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Abstract
With radio communications bandwidth becoming
increasingly scarcer and expensive, researchers
have turned towards the light medium, namely
the field of Visible Light Communication (VLC).
Although the field of Visible Light Communica-
tion (VLC) was pioneered in the late 1800’s, it
faced criticism from the scientists of that age, ra-
dio communications being preferred instead. VLC
has regained its opportunity to shine by comple-
menting existing radio communication methods.
This research paper is focused on exploring dif-
ferent short-range multiple-input multiple-output
(MIMO) screen-to-camera VLC schemes operat-
ing solely on the red optical channel. The trans-
mitting screen is a 4x6 LED grid on a prototype
board, while the receiver is an off-the-shelf smart-
phone back camera. The chosen modulation tech-
nique is On-Off Keying (OOK) with Manchester
Encoding (ME), while demodulation is performed
using three different strategies, with the first two
using Otsu thresholding and the last using sliding
window. Our experiments showed that, while the
modulation schemes present a transmission rate of
6 symbols per LED every frame, which can amount
to 144 symbols per frame, and a Bit Error Rate
(BER) of less than 10−1, the limited resolution
and frame rate hardly allow the presence of impor-
tant data frame header fields such as the Sequence
Number.

1 Introduction
”I have heard articulate speech by sunlight! I have heard a ray
of the sun laugh and cough and sing!”. This quote belongs
to the man who first developed the photophone [19]. While
the telephone converts the speaker’s voice to radio waves, the
photophone converts the same voice into a beam of visible
light. It is this invention that made the world remember him as
the main driving force behind the field of Visible Light Com-
munication (VLC). His name was Alexander Graham Bell .

Bell’s design and use of visible light were put aside, both
because of social resistance and the need for a design that is
both easier to scale and more useful for the military [13].

However, as we all know, technology evolution is a syn-
onym to larger amounts of data being transferred between
communicating parties. This naturally results in bandwidth
becoming scarcer and more expensive, which means that en-
gineers have to look at other methods of transmitting data.
One of these methods is by exploiting VLC.

In the field of VLC there are multiple different communica-
tion pairs, such as LED-to-LED communication [10], LED-
to-camera where an off-the-shelf camera is used to detect the
information, replacing the photo diode that was previously
used [21], and even screen-to-camera communication, where
a smartphone screen or monitor is used as the transmitter in-
stead of a dedicated LED [23].

Throughout this paper, we concern ourselves with screen-
to-camera communication. On one side of state of the art

research in screen to camera communication you have many
different definitions for what is considered a ‘screen‘. For ex-
ample, a screen can be anything from a smartphone screen
[14], [2], [22], to the backlight of a mini-LED LCD [24], and
even the taillight of a car for Vehicle-to-Vehicle communica-
tion (V2V) [12]. All of these papers use screens that are made
up of at least 100 modulated transmitters and experimental
frameworks that bring about unnecessary overhead for low-
level prototyping. On the other side, you have research in
VLC performed on prototypes, such as [9]. However, in this
experiment, the team used one LED.

This outlines the lack of an ”in-between” option. It seems
that if you want to research the field of VLC, you need to
either choose to prototype on a single LED, or a screen com-
prised of hundreds. One downside of this option sparsity is
resource waste in scenarios where the desired data transmis-
sion rate can be achieved with a smaller number of LEDs, but
a conventional ”screen” is used.

This is precisely the research gap that this project will at-
tempt to fill. Our aim is to evaluate the OOK + ME modula-
tion method, together with the localization pipeline described
in Section 2, and three demodulation techniques on a pro-
totype board containing a 4x6 LED grid. This is supposed
to prove that intermediate LED count in a screen to camera
communication scheme ensures efficient resource usage, as
well as a reliable data transfer rate.

The success of this communication scheme development
and evaluation brings about a new possibility for research
teams that are currently limited by the amount of financial
resources, providing them a simple and cost-efficient method
of creating prototypes for different projects involving VLC.

2 Preliminaries
2.1 Modulated Signals
Modulated signals are at the center of wireless communica-
tion. These signals are comprised of two main components:

1. Carrier wave
2. Modulating wave
Let’s consider a scenario with two parties, Alice and Bob

that wish to communicate. For example, Alice wants to send
Bob the following sequence of bits message = 01. Lack-
ing a guided medium (e.g. wire), the two decide to employ
communication via radio signals. In our current scenario, the
radio wave is the carrier wave, while the digital signal rep-
resented by message is the modulating wave. The carrier
wave is the ”how” data transfer occurs, while the modulat-
ing wave is ”what”. In order to add information to the carrier
wave, Alice must choose which property of the radio wave to
modify according to the desired message. These properties
include the amplitude, phase or frequency of the wave. One
example of a popular technology employing signal modula-
tion are the Wi-Fi protocols 802.11g/b, which act on the first
two of the aforementioned wave properties [18].

2.2 Light Modulation Techniques
Within the broader framework of signal processing, the spe-
cific domain of VLC presents itself with the following four
main domains of light modulation, namely:



1. Pulse-based
2. Continuous time
3. Color
4. Frequency
Throughout the rest of the research paper, the focus will be

mainly on a pulse-based modulation technique, namely OOK.
In order to modulate a signal using OOK, you must define
what are the amplitudes for both the ”On” and ”Off” Key. For
example, an amplitude of 0 represents the light being turned
off completely, which can be associated with either a logical
1 or 0, depending on the communication scheme. A visual
representation of this modulation scheme can be observed in
Figure 1.

Figure 1: On-Off Keying. Source: [16]

Despite its simplicity, OOK is vulnerable to the flickering
effect, even if we use the minimum modulation frequency in-
visible to the human eye, namely 200Hz according to [1].
If the modulation frequency is not above. In the context of
screen-to-camera communication, this is one of the main fac-
tors we want to avoid while choosing a modulation scheme,
since it can have negative effects on human health as well as
affecting the display capabilities of the screen [15].

In order to solve this, a technique called Manchester En-
coding is employed. ME avoids the flicker effect by encoding
each logical bit into a pair of opposite symbols. A visual
representation can be observed in Figure 2. The only case
that we need to take into consideration is when a logical 1 is
followed by a logical 0, which would cause two consecutive
OFF symbols to be captured by the signal receiver. Thus, we
must ensure that the frequency at which we are able to switch
between symbols is twice the flicker-free frequency, which
would amount to at least 400Hz.

Figure 2: On-Off Keying with Manchester Encoding. Source: [16]

3 Our Contribution
The research question that we will attempt to answer can be
expressed as: ”What is a feasible method to implement a
communication scheme for a custom LED-screen platform,
focusing on the red-to-red optical link ?”. For the sake of
clarity, we decided to split the aforementioned research ques-
tions into several sub-questions:

1. Q1: How does OOK+ME perform when demodulated
using the baseline demodulation method?

2. Q2: How does OOK+ME perform when demodu-
lated using the guarded Otsu thresholding demodulation
method?

3. Q3: How does OOK+ME perform when demodulated
using the sliding window demodulation method?

In the following section, under subsection 4.4, the reader
can find the evaluation metrics used to measure the perfor-
mance of each method.

4 Methodology
This section will describe the research framework we have
employed. We will begin by explaining the setup used for
completing the experiments, namely the demodulator smart-
phone application and the physical components that ensure
that hand-held jitter while holding the camera or prototype
board is not interfering with the experiments. Next, we will
present the chosen experiments and conclude with a formal
problem description, through which our results will be inter-
preted.

4.1 Demodulator Application
The demodulator was implemented on a ZTE Axon 30 5G.
The user interface of the smartphone application was devel-
oped in Kotlin. Regarding the image processing engine, there
are two versions written, both of which can be found in the
appendix. The two versions were written in:

1. Kotlin: this was the first version of the engine. It was
mainly used in order to achieve a working end-to-end
scenario. The method through which this version de-
modulates the received light signal is by first calculating
for each row,an average of the red channel pixel values.
Then, based on how many rows of the screen should cor-
respond to a whole data bit (let’s call it n), an average of
every group i of n adjacent values avgi was computed.
Finally, with respect to a threshold γ = 0.5, the engine
made the decision of whether or not the bit is a logical 1
for avgi ≥ γ) or a 0 otherwise.

2. C++: this was the final version of the engine. We
used C++ because of it’s OpenCV library meant for
more complex computer vision tasks. One of the fea-
tures we can implement using this library is the LED
localization pipeline which can be visualized in Figure
7. This version of the image processing engine has
three methods of demodulation, referred throughout this
work as ‘guarded‘, ‘unguarded‘, and ‘sliding window‘.
The ‘guarded‘ and ‘unguarded‘ methods both use Otsu
Thresholding on each individual LED in order to find



a ‘local‘ threshold. The guarded method takes into ac-
count the fact that symbol borders are usually noisy, so
it chooses a percentage of ‘guard‘. Afterwards, that per-
centage of the total number of pixel columns for a sym-
bol gets removed from the left and right sides of the sym-
bol columns currently analyzed, thus removing noise.
The final method is a sliding window algorithm inspired
from [3].

Figures 3 and 4 show examples of the demodulator app’s
user interface. The first image shows two screens, namely the
Home Screen And Frame Upload Screen. The second image
shows the two main steps a user takes when demodulating a
captured frame, anmely providing a reference image for the
app to know where are the LED bounds, followed by provid-
ing a frame containing the modulating wave.

Figure 3: Demodulator Home Screen and Frame Upload Screen

4.2 Camera Settings
In order to capture videos using the smartphone, we have cho-
sen the OpenCamera Android application [6]. This was de-
cided due to the application’s high flexibility in terms of cam-
era settings. The most important settings were the following:

1. Exposure: Set to 1
5000s, in order to make sure that even

in an environment with ambient lighting, only the red
light of the LED was captured by the video

2. Video Resolution: 1920x1080. The higher the resolu-
tion, the more accurate the demodulator will be. The
general rule of thumb is that regardless of what resolu-
tion you pick, the demodulator should always be aware
of the choice made, lest you lose the available data pro-
vided by a supposedly higher resolution or give the en-
gine ”phantom confidence” in a specific decision for a
smaller resolution

3. Framerate: 30 frames per second. As mentioned in the
introduction, the purpose of this research is to see what
can be achieved with limited resources.

Figure 4: Reference Frame and Demodulation Frame

4. Video Format: MPEG4 H264

5. Video Bitrate: 200Mbps. We decided to pick the best
available bitrate, due to the fact that preserving frame
details is very important when it comes to demodulating
the received signals

The frames have been extracted from the video using ffm-
peg [5] in the beginning of the project. While extracting
frames from the video we picked the PNG format due to it
being lossless.

In order to ensure that the LEDs are positioned in the ex-
act same position with respect to the picture frame, we used
a simple tripod to hold the phone, thus reducing the camera
shake. At the same, a frame has been designed in order to
hold the board in a stable position. It is important to men-
tion that due to the exposure being set at a value as small as
1/5000 of a second, ambient light does not have an impact
throughout the experiment.

4.3 LED dimming

As mentioned in the Introduction, this research is oriented
towards efficient resource usage. Thus, we wanted to test how
do different LED brightness values affect the error rate. The
chosen PWM values for the LED grid are: 5, 10, 15, 20, 30,
and 50. Based on our observations, anything above a PWM of
50 will bring discomfort to the human eye, which means that
the display capabilities of the LED grid are affected. Thus, we
have decided to place our upper threshold at 50 when screen
brightness is concerned.

4.4 Evaluation Metrics

The two main evaluation metrics used are the following:

1. Data Transfer Rate (DTR)

2. Bit Error Rate (BER)



Figure 5: The prototype board. Creator: Amund Kiste, Technologi-
cal University of Delft

4.5 Physical Setup
In Figure 5 the reader can see the prototype board used
throughout the experiments. This prototype board is con-
nected to an Arduino R1 Giga. Communication is established
through the I2C protocol. The board is divided into three
2x4 cells, each of them independently controlled by an I2C
driver, which explains the need for 3 different SDA/SCL con-
nections, which the Arduino board is capable of providing.
However, the SDA2/SCL2 pins, unlike pins 1 and 3, don’t
have a built-in pull-up resistor. In Figure 6, while observing
the complete physical side of the experimental framework,
the user can observe the breadboard that we used to build
such a pull-up resistor.

Figure 6: The complete physical setup

4.6 LED Localization Methods
In order to localize the LED grid and subsequently the indi-
vidual LED bounds, we implemented the pipeline described
in [4], which inspired the visual representation of this pipeline
in Figure 7

In step (1), we simply send the bitmap of a reference frame
to the C++ image processing engine of the native demodula-
tor app. By reference frame we mean a frame in which all

Figure 7: Panel Detection Pipeline

LEDs are turned on. This will allow us to compute the co-
ordinates of all 24 boxes that each contain an LED. Before
further processing, the input bitmap must be converted from
the RGBA format to grayscale using the cv :: cvtColor()
method of OpenCV with the code parameter set to cv ::
COLOR RGBA2GRAY .

Step (2) uses Otsu thresholding [11] in order to sepa-
rate the pixels into two classes: foreground and background.
In our case, the background pixels have value 0, while the
foreground ones have value 255. For this step, the cv ::
threshold() method was used, with the type parameter set
to cv :: THRESH BINARY | cv :: THRESH OTSU .
At this point, the LEDs have been placed in the foreground.
Since there is considerable distance between them, as can be
seen in Figure 8, we can execute step (5) in order to obtain
the bounding box coordinates.

Step (3) uses the previously binarized bitmap in order to
unite foreground elements that are morphologically close.
This process is executed by creating a structuring element us-
ing OpenCV’s cv :: getStructuringElement() and apply-
ing a closing operation in order to make sure that the LEDs
are connected.

Step (4) then takes the connected components and fills the
gaps between them, after which step (5) performs the BLOB
analysis using cv :: connectedComponentsWithStats().
After this operation, there should be a single BLOB detected,
namely the panel itself, which brings us to step (6) where we
can extract the LED grid bounding box coordinates.

4.7 Experiments
Our first experiment was based on plain OOK on a single
modulated LED transmitting a logical 0 and 1 interleaved.

After obtaining the set of results, we decided to begin us-
ing the whole LED screen and split the following experiments
into two subclasses, each corresponding to one of the evalu-
ated metrics:

1. Distance experiments, corresponding to DTR

2. Brightness and demodulation experiments, correspond-
ing to BER



Figure 8: Binarized Bitmap

The plaintext transmitted throughout the experiments is
01010000. In order to ensure our simulations reflect real-
world communication scenarios, we prepended the Manch-
ester encoded plaintext data frames with a ‘Special Frame
Delimiter (SFD)‘ and encoded ‘Length‘ field, as suggested
in [17]. The SFD field has a length of 1B, while the Length
field has 6b. The maximum size for a payload is 4b, which
translates to two logical bits in the OOK + ME modulation
scheme.

4.8 Problem Formulation
For this type of experimental work, the methodology is cen-
tered around an empirical evaluation of trade-offs rather than
the development of a new theoretical communication scheme.
The focus is on analyzing how different design choices affect
the error rate, information transfer rate and communication
link strength under realistic deployment constraints.

The problem is formalized as a multi-objective evaluation
problem. Instead of optimizing a single objective, the study
investigates how different modulation techniques and LED
localization techniques operate together.

More precisely, the following objectives are considered:

• maximizing symbol rate,
• minimizing error rate,
• minimizing the resources used by the smartphone de-

modulator
• minimizing the resources used by the prototype board

Rather than deriving a closed-form solution, the framework
evaluates these trade-offs empirically through controlled ex-
periments. The methodology is therefore based on systematic
comparison of clearly defined configurations.

5 Results
We begin this section by presenting the results of our first ex-
periment, focused on a single LED, modulated using OOK,
transmitting a digital 0, followed by a digital 1, with this mes-
sage being repeated throughout the entirety of the transmis-
sion period. All code related to the LED grid modulation can
be found at [8].

5.1 Bit Error Rate
In Figure 9 we can see an example of a frame taken of a
single LED toggling state at 1kHZ. We can clearly observe
the rolling shutter effect [20]. This was observed on a cam-
era with a resolution of 1920x1080 and a framerate of 30fps.
Empirically, we arrived at the conclusion that somewhere be-
tween 550 and 570 rows pass the actual LED. This in turn
means that every solid band of red or black is represented by
around 34 rows, which means that we will have a data rate of
about 16 bits/frame.

Figure 9: OOK generated frame

At the moment of running this first experiment, the image
processing engine was written in Kotlin. The exact configu-
rations of the Kotlin-based demodulator can be found in the
DecoderConfig.kt file in [7]. At the moment of writing
this, with a threshold of 0.3 for the average red value of the
pixel, we achieved an bit error rate of 0.5.

The results of the subsequent experiments related to the bit
error rate can be observed in Figures 10 to 12. We can notice
that the guarded and unguarded methods are both yielding
similar results, showing greater data reliability at PWM val-
ues 15 and 50. The aforementioned demodulation methods
also present themselves with a higher standard deviation than
the sliding window method.

5.2 Data Transmission Rate
By carefully positioning the LED screen as close as possible
to the camera ( 2 cm), we managed to cover 1043 of the 1080
pixel columns defined by the resolution. The gaps between
the four LED columns are approximately 81px each, which
leads to a total modulation area area = 1043−243 = 800px.
Dividing by the number of LED columns of the screen 4, we
arrive at 200px per LED.

With a frame rate of 30fps, the smartphone camera can
capture a frame in 33ms. Factoring in the resolution, we ar-
rive at a ‘row rate‘ of 30µs. Using a modulation frequency



Figure 10: Average BER obtained with the unguarded demodulation
method over 100 frames

Figure 11: Average BER obtained with the guarded demodulation
method over 100 frames

of 500Hz, we arrive at 2ms to transmit two alternate sym-
bols. Thus, we switch the symbol every 1ms = 1000µs.
This results in every symbol requiring 1000

30 ≈ 33px rows.
With the modulation area of an LED being defined previ-
ously at 200px, we can therefore achieve a transmission rate
of 200

33 ≈ 6 bits per modulated LED.

6 Responsible Research
6.1 Generative A.I.
Generative A.I. platforms, such as Antrophic’s Opus 4.8 and
Gemini’s Pro 3.1, have been used in the following ways:

1. Writing assistance: primary usage, mainly in contexts
where we needed to rephrase a paragraph or certain sec-
tion, as well as correcting any potential grammatical or
spelling errors

2. Code generation: under specific guidance, the agents
were employed to build specific parts of the code base,
in order to save time.

3. Literature search: mainly used in order to explore the
field of VLC under in a more controlled manner, by de-
scribing a specific number of ‘next steps‘. Used mainly
in the first weeks of starting this work.

Figure 12: Average BER obtained with the sliding window demod-
ulation method over 100 frames

Prompt examples can be found in the appendix.

6.2 Ethical considerations
Research into the field of Visible Light Communication di-
rectly transfers into researching methods of alternative meth-
ods of communicating some of the information we are cur-
rently using radio waves for. Progress in this subject will re-
sult in less radio spectrum congestion. Some of the benefits
include less lag and higher data rates, which are critical in a
society that is increasingly more connected every day. Be-
sides this, there are important considerations to be made with
regards to health, which can be affected by light flickers, as
mentioned in [15], which further emphasized the need for the
development of flicker-free VLC communication schemes.

7 Discussion
An analysis of the results shows that these methods are suit-
able for VLC screen-to-camera communication schemes im-
plemented using off-the-shelf cameras, due to an average
BER over 100 frames of less than 10−1. However, we must
take into consideration the fact that the symbol rate is limited
to approximately 6 bits per LED, for each frame. This leads to
a substantial lack of space for important header fields such as
the Sequence Number, which sits at the core of parallel com-
munication. Thus, while the three communication schemes
present themselves as promising, they should be used in se-
tups where both the modulation frequency and frame rate
achieve much higher values than the ones used throughout
our experiments.

7.1 Limitations
The first notable limitation of this research project is the need
to have the board aligned with the camera, in order for the
Otsu thresholding to work. The larger the angle of a sup-
posed rotation, the bigger the bounding box of an LED will
be. At the same time, if the rotation angle is large enough, the
modulated columns will be interpreted as rows by the image
processing engine.

A second limitation is caused by having all four columns
of the LED matrix transmit the exact same light signal. In
order to create a MIMO system, each transmitted data frame



would need a ‘Sequence Number (SN)‘ field prior to the pay-
load. This would further increase our data frames to 22 bits,
considering the four data frames we are transmitting, which
increases the system’s infeasibility.

The final important limitation is related to the synchroniza-
tion between the camera and the modulated screen. This re-
search paper doesn’t take into account the moment in the LED
modulation at which video recording started. In order to de-
tect the bit error rate, we keep a truth message on the receiver
side. Upon receiving a string of l bits message, the demod-
ulator loops through the aforementioned truth and seeks a
sequence of l bits in truth that minimizes the Hamming Dis-
tance between it and message. This method is primarily sus-
ceptible to finding wrong minimal BERs in the presence of
long runs of the same symbol. Such a run is represented by
our SFD comprised of eight consecutive ON symbols.

8 Conclusion
This work introduced three short-range screen-to-camera
VLC communication methods, relying on the red optical link,
together with OOK modulation and Manchester Encoding,
namely guarded ad unguarded demodulation using a per-LED
computed Otsu Threshold, as well as an adaptive sliding win-
dow protocol. Our analysis proved that the BER computed
after using the aforementioned demodulation techniques lies
just below 10−1, at a symbol rate of 144 symbols per frame.
However, our findings also showed that these methods are not
fit for MIMO communication, since the limited frame rate
and resolution don’t allow for important frame header fields
such as the Sequence Number, as well as the Length and Spe-
cial Frame Delimiter.

9 Future Work
Throughout this research paper we introduced plenty of com-
ponents that can be explored in greater detail, from modula-
tion techniques to error detection algorithms. However, we
recommend prioritizing the demodulator application first, es-
pecially adding the possibility of taking a picture from within
the smartphone application. This presents itself with one
main advantage, which is gaining direct access to the cam-
era, allowing a greater control over properties such as focus,
frame rate, ISO, and exposure.

Following this, a second area of concern is represented by
the class of error correction algorithm. We mainly focused on
the BER throughout this work in order to prove the robust-
ness of the communication channel. However, it would add
plenty of value to the communication scheme if the original
transmitted signal could be recovered.

A LLM Prompt examples
A.1 Literature Search

• ”are there any research papers documenting a low-
budget VLC setup? Screen to camera?”

• ”give me 3 other options (here referring to modulation
techniques) and also give me the link to a research paper
implementing it. We can assume that there will be close
to no movement of the board or phone”

A.2 Writing
• ”’Something lyies down.’ Is it gramatically correct?”

• ”How can I rephrase ’In order to bring our simulations
closer to reality, we used the following methods...’”

A.3 Software Development
• ”Okay, I want the following: a function that takes a de-

coded string std::string. It also takes the truth string.
Now, this will use the min Haming distance. So take
all offsets from 0 to length of truth - 1 and the result is
the min Hamming distance”

• ”I want the following, a JNI function that takes in a job-
ject Bitmap and a jobjectArray leds. I want to draw the
LED bounds on the bitmap. It doesn’t need to return
anything. Same architecture (Here referring to the ar-
chitecture I designed for another pair of functions). A
C++ function is doing the drawing, while the JNI is sim-
ply converting the leds array into std::vector¡cv::Rect¿¿”
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