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Development of Positioning Technology Using LED
So-Hyeon Jo, Joo Woo , Sun Young Kim , Member, IEEE, and Jae-Hoon Jeong

Abstract—With the development of electric vehicles, indoor driv-
ing robots, wearable devices, etc., research on technology for recog-
nizing one’s current location continues to progress. Self-localization
is an essential need for autonomous driving and mainly requires
global positioning system (GPS), thereby using technologies such
as LiDAR, Wi-Fi, and visible light communication (VLC). However,
GPS is greatly affected by its surrounding environment, and it can
make errors, especially in spaces where signals are blocked, such
as tunnels and buildings. In this paper, we propose a system for
estimating one’s location using LED lights and frequency compo-
nents with different color temperatures in an indoor space such
as a tunnel. We installed three types of LED lights with different
color temperatures in a tunnel-like experimental environment and
collected data using RGB sensors. We also estimated the user’s
current location according to the color temperature and frequency
component analysis from the data. In most cases, it was measured
within a margin of error of 0–2 cm. It is expected that this will be
used for generating data on the location of indoor service robots
and autonomous vehicles in spaces where it is difficult to use GPS.

Index Terms—Chromaticity, correlated color temperature
(CCT), indoor positioning systems, LED.

I. INTRODUCTION

W ITH the development of satellite systems and the in-
creased need for location information, the global navi-

gation satellite system (GNSS) has become an essential technol-
ogy. In the case of automobiles, global positioning system (GPS)
has been used for a long time for navigation purposes. With the
development of electric vehicles, the market size in various fields
such as unmanned driving cars and indoor service robots, has
increased. In the case of autonomous driving technology, it is
one of the most important technologies to obtain information on
the user’s current location as the user does not interfere in the
operation. Accordingly, various studies are actively researching
methods to obtain location information [1].

Outdoors, users can easily obtain location information by
receiving GPS signals through terminals such as smartphones,
navigation devices, smartwatches, and tablets. In the case of
indoor facilities or large cities with low signal strength, however,
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it is difficult to acquire location information, or it is obtained with
errors because users can’t efficiently receive signals. To improve
the accuracy problem of GPS, many studies are currently trying
to find various methods for indoor localization. With the increase
in the use of smart devices and personal computers, various
communication networks such as Bluetooth Low Energy(BLE)
or Wi-Fi, 5G, and LTE have been built, and a method of estimat-
ing location through fingerprinting, and trilateration has been
studied [2], [3], [4]. A map matching technology through the
path passed by tracking back the track has also been studied [5].
Further efforts are currently developing technologies using cam-
eras, radars, and LIDAR for location recognition through image
processing. Also a technology recognizes location through re-
ception sensitivity using sound and illumination [6], [7], [8],
[9]. However, these methods are susceptible to interference
from camera lenses and communication disturbances and require
additional terminals.

Recently, many lights have been replaced with LEDs, which
are highly efficient compared to conventional incandescent or
fluorescent lamps, and their usage has increased rapidly [10].
Not only outdoor streetlights but also indoor lighting are being
replaced by LEDs. Since the switching speed of LED is faster
than the recognition speed of human beings, research is being
conducted on a method for communication by loading data
into light using this characteristic. Visible light communication
(VLC) is becoming an alternative to the overload of the existing
communication bandwidth, and it is relatively stable against
electromagnetic interference. Accordingly, a location estimation
technology based on light has been developed [11], [12], [13].
There are various measurement methods using VLC. Usually,
each LED is assigned a unique ID. By giving various frequencies
or pulse width modulations to the indoor ceiling led light, and
using this as a marker, it showed sufficient accuracy at less than
50 cm [14], [15], [16], [17]. For situations where the dependence
on LED lighting is not high, there is a method to design a
DarkLight system to encode data into light pulses that are too
short for humans to recognize [18], [19]. VLC system has high
accuracy when using methods such as fingerprinting and signal
strength, but the system configuration is a little complicated. For
the proximity method, the system configuration is simple, but it
is not rather accurate.

In this paper, we propose a technology for estimating position
by analyzing the components of light measured according to
location through LED lights with different color temperatures on
a 2D plane. The gap between the LED chromaticity values used
in the studies [20], [21], [22], [23], [24], [25] is reduced, and
positioning is estimated through analysis using interpolation
and FFT. Light changes color depending on its wavelength,
and it can be obtained from the tristimulus values X, Y, and
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TABLE I
LIST OF ABBREVIATIONS

Z designated by the Commission Internationale de l´Eclairage
(CIE) by measuring R, G, and B values. With these values, the
chromaticity coordinates known as x and y on the chromaticity
diagram can be calculated. The correlated color temperature
(CCT) value can be obtained through x and y. As a result,
information about the color temperature of the LED light can
be obtained [20], [21], [22], [23], [24], [25]. The coordinates
of the current location are estimated using the signals measured
by the RGB sensor. Existing methods such as trilateration have
complexity in infrastructure construction, such as having to
assign individual ids to LEDs and considering the arrangement
of LEDs. At least three id signals are required to estimate the
position for a point. The method proposed in this paper only
needs to consider the light of the LED itself input to the RGB
sensor without such complexity. The main focus of this paper is
as follows:
� Simplifies hardware and software configuration by en-

abling LED use without infrastructure configuration, such
as imposing individual id for each LED

� Reduced sense of heterogeneity by narrowing the gap of
the color temperature difference compared with previous
studies

� Perform positioning by measuring with low point density
over a wide range

� Positioning using CCT and FFT
The rest parts of the paper are organized as follows. In

Section II, the color coordinates, black body, and correlated
color temperature of light are described. The experimental envi-
ronment configuration, system configuration, and experimental
process are explained in Section III. The experiment and the
result analysis according to the experiment are performed in
Section IV. Section V presents a discussion and conclusion on
the results of the system and experiment proposed in this paper.
The list of abbreviations used in this paper is defined in Table I.

II. CHROMATICITY OF LIGHT

Light is located between the electromagnetic wave band of
various wavelengths, and its color changes according to the
ratio of the wavelengths. Among the wavelength bands of light,
visible light has a range of about 380 to 750 nm. The closer
the wavelength is to 380 nm (the short wavelength), the more
purple it is. The closer the wavelength is to 750 nm (the long
wavelength), the redder it is. The quantitative representation of

Fig. 1. Chromaticity coordinates with planckian locus and CCT.

color is called “color specification,” and the light that causes the
sensation of color in the eyes is the “color stimulus.” In the case
of the color stimulus, the colorimetric system expressed using
the original stimuli R, G, and B is known as a “trichromatic sys-
tem.” A representative example of the trichromatic system is the
CIE color model recommended by the International Commission
on Illumination, which is defined as the RGB color system and
the XYZ color system. In the case of XYZ, which is a tristimulus
value, it can be obtained using RGB as follows [20], [22], [24],
[26]:

⎡
⎣
X
Y
Z

⎤
⎦ =

⎡
⎣
2.7689 1.7517 1.1302
1.0000 4.5907 0.0601
0.0000 0.0565 5.5943

⎤
⎦

⎡
⎣
R
G
B

⎤
⎦ (1)

Blackbody radiation refers to the spectrum of light emitted by
any heated object, and the absolute temperature of the blackbody
corresponds to each color. This is defined as CCT. X, Y, and Z
can be converted to the chromaticity coordinates (x, y) on a 2D
plane as follows [27], [28]:

x =
X

X + Y + Z
, y =

Y

X + Y + Z
(2)

The CCT value can be obtained through McCamy’s formula
and can be expressed as follows [29]:

CCT = 437n3 + 3601n2 + 6861n + 5517
where n = (x− 0.3320) / (0.1858− y)

(3)

Fig. 1 shows the relationship between the Planckian locus
(Blackbody locus) and CCT on the chromaticity coordinates.

In this paper, we set up the experimental environment as
shown in Fig. 2 and conducted localization experiments using
LEDs with CCT characteristics in the white band [20], [21],
[22], [23], [24], [25].
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Fig. 2. Tunnel environment simulation for the experiment.

III. SYSTEM PRINCIPLE

A. Construction of Tunnel Simulator

In this study, long bar-type LED lights 5000 K, 5700 K, and
6500K were attached to be used as tunnel lighting. To reduce the
visual heterogeneity of light, the LEDs belonging to the white
band are arranged by reducing the color temperature gap. Each
light is positioned at a height of about 74 cm from the floor to
illuminate the measurement area, and the measurement area has
a size of 60 cm × 90 cm in width and length. The RGB sensor
for measuring the LED is fixed to the binder and moves the
X-Position and Y-Position in the direction horizontal to the LED
at about 5.7 cm from the floor. The coordinates of the X-Position
(60 cm) were estimated by the change of color temperature using
CCT values. Each LED bar is split in half (45 cm each) and driven
at two frequencies. The coordinates of the Y-Position (90 cm)
were estimated by the change in frequency sensitivity through
FFT analysis.

As shown in Fig. 3, the LED signals are measured for R, G,
and B values of each position using Arduino, RGB sensor, and
MCP3204. Due to disturbance factors except for LED lights
used for positioning, the signals measured by the RGB sensor
may include distortion and bias of the waveform [20], [21], [22],
[23], [24], [25]. As shown in Fig. 3, we designed a low-pass filter
to remove the disturbance factors and transmit data.

To obtain CCT data, we measured seven sections at 10 cm
intervals in the X-Position and four sections at 30 cm intervals
in the Y-Position. R, G, and B values measured in each section
were used to obtain X, Y, and Z values through (1), and X, Y,
and Z values were used to obtain x and y values through (2).
CCT and the element “n” required to obtain the CCT value,
were obtained through x and y in (3).

Fig. 3. Hardware configuration to obtain RGB data.

Fig. 4. LED driver to give the LED a frequency component.

To distinguish the position of the Y-Position, we divided
LEDs into upper and lower parts and applied frequencies of
1.275 kHz and 2.550 kHz (each having a duty ratio of 50%).
As shown in Fig. 4, we used an LED switching driver and an
Arduino to separate and supply power. Additionally, we used
an oscilloscope to check the frequency component as shown in
Fig. 5 [20], [21], [22], [23], [24], [25].

The signal received through the RGB sensor was measured
after being separated into an RGB signal for FFTA and an RGB
signal for FFTB through FFT. FFTA and FFTB represent the
FFT values for 1.275 kHz and 2.550 kHz. The sensitivity of the
two signals is changed along the Y-Position. We obtained data
on the Y-Position position by calculating the output according to
the signals of FFTA and FFTB using (4) for the two signals. To
obtain FFT data, we measured five sections at 15 cm intervals
in the X-Position and seven sections at 15 cm in the Y-Position.

FFTAB =
FFTA − FFTB

FFTA + FFTB
(4)
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Fig. 5. Checking the frequency component applied to the LED using the
oscilloscope.

Fig. 6. System diagram for estimate X and Y-positions. B. Multipart Figures

The CCT and FFT values were compared according to lo-
cation for coordinate estimation and the coordinates were esti-
mated through the overlapping part of the two sections.

The overall flow of the system is shown in Fig. 6. The
frequency component through LED driver is applied to the LED,
and the RGB sensor measures the RGB value of the LED and
proceeds with the data preprocessing process. The CCT and
FFTAB values obtained in this way specify the range according
to the interpolated CCT and FFTAB, and the positions of X and
Y-Position are estimated.

B. RGB Sensor Signal Processing Method

In Fig. 7(a) and (c), the coordinates of 4 × 7 CCT data and
7× 5 FFTAB data in 3D. The X-Position is the horizontal axis of
60 cm, and the Y-Position is the vertical axis of 90 cm. It can be
seen that the CCT value increases as the X-Position approaches
60 cm, and the FFTAB decreases as the Y-Position approaches
90 cm.

Fig. 7. Coordinates and interpolated coordinates for CCT raw and FFTAB.
(a) 4 × 7 CCT raw data. (b) CCT interpolation data. (c) 7 × 5 FFTAB raw data.
(d) FFTAB interpolation data.

TABLE II
PERCENTAGE OF THE GAP OF ERROR FOR ALL DATA

The data obtained through the experiment were interpolated
using MATLAB to estimate the data for the section where there
was no information about the location. Fig. 7(b) and (d) show
the data with 28-1 interpolated points between sample values
for (a) and (c).

If the CCT and FFTAB distributed in a specific section are
overlapped using interpolated data, the location information with
the addresses of these two data can be extracted [29]. First, define
the row and column sizes of the interpolated CCT and FFTAB

(sizeRows and sizeCols of (5), (6)), and store the interpolation
interval information about how much space is interpolated at
60 cm and 90 cm (divRows and divCols of (5), (6)). After that,
the difference between the maximum value and the minimum
value within the interpolated data is calculated (7), and the
interval to be extracted as much as the desired section is divided
into this value (8). When information on input CCT and input
FFTAB are received through the RGB sensor using the above
equations, a specific section is extracted from the CCT and
FFTAB information, and the information is stored (9).

divRows = 90/sizeRows (5)

divCols = 60/sizeCols (6)

Mag = Max− Min (7)

Div = Mag/div (8)

input − Div < output < input + Div (9)



JO et al.: DEVELOPMENT OF POSITIONING TECHNOLOGY USING LED 8100207

TABLE III
THE AVERAGE FOR CCT AND FFTAB, AND THE DEVIATION FOR EACH COORDINATE

Fig. 8. Position estimation through the intersection of CCT and FFTAB.

In Fig. 8, arbitrary CCT and FFTAB values were input to show
that the coordinates are estimated through (5)–(9). If CCT and
FFT values are measured at a certain position, the blue diamond
mark is the point marked for the interval where the measured

CCT value exists. The red X mark is the point marked for the
interval where the measured FFTAB value exists. In other words,
the range of the X-Position and Y-Position is founded on the
input CCT value and the FFTAB value. The coordinates of the
current location are figured out through the data on the point
where the two ranges overlap.

This was implemented using the look-up table and integrator
in Simulink as shown in Fig. 9. The original data of CCT and
FFTAB is registered in the look-up table, respectively, and the
coordinate position is figured out according to the input data
using the integrator process. Using the look-up table saves
runtime because there is no need to use equations. When the
measured data is input to in_CCT and in_ FFTAB, output values
are displayed in the X-Position and the Y-Position. The input
data were measured at intervals of 5 cm in width and length.

IV. EXPERIMENT AND ANALYSIS

To check the performance of the proposed position measure-
ment system, a section of 60 cm × 90 cm was measured with an
RGB sensor at 5 cm intervals, and CCT and FFTAB values for a
total of 247 coordinates were calculated. To visually check the
coordinate estimation, specific coordinates are indicated on the
graph as shown in Fig. 10.

Fig. 10 shows the output for the estimated position obtained
through CCT and FFTAB and the real position. The red circle
represents the real coordinate, and the blue X represents the
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Fig. 9. Simulink design using the look-up table.

Fig. 10. Comparison of estimated position and real position.

measured coordinate. Most of the outputs are within the 0–5 cm
error range, and in particular, the error is insignificant for the
Y-Position. Table II shows the percent error range for all data.
Most of the data are distributed between 0 and 2 cm.

However, as the Y-Position approaches 90 cm, the X-Position
margin of error increases. Table III shows the mean for CCT
and FFTAB obtained by measurement and the deviation for each
coordinate.

Table III also shows that the deviation increases as the Y-
Position approaches 90 cm. Comparing (a) and (b) in Fig. 11
can confirm the difference between the two graphs. Fig. 11(a) is
the raw data of Figs. 7(a), and 11(b) is the CCT data measured per
5 cm. Unlike Fig. 11(a) showing a constant interval, Fig. 11(b)

Fig. 11. CCT raw and CCT Full. (a) CCT raw values used for interpolation
CCT_raw, (b) CCT values measured directly at 5 cm intervals used as in_CCT.

shows an unstable interval. This error value causes a large error
in the coordinate estimation.

The reason for this error is that it is affected by the fluctuation
of the LED itself as much as it depends on the LED light. During
the experiment, the voltage and current of the power supply
fluctuated somewhat, resulting in uneven LED output. In the case
of the X-Position, since the RGB sensor uses the direct source
output of the LED light, it is affected by the light condition. In the
case of the Y-Position, the position is estimated by the relativity
of the intensity of the frequency signal. For this reason, the effect
of the light intensity is less, so the error seems to be relatively
smaller than the X-Position.

When calculating the color temperature using the data ob-
tained through the RGB sensor, we applied a digital filter to
remove the DC component. However, due to the reflected LED
light by the surrounding structures, the data is overlapped on the
sensor and measured, so there is less accuracy in calculation. In
addition, (1), used when converting RGB values into XYZ, is not
a matrix tuned to the sensor and LED characteristics currently



JO et al.: DEVELOPMENT OF POSITIONING TECHNOLOGY USING LED 8100207

used. The matrix required to convert RGB to XYZ requires
reference white and chromaticity coordinate values of the RGB
system. It is analyzed that the value came out inaccurate by using
a matrix that did not go through a process to obtain this value.
Therefore, follow-up research to reduce the effects of indirect is
needed to conduct and reflected light and to set a matrix suitable
for the system.

V. CONCLUSION

In this paper, we propose a method for estimating the cur-
rent position through the color temperature and frequency ratio
using LED with three color temperatures. The X-Position was
estimated by analyzing the color temperature according to the
X-Position through the LEDs with three color temperatures
arranged along the Y-Position. The Y-Position was estimated
by analyzing the sensitivity of two frequency components along
the Y-Position. Position estimation was performed using data
interpolation and Simulink using a look-up table, and the estima-
tion results showed that the performance was close to the actual
position. It reduced the sense of heterogeneity by narrowing
the gap of the color temperature compared to previous studies
and performed positioning by measuring with low point density
over a wide range. It makes hardware and software configuration
simplify. Currently, research on autonomous driving technology
and indoor mobile devices is being actively conducted. In par-
ticular, if this technology is applied to a product to be operated
indoors, it will be possible to estimate the location through a
simple facility. This system can be deployed using the LED
infrastructure that is basically installed in tunnels or indoor
living facilities, and the need to maintain or repair each LED
is reduced. In addition, it will be possible to further improve
the system by reducing the disturbance caused by indirect and
reflected light to minimize the position error and calculating the
matrix adjusted for this system. After that, it is necessary to
improve the performance by conducting additional experiments
by reconfiguring the arrangement of LEDs and the experimental
environment. Through this, it is expected that the location can
be estimated through the positioning system using the LED
platform in areas where GPS cannot reach and in places where
communication interference is a concern.

REFERENCES

[1] S.-U. Lee and S.-U. Kim, “Indoor positioning technology trends and
prospects,” Inf. Commun. Mag., vol. 32, no. 2, pp. 81–88, 2015.

[2] I. Bisio et al., “A trainingless WiFi fingerprint positioning approach
over mobile devices,” IEEE Antennas Wireless Propag. Lett., vol. 13,
pp. 832–835, 2014, doi: 10.1109/LAWP.2014.2316973.

[3] B.-J. Shin, K.-W. Lee, S.-H. Choi, J.-Y. Kim, W.-J. Lee, and H.-S. Kim,
“Indoor WiFi positioning system for android-based smartphone,” in Proc.
IEEE Int. Conf. Inf. Commun. Technol. Convergence, 2010, pp. 319–320.

[4] L. Bai, F. Ciravegna, R. Bond, and M. Mulvenna, “A low cost indoor
positioning system using bluetooth low energy,” IEEE Access, vol. 8,
pp. 136858–136871, 2020.

[5] L. Zhihua and C. Wu, “A new approach to map-matching and parameter
correcting for vehicle navigation system in the area of shadow of GPS
signal,” in Proc. IEEE Intell. Transp. Syst., 2005, pp. 449–454.

[6] B. Lin, Z. Ghassemlooy, C. Lin, X. Tang, Y. Li, and S. Zhang, “An indoor
visible light positioning system based on optical camera communications,”
IEEE Photon. Technol. Lett., vol. 29, no. 7, pp. 579–582, Apr. 2017.

[7] M. Werner, M. Kessel, and C. Marouane, “Indoor positioning using
smartphone camera,” in Proc. IEEE Int. Conf. Indoor Positioning Indoor
Navigation, 2011, pp. 1–6.

[8] J. Tiemann, F. Schweikowski, and C. Wietfeld, “Design of an UWB indoor-
positioning system for UAV navigation in GNSS-denied environments,”
in Proc. IEEE Int. Conf. Indoor Positioning Indoor Navigation, 2015,
pp. 1–7.

[9] S. Murata, C. Yara, K. Kaneta, S. Ioroi, and H. Tanaka, “Accurate indoor
positioning system using near-ultrasonic sound from a smartphone,” in
Proc. IEEE 8th Int. Conf. Next Gener. Mobile Apps Serv. Technol., 2014,
pp. 13–18.

[10] C. Elliott, M. Yamada, J. Penning, S. Schober, and K. Lee, Energy Savings
Forecast of Solid-State Lighting in General Illumination Applications.
(No. DOE/EERE-2001), Washington, DC, USA: Navigant Consulting,
Inc., 2019.

[11] M. S. Rahman, M. M. Haque, and K.-D. Kim, “Indoor positioning by LED
visible light communication and image sensors,” Int. J. Elect. Comput.
Eng., vol. 1, no. 2, pp. 161–170, 2011.

[12] P. H. Pathak, X. Feng, P. Hu, and P. Mohapatra, “Visible light communi-
cation networking and sensing: A survey potential and challenges,” IEEE
Commun. Surveys Tuts., vol. 17, no. 4, pp. 2047–2077, Oct.–Dec. 2015.

[13] V. H. Al Khattat, S. B. Anas, and A. Saif, “An efficient 3D indoor
positioning system based on visible light communication,” in Proc. 2nd
Int. Conf. Emerg. Smart Technol. Appl., 2022, pp. 1–7.

[14] S. Yang, K. Kagemoto, and K. Onishi, “Coordinate detection for automatic
guided vehicle using indoor ceiling LED lights,” in Proc. 5th IIAE Int.
Conf. Ind. Appl. Eng., 2017, pp. 171–174.

[15] K. Kinoshitaa, S. Yanga, and S. Serikawaa, “Indoor location estimation
using three photodiodes and ceiling LED lights,” in Proc. 7th IIAE Int.
Conf. Intell. Syst. Image Process., 2019, pp. 173–177.

[16] G. Niu, J. Zhang, S. Guo, M. O. Pun, and C. S. Chen, “UAV-enabled 3D
indoor positioning and navigation based on VLC,” in Proc. IEEE Int. Conf.
Commun., 2021, pp. 1–6.

[17] C. W. Hsu et al., “Visible light positioning and lighting based on identity
positioning and RF carrier allocation technique using a solar cell receiver,”
IEEE Photon. J., vol. 8, no. 4, pp. 1–7, Aug. 2016, Art. no. 7905507,
doi: 10.1109/JPHOT.2016.2590945.

[18] Z. Tian, K. Wright, and X. Zhou, “The darklight rises: Visible light com-
munication in the dark,” in Proc. 22nd Annu. Int. Conf. Mobile Comput.
Netw., 2016, pp. 2–15.

[19] C. Huang and X. Zhang, “Impact and feasibility of darklight LED on indoor
visible light positioning system,” in Proc. IEEE 17th Int. Conf. Ubiquitous
Wireless Broadband , 2017, pp. 1–5, doi: 10.1109/ICUWB.2017.8250973.

[20] J.-H. Jeong, G. S. Byun, and K. Park, “Fuzzy logic vehicle position-
ing system based on chromaticity and frequency components of LED
illumination,” IEEE Photon. J., vol. 11, no. 5, pp. 1–12, Oct. 2019,
Art. no. 7906112.

[21] J.-H. Jeong and K. Park, “Numerical analysis of 2-D positioned, indoor,
fuzzy-logic, autonomous navigation system based on chromaticity and
frequency-component analysis of LED light,” Sensors, vol. 21, no. 13,
2021, Art. no. 4345.

[22] J.-H. Jeong, D. H. Lee, G. S. Byun, H. R. Cho, and Y. H. Cho, “The tunnel
lane positioning system of an autonomous vehicle in the LED lighting,” J.
Korean Inst. Intell. Transp. Syst., vol. 16, pp. 186–195, 2017.

[23] J.-H. Jeong, M. Kim, and G. S. Byun, “Position recognition for an
autonomous vehicle based on vehicle-to-led infrastructure,” in AETA
2016: Recent Advances in Electrical Engineering and Related Sciences;
Lecture Notes in Electrical Engineering, Berlin, Germany: Springer, 2017,
pp. 913–921.

[24] J.-H. Jeong, G. S. Byun, and K. Park, “Tunnel lane-positioning system for
autonomous driving cars using LED chromaticity and fuzzy logic system,”
Electron. Telecommun. Res. Inst. J., vol. 41, pp. 506–514, 2019.

[25] J. Woo et al., “Determination of traffic lane in tunnel and positioning of
autonomous vehicles using chromaticity of LED lights,” Sensors, vol. 22,
no. 8, 2022, Art. no. 2912.

[26] O. Noboru, Introduction to Color Reproduction Technology. Seoul, South
Korea: JINSEM MEDIA, 2011.

[27] M. H. Brill, “Definition of chromaticity coordinates,” Color Res. Appl.,
vol. 39, no. 3, pp. 317–318, 2014.

[28] J.-S. B. Valencia, F.-E. L. Giraldo, and J.-F. V. Bonilla, “Calibration method
for correlated color temperature (CCT) measurement using RGB color
sensors,” in Proc. IEEE Symp. Signals Images Artif. Vis., 2013, pp. 1–6.

[29] C. S. McCamy, “Correlated color temperature as an explicit function of
chromaticity coordinates,” Color Res. Appl., vol. 17, no. 2, pp. 142–144,
1992.

[30] S. H. Jo, J. Woo, G. S. Byun, and J. H. Jeong, “LED chromaticity-based
indoor position recognition system for autonomous driving,” in Proc.
Korean Inst. Inf. Commun. Sci. Conf., 2021, pp. 603–605.

https://dx.doi.org/10.1109/LAWP.2014.2316973
https://dx.doi.org/10.1109/JPHOT.2016.2590945
https://dx.doi.org/10.1109/ICUWB.2017.8250973


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


