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Abstract—This study focuses on image sensor communication
(ISC), which is a form of visible light communication, using a
light-emitting diode (LED) and a camera as the transmitting and
receiving device, respectively. In an ISC system, the receiver cap-
tures optical signals transmitted by blinking LEDs as an image
and demodulates the data using the captured image. The ISC
system can spatially separate signals and noises in the image, thus
providing superior anti-interference ability. However, because the
speed of ISC depends on the shooting speed of the camera, the
receiver suffers from a low data transmission rate when a low-speed
camera is used. To improve the data rate of ISC, we have developed
a rotary LED transmitter. This transmitter cylindrically rotates
the blinking LEDs during the exposure time of the camera. The
camera captures multiple blinking states of LEDs as afterimages
in a single image, thereby increasing the amount of data received
per image. In this paper, we propose an ISC system using a rotary
LED transmitter and present an experiment for the evaluation of
the data rate. The result indicates that the data rate of the rotary
LED transmitter is 60 times that of the conventional method.

Index Terms—YVisible light communication, image sensor
communication, optical camera communication, rotary LED
transmitter, afterimage of LED light.

1. INTRODUCTION

HE invention of white light-emitting diodes (LEDs) in
T the 1990 s revolutionized the traditional lighting indus-
try [1]. LEDs are characterized by their high brightness, low
power consumption, and long life span [2]. Owing to these
advantages, the use of LEDs has increased rapidly since their
mass production began at the end of the 20th century. With
the extensive use of LEDs, a new wireless communication
technique called visible light communication (VLC) [3] has
been developed.

VLC is a type of optical wireless communication technol-
ogy [4] that transmits information using electromagnetic waves
in the visible spectrum. In VLC, visible light with a wavelength
of 380-780 nm is used. In contrast, the wavelength of radio
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waves used in practical radio communication ranges from
approximately 0.1 mm to several kilometers, which is several
hundred to several tens of billions of times the wavelength of
VLC. Owing to this difference in wavelength, VLC has the
following features:

e The shorter the wavelength, the less the radio waves’
diffraction. Therefore, visible light travels almost straight
ahead, and the transmitter and receiver can easily recog-
nize each other. Communication with a specific entity is
possible, thus enabling a highly directional communica-
tion [5].

e Because the communication range is visible, it is easy to
prevent information from being delivered to unintended
recipients, thus providing a high level of communication
security [6].

® Owing to the visibility of communication range, the vis-
ible light signal of VLC can also be used for positioning
services [7]-[9].

e The bandwidth of VLC does not require a license because
there are no legal restrictions.

® Aslong as the light is not too intense, it is safe and has no
effect on the human body or precision instruments [10].

e Practical radio communication and VLC can be used
simultaneously without interference. In the event of a
disaster, information can be delivered safely and quickly
to those in need through multiple communication chan-
nels [11].

e Communication using VLC can be achieved in special
environments, such as underwater, where radio waves
attenuate rapidly [12]-[14].

In VLC, optical signals are transmitted by blinking LEDs.
The blinking frequency of an LED can be up to | MHz [6] while
the refresh rate of a computer screen is approximately 100 Hz.
This implies that we can modulate the blinking frequency of
an LED at a high speed that is undetectable to the human eye.

To detect optical signals transmitted by LEDs, two types of
light-receiving devices are typically used in VLC: a photodiode
(PD) and an image sensor. A PD is a semiconductor device that
converts light into electric current. Owing to the fast response
time, VLC systems using a PD can easily realize high-speed
communication. However, because a PD is sensitive to light,
it does not distinguish well between signal and nonsignal light
sources when used outdoors or in other environments with
strong background light, thus resulting in poor communication
quality. An image sensor (camera) converts light to electrical
signals to be output as an image. Image sensor communication
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(ISC) is a scenario where a VLC system that uses an image
sensor as a receiver is used [15]-[19]. ISC is often referred to as
an optical camera communication (OCC). Both ISC and OCC
refer to VLC technology that uses a camera (image sensor)
as a receiver, and the only clear difference between the two
communication systems is their terminology [20]. In ISC, the
LED luminance is detected and extracted as a pixel from the
captured image [21]. Then, the data are demodulated using
the extracted pixel. Because the data are demodulated from a
two-dimensional captured image, ISC can spatially separate
signals and noises in the image, thereby providing superior
anti-interference ability [22]-[24].

In this paper, we focus on ISC. As mentioned earlier, ISC sys-
tems are extremely robust to background noise owing to their
spatial separation capability. However, achieving a high data
transmission rate remains a great challenge in ISC. Because
data are demodulated from the captured image, the shooting
speed of the camera affects the speed of ISC. The amount
of data received in a unit of time depends largely on how
many images the camera captures per second. However, the
shooting speed of a commercial camera usually ranges from 30
frames per second (fps) to 60 fps. We assume that a transmitter
LED modulated by ON-OFF keying (OOK) is recognized by
a receiver camera with a shooting speed of 60 fps. Moreover,
the transmitter and receiver are fully synchronized. The data
transmission rate in this case is 60 bits per second (bps), which
is extremely low for information transmission.

Although this problem can be solved by using a dedicated
high-speed camera, the high cost makes it impractical for
general-purpose applications. Therefore, the challenge is to
improve the data transmission rate of ISC using commer-
cially available cameras [11]. Various schemes, such as rolling
shutter-type ISC [25] and polygon-mirror-based ISC [26],
have been proposed to increase the data transmission rate. We
introduce these two schemes in Section II and discuss their
advantages and disadvantages.

The purpose of this study is to improve the speed of ISC,
where a low-cost camera is used as the receiver. In particular,
we propose a new transmitter referred to as “a rotary LED
transmitter”! for ISC systems, as illustrated in Fig. 1. The rotary
LED transmitter increases the data transmission rate of ISC by
utilizing the afterimage of LED light due to the relative motion
of the LED and the camera.

The remainder of this paper is organized as follows. In
Section II, we introduce the related studies that aim to increase
the speed of ISC. In Section III, we describe the structure of
the proposed rotary LED transmitter, and explain the princi-
ple of communication speed improvement by the proposed
transmitter. In Section IV, we present an ISC system model
based on the rotary LED transmitter and the projection model
of the transmitter. We evaluate the proposed system by a
computer simulation and an experiment in Sections V and VI,
respectively, and discuss the results. Finally, we summarize the
contributions of this study in Section VII.

I'we briefly introduced this transmitter in [27].
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Fig. 1. Non-rotating and rotating states of the rotary LED transmitter. This
transmitter increases the data transmission rate of ISC by utilizing the afterim-
ages of LED lights due to the relative motion of the LED and camera.

II. RELATED WORK

A. Rolling Shutter-Type ISC Scheme

Most smartphone cameras use rolling shutter-type image
sensors. As discussed in the introduction, these commercial
smartphone cameras usually capture 30-60 fps. According
to the IEC 62943:2017 standard [28], which was produced
by the International Electrotechnical Commission (IEC) in
2017, the transmitter LED is modulated at 9.6 kHz. However,
smartphone cameras operating at 30—-60 fps cannot receive
transmission signals from LEDs modulated at 9.6 kHz. In
2012, Danakis et al. proposed a rolling shutter-type ISC
scheme that utilized the line-scan mechanism of the rolling
shutter-type image sensor [25].

Here, we describe the line-scan mechanism and introduce
the fundamental principle of ISC based on the rolling shutter
method. We consider one row of pixels in an image sensor to be
one scan line, and there are multiple scan lines per sensor. The
rolling shutter exposes the scan lines at the top of the sensor
from top to bottom and reads the electric charge according to
the amount of light. Each scan line is scanned sequentially with
a different timing, 7;.

As illustrated in Fig. 2, when the camera captures an LED
modulated at the rate of 1/7;, each line is projected as a striped
pattern in the row direction. In this case, each strip indicates a
blinking state of the LED, and data can be demodulated from
the strips. For example, we assume that a rolling shutter-type
image sensor with 1080 scan lines captures an LED at a
shooting speed of 30 fps. The maximum sampling rate is
1/T; = 30 x 1080 = 32.4 kHz, which indicates that rolling
shutter-type ISC can receive the transmitter LED modulated at
9.7 kHz. However, this scheme requires the light from LED to
be received over a large area of the sensor to achieve a high
data transmission rate.

B. Polygon Mirror-Based ISC Scheme

In this subsection, we introduce an ISC scheme that uses a
polygon mirror to improve the data transmission rate. A poly-
gon mirror, also called “a rotating polyhedron,” has a number
of mirror surfaces parallel or inclined to the axis of rotation, and
is used for scanning a light beam. The ISC scheme based on a
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front of the image sensor and rotates at a constant speed. It scans the incoming

light and reflects it onto the image sensor. In this case, the direction of the LED blinking is converted from the time axis to the spatial axis of the image. The data

are then demodulated from the reflected lights.

polygon mirror was proposed by Imai et al. in 2016 [26]. This
scheme was designed to increase the data transmission rate for
intervehicle ISC, in which vehicle tail lamps and image sensors
were used as transmitters and receivers, respectively.

The receiving devices used in polygon-mirror-based ISC
consist of a low-speed commercial image sensor, a polygon
mirror, and a decoder. As illustrated in Fig. 3, the polygon
mirror is placed in the front of the image sensor and rotates at a
constant speed. The polygon mirror scans incoming light and
reflects it onto the image sensor. By scanning the LED light
source that blinks at high speed on an image sensor using a
rotating polygon mirror, the direction of the blinking of LEDs

is converted from the time axis to the spatial axis of the image.
Asaresult, the number of bits recorded per image increases, and
the communication speed of each LED light source effectively
increases.

In an experiment using image sensors with the same shoot-
ing speed [26], the communication method using a polygon
mirror achieved a data transmission rate ten times higher than
that achieved by a conventional method. Imai et al. [26] also
reported a bit error rate (BER) that is practical for low-noise
environments. However, because the incoming light is reflected
owing to the use of a rotating polygon mirror in the front of the
camera, it is difficult to capture an image without distortion.
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Front and side views of the rotary LED transmitter. The rotating part consists of 9-chip LEDs, an LED driver, a microcomputer, and a rotary encoder. The

9-chip LEDs are arranged in a vertical row, and they rotate with the rotary encoder around a vertical axis. While the transmitter rotates, the rotary encoder outputs
a clock signal for each rotation angle. The microcomputer controls the blinking patterns of the 9-chip LEDs via LED drivers according to the clock signals from

the rotary encoder.

TABLE I

MAIN COMPONENTS OF THE ROTARY LED TRANSMITTER

Components Specification
LED SML-M13UTT86
LED driver TLC5922
Microcomputer Arduino Nano
Rotary encoder E6A2-C
DC-DC converter | CC3-0505 SF-E
DC motor BLEM-23-A
Motor driver BLEDS3A

III. ROTARY LED TRANSMITTER

A. Structure of the Rotary LED Transmitter

To improve the speed of ISC using commercially available
cameras, we develop a new transmitter called “a rotary LED
transmitter.” The rotary LED transmitter consists of two parts:
a rotating part and motor part. The motor part provides the
rotation power for the rotating part through a direct current
(DC) motor and a timing belt. The main components of the
transmitter are listed in Table I.

The rotating part consists of 9-chip LEDs, an LED driver, a
microcomputer, and a rotary encoder. To ensure the stability of
the rotational motion, we adopted a symmetrical structure for
the rotating part. Figs. 4(a) and (b) present the front and side
views of this part, respectively. The 9-chip LEDs are arranged
in a vertical row and rotate with the rotary encoder around
a vertical axis. A rotary encoder, a microcomputer, and an
LED driver are used to control the blinking of the LEDs. A
rotary encoder is a device that outputs signals according to
the angular position of a shaft, and in this study, it is used to
generate a clock to control the blinking pattern of an LED for
each rotation angle. While the transmitter rotates, the rotary
encoder outputs a clock signal for each rotation angle. The
microcomputer controls the blinking patterns of the 9-chip
LEDs via LED drivers according to the clock signals from
the rotary encoder.

B. Data Rate Improvement by Using the Rotary LED
Transmitter

The main principle of our proposed method to improve the
data transmission rate of ISC is to increase the number of re-
ceived bits of data per captured image by using the afterimages
of LED lights. It is well known that the movement of an object
during the exposure time of a camera produces an afterimage
in the captured image [29]. The generation of afterimages
should be generally avoided because they degrade the quality
of the captured image, thereby reducing the data demodulation
performance of ISC systems. However, in the field of image
processing, there is amethod to track the movement of an object
from the beginning to the end of the camera exposure time by
intentionally using afterimages [30].

Based on this concept, we propose that changes in the
blinking of LEDs during the camera exposure time can also be
stored as afterimages. To generate afterimages of LED lights,
we rotate the blinking LEDs. We assume that the exposure time
of the camera is sufficiently lower than the rotation speed of the
transmitter and the blinking speed of the LEDs. In this way, the
number of received data bits per captured image is increased
because the LEDs blink according to the data at a speed that
is faster than the shooting speed of the camera. In this study,
we assume that the camera’s exposure time is the same as its
shooting time. This implies that the time difference between
the successive frames caused by the opening and closing of the
camera aperture can be ignored.

Now, we demonstrate the number of bits of data received per
captured image when one LED is fixed (conventional method)
and when it is rotating (proposed method) during the exposure
time of the camera. First, we examine the case in which the
position of the LED is fixed, as illustrated in Fig. 5. In this
case, the camera receives the blinking state of the LED for each
captured image. Let F;, [Hz] and F.. [Hz] denote the blinking
frequency of the transmitter LED and the shooting frequency of
the receiver camera, respectively. Note that both the shooting
speed and F,. indicate the number of frames that the camera
captures per second. We assume that the LED and camera are
fully synchronized. This signifies that the changes in the timing
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Fig. 5. Capturing an LED when its position is fixed. To obtain the changes in

LED blinking, the camera must capture one LED blinking state per frame. In
this case, the camera shooting frequency (F, ) must be equal to the LED blinking
frequency (F).

of the LED blinking match the timing of the camera shutter
opening. To obtain the changes in LED blinking, the camera
must capture one LED blinking state per frame. Therefore,
when fixing the position of the LED, F7, and F. must satisfy
the following relationship to achieve communication in ISC:

F.=Fy. )]

For example, if an LED blinks three times, the camera requires
three frames to capture each blinking state.

Now, we focus on the case in which the LED is rotating, as
illustrated in Fig. 6. Here, let A [°] denote the rotation angle
for changing the blinking state of an LED. The time taken for
a 360° rotation of an LED is equal to the exposure time of the
camera. In this case, F, and F|. have the following relationship:

2

By comparing Eq. (2) with Eq. (1), we observe that the camera
shooting frequency is not required to be equal to the LED
blinking frequency if an LED is rotating. By setting Af to
a value smaller than 360°, the camera can capture an LED that
blinks faster than its shooting speed. In the captured image,
the change in the blinking state is saved as the afterimages, as
illustrated in Fig. 6. When the LED rotates and simultaneously
blinks in the front of the receiver camera, the number of
blinking states that the camera can capture in one frame is up to
180°/A6. Note that an LED blinking state indicates received
data.

Figs. 7(a) and (b) display the captured images when 9-chip
LEDs are fixed and when they are rotating, respectively. Here,
A0 was set to 1°. As illustrated in Fig. 7, if the LEDs are
fixed, the camera captures only 9 blinking states per image.
If blinking LEDs are rotated during the exposure time of the
camera, the afterimages of the LED lights rotated by 180° can
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be captured in a single image because the LED blinking state
changes every 1°. This means that 1620 (= 180° x 9) blinking
states are captured at once. Note that in both cases, the number
of LEDs used for data transmission is the same. When the
positions of the LEDs are fixed, the camera requires several
images to capture each blinking state. By using the afterimage
of the LED light, these blinking states can be captured in a
single image. The amount of received data is increased for
every captured image, thereby improving the speed of ISC.

With the rotary LED transmitter, the shooting frequency
F, of the receiver camera is no longer required to match the
blinking frequency F7, of the transmitter LED. Therefore, it
is possible to achieve high-speed ISC despite the use of in-
expensive, commercially available cameras with low shooting
speeds. In addition, the number of received LEDs (i.e., bits of
received data) can be changed by changing the value of Af. In
conventional ISC systems, an LED array transmitter is typically
used, which is a matrix of LEDs. The number of LEDs in the
array transmitter is constant, and the position of each LED
is fixed. When the LED array transmitter is used to transmit
signals, the number of bits of data that the camera receives per
image is fixed. Compared with the conventional transmitter,
the rotary LED transmitter can freely change the number of
LED blinking states per transmission, thereby changing the
number of received data bits per image. Therefore, the rotary
LED transmitter has a high degree of freedom in terms of the
data transmission rate.

In the proposed transmitter, even if a DC motor not having
stable rotation speed is used in the transmitter and jitter oc-
curs, it hardly affects the data transmission. The rotary LED
transmitter uses the rotary encoder to change the blinking state
of the LEDs at every A# [°]. Therefore, the blinking state is
controlled only by the angle change caused by the rotation and
not by the rotation speed. Using the rotary encoder guarantees
the robustness of the data transmission when jitter occurs if the
motor speed is unstable.

IV. ISC SYSTEM USING THE ROTARY LED TRANSMITTER

A. System Model

Fig. 8 illustrates the proposed system model of ISC using
the rotary LED transmitter. As mentioned in Section III-A,
the rotary LED transmitter has 9-chip LEDs arranged in a
vertical row. To transmit information 360° in all directions,
the transmitter rotates cylindrically around a vertical axis, as
illustrated in Fig. 9. The blinking of each LED changes every
A0 degrees of rotation.

In this study, we use OOK as the modulation method. Binary
data are modulated by a microcomputer and allocated to each
LED via an LED driver. The rotary LED transmitter changes
the LED blinking pattern (i.e., transmission signal) every Af
degrees of the rotation angle, and transmits the same signal
every « [°]. The transmission pattern continues for one rotation
of the transmitter; after which, the transmitter adopts a different
transmitting signal pattern. To identify the angular range of data
transmission, 9-chip LEDs are all in the ON state every a. In
this study, the blinking pattern in which all LEDs are in the ON
state is called “Guard.”
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Fig.7. Captured images when 9-chip LEDs are in a fixed position and rotating.
Here, A was set to 1°. When the LED positions are fixed, the camera captures
9 blinking states per frame. When the LEDs rotate and change the blinking state
every 1°, the camera captures 1620 (=9 x 180°) blinking states in a single
image.

The receiving device is composed of a camera, an image
processing unit, and a decoder. The camera receives LED light
transmitted through the spatial channel and outputs it as a
captured image. Then, the image processing unit detects the
position of the LEDs and extracts the luminance value of each
LED from the captured image as a pixel. Finally, the decoder
demodulates the data with the extracted pixel.

Notably, the proposed receiver can receive the transmitted
data without synchronizing the timings of the transmitter ro-
tation and receiver shooting. The receiver captures 180° of
the afterimages of the LED lights generated by the transmitter
rotation in one frame (Fig. 7(b)). From the captured image, we
can then extract the afterimages of the LED lights for o, which
are sandwiched between the Guards, using image processing.
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Fig. 8. Image sensor communication system model based on the rotary LED
transmitter.
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Fig.9. Data transmission angular range of rotary LED transmitter. To identify
the angular range of the data transmission, all the 9-chip LEDs are in the ON
state for every « [°]. In this study, the blinking pattern in which all LEDs are in
the ON state is called “Guard.”
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B. Projection Model of the Rotary LED Transmitter

In this subsection, we present the projection model of the
rotary LED transmitter and discuss the relationship between the
data transmission angular range « and predicted demodulation
performance. As described in Section III-B, the camera can
capture LED blinking states of 180° in a single frame. To
achieve the maximum data transmission rate, the data trans-
mission angular range « should be as close to 180° as possible
to allow the largest number of afterimages to be captured at
once. However, the LED light overlaps on both sides of the
captured image owing to the cylindrical rotation. The closer v is
to 180°, the more difficult it is to distinguish the blinking states
of the LEDs, thereby reducing the demodulation performance.
To ensure high demodulation performance and maximize the
data transmission rate, an optimal « is required. The data
transmission rate is discussed in detail in Section VI.

Fig. 10 presents the projection model of the rotary LED trans-
mitter, where the rotation radius of the transmitter is denoted
by r [m]. We assume that the LED starts to change its blinking
state at rotation angle ¢ [°]. The same blinking state continues
until the angle ¢ + A# is reached. In this projection model,
we set ¢ + Af < 180°. Let x,, [pixels] denote the length of
the LED light in the image at rotation angle ¢, as illustrated in
Fig. 10. Letting %k, [m] denote the physical size of a pixel, =,
is calculated as follows:

f-rcosyp
ky(D —rsing)’

where f [m] and D [m] represent the focal length of the
lens and the communication distance, respectively. Letting
T(po+a0) [pixels] denote the length of the LED light in the
image at a rotation angle of ¢ + A6, z(,1 ag) is calculated as
follows:

3)

Ty =

frecos(p+ Af)
x = .
(e+A0) ™ 4 (D — rsin(p + A))
Let d, [pixels] denote the length of the LED light in the image
corresponding to the -th degree of the LED rotation. This

“4)
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TABLE I
SIMULATION PARAMETERS
Number of LEDs (N1,) 9
Blinking angle (A0) 1°
Data angular range («) 45°,60°, 90°, 120°
Modulation method ON-OFF keying (OOK)
Optical channel matrix 2D Gaussian filter
Filter size 3 x3
Variance of the Gaussian filter (02) 1.0
Background noise Additive White Gaussian Noise (AWGN)
Ey/No 5dB
LED light-emitting area 0.285 ym x 0.285 pm
LED rotating radius (r) 58 x 1073 m
Vertical interval of LEDs 2.85 mm
Focal length of lens (f) 35 x 1073 m
Pixel size (k) 45 x 10 %m
Communication distance (D) 0.5-4.0m
Trials 10,000

length d, can be obtained by computing the absolute value of
the difference between x, and x(,ag) as follows:

dy, = |J)¢ — x(tﬂ+A9)|' (5)

Here, we consider the rotating radius r, the blinking angle
Ad, and the focal length f as the intrinsic parameters of the
proposed system. The value of d, varies depending on the
parameters ¢ and D. We change the value of ¢ in the range
of 0° to (180 — A#) [°] and calculate d,, every Afd. Then, we
compare the calculated d, with the pixel size. Finally, we count
the number of d, values and determine the data transmission
angular range o for each communication distance D as follows:

d, > 1 distinguishable ©)
otherwise overlapped ‘

Here, d, that is smaller than 1 indicates that the LED lights
are overlapped in the captured image. However, the actual
effective o is smaller than the calculated oo owing to the size of
the LED and light diffusion. In this study, we demonstrate the
demodulation performance with different « values in Section V
through computer simulations and explore the optimal value of
.

V. SIMULATION

The data demodulation performance of the proposed ISC
system was evaluated through a computer simulation and an
experiment. In this section, we present the simulation evalua-
tion.

A. Simulation Conditions

Table II lists the simulation parameters. To change the LED
blinking state, on the transmitter side, the blinking angle (A6)
was set to 1°, and the data transmission angular range ()
was set to 45°, 60°, 90°, and 120°. This signifies that the
data transmission range was limited to &(«r/2) degrees from
the center of the captured image. The binary input data were
randomly generated and were modulated by OOK. The ON
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Fig. 11. BER plotted against the communication distance with constant og

(= 1.0) and constant E}/Ng (= 5 dB). The data angular range (c) was set to
45°,60°,90°, and 120°.

and OFF states of the LED indicated the bits “1” and “0,”
respectively. The modulated data were then transmitted by
blinking LEDs.

The optical channel matrix, which is based on the two-
dimensional Gaussian filter with a 3 x 3 kernel, is defined

as follows:
1 2'2 +]2
G, . = _
J 27703 exp < 203 ’

where ag is the variance of the filter, and ¢ and j are the vertical
and horizontal components of the distance from the origin, re-
spectively. With an increase in the value of 03, the degradation
of the received image becomes significant. In this simulation,
we set O'; to 1.0. After filtering, additive white Gaussian noise
(AWGN) was added to the degraded image as the ambient light
noise. Let Ej, /Ny denote the ratio of the transmit signal energy
to the noise density per bit. With an increase in the value of
Ey /Ny, the background noise interference increases. In this
simulation, we set F;, /Ny to 5 dB.

The received image was pseudo-generated according to the
communication distance by using the parameters of the rotary
LED transmitter and camera presented in Table II. This implies
that the size of the LED afterimage in the pseudo-received
image was almost the same as that in the actual experiment.
The communication distance was set in the range of 0.5-4.0
m. We measured the BER when data were transmitted 10000
times every 0.5 m.

)

B. Simulation Result

Fig. 11 presents the BER plotted against the communication
distance with constant @ (= 45°, 60°, 90°, and 120°). The
values of 03 and Ej, /N,y were set to 1.0 and 5 dB, respectively.
The vertical and horizontal axes represent the communication
distance and the BER of various « values, respectively.

First, we focus on the BER curve of o = 120°. The rotary
LED transmitter sent more LED blinking states when o =
120° than when o = 45°, 60°, and 90°. With an increased
number of blinking states sent, more bits of data are transferred.
However, in this case, the first demodulation error occurred at

IEEE PHOTONICS JOURNAL, VOL. 13, NO. 4, AUGUST 2021

TABLE III
EXPERIMENTAL PARAMETERS

Number of LEDs (Np) 9
Blinking angle (A#6) 1°
Data angular range («) 60°
Rotation speed of transmitter (S;) 300 rpm
Rotation radius of transmitter (r) 58 x 103 m
Modulation method ON-OFF keying (OOK)
Camera Ul-3250ML
Focal length of lens (f) 35 x 1073 m
Aperture F8
Shooting speed of the camera 5 fps
Lens filter ND8
Communication distance (D) 0.5-4.0m

approximately 1.75 m. This implies that when o was set to
120° the error-free transmission distance was approximately
1.75 m, which was the shortest of all simulation conditions. As
described in Section IV-A, the rotary LED transmitter rotates
cylindrically to transmit information 360° in all directions. Due
to the cylindrical rotation, LED lights overlap on both sides
of the captured image. When we set « to 120°, the number of
overlapped LEDs was higher than in the other three conditions.
It was difficult to recognize the blinking states of the overlapped
LEDs, thus reducing the demodulation performance.

We now focus on the other BER curves of a = 90°, 60°,
and 45°. As indicated in Fig. 11, the error-free transmission
distance of o = 90° was approximately 2.25 m while that of
o = 60° and 45° was approximately 2.75 m for both. When
we limited the data transmission angular range, the number
of overlapping LEDs decreased, leading to a longer error-free
transmission distance. However, we observed that setting the
value of « to 45° did not increase the error-free transmission
distance compared with o = 60°. Therefore, we concluded that
the error-free transmission distance was no longer related to «
when « is less than 60°. To ensure the maximum error-free
transmission distance while maximizing the data transmission
rate, setting « to 60° was the most suitable value in this study.

In addition, we observed that there were only slight dif-
ferences in the BER of each curve when the communication
distance was longer than 3.0 m. Therefore, we concluded that
when the communication distance increases, the main factor
affecting the demodulation performance is no longer . We
believe that the demodulation performance at this point is
mainly influenced by the parameter Af. In this study, we set the
value of Af to 1° and evaluated the demodulation performance
for our proposed transmitter.

VI. EXPERIMENT

A. Experimental Conditions

Table III presents the parameters of the experiment. This
experiment was conducted indoors under a ceiling light during
the daytime. On the transmitter side, based on the simulation
results, we set the parameters « and Af to 60° and 1°, re-
spectively. The rotation speed of the rotary LED transmitter
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R

Fig. 12.  Experimental setup. The experiment was conducted in an indoor
environment. The rotary LED transmitter and receiver camera were arranged
in a straight line. We set the communication distance from 0.5 to 4.0 m.

was set to 300 rotations per minute (rpm). In this experiment,
we obtained the position of the transmitter and the coordinate
of the afterimage of each LED light on the captured image
in advance and applied these data as the known information.
To highlight the transmitter, we also positioned a black board
behind the transmitter. To measure the BER in the experiment,
the M-sequence [31] was used for the random signal generator
to generate the transmitting data. The LEDs blinked while
moving across the front of the camera lens. The experimental
setup is presented in Fig. 12.

On the receiver side, a complementary metal oxide semicon-
ductor (CMOS) camera was used. We used a lens with a focal
length of 35 mm and fixed the aperture of the lens at F8. The
shooting speed of the camera was set to 5 fps. In addition, an
NDS8 filter was used to prevent the saturation of the LED light
received by the camera. We set the communication distance
from 0.5 to 4.0 m, transmitted 30780 bits of data every 0.5 m,
and measured the BER at each distance. In this experiment, the
camera recorded a video of the rotary LED transmitter that was
rotating and blinking. Subsequently, we extracted images (i.e.,
frames) one by one from the recorded video and demodulated
the data using these images.

B. Experimental Result

Fig. 13 presents the BER plotted against the communication
distance with constant o (= 60°) and constant Af (= 1°). In this
figure, the experimental result is compared with the simulation
result. Fig. 13 indicates that the error-free transmission distance
of the rotary LED transmitter in the experiment exceeded
2.5 m, which approximated the simulation result. When the
communication distance was 3.0 m, the experimental BER was
approximately 1.0 x 1073, which was more than one order of
magnitude lower than the simulation result. We consider that
the reason for this is the difference in the area of the LED
light on the image due to the amount of light received. In the
experiment, we prevented the saturation of the received LED
light by adding an NDS filter to the lens and setting the aperture
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Fig. 13.  BER versus communication distance (v = 60°, A0 = 1°). The

experimental and simulation results are compared.

to F8. In this case, the received LED light was focused on a
few pixels on the image, and the receiver easily distinguished
the afterimages of the LED lights at each angle despite the
presence of the background light noise. Conversely, in the
simulation, the received LED lights were degraded by blurring
with a 2D Gaussian filter to simulate the optical spatial channel,
but we did not assume the light aperture. In our opinion,
this difference appeared in the simulation and experimental
results. Consequently, the BER of 3.0 m in the experiment was
lower than that in the simulation. When the communication
distance exceeded 3.5 m, the experimental BER was over
1.0 x 107! while that in the simulation was less than 1.0 x
10~!. This was because it became difficult to focus the lens
with an increase in the communication distance. The unfocused
lens caused the LED light source in the image to be blurred,
thereby reducing the demodulation performance, especially at
4.0 m.

In addition, we observed that the BER at 4.0 m was lower
than that at 3.5 m in both the simulation and experiment.
We believe that this phenomenon was caused by cylindrical
rotation motion. To provide an intuitive explanation of the
reason, we assume that the LEDs alternate between ON and
OFF every 1°. Fig. 14 presents ideal images generated at
communication distances of 3.5 and 4.0 m. Here, the term ideal
image is a pseudo-image generated based on the projection
model described in Section IV-B and parameters in Table II.
The horizontal interval of the LEDs was smaller than the
vertical interval; therefore, we believe that the interference of
LED light mainly originated from the horizontal direction (i.e.,
the rotation direction). In the cylindrical rotation motion, the
width of the LED light in the image mainly depended on the
rotation angle and was influenced by the physical size of the
LEDs and pixels. For example, the width of 1° of LED light
in the center of the afterimages of the LED lights was large
whereas that at the edges of the image was small. With an
increase in the communication distance, the width of the LED
light decreased. When the size of the LED light in the image
was so small that it was close to one pixel, the captured images
resembled Fig. 14. As seen in Fig. 14, the LED lights at 3.5 m
had the same width in the range of +37° from the center of the
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Fig. 14. Ideal images generated at a distance of 3.5 and 4.0 m. LEDs alternate
between ON and OFF every 1° in ideal images.

afterimages. In contrast, at 4.0 m, the LED lights had the same
width in the range of £8° from the center of the afterimages.
The decreased width of the LED light indicates less light
interference from adjacent rotating angles, thus allowing the
blinking of LEDs to be distinguished easily. As illustrated in
Fig. 14, the width of the LED light decreased starting at 37° and
8° when the distance was 3.5 and 4.0 m, respectively. When the
data transmission angular range « was set to 60°, the blinking
of LEDs captured at 4.0 m was easier to distinguish than those
captured at 3.5 m, thus leading to an increase in demodulation
performance. Although there were several differences between
the experimental and simulation results, the trends of the BER
curves were almost the same. Therefore, we believe that both
the simulations and experiments provided valid evaluations of
the data demodulation capability of our proposed system.

Now, we focus on the data transmission rate of the rotary
LED transmitter. Let S, [rpm] denote the rotation speed of the
transmitter. As mentioned in Section III-B, it takes the same
time for the transmitter to perform one rotation as it does for
the camera to capture an image. In this study, we define this
time as the period of one signal transmission and denote it with
At, which is calculated as follows:

~ 60
=5
Let Ny denote the number of LEDs used in the transmitter.
The data transmission rate of the rotary LED transmitter using

OOK as the modulation method is denoted by Rpo i, which
is calculated as follows:

At (8)

e
Roorx = ﬁ 9

With the parameters used in this experiment, the calculated
Roox was 2.7kbps (=9 bits x 60° /(0.2 s x 1°)). Note that in
the conventional method, the positions of the LEDs are fixed.
When nine LEDs were used to transmit data using OOK, the
calculated data transmission rate of the conventional method
was 45 bps (= 9 bits / 0.2 s). Therefore, we can conclude
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TABLE IV
COMPARISON OF THE COMMUNICATION SPEED OF THE CONVENTIONAL AND
PROPOSED METHODS

Number of LEDs (Np,) 9 9 18
Data angular range («) 60° 60° 60°
Blinking angle (A) 1° 1° 0.5°
Time of a rotation (At) 0.2s 0.02 s 0.02 s
Conventional method 45 bps | 450 bps | 450 bps
Proposed method (Rook) | 2.7 kbps | 27 kbps | 108 kbps
Increasing rate 60 60 240

that the proposed rotary LED transmitter has a higher data
transmission rate than conventional methods when using the
same number of LEDs.

In addition, the data transmission rate of the proposed trans-
mitter depends on the rotation speed of the transmitter (.5,.), the
number of LEDs (Np), the angular range of data transmission
(), and the LED blinking angle (A6). By increasing S,., Ny,
and « or decreasing A6, the data transmission rate of the rotary
LED transmitter can be further improved. For example, the data
transmission rate was increased by setting N to 18, Af to
0.5°, and At to 0.02 s. In this case, the predicted Roox of the
proposed method is 108 kbps while that of the conventional
method is 450 bps, as illustrated in Table IV. The predicted
data transmission rate of the proposed method could be thus
240 times that of the conventional method. Therefore, the rotary
LED transmitter has significant potential for data transmission
rate improvement.

Herein, we compared the proposed method with the rolling
shutter-type ISC scheme. As described in Section II-A, the
rolling shutter-type ISC scheme uses the line-scan mechanism
of the rolling shutter camera to improve the data rate. However,
this scheme requires the light from the LED to be received over
a large area of the sensor to achieve a high data transmission
rate. This indicates that the data transmission rate depends on
the area of the LED light that the LED receives on the camera.
Measures such as shortening the communication distance be-
tween the LED transmitter and the receiver as much as possible
are required to increase the LED light area.

By contrast, the proposed method increases the apparent
number of LEDs captured per image by rotating a small
number of LEDs to create an afterimage for increasing the
transmission rate. The afterimages can be distinguished as long
as there is at least one pixel in the image; hence, it does not
depend on the LED area, unlike the rolling shutter-type ISC.
Therefore, even if the communication distance between the
transmitter and receiver is not much, the transmission speed can
be sufficiently improved by using the rotary LED transmitter
as long as each afterimage can be distinguished. At present,
the communication rate in this experiment is lower than that
of the rolling shutter-type ISC scheme shown in Section II-A.
However, as shown in Table IV, we expect to achieve higher
data transmission rate than the rolling shutter-type ISC scheme
by changing the parameters N, «, Af, and At. Moreover,
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the proposed method can improve the data transmission rate
independent of the shutter type of the camera. In other words,
the rotary LED transmitter has the advantage of improving
the data transmission rate regardless of the shutter type of the
camera.

VII. CONCLUSION

In this paper, we focused on a transmitting device and
developed a rotary LED transmitter for ISC. This transmitter
rotates LEDs and simultaneously blinks them to transfer optical
signals using the afterimages of LED lights. We convert the
blinking of the LEDs from the time axis to the spatial axis of an
image. Using the rotary LED transmitter, the shooting speed
of the receiver camera does not have to match the blinking
speed of the LED. Therefore, even with a commercial camera
with a low shooting speed, the proposed method can increase
the speed of ISC. As demonstrated by the simulation and
experimental results, the ISC system using the rotary LED
transmitter achieved 60 times faster data transmission than the
conventional ISC system.

We believe that the rotary LED transmitter can be utilized
in persistence of vision displays [32] and rotating lights such
as the lamps attached to police cars. In addition, the proposed
transmitter can be attached to devices with rotating mecha-
nisms. Although our transmitter is currently in the prototype
stage, it is a promising solution for various applications.
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