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Abstract—Visible light communication (VLC) is considered
a solution to the scarcity of radio frequency communication
resources due to its abundant spectrum resources and rapid
intensity modulation capability. It has a wide range of appli-
cations in indoor positioning and intelligent transport systems.
For example, in Connected and Autonomous Vehicle scenarios,
VLC uses traffic lights to warn vehicles at different distances in
abnormal situations, thus preventing potential traffic accidents.
To facilitate fast, long-range VLC communication in such one-
to-many communication scenarios, current systems typically use
optical cameras or digital micro-mirror devices as receivers.
However, there are several challenges associated with these
devices. Optical cameras have a limited sampling rate, resulting
in reduced effective throughput. Other receivers, such as digital
micro-mirror devices, are relatively costly, which hinders their
widespread use.

In this paper, we propose a novel, low-cost, and high-speed
VLC scheme. We use a low-cost material called Polymer-
Dispersed Liquid Crystal as the measurement matrix, reducing
the cost by 99% compared to digital micro-mirror devices. We
implement hierarchical coding based on compressive sensing
to reduce data redundancy and thus improve communication
throughput. Empirical experiments conducted using four pho-
todiodes at the receiver show a 120% improvement in overall
throughput compared to existing one-to-many VLC systems.

Index Terms—visible light communication, hierarchical coding,
compressive sensing

I. INTRODUCTION

Connected and autonomous vehicles (CAVs) are emerging
as a key development in Intelligent Transport Systems (ITS).
These vehicles can communicate with each other and with
infrastructure elements in real time, facilitating the exchange
of information to improve traffic efficiency and safety. For
example, as demonstrated in Fig. 1, a traffic light transmits
live traffic conditions to nearby vehicles. This scenario, where
one source communicates with multiple receivers, requires fast
communication speeds to keep up with the rapidly changing
environment. While many current approaches rely on Radio
Frequency (RF) technology, this method faces challenges in
dense areas where bandwidth is shared among numerous
users, resulting in considerable interference, reduced system
capacity, and increased latency. Consequently, Visible Light
Communication (VLC) is gaining traction as a complementary
technology to RF in outdoor and vehicular communication [1],
offering several advantages that address the limitation of
RF [2].
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Fig. 1.
based hierarchical coding scheme used by PDLC allows receivers at different
communication distances to reconstruct signals at different levels, thereby
accessing different amounts of information.

In a one-to-many intelligent traffic communication system, a CS-

In addition to CAVs, the widespread use of LED lighting
in buildings promotes the implementation of various location-
aware indoor applications [3], [4]. To fit different commu-
nication scenarios, VLC utilizes various receivers, typically
including photodiodes (PDs) and cameras. PDs can provide
high sampling rates, while cameras offer spatial modulation
capabilities by utilizing a two-dimensional sampling plane.

Nevertheless, communication distance remains a key lim-
iting factor in the above-mentioned applications. Over longer
ranges, communication systems often experience severe inter-
channel interference, a consequence of the Rayleigh crite-
rion [5]. This is particularly evident in one-to-many commu-
nication setups, as ensuring that data is received at different
distances usually requires receivers near the source to sacrifice
their data rates for the benefit of receivers further away.
Numerous studies have attempted to address this issue. For
example, OnionCode [6] proposes a multi-priority receiving
approach that enables receivers to dynamically discard lower-
priority bitstreams based on the evaluated channel capacity.
However, this hierarchical encoding method is primarily reliant
on the camera, resulting in the transmission of a substantial
amount of redundant pixels. Additionally, the frame rate of
cameras poses a significant limitation on the data transmission
rate in these methods. Alternatively, Raytrack [7] employs
Digital Micro-mirror Devices (DMD) and compressive sensing
(CS) algorithms for fast transmitter detection. While DMDs
offer a higher sampling rate, their use incurs considerable costs
and increased power consumption. Furthermore, this approach
does not effectively address the problem of reduced data rates
for receivers at shorter distances, which is a compromise made
to accommodate receivers at longer ranges.




To address the aforementioned issues, we utilize CS to
implement a multi-priority hierarchical coding scheme in PD-
based VLC. Our aim differs from that of traditional single-
pixel imaging, which concentrates on reconstructing high-
quality images. Instead, our objective is limited to roughly
determining the position and intensity of the transmitters.
Rather than employing DMD, we exploit a custom mea-
surement matrix using low-cost Polymer-Dispersed Liquid
Crystals (PDLCs). The hierarchical coding scheme based on
CS and facilitated by PDLCs enables higher communication
throughput and lower costs.

The use of PDLC smart glass allows for widespread applica-
tion of our work in various scenarios, including indoor settings
and intelligent transportation, as demonstrated in Fig. 1. Our
work’s primary contribution can be summarised as follows:

o A power-efficient and low-cost measurement matrix is

designed using PDLCs, which are widely employed.

o A hierarchical coding scheme with multiple priorities
was implemented using PD-based VLC, resulting in a
significant increase in communication throughput.

« Specific experiments are designed to evaluate the impact
of configurations and different algorithms on the system’s
performance.

Our paper is structured as follows: Sec. II provides a
review of existing work in the field. Sec. III introduces the
background and preliminary studies that underpin our research.
The detailed design of our system is presented in Sec. IV. We
discuss experimental results from our testbed in Sec. V, and
finally, Sec. VI concludes the work.

II. RELATED WORK
A. VLC with PD

Due to the higher sampling rate and lower cost of photo-
diodes (PDs) compared to cameras, much research has been
focused on enhancing communication distance and improving
the performance of PD-based VLC. [8] uses a combination of
a DMD and a mirror assembly as a transmitter. The DMD
determines the reflection of the incoming light and directs
it to a proper receiver. [7] utilizes the DMD to detect the
transmitter’s position and dynamically adjusts the field of view
(FOV) in real time, mitigating interference originating from
the environment and other coexisting transmitters.

Our research employs Polymer-Dispersed Liquid Crystal
(PDLC) to create a measurement matrix, instead of using
expensive DMDs. This substitution results in lower power
consumption and reduced cost.

B. Hierarchical Coding

In camera-based VLC, hierarchical coding is often used
to improve communication distance. One example of this is
Nishimoto’s approach [9], [10], which involves dividing the
LED array into blocks of different sizes that correspond to
different priorities or layers. These blocks contain embedded
bits of different layers that are overlaid together to generate
the overlay code. Another approach is Onioncode [6], which
uses a unique non-block-based coding scheme to maximize
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Fig. 2. PDLC: (a) When the liquid crystals have random orientation, PDLC
is opaque. (b) When the liquid crystals have a consistent orientation, PDLC
becomes transparent. (c) Examples of PDLC at two states. (d) Transparency
under varying voltage.

channel utilization. Onioncode does not compromise the data
rate of the closest receiver and significantly enhances the
overall throughput in one-to-many communication scenarios.

In comparison to the current hierarchical coding system that
is based on cameras, we use PDs as receivers to improve the
sampling rate and increase throughput.

III. BACKGROUND & PRELIMINARY

A. Polymer-Dispersed Liquid Crystals

Polymer-Dispersed Liquid Crystals (PDLC) are a unique
type of liquid crystal material composed of low molecular
weight nematic liquid crystals dispersed as microdroplets in a
polymer matrix (0.5-1pm). The random distribution of liquid
crystals in the polymer matrix increases the material’s haze,
resulting in opacity. This material can transition from a non-
transparent to an optically transparent state when subjected to
an electric field. The liquid crystal droplets align along the
field direction, with a control voltage typically ranging from
20-80V. The response time is typically less than 1ms [11].
Smart films or glasses, also known as smart or switchable win-
dows, can be made by sandwiching such components between
two transparent conductive oxide (TCO)-coated polyethylene
terephthalate (PET) sheets [12]. Currently, most smart PDLC
windows are self-adhesive laminated films used for privacy
control in areas such as conference rooms and critical care
areas.

The optical transparency characteristics were evaluated at
different voltages. Fig. 2(d) shows that the transparent film
is opaque with a transparency of about 53% when there
is no control voltage and becomes transparent when the
control voltage increases from 0V to 20V. Due to its ease of
control and processing, low cost, energy efficiency, and wide
application in daily life, we choose PDLC to construct the
measurement matrix.
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Fig. 3. Varying communication distances result in different levels of LED
mixing and corresponding changes in light intensity. This phenomenon is
harnessed to develop the hierarchical coding scheme.

B. Compressive Sensing

Unlike traditional signal processing, which assumes that a
signal must be sampled uniformly at or above its Nyquist rate
to be accurately reconstructed, Compressive Sensing (CS) is
a technique that allows for accurate reconstruction with fewer
samples [13]. If a signal is sparse or compressible in an or-
thonormal basis and the transformation basis and measurement
matrix are incoherent, CS can acquire and reconstruct the
signal with fewer measurements than required by the Nyquist-
Shannon sampling theorem [13].

Mathematically, consider a real-valued signal vector = of
length N to be recovered. Assume that x is a K -sparse signal
in the basis of U = [¢)1|th2] - - - [1)n], then x can be expressed

as Eq. (1): N

z = ali)y; = Va, )
i=1
where W is an [NV x N matrix with ¢; as N x 1 columns and
a is an N x 1 coefficient vector with K nonzero elements.
By M times linear measurements which are properly designed
(M > N), the M x 1 measurement intensity vector y can be
expressed as Eq. (2):

y=®xr =PdVq, 2)

where the M x N measurement matrix ¢ is incoherent to
W. Solving « to recover x is a convex optimization problem
known as basis pursuit (BP) [14]. It has been proved that BP
can be solved using [/;-minimization shown by Eq. (3) [13],
[15]:

min ||af|; s.t. y = PVa. 3)

Considering noise is inevitable to measure y in practical
use cases, BP can be modified to be basis pursuit denoising
(BPDN) shown by Eq. (4) [16]:

1
rrgn§||y—<1>\lla||§+)\\|a||1 st.y=0Va, “)

where A is modified to trade off reconstruction error in the
first term with the sparsity of « in the second term.

C. Hierarchical Coding

As the distance between the LED and the photodiodes (PDs)
increases, the ability of CS to spatially differentiate closely
situated LED light sources diminishes. This phenomenon
is known as LED spatial mixing, as illustrated in Fig. 3.
However, this mixing results in a more intense light output. We
can exploit this characteristic to devise a hierarchical coding
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Fig. 4. Architecture of PDLC-CS-based VLC system.
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scheme, where spatially mixed LEDs are treated as a singular
signal and encoded individually at each layer'.

Notably, receivers at longer distances may not be able to
distinguish individual lit LEDs, but they can perceive the total
number of LEDs illuminated during LED mixing. Therefore,
each instance of LED mixing is linked to a specific com-
munication layer and a unique decoding table. For instance,
in Fig. 3, Layer3 involves three adjacent LEDs undergoing
mixing, which the receiver interprets as a single-lit LED. Using
a decoding table, the second-priority bit is decoded as ‘1’.
This ensures that high-priority bits remain decodable at longer
distances while preserving full bandwidth for closer receivers.

IV. SYSTEM DESIGN

A. System Overview

We develop a proof-of-concept PDLC-CS-base VLC sys-
tem. Fig. 4 illustrates the architecture, which consists of an
LED array as the transmitter and several photodiodes (PDs)
with a Polymer-Dispersed Liquid Crystal (PDLC) measure-
ment matrix serving as the receiver.

B. Transmitter Design

The information source generates bit streams which are then
framed at the transmitter using a customized preamble. The
frame structure of our communication system is illustrated in
Fig. 5. Each frame contains 32 data bits and a customized
preamble consisting of 2 sub-preambles. Sub-preamble-1 and
2 are specifically designed for frame synchronization and
optical channel estimation, respectively. We use the baseband
transmission method with NRZ line code to validate the
effectiveness of our system.

IEach layer corresponds to a specific range of distances
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Fig. 6. (a) When the receiver is located near the LED array, the nearby LEDs
can be sampled differently using the PDLC measurement matrix. This leads to
a distinguishable signal upon reconstruction. (b) When the receiver is located
far away from the LED array, the nearby LEDs are likely to be sampled by
the same PDLC element. This leads to less information for CS reconstruction,
resulting in a lower resolution.

C. Receiver Design

1) Initialization: The communication system is established
using x LEDs and p PDs, with a PDLC measurement size of
m xm. To initialize the receiver, sparse measurement matrices
are generated, each with dimensions of m x m and elements
of 0 and 1 to represent the opaque and transparent states of the
corresponding PDLC glass cell. Fig. 6 illustrates how different
cell states affect the received signal. The PDLC measurement
matrix contains cells that establish a line of sight (LOS) with
the PD from a sampling point. There are a total of p-m - m
sampling points. As we are only concerned with the sampling
points in the LED array, we can assume that they all lie within
the plane of the array. Their relative positions can then be
calculated using spatial geometric operations.

Measurement Matrix Design: For effective use of CS in
image reconstruction, the measurement matrix must adhere
to the Restricted Isometry Property (RIP) [13]. However,
verifying the RIP characteristic of a measurement matrix in
practice can be challenging. This often leads to the use of a
random matrix as an approximation, which may not always
yield optimal results. To address this issue, We propose a pre-
learned measurement matrix generation algorithm. Based on
preliminary experiments, we identify cells that are frequently
traversed by the line of sight (LOS). We then generate matrices
to ensure a more uniform distribution of 0’ and 1’ elements
across these cells. This strategy helps prevent any individual
cell from persistently remaining in an ‘on’ or ‘off” state during
the sampling process.

Image Reconstruction with CS: Based on preliminary
experiments, we compute an angular attenuation matrix of
size m x m for each PD. The PDLC measurement matrix
transforms during the sampling process, with the frequency

of f referred to as the transformation rate. This generates a
transparency array of size m X m. The complete measurement
matrix, denoted as ®, has dimensions f-p X p-m -m and is
formed by taking the Hadamard product of the transparency
matrix and the angular attenuation matrix. The output, y, from
f samplings is represented as a vector of size f -p x 1.
Therefore, the mathematical expression for the communication
model is as follows:

y = o &)

After deriving ®, we exploit the Lleq_pd function in /-
magic [17] to solve the BPDN equations and obtain « for
further channel estimation.

2) Frame Synchronization: The sub-preamble-1 is designed
for frame synchronization and consists of 2 repeated Manch-
ester bits. As illustrated in Fig. 7, at the receiver, received
signal streams are divided into f groups by extracting signals
sampled through the same PDLC measurement matrix. A
filter matching the sub-preamble-1 is used for cross-correlation
calculation for each group. The preamble start can be identified
based on the first maximum cross-correlation.

3) Optical Channel Estimation: After synchronizing the
frames, we detect the number of mixed LEDs to determine
the communication layer and encoding table. In sub-preamble-
2, LEDs light up sequentially, and the receiver uses CS to
construct vector « in Equation 5. The values of the elements
in the vector represent the luminance at the sampling points.
The vector « is then transformed back into a 2-D matrix
and its elements are distributed onto a plane according to
their relative positions, as computed in Section IV-C1. To
eliminate noise and extract LED positions, simple filtering,
and threshold segmentation are used. Fig. 8 shows that when
sampling points from different LEDs overlap, LED-mixing
occurs. The communication layer is determined based on
the number of overlapping LEDs. Finally, pre-measurement
is used to determine the intensity corresponding to different
numbers of illuminated LEDs. The source information can
then be decoded based on the channel estimation results.

V. EVALUATION

As shown in Fig 9, we use WS2812B [18] as the system’s
transmitter, use SGPN185MQ [19] as the receiver, and cut
Polymer-Dispersed Liquid Crystal (PDLC) films into 1em x
lem panes to assemble into the measurement matrix.

A. Benchmark

1) Preamble Detection: The first step is to assess the
robustness of the frame synchronization. We define frame
detection accuracy as the proportion of correctly identified
frames. Fig. 11 illustrates the frame detection accuracy under
different lighting conditions and with varying numbers of
PDs. ‘Indoor’ refers to a standard office with light-on, while
‘Outdoor’ indicates natural sunlight outdoors. The experi-
ments show that the frame detection rate indoors can reach
99.0%-99.6% with 1 to 4 PDs, while outdoors, due to strong
sunlight interference, the detection rate drops to 92.2%-93.8%.
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2) Measurement Matrix: The quality of image reconstruc-
tion is heavily influenced by the measurement matrix. To
assess the impact of three key factors - transformation rate,
sparsity, and the transformation generation algorithm -
we use reconstruction accuracy as our performance metric.
Reconstruction accuracy is defined as the ratio of correctly
decoded images to reconstructed images.

We begin by analyzing the effect of the transformation
rate. After each transformation of the PDLC measurement
matrix, PDs collect a sample. As depicted in Fig. 10, it is
evident that an increase in the number of samples collected
results in more precise image reconstruction through CS.

Next, we examine the impact of sparsity. Measurement ma-
trices with varying sparsity levels are randomly generated and
tested with different sample counts. Fig. 12 reveals two key
observations. First, for a given sparsity level, reconstruction
accuracy improves by 24.1%, from 74.7% to 98.8%. Second,
while higher sparsity levels allow for more comprehensive
information collection, they also increase reconstruction com-
plexity. At low transformation rates, sparsity has little impact.
However, increasing the transformation rate can flexibly adapt
to different scenarios, balancing communication speed and
reconstruction accuracy. This adaptability makes our PDLC-
CS-based VLC system suitable for diverse environments.

Fig. 13 examines the effect of different algorithms on the
generation of measurement matrices. We contrast matrices
that are pre-learned with those that are randomly generated.
The findings indicate superior performance from the pre-
learned algorithm. Remarkably, as the sample count increases,

2
samples
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Truth amples samples samples samples

Increasing Samples for Image Reconstruction

Fig. 10. Reconstructed images while varying the number of samples.

even randomly generated matrices can achieve performance
almost as good as pre-learned ones, with accuracy reaching
close to 98.5%.

B. Overall Performance

1) System Throughput: A comparison was conducted be-
tween communication systems with and without hierarchi-
cal coding schemes. Fig. 14 demonstrates the results. The
throughput of Layerl, where LED-mixing does not occur,
was normalized to 1. The hierarchical coding scheme allows
for the transmission of additional data through LED-mixing.
In the 4-layer coding system, the overall throughput of the
communication system increases by approximately 42.8%.

We also compare our method with OnionCode [6] which is
the state-of-the-art hierarchical coding scheme in one-to-many
visible light communication. As shown in Fig. 15, because
of the high sampling rate of PDs, our PDLC-CS-based VLC
scheme increases overall throughput by 120%.

2) Cost and Power Consumption: In addition to its high
data rate, another key advantage of our method is its cost and
energy effectiveness. As detailed in Table 16, compared to
existing CS-based VLC schemes [7], [8] that typically employ
Digital Micro-mirror Devices (DMD) at a cost of $80 and 5T
operating power [20], the PDLC glass we use are substantially
more affordable, costing approximately $40/m? with a power
consumption of 8W/m?. The total area of our measurement
matrix is less than 0.02m?2. Therefore, both the cost and
power consumption of our PDLC measurement matrix are
significantly lower than those associated with DMDs. This
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makes our approach not only more economically viable but
also more energy-efficient, making it suitable for a wide range
of applications.

VI. CONCLUSION

This paper proposes a hierarchical coding scheme for
one-to-many visible light communication scenarios based on
photodiodes. The scheme utilizes polymer-dispersed liquid
crystals to create a specialized measurement matrix for random
sampling. Compressive sensing is employed to reconstruct
signals from the light source and decode different priority
bitstreams. The evaluation results show an overall increase in
throughput of 120% and a reduction in cost of 99% compared
to existing methods. The system is highly flexible and capable
of adapting to various communication scenarios.
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