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Abstract—This paper aims to the improve the data rate for
the visible light communication system using LED array and
high-speed camera. Previously, we have proposed the decoding
algorithm using inverted signals for driving situation. However,
using this method the data rate become a half, because we
transmit original signals and inverted signals alternately for LED
array tracking. In this paper, we propose the data rate improving
method for overlay coding which is coding method that overlay
two data which are called as the long range data and the short
range data. In the proposed method, for the long range data, we
transmit original signals and inverted signals alternately. On the
other hand, for the short range data, we transmit only original
signals while we transmit inverted signals of long range data.
We confirm that we can improve data rate as compared with the
previous method.

I. INTRODUCTION

Light emitting diodes (LEDs) have the advantages of high
power efficiency, long life, low heat generation, and good
visibility. These advantages are making the applications of
LED popular, particularly on traffic lights. Since LEDs are
semiconductor devices, we can control LEDs’ intensity electri-
cally at a fast rate. LEDs can be used not only as illuminating
devices but also as communication devices. It is expected that
LEDs are applied to visible light communications [1], [2].

In this paper, we use an LED array as the transmitter and
an in-vehicle high-speed camera as the receiver in visible
light communications. In this system, if the distance between
a transmitter and a receiver gets longer, the resolution of
received images gets poorer. That is, high spatial-frequency
components of the images are lost due to the defocusing and
the reduction of pixel size. To solve this problem, we have
proposed a hierarchical coding [3], [4].

Figure 1 shows a conceptual image of a visible light com-
munication. If the camera (receiver) is nearby the LED array
(transmitter), it is easy to distinguish LED individually. In this
case, we can obtain a multiple number of data from the LEDs.
If the camera is far from the LED array, high spatial-frequency
components of the data patterns in received images will be
lost, and as a result it will be difficult to distinguish LED
individually. However, the low spatial-frequency components
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Fig. 1. Image of visible light communication using hierarchical coding.

are preserved in the images.

To solve the resolution problem, we incorporate the hi-
erarchical coding into the visible light communication. We
allocate long range data to low spatial-frequency components,
and short range data to high spatial-frequency components. In
this way, we can obtain the long range data even if the receiver
is far from the transmitter.

An example of long range data is the text information about
the waiting time for a traffic light to change from one color to
another, about the presence of a vehicle that is going to turn
left, etc. Using short range data, we might transmit a video
image that a driver might be difficult to see from his vehicle.
For data allocation scheme between the high and low spatial-
frequency components, we employ the overlay coding [4]. The
overlay coding is implemented in the following way: When we
consider multiple LEDs combined together as one LED, it is
easy to distinguish the combined LED even if the camera is
far from the LED array. When the number of LEDs in the
combined LED increases, the distance that we can distinguish
the combined LED also increases. We allocate a higher number
of LEDs for long range data than the number for short range
data. Then, by overlaying two lighting patterns for two range
data, we can realize the hierarchical coding [4].

Furthermore, we have proposed the decoding algorithm
using inverted signals for driving situation [5]. However, using
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Fig. 2. Block diagram of the proposed system.

this method the data rate become a half, because we transmit
original signals and inverted signals alternately for LED array
tracking.

In this paper, we propose the data rate improving method
for the overlay coding. In the proposed method, for the
long range data, we transmit original signals and inverted
signals alternately. On the other hand, for the short range data,
we transmit only original signals while we transmit inverted
signals of long range data. We confirm that we can improve
data rate as compared with the previous method.

II. SYSTEM OVERVIEW

Figure 2 shows a block diagram of the system model. The
transmitter consists of the LEDs in the form of a 16 16 square
matrix and the encoder. The distance between neighboring
LEDs is 20 mm that is the same as the actual LED spacing
of an LED traffic light used in Japan. The LEDs can control
their intensity electrically and individually.

The receiver consists of a high-speed camera, an image
processing unit and a decoder. We represent the LED with
row u and column v by LED,, , (u,v =1,2,---,16).

We generate long range data and short range data as input
data, and allocate long range data to low spatial-frequency
components and short range data to high spatial-frequency
components. The input data is coded by overlay coding. The
transmitted signal arrives at the high-speed camera (receiver)
through an optical channel. The receiver has the CMOS
image sensors and its resolution is 128 x 128 pixels. Each
pixel outputs a photo-current corresponding to the received
light intensity. One LED luminance signal corresponds to one
or several pixels in the received images. After the image
processing, we obtain the value of luminance of respective
LEDs. We decode using the value of luminance.

III. OVERLAY CODING

As shown in Fig. 1, if the distance between a transmitter
and a receiver gets longer, the resolution of received images
gets poorer. That is, high spatial-frequency components of the
images are lost due to the defocusing and the reduction of
pixel size.

Figure 3 shows the pixel-distance of neighboring LEDs
versus the transmitter-receiver distance, where we define the
pixel-distance as the number of pixels of two neighboring
LEDs in a captured image. The LED spacing is 20 mm and
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Fig. 3.  Pixel-distance of neighboring LEDs versus transmitter-receiver
distance, where the LED spacing is 20 [mm].
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Fig. 4. TIllustrated figure of the coding process.

the resolution of the high-speed camera is 128 x 128 pixels.
In order to distinguish two neighboring LEDs separately, at
least two pixels are necessary. From Fig. 3, we confirm that
if we assign the same data to more LEDs and consider it as
one LED, then the transmitter-receiver distance that achieve
the pixel-distance of two gets longer.

To take advantage of these channel characteristics, we em-
ployed the hierarchical coding scheme using overlay coding in
our previous research [4]. The overlay coding is employed to
allocate long range data to low-spatial frequency components
and short range data to high-spatial frequency components.
Hence, we can obtain the long range data even if the receiver
is far from the transmitter.

The overlay coding is realized through the procedures of
coding and decoding as follows.

A. Coding

Figure 4 shows the coding process. In this scheme, we
transmit long range data and short range data. We then assign
long range data to a flexible number of LEDs. We set the
number so that the pixel-distance of neighboring LEDs is more
than two in the desired error-free range of long range data.

Let DL be the area of the LEDs that represents the long
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Fig. 5. Actual transmission data frame of one data.

range data and let D be the area of the LEDs that represents
short range data, where the number of Dﬁl is M and the
number of D is N, respectively, for (m =1,2,--- , M, n =
1,2,---, N). We allocate the same data {—2, +2} to D% and
{—1,41} to DZ. If we denote R;, as the transmission bit rate
of a single LED, then M R, is the data rate of long range data
and N Ry, is that of short range data, respectively.

Let us now focus on individual LED, say LED,, , in kth
symbol (k = 0,1,2,...). Let A,,[k] be the long range data
and a,,,[k] be the long range data signal that is assigned to
LED,,. We assign A,,[k] to DL . Similarly, Let B, [k] be the
short range data and b, ,[k] be short range data signal that is
assigned to LED,, ,. We assign B, [k] to D;f. Then we obtain
the following equation for the data assignment.

{au,v[k] = Am[k]

(LED,,, € D-)

m

(LED,, € D3) %

We focus on the area of DL in kth symbol. Suppose
there are () LEDs in this area. We rewrite Spr ,[k](¢ =
1,2,-+-,@Q) as the short range data that are within the area of
DE . We overlay those long range data signal and short range
data signal to obtain the output signal Xpr ,[k], that drives
each of LED and can be written as the following.

Xpr qlk] = An[k] + Bpr 4[K] )

In this paper, we allocate one bit {—2, 42} to the long range
data and one bit {—1,+1} to short range data, respectively.
So the overlaid signal takes value of {—3, —1,+1,+3}. These
data are expressed by four grades of luminance that rescaled
by following equation:

Xpr 4kl +3
4 = Zoaall T3 3)

Therefore, these data are expressed by four grades of lumi-
nance of {0,1/3,2/3,1} [4].

The transmitter’s LEDs generate a nonnegative pulse with a
duration of T, where T is the bit duration. We achieve four
grades of luminance by changing the width of the pulse.

Figure 5 shows the actual transmission data frame of one
data. As we must follow the sampling theorem, the same data
are transmitted twice. For the detail discussion on this, please
refer to [6]. We further add the inverted signals that are mainly
used for LED array detection and tracking [5]. In Sec. IV-A,
we discuss the detail on inverted signals. Because of these, we
achieve the data rate of overlay coding as (M + N)/4T;.

XD

L
mod

B. Decoding

The transmitted signal arrives at the high-speed camera
(receiver) through the optical channel. The receiver converts

the signal into electrical signal corresponding to the received
light intensity by the CMOS image sensors and outputs
images. After we estimate the position of each LED and obtain
the luminance from each image, we normalize the luminance
values [7]. The normalization can get rid of the stationary
noise. Furthermore ambiance noize can be ignored because
the value of the lens diaphragm we use is big. We decode
using the normalized luminance value of Ypr ,[k].

We focus on the gth LED in the area of the long range

data DL at kth symbol. We first calculate an average of
the normalized luminance in the area of DZ, and that is
represented by below equation.
> Yor b > Poralk]
- = Am k] + ¢ - (4)
Q ¥ Q

In the Eq. (4), the first term represents the long range data
in the area of DL in kth symbol, the second term represents
the average of the short range data in the area of D in kth
symbol. We then obtain the long range data as follows.
/Im[k'] _ Zq YDTI;L,q[k] _ Zq 5D,€z,q[k]
Q Q

The influence of short range data to long range data is small,
since short range data takes value of +1 or —1 whereas
long range data takes a value of +2 or —2. Furthermore the
transmitted short range data is binomial distribution with —1
and +1. Thus, the second term of right-hand side of Eq. (5)
converge to zero. Therefore, we can obtain the long range data
by below equation.
Al = ZetPhal] (©)

Q
We perform threshold processing to the long range data A, [k].
We decode the data as +2 if it is plus, and decode as —2 if
it is minus.

Since the transmitted data is overlaid, the short range data
can be calculated by using the long range data.

Boi gkl = Ypu k] - A’ (7)

where A’ is the value of long range data subtracted from the
normalized luminance value. In order to further reduce the
influence of short range data on long range data, as the value
(lf A , we use the average of the normalized luminance value
Ypr 4[k] not only in one area of long range data at kth symbol
but also in all areas where the result of threshold processing
of A, [k] is same through all transmitted symbols. Hence, A
is represented by below equation.

Zm,ke{m,kmm[k]w} 24 YD,Ln,q[k]

&)

A — (M-K);-Q (Am[k] > 0) )
et B A Tk v k
Em’kﬂm’kl&?.[;)g_o.}qu of.al" (otherwise)

where (M- K)4 and (M - K)_ are the number of areas whose
results of threshold processing of A, [k] are +-2 and —2 among
all the transmitted symbols, respectively. We perform threshold
processing to the short range data BD,% .qlk]. We decode the
data as +1 if it is plus, and decode as —1 if it is minus.
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IV. DATA RATE IMPROVEMENT METHOD
A. LED Array Tracking and Inverted Signals

To achieve robust tracking, it is necessary to track the
position of the LED array in each frame, because of camera
(vehicle) vibrations and changes in the size of the LED
array during the driving situation. We employ the LED array
tracking method using inverted signals [5].

Figure 6 shows the LED array tracking method using
inverted signals. In Fig. 6, the original signals are depicted
as “Data” and The inverted signals are depicted as “Data*”.
At the transmitter, we make an inverted pattern of each signal.
The inverted signal takes the reversed luminance of the original
signal. And we transmit the original signals and the inverted
signals alternately.

At the receiver, those two patterns are added together to
generate all-LEDs-on pattern. In this way, the robust LED
array tracking can be performed using the generated all-LEDs-
on pattern.

We apply this method to the overlay coding. Recalling Eq.
(2), the output signals in 2kth and 2k + 1th symbol are

Aml[k] + Bpr, q[F] 9
ALKl + Bpr glk] = Xpr, o[2K10)

XD”L;“q [2]@]
XD,L,L,q[zk + 1]

where A7 [k] is the reversed version of A,,[k] and 37, [K] is
the reversed version of Bpr ,[k]. The output signal X, DL qlF]
rescaled by Eq. (3) takes the value of {0,1/3,2/3, 1}, then its
inverted signal X7, L g [k] rescaled by Eq. (3) takes the value of
{1,2/3,1/3,0}, respectively. In this case, the additional lumi-
nance between Xpr ,[2k] and Xpr ,[2k +1] rescaled by Eq.
(3) representively become “1”, that is all-LEDs-on. However,
using this method the data rate become a half, because we
transmit original signals and inverted signals alternately. In
this paper, we propose the data rate improvement method for
the overlay coding.

B. Data Rate Improvement Method

We improve the data rate of the short range data. Figure 7 is
the illustrated figure of the data rate improvement process. For
the long range data, we transmit the original signals and the
inverted signals alternately. This is the same method as the
overlay coding with the LED array tracking method for the
long range data. On the other hand, for the short range data,
we transmit only the original signals while inverted signals of
long range data are transmitted. Using overlay coding, long
range data and short range data are overlaid and transmitted.
Recalling Eq. (2), the output signals in 2kth and 2k + 1th
symbol are

XDvlﬁrq[2k] =
XD##I[Q]{I + 1]

Am[k] + Bpz, [2K]
A5 [K) + Bpr, g[2k + 1].

Y
12)

In order to generate all-LEDs-on pattern, at the receiver, we
add together two patterns which long range data is inverted.
In this case, the additional luminance between Xp: ,[2k] and
Xpr q[2k + 1] rescaled by Eq. (3) representively become
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Fig. 6. TIllustrated figure of the LED array tracking method using the inverted
signals.
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{2/3,1,4/3}. In the generated additional images, the lumi-
nance value of LEDs is inequable since the short range data
is not inverted. However, all LEDs is lighted since long range
data is inverted. Therefore, we can tracking using the generated
additional images.

V. EXPERIMENT

A. Experimental Parameter

We performed measurements for distances from 20m to
70m, every Sm on a static condition. We evaluate the results
of experiments by throughput performance. Table I shows the
specifications of the high-speed camera. And Table II, Table
IIT and Table IV show the experimental parameters.

In this experiment, we use division of the LED array that
have the condition which shown in Table III. Figure 8 shows
the division of LED array.

B. Experimental Results

Figure 9 shows the throughput performances of the long
range data and the short range data of overlay coding method
and overlay coding with data rate improvement method.
Throughput for the long range data and the short range data
is defined as

st =
5% =

MRy(1— PF)
NRy(1 - P?)

13)
(14)
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TABLE I
HIGH-SPEED CAMERA SPECIFICATIONS.

TABLE III

DivISION OF LED ARRAY.

Camera model.

FASTCAM-1024PCI 100K made by Photron

Sensor type CMOS
Lens model NIKKOR 35mm {/1.4 made by Nikon
Focus 35mm
ND filter Screw-in Filter ND4-L/4x made by cannon

TABLE II
EXPERIMENTAL PARAMETER.

(L16_S64)
Data Long Range | Short Range
The number of LED corresponded 1bit 16 4
The number of bits 16bit 64bit
per 1symbol (M=16) (N=64)
TABLE IV
DATA RATE.

Lightning frequency of LED 3KHzZ Conventional Method Proposed Method
Shutter speed T000fps Data Long Range | Short Range | Long Range | Short Range
Focal length of a lens 35mm Data Rate 4 16 4 32
Focus of a lens infinity
Lens diaphragm 11 L
Filter of a lens NDA4L filter D; D; Ds .. DS DS
Resolution 128x128pixels
Communication distance 20m-70m L16_S64 ...-
at intervals of 5Sm M=16
Condition of experiment static N=64
Q=4 ]
L : D1L6 Dg4
Wh.ere, Py is the syrpbol errorsre}te for the long range data Long Range Data Short Range Data
which consists of 8 bits, and P is the symbol error rate for
the short range data which consists of 24 bits. Almost an even Fig. 8. Image of division of LED array.
performance of the throughput is obtained in the transmission
of the long range data. On the other hand, the throughput of pPy—- .
the short range data of proposed method is almost twice that 30 ! kY /% Proposed Method
. . AN 1
of conventional method. We can see the degradation of the o 25+ ! \ /% (Short Range Data)
. . 1 !
throughput performance caused by the luminance saturation s iconventionsle /. Y
at 20m and a moire at 35m and 40m. We confirm that we can é 20 i {\g%thc%dR E;s; )
. . 1 ort Range bata
improve data rate of the short range data as compared with a 15 | e 9 L
the conventional method. S & -, \
S 10 [ Conventional . -
(@] [
VI. CONCLUSION = ! (Long Range Data)

In this paper, we proposed a data rate improvement method
for the overlay coding.

In the proposed method at the transmitter, for the long
range data, we transmit the original signals and the inverted
signals alternately. On the other hand, for the short range
data, we transmit only the original signals while inverted
signals of long range data are transmitted. Using overlay
coding, the long range data and the short range data are
overlaid and transmitted. At the receiver, we add together two
patterns which the long range data is inverted. Using generated
additional images, we can track LED array. The experimental
result shows that, we can improve data rate as compared with
the previous method.
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