is crucial for the receiver to determine the length of the message and
correctly process the incoming data.

4. Data Chunks

The actual data within the message is divided into chunks of 64 bytes
each. These chunks enable efficient handling and processing of the data, as
breaking it down into manageable segments enhances the system’s overall
performance.

5. CRC-8

Each 64-byte chunk is then accompanied by a CRC-8 (Cyclic Redundancy
Check) code. The CRC-8 is a form of error detection code that ensures
data integrity during transmission. By performing a mathematical calcu-
lation on each byte within the chunk, the CRC-8 generates a checksum
that can be used to verify the accuracy of the received data. The receiver
can compare the calculated CRC-8 value with the transmitted value to
detect any errors that might have occurred during transmission.
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Overall, this structured message format, consisting of a preamble, length in-
dicator bytes, data chunks, and CRC-8 codes, is designed to enable reliable and
robust data transmission. By including synchronization, length information,
data segmentation, and error detection, the system can effectively transmit and
validate data, ensuring the integrity and accuracy of the received information.
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Chapter 6

Colour Augmentation

As mentioned in chapter 5, the data rate in this system is limited by the in-
tensity of the displayed pixel. When the pixel intensity is zero, no data can be
transmitted. To overcome this limitation, it becomes necessary to increase the
pixel intensity in a way that the modified colour is not noticeably different from
the original colour. This technique can also be applied to non-zero intensity
values to further increase the data rate.

To achieve this, the focus is primarily on maximizing the red component
of the pixel while keeping the green and blue components unchanged. The
objective is to ensure that the visual difference between the colours is below
the Just Noticeable Difference (JND) threshold of the human eye. In order
to accomplish this, it is essential to study the visual response to the displayed
colours.

6.1 Colour Space

The RGB colour space, commonly used for digital representation, does not
provide information about human perceptibility and is not perceptually uniform.
This means that equal Euclidean distances in the RGB space do not correspond
to the same perceived colour difference by humans. To accurately measure the
perceived difference between two colours, a perceptually uniform colour space
needs to be employed.

In this particular case, the CIELAB colour space is utilized. The CIELAB
colour space offers perceptual uniformity, where the Euclidean difference in this
space directly corresponds to the Delta-E metric. Delta-E is a measure of the
perceived colour difference, where a value of 1 Delta-E represents a Just Notice-
able Difference (JND) between two colours. Table 6.1 shows the comparison of
using RGB and CIELAB colour spaces to find the colour difference.

By leveraging the CIELAB colour space, it becomes possible to quantitat-
ively measure and evaluate the perceived colour differences between the original
colour and the modified colour with increased red intensity.

29



Table 6.1: CIELAB colour space gives a better measure of perceived
colour difference than the RGB colour space

Colour
RGB CIELAB

Coordinates Difference Coordinates Difference

5, 255, 255
29

91.13, -47.99, -14.10
0.96

34, 255, 255 91.27, -47.07, -13.88

226, 255, 255
29

97.99, -9.32, -3.17
10.05

255, 255, 255 100, -2.45, 0

6.2 Rmax Algorithm

The processor and the LEDs operate in the RGB space. Thus, conversions
between the RGB and CIELAB spaces are necessary to find the maximum per-
missible intensity of the red component, defined as Rmax. The algorithm for
this process can be formulated as follows:

Algorithm 1: Computation of Rmax for a given colour from the
RGB space

Input : 0 ≤ R0 ≤ 255; 0 ≤ G0 ≤ 255; 0 ≤ B0 ≤ 255
Output: R0 ≤ Rmax ≤ 255

1 l0, a0, b0 ← Convert-To-LAB(R0, G0, B0)

2 for R0 ← R1 to 255 do
3 l1, a1, b1 ← Convert-To-LAB(R1, G0, B0)

4 ∆E ← sqrt((l1 − l0)
2 + (a1 − a0)

2 + (b1 − b0)
2)

5 if ∆E > 1 then
6 Rmax ← R1

7 break

8 end

9 end

6.3 Implementation

The most rudimentary approach is to implement the algorithm from the pre-
vious section on the microcontroller and perform the computation in real-time.
However, the conversion from RGB to CIELAB colour spaces is computation-
ally expensive and cannot fulfil the real-time demands of the system. Another
approach is to compute the Rmax values for each colour in the RGB space and
write the data to the microcontroller’s EEPROM. However, Rmax is a 1-byte
value, and with 2563 possible colours in the spectrum, the storage size for such
a dataset is 16MiB, while the Arduino Due has an EEPROM of only 512 bytes.
Thus, the next step is to develop a low-cost approximation function for com-
puting Rmax from the R, G and B values. This serves as a trade-off between
execution speed and visual quality. For the approximate function to be for-
mulated, the behaviour of Rmax in the RGB space needs to be studied. The
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Figure 6.1: Variation in Rmax decreases as R increases

distribution of Rmax for various R values is shown in Figure 6.1.

The box plot gives an indication of the variation in Rmax for a particular
R. This variation is due to the dependence of Rmax on G and B values as
well. Thus, it is evident that for higher values of R, the dependence of Rmax

on G and B decreases. Hence, in this range, Rmax can be estimated as a linear
function of R alone. Analysis of the box plots yields two regions (99 ≤ R ≤
151 and 152 ≤ R ≤ 255) which are suitable for such an approximation. The
estimation functions for these regions are derived to be Rmax = R + 1 and
Rmax = min(R+ 2, 255) respectively Figure 6.3.

For R < 99, Rmax needs to be approximated using G and B values as well.
In order to maintain the cost-effectiveness of the operation, it is preferable to
design linear functions rather than opting for higher-degree polynomials. Even
though Rmax varies non-uniformly, in a small section of the RGB space, it can
be approximated by a linear function. By carefully studying the behaviour of
Rmax, these sections were identified. The process involves segregating the Blue-
Green 2D space into 7 zones and deriving an estimation function for each zone.
In some zones, a linear Rmax vs R curve can be easily fitted. In the rest of
the zones, Rmax shows greater non-linearity and hence, further divisions are
made on the red dimension. The approximation function can thus be formed as
an amalgamation of multiple linear functions. The division of the Blue-Green
space and the derived estimate functions are shown in Figure 6.4.

Finally, these parts are put together, to construct the procedure defined in
algorithm 2.
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Algorithm 2: Low-cost estimation of Rmax for a given colour
from the RGB space

1 if R0 ≥ 152 then
2 Rmax ← min(R0 + 2, 255)
3 else if R0 ≥ 99 then
4 Rmax ← R0 + 1
5 else
6 if B0, G0 ∈ Zone 1 then
7 Rmax ← R0 + 3
8 else if B0, G0 ∈ Zone 2 then
9 Rmax ← floor(0.95×R0) + 7)

10 else if B0, G0 ∈ Zone 3 then
11 Rmax ← floor(0.89×R0) + 13)
12 else if B0, G0 ∈ Zone 4 then
13 if R0 < 20 then
14 Rmax ← floor(0.65×R0) + 17)
15 else if R0 < 40 then
16 Rmax ← floor(0.75×R0) + 15)
17 else
18 Rmax ← floor(0.95×R0) + 8)
19 end

20 else if B0, G0 ∈ Zone 5 then
21 if R0 < 20 then
22 Rmax ← floor(0.55×R0) + 22)
23 else if R0 < 40 then
24 Rmax ← floor(0.75×R0) + 18)
25 else
26 Rmax ← floor(0.91×R0 + 11.45))
27 end

28 else if B0, G0 ∈ Zone 6 then
29 if R0 < 20 then
30 Rmax ← floor(0.5×R0) + 26)
31 else if R0 < 40 then
32 Rmax ← floor(0.7×R0) + 22)
33 else
34 Rmax ← floor(0.9×R0) + 14)
35 end

36 else if B0, G0 ∈ Zone 7 then
37 if R0 < 20 then
38 Rmax ← floor(0.4×R0) + 32)
39 else if R0 < 40 then
40 Rmax ← floor(0.6×R0) + 28)
41 else
42 Rmax ← floor(0.88×R0) + 17)
43 end

44 end

45 end
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Figure 6.2: CDF for ∆E values across the entire RGB colour space

To analyse the impact of this approximation on the visual appearance, the ∆E
metric between the modified and the initial colour was computed for every colour
in the RGB space. The Cumulative Density Function (CDF) of all ∆E values
indicates that for 80% of the colours in the spectrum, this colour modification
yields a ∆E value of less than 1, and in over 90% of the cases ∆E < 1.2.
It can thus be concluded that duty cycle maximization using with aforemen-

tioned estimation technique is an effective way to improve the throughput while
maintaining the visual quality of the displayed pixel.
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(a)

(b)

Figure 6.3: Rmax estimation functions for
(a) 99 ≤ R ≤ 151, and
(b) 152 ≤ R ≤ 255
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Figure 6.4: Partitioning of the Blue-Green plane into 7 zones (top),
and

Estimation functions for 0 ≤ R ≤ 98 in zones 1, 3, 5, 7 (bottom)
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Chapter 7

Many-to-One
Communication

While scouting the possibilities of multi-channel communication, it was dis-
covered that adjacent Rx-Tx channels cause mutual interference. Thus, adja-
cent LEDs cannot be used to operate two channels simultaneously. However,
this points towards an interesting observation: mutual interference indicates
that an Rx LED has the potential to receive data from multiple Tx LEDs and
not just from the one positioned directly opposite it. This thesis proposes to
exploit this property to maximize the utilization of the duty cycle and thus,
enhance the data rate.
This is particularly useful when the Tx pixel colour has a low red component

intensity. It is already known that the intensity of the red components controls
the data rate of communication. Even with intensity maximization mentioned
in chapter 6, the duty cycle is not always used to its full capacity. The utilization
can be increased by having multiple Tx LEDs transmit different parts of data.
Since the receiver is able to receive data from all these transmitters, it remains
oblivious to the presence of multiple Tx LEDs and cannot differentiate among
them. Therefore, this feature can be integrated into the transmission module,
without requiring any modifications to the receiver module.

7.1 Feasibility

Implementation of this system demands an understanding of the sensitivity of
an Rx LED to multiple other Tx LEDs. The obvious assumption is that the Rx
LED should be able to receive data from the exactly opposite Tx LED and the
4 surrounding LEDs closest to the exact opposite LED. However, experiments
proved that this was not the case. It was observed that the orientation of the
LED plays a key role in this aspect. In this system, with the semiconductors
aligned horizontally, an Rx LED shows greater sensitivity towards Tx LEDs
that are at the same vertical elevation. In other terms, an Rx LED is more
likely to receive data from LEDs that are in the same row as the exact opposite
Tx LED. To explore this further, a series of square-wave tests were conducted to
determine potential Tx LED sets for a particular Rx LED. The results for two
of the configurations are shown in Figure 7.1 (Configuration 1) and Figure 7.2
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Figure 7.1: Sampling results for a square wave transmitted in parts
by multiple Tx LEDs

(Active Tx and Rx LEDs are shown in red)

(Configuration 2). In Configuration 1, two of the 4 peaks in a cycle have very
low amplitudes. This implies that two of the Tx LEDs are not suitable to
be used as potential transmitters for this particular Rx LED. However, with a
similar Rx-Tx geometry, Configuration 2 produces different results. Although
the amplitudes of the peaks are different, all are above a considerable threshold,
this making them all four suitable as transmitters. This situation arises due to
slight misalignment between the LEDs and displays, and geometric inaccuracies
that exist in practice.

7.2 Initial Scanning Phase

From section 7.1, it is evident that for a particular Rx LED, the potential Tx
set cannot be selected based on geometry alone. Moreover, small changes in
the hardware alignment can cause the Rx LED to be less sensitive towards the
selected Tx set. Thus, to ensure accurate data transmission, the system cannot
rely on static Tx sets. Thus, we introduce a scanning phase that runs when the
system starts. It involves each Rx LED attempting to sense light from each Tx
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Figure 7.2: Sampling results for a square wave transmitted in parts
by multiple Tx LEDs

(Active Tx and Rx LEDs are shown in red)

LED. The Tx LEDs which are able to yield outputs above a certain threshold
are selected as potential transmitters for the particular receiver.

7.3 Algorithm

With the feasibility aspect managed, maximum utilization of the duty cycle
necessitates the development of an effective algorithm. For this purpose, the
“target” of each Tx LED is taken into consideration. The target is defined by
the desired intensity of the red component of the pixel (after the maximization
from chapter 6 has been applied). The target is the number of slots for which
the Tx LED remains active, in a 255 slot cycle. By using multiple Tx LEDs, the
goal is to utilize as many remaining slots as possible. To avoid multiple LEDs
transmitting at the same time and effectively wasting the available slots, we
introduce a token system. Only the LED with the token is allowed to be active
in a particular slot. Each cycle starts with the token being assigned to one of
the LEDs. When it reaches its target, the token is passed to the next LED. This
results in maximum utilization of the available 255 slots. This technique works

39



Figure 7.3: Timing diagram for the use of multiple Tx LEDs when
their total target is less than or equal to 255

Figure 7.4: Timing diagram for the use of multiple Tx LEDs when
their total target is more than 255

well when the total target is less than or equal to 255. The timing diagram for
such a system is displayed in Figure 7.3.

However, when the total target exceeds 255, this procedure impacts visual
quality, since some Tx LEDs are not able to achieve their target. In theory,
when the total target is above 255, some of the slots should have multiple
Tx LEDs active. This is also not a problem in practice because the Rx LED
only considers the thresholded signal rather than the signal amplitude itself.
With multiple Tx LEDs transmitting data, the LOW part of the symbol is
not affected. For the HIGH part, the amplitude of transmission is higher than
that in the single Tx LED case. With thresholding, this increased amplitude
does not introduce any complications on the receiver side. This modification is
carried out by extending the previously designed token system. We incorporate
pseudo-tokens into the system, which are granted to Tx LEDs when the priority
is to reach their targets. When the number of remaining slots in the cycle is
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equal to the remaining target for a particular LED, it implies that it should be
active in every subsequent slot, even when it does not have the token. Thus a
pseudo-token is granted to LEDs that do not have the main token and have just
enough slots left in the cycle to complete their target. The timing representation
for this procedure can be seen in Figure 7.4. Adopting this approach augments
the data rate of the system and causes no loss to the visual quality of the pixels.
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Chapter 8

Evaluation

8.1 Setup

A pair of 4x4 RGB LED displays were used to evaluate the performance of the
system under different conditions. The displays were placed facing each other,
such that the LEDs were aligned, as shown in Figure 8.1. Although each display
can operate as a transmitter as well as a receiver, for the purpose of the tests,
Screen 1 was set as the receiver and Screen 2 as the transmitter. The Tx-Rx
configuration from Figure 7.2 was used, with 4 transmitter LEDs and 1 receiver
LED. Data transfer was performed using the red channel of both, the Tx LED
as well as the Rx LED.

8.2 Parameters

This evaluation aims to assess the performance of the system based on two key
parameters: Bit Error Rate (BER) and Throughput.

8.2.1 Bit Error Rate (BER)

The BER is a crucial metric that quantifies the accuracy of data transmission. It
measures the ratio of incorrectly received bits to the total number of transmitted
bits. A lower BER indicates a higher level of accuracy and reliability in the
communication system.

8.2.2 Throughput

Throughput refers to the rate at which data can be successfully transmitted over
the communication channel. It is measured in bits per second (bps) and directly
impacts the system’s data transfer capacity. As mentioned in section 5.1, the
data rate of the system depends on the timer tick frequency. On the transmitter
side, ticks control the transmission of Manchester code, and on the receiver side,
the LED performs display and sensing at alternate ticks. Thus the maximum
achievable bit rate (in bits per second) of the system is half the tick frequency (in
Hz). However, the bit rate is different from the throughput, with the throughput
being typically lesser than the bit rate. This is because throughput also accounts
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(a) (b)

Figure 8.1: Evaluation Setup with two RGB LED Displays facing
each other.

(a) View of the full setup, including the microcontrollers
(b) Close-up view of only the displays

for all the additional time required for overheads, error-detection codes, and re-
transmission of erroneous chunks.

8.3 Evaluation Results

The evaluation takes into account the setting of several different variables, in-
cluding the timer tick frequency, Tx target value, the distance between the
transmitter and receiver LEDs, ambient lighting conditions, and the number of
Tx LEDs involved. By analyzing these factors, we can gauge the effectiveness
and reliability of the VLC system in various scenarios. Thus, several config-
urations consisting of various combinations of these variables were put to test.
For each configuration, a data transfer of pseudo-random data of 20kB size was
attempted. 10 iterations of each test were performed and the results from these
were averaged, so as to investigate the effect of each parameter on the system
performance.

8.3.1 Tick Frequency

In theory, higher tick frequencies are beneficial, since they allow for a greater
amount of data to be transmitted within a given time frame. However, due to
practical limitations, it is not usually feasible to send and receive data accur-
ately when the frequency is increased beyond a certain threshold. It can be
seen in Figure 8.2 that the BER was found to be below 0.01% for frequencies
up to 9kHz. This indicates that the system has a very low error rate in this
frequency range. However, a sharp rise in BER was observed above 9kHz fre-
quency, suggesting a significant deterioration in data transfer. Since the BER
had negligible dependence on the target value, it can be said that the bit errors
are evenly distributed over the 255 slots.
Analysis of throughputs at different tick frequencies and target values is shown

in Figure 8.3. As expected, initially, the throughput was observed to increase
with an increase in tick frequency (Figure 8.3a). Also predictably, the through-
puts increased nearly linearly with a linear increase in target value (Figure 8.3b).
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Figure 8.2: BER is below 0.01% for tick frequencies up to 9kHz, and
increases rapidly thereafter

Interestingly, both the figures show that the throughput at 10kHz was lower than
that at 9kHz, for all target values. This can be attributed to the increased num-
ber of errors at 10kHz, which outweigh the benefits of the increased frequency.
As a consequence, the system’s throughput is negatively affected. The pres-
ence of errors necessitates the retransmission of erroneous data chunks, which
ultimately leads to a reduction in overall throughput. At 11kHz frequency,
the communication was observed to become unreliable, resulting in a complete
loss of throughput. This indicates that the system is unable to sustain reliable
transmission and reception of data at this frequency.

8.3.2 Distance

While analysing the performance of the systems at various Rx-Tx distances, the
strength of the received signal decreases with an increase in distance. Thus, a
constant threshold between the HIGH and LOW signal values is not sufficient to
correctly detect the signal state at different distances. Hence, before conducting
the data transfer experiments at a particular distance, the threshold value was
tuned, so as to achieve optimum performance.

The trends in BER vs Distance for various tick frequencies and target values
are shown in Figure 8.4 and Figure 8.5 respectively. In Figure 8.4, the target
value was kept constant at 255, across all frequencies. In Figure 8.5, a tick
frequency of 9kHz was used, with varying target values. For a given frequency
or target value, the BER was found to remain nearly constant, below 0.01%, for
distances ranging from 5 to 20cm. This indicates a reliable communication per-
formance within this distance range. However, at a distance of 40cm, the BER
exceeded 20%, indicating a significant increase in transmission errors. It was
also observed, that unlike the lower distances, at a 40cm distance, higher tick-
frequencies result in a higher BER value, implying that the receiver is unable
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(b)

Figure 8.3: Throughput curves showing:
(a) a peak at a tick frequency of 9kHz

(b) a linear variation with the target value

to accurately decode a high-frequency digital signal sent from a larger distance.
The results also showed that up to a distance of 20cm, the BER values are
similar across varying frequencies and target values. Therefore, it can be stated
at distances below 20cm, the communication quality is independent of the tick
frequency (up to 9kHz) and the target value.

Similar to the observations from the previous subsection, the throughput was
found to have decreased beyond the 20cm distance, due to the increase in BER.

46



Figure 8.4: BER increases beyond a 20cm distance, for all tick
frequencies and a target value of 255

Figure 8.5: BER increases beyond a 20cm distance, for all target
values and a tick frequency of 9kHz

(The curves for targets 30 and 255 nearly coincide)

The results for different tick frequencies (Figure 8.6 and target values (Figure 8.7
were found to be consistent with the expectations.
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Figure 8.6: Throughput decreases beyond a 20cm distance, for all tick
frequencies and a target value of 255

Figure 8.7: Throughput decreases beyond a 20cm distance, for all
target values and a tick frequency of 9kHz

8.3.3 Ambient Lighting Conditions

Next, the performance of the system under various ambient lighting conditions
is investigated. For this, three test scenarios with different lighting intensities
were selected: dark (0 lux), indoor (300 lux), and outdoor (2600 lux).

The BER values were observed to remain constant under all ambient lighting
conditions (Figure 8.8 and Figure 8.9). This suggests that the performance of
the system is not significantly affected by changes in the lighting environment.
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Figure 8.8: BER remains nearly constant for various ambient lighting
conditions and tick frequencies, with a target value of 255

Figure 8.9: BER remains nearly constant for various ambient lighting
conditions and target values, with a tick frequency of 9kHz

(The curves for targets 30 and 255 nearly coincide)

Regardless of the lighting intensity or variations in ambient lighting conditions,
the system maintains a consistent BER. This can be attributed to the use of
relative samples (refer section 5.2), which already have the effect of ambient
lighting subtracted from them. Similar to the observations in subsection 8.3.3,
the effect of ambient lighting on various frequencies and target values was also
similar. As a result, the throughput was observed to be dependent only on the
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Figure 8.10: Throughput is independent of the ambient lighting
conditions for various tick frequencies and a target value of 255

Figure 8.11: Throughput is independent of the ambient lighting
conditions for various target values and a tick frequency of 9kHz

tick frequency (Figure 8.10) and target values (Figure 8.10), and not on the
ambient lighting conditions.

8.3.4 Number of transmitters

Finally, the performance of the system under a varying number of transmitters
was evaluated. To study the benefits of using multiple transmitters, each trans-
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Figure 8.12: At lower individual targets, the advantage of using
multiple Tx LEDs is greater than that at higher individual target

values

mitter in the set was assigned the same target value, and this individual target
value was chosen as the dependent variable, instead of the collective target value.
For a particular collective target, the throughput is independent of the number
of transmitters. The collective target value, hence, is not a suitable variable
for investigating the effects of using multiple Tx LEDs. On the other hand,
when the individual target value is considered, the collective target, and hence,
the throughput depends on the number of transmitters. Hence, configurations
with 1, 2, and 4 Tx LEDs with a tick frequency of 9kHz and varying individual
target values, were studied. The results are displayed in Figure 8.12. It was
observed that for lower individual targets, additional transmitters provided a
significant throughput benefit. However, after a certain point, the throughput
in the case of multiple Tx LEDs stagnated and the advantage over using a single
Tx LED started reducing. This is because the collective target value is capped
at 255. As the individual target value approaches 255, there remains a lesser
scope for improvement in throughput, by including an additional transmitter.
The results also showed that as the number of Tx LEDs increased, the stagna-
tion was attained at lesser individual target values. Thus, further increasing the
number of Tx LEDs will provide performance increment over a smaller range
of individual targets. Increasing the number of Tx LEDs from 1 to 2, improved
the throughput for a large range of individual targets. But increasing them to
2 to 4 provides an improvement in a much smaller range. Therefore, a large
number of transmitters will not provide a huge throughput increment over the
entire range of individual target values.
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Chapter 9

Conclusions

In conclusion, this VLC system, comprising a 4x4 RGB LED display is cap-
able of transmitting and receiving data using its pixels, without a noticeable
degradation in the pixel appearance. This opens up possibilities for integrating
data transfer capabilities in various existing and future applications, including
information display units, signage, and microLED displays. The bidirectional
functionality enables interactive and dynamic communication scenarios, foster-
ing engagement and responsiveness.
The following are the key traits of the Screen Antenna system:

1. A maximum throughput of 4.4 kilobits per second can be achieved with a
Bit Error Rate of less than 0.01%.

2. Communication is unaffected by the ambient light provided that the light-
ing conditions remain similar throughout the duration of the communica-
tion.

3. By tuning the Rx threshold parameter, the system can be operated at
multiple Rx-Tx distances. Reliable communication is possible up to a
distance of 20cm. This range can be increased slightly by increasing the
feedback resistance of the transimpedance amplifier.

4. The peripheral circuitry and software modules are designed with the ob-
jective of scalability. However, the processing capabilities of the current
system may hinder the expansion to large displays.

5. An Rx LED is able to receive data from some of the Tx LEDs that are
not situated along the normal. While this has been used for many-to-
one communication, it also means that perfect lateral alignment between
the two displays is not necessary. The system can perform consistently
with some amount of lateral shift. Depending on the distance, a slight
rotational misalignment will also not pose a problem. Due to the dynamic
nature of the system, in case of a misaligned configuration, the potential
Tx set for a particular Rx will be automatically selected during the initial
scanning phase.

6. Since the receiver expects the same target value for the entire message, it
is not possible to change the red channel intensity of Tx LEDs until the
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message transfer is complete. Thus the refresh rate of the red component
of transmitting pixels is limited.

7. With the colour augmentation technique, a pixel is able to send data while
displaying any colour. Even when the red component of the desired colour
is zero, the Tx LED is able to send data, albeit at a lower rate. In such a
case where the targets of individual Tx LEDs are small, the throughput
can be significantly augmented by using multiple Tx LEDs in conjunction.

By employing visible light as the medium, the VLC system can take advantage
of the vast available spectrum, avoiding congestion and interference commonly
associated with radio frequency-based communication systems. This offers a
reliable and secure communication channel, particularly in environments where
other wireless technologies may be prone to interference or pose security con-
cerns. Overall, the Screen Antenna presents a promising solution for efficient
and flexible communication.
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Chapter 10

Future Work

This successful implementation of the Screen Antenna prototype has generated
several potential avenues for further development and exploration. These are
listed in the sections below.

10.1 Signal Edge Detection at the Receiver

Instead of the level detection of the received signal, which is currently used,
the edges can be detected instead (as presented in [16]). The transmitter and
receiver can be synchronized such that the edges of the Manchester symbols fall
within the sampling interval of the receiver. This offers a solution to two of the
current limitations:

1. When an edge is detected, based on whether it is a positive or negative
edge, the bit can be decoded as ‘1’ or ‘0’ respectively. When no edge
is detected within the sampling interval, this indicates that the slot is
inactive. Thus, a static target value is not needed by the receiver for
detecting inactive slots. This also means that the red channel intensity of
the transmitter LEDs does not have to be consistent during the transfer
of the message, and hence, higher refresh rates are possible.

2. Signals edges, unlike the signal levels are not affected by the ambient
conditions. For edge detection, initial sampling of ambient light is not
necessary. And mainly, the data transfer is not hindered if the ambient
conditions change during the message transfer. Of course, a change in
lighting will introduce a false edge in the transmitted signal, but this will
only cause a single decoding error, as the system continues to decode the
subsequent bits correctly.

10.2 Spatial and Temporal Colour Difference

In the current system, the colour augmentation technique takes into account
the instantaneous colour of a particular pixel alone. The perceived colour dif-
ference is considered to be independent of the colours emitted by other pixels,
and also of the changes in the colour over time. However, in reality, this is not
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how the human vision interprets information. The human perception exhibits
a “blur”-property [27], whereby the colour perceived for a particular pixel is
also affected by the colours of the neighbouring pixels. Moreover, for a display,
in most circumstances, the pixel colour is continuously changing. The human
brain processes changing colours differently than static colours. With human
cognition depending on more factors than just the pixel colour, it could be
possible to enhance the colour augmentation technique and extract a greater
throughput out of the system. Existing works such as Zhang et al. [2010], Tong
et al. [1999] and Kaya et al. [2011] aim at extending the CIELAB colour space
to images (instead of a single pixel) and videos, and developing a metric to
evaluate the colour difference in spatial and temporal domains. These methods
are computationally expensive, and due to the large number of possible com-
binations involved, it is difficult to derive approximation functions such as the
ones currently in use. However, with a more high-performance processing unit,
there exists significant scope for studying the effects of incorporating the spatial
and temporal colour difference concept into the system.

10.3 Multi-core Setup

For larger displays, the processor will have to manage a greater number of pixels.
This calls for an increased processing speed. However, increasing the processing
speed is itself not sufficient, since the I2C and SPI transaction times are still
the bottlenecks. For a larger display, with a larger number of LED Drivers and
ADCs, there will be a significant lag between the operations for the first and last
pixel. Thus some parallelism needs to be introduced to perform multiple I2C
and SPI transactions in parallel. This opens up possibilities for investigating
the performance of various multi-core architectures with the Screen Antenna
system. Furthermore, parallelism can also unveil prospects for multi-channel
channel communication, including full-duplex communication between the two
displays.

10.4 ASIC

The I2C transaction bottlenecks exist because the PWM is handled by the
microcontroller instead of the LED Driver IC. At every PWM level change, the
microcontroller sends commands to the LED Driver to change the state of the
LED. Such a system is implemented for two reasons:

1. Reliable communication requires a tick frequency of 9kHz, but the PWM
frequency of the LED Driver IC cannot be lowered to this order.

2. Data is transmitted using Manchester coding and the LED Driver cannot
be configured to modulate the PWM signal with Manchester symbols

Thus it could be beneficial, in terms of speed, to implement some of the soft-
ware functionality in hardware. A peripheral Application-Specific IC (ASIC)
design could enhance the scalability and performance of the system. By imple-
menting some configurability such as the selection of Tx sets in the peripheral
ASIC, the dependence of the system on microcontroller’s software operation can
be reduced.
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Appendix A

Circuit Schematics for a
Single Row of 4 LEDs

Figure A.1: LEDs and associated Solid-state Relays

61



Figure A.2: LED Driver
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Figure A.3: Transimpedance Amplifier

Figure A.4: Analog to Digital Converter (ADC)
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Appendix B

PCB Designs

Figure B.1: PCB Front View (without components)
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Figure B.2: PCB Front View (with components)

Figure B.3: PCB Front Routing
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Figure B.4: PCB Back View (without components)

Figure B.5: PCB Back View (with components)
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Figure B.6: PCB Back Routing
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