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Abstract: LED displays can be used to realize the dual functions of display and communication
simultaneously. However, existing LED display-based visible light communication (VLC) systems
suffer due to their short transmission distance and are not practical. A long-distance, real-time
display-camera communication (DCC) system is proposed in this paper. First, a LED-DCC point
clustering scheme is proposed to increase the transmission distance by clustering multiple adjacent
LED display points for improving the quality of the VLC signal captured by an image sensor. Then,
a lightweight, back-forth, fast image processing algorithm is proposed to reduce the introduced
additional computational complexity caused by point clustering and enhance the reliability of
information extraction from the real-time captured images/video frames. The experimental system
was implemented with a 2.2-inch 16× 16 point LED display and the CMOS camera on the smartphone.
Experimental results show that the proposed system can achieve a maximum data transmission
distance of 7 m under a bit error rate (BER) of 0.5, which is about 9 times that of the previous LED-
DCC system, and can achieve a data transmission distance of 175 cm under the 7% forward error
correction (FEC) limit, which is about 12 times that of the previous LED-DCC system. Additionally,
the decoding latency for extracting information from each video frame is only 13.26 ms, which
guarantees real-time data reception.

Keywords: LED display; visible light communication (VLC); display-camera communication (DCC);
clustered LED points; lightweight image processing; CMOS image sensor

1. Introduction

As a new display technology, LED displays are widely used in public as information
displays, cluster displays, outdoor media, and in other fields, including financial infor-
mation displays of the stock exchange, passenger guidance information displays at ports
and stations, dynamic information displays for airport flights, road traffic information
displays, information releases for large exhibitions, command centers, etc. [1]. Modulating
the flicker frequency of the LED display’s light-emitting unit element (i.e., display pixel)
above the flicker fusion threshold can enable the LED display to display normally while
emitting high-speed visible light communication (VLC) signals that are imperceptible to
the human eye for covert information transmission, thus providing the LED display with
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the dual-use function of displaying and broadcasting information simultaneously [2–5].
At the same time, the VLC signal emitted by the LED display can be received by the
complementary metal oxide semiconductor (CMOS) image sensor, which can recover the
transmitted information. At present, many portable mobile electronic devices (i.e., smart-
phones) are equipped with high-resolution CMOS cameras, which can easily build up an
LED display-camera communication (LED-DCC) system and realize some novel industry
applications [4]; for example, real-time road information broadcasting and reception based
on LED traffic lights, invisible advertising pushing based on airport flight dynamic displays,
etc., which can provide mobile value-added service functions for LED displays.

Unlike conventional optical camera communication (OCC) [6], the optical signal
transmitting element of LED-DCC is the LED display pixel point, which is constrained
by display conditions and has the characteristics of a small, single-point, light-emitting
area and low-signal power, limiting the communication performance of LED-DCC. Based
on the potential application prospects of DCC, there has been some research carried out
on DCC systems that make a trade-off between the visual experience and communication
performance, including the data rate and bit error rate (BER) [7]. In 2016, Nguyen, V. et al.
proposed a spatially adaptive embedding scheme, TextureCode, to achieve flicker-free
communication by exploiting the low sensitivity of the human visual system in the texture-
rich region, and also proposed a TextureCode-Hybrid scheme, which is a mix of the
HiLight and TextureCode schemes under plain and high-texture blocks, achieving a higher
transmission rate [8]. RainBar [9] features a code locator detection and localization scheme
to allow flexible frame synchronization and accurate code extraction. ChromaCode [10]
proposed an outcome-based adaptive embedding scheme, which adapts to both pixel
lightness and frame texture. In 2019, RU codes and vRU codes [11] were proposed to
combine 2D barcodes with images and videos for unobtrusive DCC at high data rates,
based on the properties of the human visual system and the concept of a complementary
framework. In the DaViD system [12], Xu, J. et al. addressed the spatial synchronization
problem by utilizing localization patterns for detecting the modulation area and a separate
optimization of columns and rows for data resampling. Based on that, clean data frames
can be reconstructed by using a slight temporal oversampling. In 2021, Ryu et al. proposed
a DCC method based on spatial frequency modulation by hiding data bits through the
modulation of the high spatial frequency on the discrete cosine domain, and “0” and “1”
bits are embedded in the transition between blurred and sharpened frames [13]. In 2022,
Klein, J. et al. proposed a frame recovery method based on differential modulation to
solve the synchronization problem for the invisible DCC system, in which the original
display frames are recovered from asynchronous recordings in the receiver [4]. To avoid
flicker and the resulting interference with the displayed content, these DCC systems use
different modulation schemes for the raw pixel intensities of images and videos. Due to
the distortion from the interframe interference problem [9], the schemes for embedding
data in video content are more complex with regard to the design of channel coding and
demodulation, which leads to higher computational complexity and difficulty in real-time
communication.

In 2021, a real-time DCC system based on LED displays and smartphones with an
Alternate Bit-flipping Repeat Coding (ABRC) scheme for the synchronization problem
between LED displays and the smartphones’ cameras, and a fast image processing algo-
rithm to decrease the computational complexity of image processing were proposed [14].
The previous work modulates a single pixel on a 16 × 16 point LED display, which can
achieve a data transmission rate of 30 bps, and the data decoding latency on the Android
smartphone for data extraction is only 11.83 ms. However, the maximum data transmission
distance is only 80 cm under a BER of 0.5 and the data transmission distance is 15 cm
under the 7% forward error correction (FEC) limit, limiting its practical use. The main
reason for the short communication distance is that the real-time processing capability of
the fast image processing algorithm cannot support the real-time information extraction
of larger area pixel points, which limits the quality of the received visible light signal. To
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increase the data transmission distance, it is important to enhance the quality of the received
VLC signals, i.e., either increasing the DCC light-emitting area on the transmitter side or
increasing the resolution of the image sensor on the receiver side in the LED-DCC system.
However, both solutions will multiply the computational latency for image processing
several times and will eventually degrade the real-time data transmission performance of
the LED-DCC system.

In this paper, we propose a long-distance, real-time DCC system based on LED
point clustering and lightweight image processing. First, we propose a LED-DCC point
clustering scheme, which uses multiple LED display points to cluster together to increase
the light-emitting area for sending information, as well as the data transmission distance.
Then, to solve the problem of processing latency introduced by point clustering and
improve the reliability of information extraction, a lightweight, back-forth, fast image
processing algorithm is proposed, which can quickly realize the high-precision positioning
and data extraction of the LED-DCC area using the adaptive scanning method and variable
step lengths.

The proposed LED-DCC system has been experimentally verified and demonstrated
on a 2.2-inch 16 × 16 point LED display with a refresh rate of 150 fps and on a commercial
Android smartphone with a camera image sensor with a resolution of 3840 × 2160. Exper-
imental results show that the proposed LED-DCC system can reach the maximum data
transmission distance of 7 m under a BER of 0.5, which is about 9 times that of the previous
LED-DCC system, and can reach a data transmission distance of 175 cm under the 7% FEC
limit, which is about 12 times that of the previous LED-DCC system. Additionally, the data
decoding latency caused by extracting information from each video frame is only 13.26 ms,
which is similar to the previous LED-DCC system [14], even though the proposed system
needs to process many more pixels (about 10 times) than the previous LED-DCC system.
Therefore, the proposed system has advantages not only in data transmission distance, but
also in data transmission rate and system reliability.

The remainder of this paper is structured as follows: Section 2 presents a detailed
description of the proposed LED-DCC system, including the system architecture, the
proposed LED-DCC point clustering scheme, and the proposed lightweight, back-forth,
fast image processing algorithm. The experimental results and discussion are provided in
Section 3. Finally, conclusions and future works are presented in Section 4.

2. The Proposed Long-Distance, Real-Time LED-DCC System

The schematic diagram of the proposed long-distance, real-time LED-DCC system
is shown in Figure 1a. The system can be divided into a transmitter side with the LED
display with VLC function and a receiver side with the smartphone’s CMOS camera used
as a photoelectric sensor array.

On the transmitter side, the hidden data is encoded via the ABRC scheme [14] that
replicates the original information bits multiple times in an alternating flip for synchroniza-
tion between the transmitter and the receiver. To increase the LED-DCC light-emitting area
for communication, as well as the transmission distance, each data bit in the encoded data
frame is inserted in several nearby pixels of the video frame to be displayed on the LED
display. Since each LED display point is modulated by the value of each pixel, each hidden
data bit can be carried by multiple clustered LED-DCC points at the same time. Finally,
the high-speed, modulated LED display points broadcast high-speed visible light signals
at a baud rate, the same as the refresh rate of the LED display, which is imperceptible to
human eyes.

On the receiver side, the modulated signal transmitted through the VLC channel is
captured by the smartphone’s CMOS camera. To solve the problem of processing latency
introduced by point clustering and improve the reliability of information extraction, a
lightweight, back-forth, fast image processing algorithm is proposed to quickly locate the
LED-DCC display area from the high-resolution video frame and extract the transmitted
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data bits in a real-time mode. Finally, the extracted data frame is decoded with the ABRC
scheme to recover the hidden data.
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In the long-distance, real-time LED-DCC system, two key technologies are proposed: a
LED-DCC point clustering scheme for improving the system communication performance
and a lightweight, back-forth, fast image processing algorithm for high-precision, real-time
data reception.

2.1. LED-DCC Point Clustering Scheme

In the previous work, the maximum achievable distance at which the VLC signal
broadcast by an LED display point could be received and recovered was only 15 cm under
the 7% FEC limit. The data transmission distance is limited by the quality of the received
VLC signal. Increasing the light-emitting area or the brightness of the LED-DCC point
can help improve the visible signal quality captured by the image sensor. Increasing
the brightness of LED display points requires the support of hardware, e.g., the driving
circuit and the LED display element. Furthermore, increasing the brightness of LED
display points may not only change the brightness of the display screen, but also the other
display parameters, such as contrast and/or sharpness, as well as the viewing experience.
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Therefore, to solve the problem of the short transmission distance in the LED-DCC systems,
the LED-DCC point clustering scheme is proposed to increase the light-emitting area by
making use of a large number of pixels in the LED display, improving data transmission
distance and system reliability.

As shown in Figure 2, each data bit in the codeword encoded by the ABRC scheme
is synthesized with N adjacent LED display points. Therefore, the value of the data bit is
carried by N LED display points. Since the N LED display points are adjacent, they can be
processed as a clustered point group.

LEDi(x, y) = bt × pi(x, y), i ∈ [1, N] (1)

where pi(x, y) is the value of the i-th pixel located at the coordinates (x, y) in the light-
emitting area of N adjacent pixels in each video frame (framej), N is the total number of
pixels in the clustered group, and bt is the spread-spectrum code chip that encodes each
original data bit based on the ABRC scheme. bt is combined with pi(x, y), i ε [1, N] in each
framej of the video. Finally, the hidden data is broadcasted by the LED-DCC clustering
points (LEDi(x, y)), i ε [1, N]) located at the coordinates (x, y) in a 2D point array at the
same baud rate as the refresh rate of the LED display while avoiding flicker perceived by
the human eye.
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2.2. Lightweight, Back-Forth, Fast Image Processing Algorithm

As described in the proposed schemes in Section 1, the LED-DCC point clustering
scheme and high-resolution image sensor can effectively improve the quality of the received
VLC signals and support long-distance LED-DCC. The high resolution, e.g., 3840 × 2160,
brings more photoelectric imaging pixels to support reliable long-distance communication.
However, it also brings a higher data processing capacity; therefore, there are higher
requirements for the real-time image processing speed of a smartphone’s software and
hardware. The extraction of the LED light-emitting area in the captured image is the main
factor affecting the image processing speed. To reduce the latency of data decoding, a
fast image processing algorithm [14] can detect the contour of the LED light-emitting area
and segment it from the captured video image in real time. However, the algorithm just
supports the real-time LED-DCC data reception at a short transmission distance due to
its limited real-time processing capability for larger area pixel points. For the proposed
LED-DCC system, there is a high processing latency introduced by the high-resolution
image and the enlarged light-emitting area containing the clustered points. In this paper,
we propose a lightweight, back-forth, fast image processing algorithm that uses variable
step lengths to search back and forth to quickly locate the LED light-emitting area from the
high-precision video frame and an adaptive binarization method to convert the pixel value
of the LED-DCC point into a bit and then recover the transmitted data through the ABRC
scheme. With the proposed lightweight, back-forth, fast image processing algorithm, the
problem of processing latency introduced by LED-DCC point clustering is solved, and the
reliability of the LED-DCC system can be improved. Therefore, the proposed LED-DCC
system is able to support long-distance, real-time data reception.

Figure 3 shows an example of processing a captured image frame via a lightweight,
back-forth, fast image processing algorithm. Due to the CMOS camera of the smartphone
being set to work in underexposure mode with a fast exposure time and small aperture, the
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brightness value of pixels in most areas in the captured image frame, except for in the LED
light-emitting area, is zero. That is, except for outside the LED display area, the sum of
pixel values in each row (column) is close to zero. The video frame captured by the camera
in the YUV format is processed in real time by the proposed lightweight, back-forth, fast
image processing algorithm, which performs two steps of LED light-emitting area detection
and LED-DCC data bit extraction. The specific demodulation procedure can be divided
into the following two steps:

• LED light-emitting area detection. After the brightness (Y) data of each video frame
is extracted as a gray image, the method of pixel sampling is used with the initial
sampling step length linit to perform vertical integration processing on the Y value
of the pixels with a constant distance, and to quickly detect the fuzzy left or right
boundary of the LED light-emitting area. To avoid the error caused by sampling, the
left or right boundary of the blur is taken as the center, and the left or right side is
separated by 2 × linit. Then, the algorithm adjusts the step length to a smaller step
length (lsmall) and performs vertical integration processing on the pixels in this nearby
area to determine the precise boundaries of the LED light-emitting area. Similarly,
the precise top and bottom boundaries can be determined by horizontal integration
with variable sampling step lengths. As shown in Figure 3, the red dashed lines
indicate the precise left and top boundaries of the LED light-emitting area detected.
Appropriately increasing linit can improve the positioning speed of the LED display
area, and reducing lsmall can improve the positioning accuracy of the LED display area.
In our system, the value of linit is set as 5 and the value of lsmall is set as 1.

• LED-DCC data bit extraction. Once the vertical and horizontal boundaries of the
LED lighting-emitting areas are detected, the pixel coordinates of the corners of the
LED-DCC emitting areas are easily obtained. Thus, the coordinates of the LED-DCC
light-emitting area are quickly detected through the relative position offset based
on the coordinates of the pixels in the upper left and lower right corners, and the y
values of all pixels in the LED-DCC area are integrated. Then, the symbol value of the
LED-DCC clustered points is determined by the Sauvola-based adaptive binarization
method [15], converting the y value of the LED-DCC clustered points into the bit.
Finally, ABRC decoding is conducted to recover the transmitted data.

Photonics 2022, 9, 721 7 of 12 
 

 

 

Figure 3. The demodulation procedure of lightweight, back-forth, fast image processing algo-

rithm. 

3. Experimental Results 

An experimental system was implemented on a 2.2-inch 16 × 16 point LED display 

and on a demodulator APP for an Android smartphone, and a series of experiments were 

conducted to verify the performance of the proposed long-distance LED-DCC system, in-

cluding data transmission distance, data transmission rate, and data decoding latency, 

which are critical for real-time data reception. 

3.1. Experimental System 

As shown in Figure 4a, the experimental system mainly consists of an LED display 

that is 4 × 4 cm2 for transmitting hidden data while displaying image/video, and the 

smartphone’s CMOS camera with a capture frame rate of 30 fps for VLC signal capturing 

and data reception. As shown in Figure 4b, the experimental system was tested in a dim 

environment to avoid interference from other light sources, and the main hardware con-

figurations of the experimental system are listed in Table 1. 

 
 

(a) (b) 

Figure 4. (a) The schematic diagram and (b) photography of the long-distance, real-time LED-DCC 

system experimental setup. 

  

Figure 3. The demodulation procedure of lightweight, back-forth, fast image processing algorithm.

3. Experimental Results

An experimental system was implemented on a 2.2-inch 16 × 16 point LED display
and on a demodulator APP for an Android smartphone, and a series of experiments were
conducted to verify the performance of the proposed long-distance LED-DCC system,
including data transmission distance, data transmission rate, and data decoding latency,
which are critical for real-time data reception.
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3.1. Experimental System

As shown in Figure 4a, the experimental system mainly consists of an LED display
that is 4 × 4 cm2 for transmitting hidden data while displaying image/video, and the
smartphone’s CMOS camera with a capture frame rate of 30 fps for VLC signal capturing
and data reception. As shown in Figure 4b, the experimental system was tested in a
dim environment to avoid interference from other light sources, and the main hardware
configurations of the experimental system are listed in Table 1.
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Table 1. The experimental system hardware configuration.

Hardware Configuration

LED-DCC
Transmitter

MCU ATmega328P-PU
Clock Speed 16 MHz

LED Display Panel Resolution 16 × 16
LED Display Panel Size 4 × 4 cm2 (2.2-inch)

Area of a LED-DCC Point 3.14 mm2

Area of Clustered 2 × 2 LED-DCC
Point 12.56 mm2

LED Display Panel Refresh Rate 150 fps
LED Display Panel Driver 74HC595 8-bit Shift Register

LED-DCC
Receiver

Smartphone Model HUAWEI P30
Operating System Android 10

Processor Kirin 980 @ 2.6 GHz
Camera Resolution 3840 × 2160
Capture Frame Rate 30 fps

The Arduino microcontroller is used to encode the hidden data via the ABRC scheme
and embed it in the VLC signal. The modulated VLC signal is then emitted from an LED
display driven by the integrated 74HC595 8-bit Shift Register. In our experiment, the LED
display with 16 × 16 LED display points is controlled to display a “parking” pattern, and
four adjacent LED display points at the bottom right corner of the LED display are selected
as a clustered 2 × 2 LED-DCC point group, whose area is 12.56 mm2.

On the receiver side, an 8-megapixel HUAWEI P30 is employed as a receiver, which
captures modulated VLC signals via its CMOS camera and recovers the hidden data with
the demodulator APP. The lightweight, back-forth, fast image processing algorithm and the
ABRC decoding information are integrated into the demodulator APP of the smartphone. In
addition, the exposure mode of the smartphone’s CMOS camera is fixed in the demodulator
APP to an ISO value of 50 and an exposure time of 1/150 s in the experimental setup.
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3.2. Data Transmission Performance

In our demonstration, the LED display is controlled to display the pattern of the
parking sign and broadcast the packets. One packet consists of an 8-bit start frame delimiter
(SFD) and a character string “FULL PARKING” as the content of the hidden data, as
shown in Figure 5. After ASCII encoding, the total length of the data frame is 104 bits.
Then, the original information bit is repeatedly encoded by alternate bit-flipping five times
according to the ABRC coding scheme, and thus, the final length of the encoded data frame
is 520 symbols. The encoded data frame was repeatedly sent 100 times and compared with
the received data of the smartphone’s APP to measure the BER of the transmission. The
BER was used to evaluate the channel capacity, and therefore, we did not utilize any error
correction coding in the data transmission experiments.
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As shown in Figure 6, the BER performance and the data transmission rate with the
data transmission distance are evaluated. The black dashed line shows the 7% FEC limit
which corresponds to a BER of 3.8 × 10−3. When the data transmission distance between
the LED display and the smartphone’s CMOS camera is increased from 10 cm to 700 cm,
the measured BER reaches 0.5, which means that the channel capacity reaches 0. As a
result, the experimental proposed LED-DCC system can reach a maximum transmission
distance of 700 cm, at which the usable capacity is close to 0, demonstrating the superiority
of the proposed long-distance LED-DCC system over the existing LED-DCC systems in
terms of data transmission distance. Furthermore, when the data transmission distance is
within 175 cm, the proposed system can still achieve successful data transmission under a
BER of less than 3.8 × 10−3 and a data transmission rate of up to 30 bps, meaning that the
proposed system is robust within 175 cm. Note that in this experiment, a clustered 2 × 2
LED-DCC point is used as a data transmission channel. An LED display can be viewed
as a multi-parallel array of emitters with a high pixel count; thus, it is possible to achieve
high data rates of several Mbit/s, despite being limited by the low capture frame rate of
CMOS cameras.
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To verify the effect of the proposed LED-DCC point clustering scheme and the
lightweight, back-forth, fast image processing algorithm, the data transmission distance of
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the proposed system is compared with that of the previous LED-DCC system [14] and a
2 × 2 point clustered LED-DCC system, i.e., the previous LED-DCC system using 2 × 2
clustered LED-DCC points. The experimental results are shown in Figure 7.
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As shown in Figure 7, the BER increases dramatically with the increment of the data
transmission distance. When the BER of the LED-DCC system is higher than 3.8 × 10−3, it
may not ensure successful data transmission. The previous LED-DCC system can achieve a
maximum transmission distance of 15 cm, whereas that of the 2 × 2 point clustered LED-
DCC system is 40 cm, which is about 3 times that of the previous LED-DCC system under
the BER less than 3.8 × 10−3. This is attributed to the LED-DCC point clustering scheme
since it improves the power of transmitted VLC signals by enlarging the light-emitting
area in the LED-DCC system. Furthermore, due to the proposed lightweight, back-forth,
fast image processing algorithm, which enables high-precision LED light-emitting area
detection and, therefore, increases the signal detection on the receiver’s side, the proposed
LED-DCC system can achieve a maximum distance of 175 cm under the 7% FEC limit,
which is about 4 times that of the 2 × 2 point clustered LED-DCC system. Therefore,
the proposed LED-DCC system has a longer data transmission distance and higher data
transmission rate.

Based on basic principles of trigonometric and optical measurements, it is speculated
that the 2 × 2 point clustered LED-DCC system should only double the maximum data
transmission distance compared with the previous LED-DCC system. However, the ex-
perimental results show that the data transmission distance achieved by the proposed
LED-DCC system is about 12 times that of the previous LED-DCC system under the 7%
FEC limit, which clearly demonstrates that the LED-DCC point clustering scheme and
the lightweight, back-forth, fast image processing algorithm effectively improve the data
transmission distance, as analyzed in Section 2. It is anticipated that a much longer distance
can be achieved if more adjacent LED display points are clustered and the proposed image
processing algorithm is utilized. However, considering the characteristics of the optical
wireless channel [16,17], the performance of the system would degrade with the decline in
channel capacity as the distance increases, which is challenging in practical applications.

3.3. Data Decoding Latency

Data decoding latency is another key factor for the performance of the LED-DCC
system, especially for real-time data reception. In the above experiments, the data decoding
latency of each frame for the data reception of the proposed LED-DCC system and the
previous LED-DCC system were measured. As shown in Table 2, the proposed LED-DCC
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system decodes a single video frame with an average data decoding latency of only about
13.26 ms, which still supports real-time data reception at a capture frame rate of 30 fps.
Therefore, the proposed LED-DCC system can support real-time data reception.

Table 2. The average data decoding latency for data reception.

The Previous
LED-DCC System [14]

The Proposed LED-DCC
System

LED light-emitting area detection 10.34 ms 13.07 ms
LED-DCC data bit extraction 1.49 ms 0.19 ms

Total 11.83 ms 13.26 ms

Note that although the proposed LED-DCC system has a higher processing latency
than the previous LED-DCC system due to a larger light-emitting area in the images and
more precise image processing, the data decoding latency does not increase significantly
and becomes a bottleneck for real-time data reception, which verifies the efficiency of the
proposed image processing algorithm.

4. Conclusions

In this paper, a long-distance, real-time DCC system based on LED point clustering and
lightweight image processing is proposed. The proposed LED-DCC point clustering scheme
has solved the problem of a short transmission distance in existing LED-DCC systems.
Meanwhile, this paper also proposes the lightweight, back-forth, fast image processing
algorithm to solve the problem of processing latency introduced by point clustering and to
improve the reliability of information extraction. The experimental setup is implemented
on a 2.2-inch 16 × 16 point LED display and a CMOS camera on a smartphone with a
resolution of 3840 × 2160, and an Android smartphone demodulator APP was engineered.
The experiment results show that the maximum data transmission distance of the proposed
LED-DCC system can reach 7 m under a BER of 0.5, which is about 9 times that of the
previous LED-DCC system, and can reach a data transmission distance of 175 cm under the
7% FEC limit, which is about 12 times that of the previous LED-DCC system. Additionally,
the data decoding latency caused by extracting information from each video frame is only
13.26 ms, which guarantees real-time data reception.

In the LED-DCC systems, the main limitation of the current maximum transmission
distance and the transmission rate is the low frame rate and resolution of the image sensor.
However, it is possible to achieve high data rates in the range of several Mbit/s by using
MIMO or using more than one color channel for data modulation, e.g., the R, G, and B
channels, and achieve a longer transmission distance by using a high-resolution image
sensor. Future works should be directed towards improving the channel capacity of the
LED-DCC system while testing the performance under outdoor conditions, promoting the
expansion of more potential application scenarios of LED-DCC.
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