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ABSTRACT This paper proposes a three dimensional (3D) high-resolution indoor positioning system
that uses a single light-emitting diode (LED) and a complementary metal–oxide semiconductor image
sensor (CIS). The proposed visible light positioning system is based on the bokeh effect for improving
the positioning accuracy. The 3D position is determined by received signal strength (RSS) and angle
of arrival (AOA). Optical saturation in pixels causes severe performance degradation in the RSS-based
positioning based on the CIS. The bokeh-based image reception technique resolves this problem by spreading
the optical power to adjacent pixels. Additionally, via the bokeh effect, the size of the LED image on the CIS
is maintained regardless of the distances. The accuracy of the LED extraction for the AOA can be improved
by fixed LED size. These characteristics of the proposed positioning scheme are analyzed via simulations,
and the feasibility of the method is verified based on the experimental results. The experimental results
indicate an estimated positioning average error rate within 4%.

INDEX TERMS Visible light positioning, CMOS image sensors, light-emitting diodes, image processing.

I. INTRODUCTION
There has been an increased demand for location based
services (LBSs) because of the growth of various indus-
tries and the development of technology. The most widely
used positioning technology is the global positioning sys-
tem (GPS). However, the accuracy of the GPS is limited to
a few meters, and the GPS cannot be applied to indoor envi-
ronments, because GPS signals are significantly degraded
indoors. To overcome the limitations of the GPS for indoor
use, radiofrequency (RF) based positioning systems have
been widely investigated in recent years, including Bluetooth
and Wi-Fi [1]. A high accuracy positioning technique is
needed to implement various services, such as finding objects
in a market and controlling a robot in a smart factory [2], [3].

The visible light positioning (VLP) technique has attracted
research attention because it can be used to implement high
accuracy positioning, with advantages, such as robustness to
RF interference and low overhead costs. Normally, a photo-
diode (PD) and a complementary metal–oxide semiconduc-
tor image sensor (CIS) are used in the optical receiver for
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the VLP [4]–[7]. PD based VLP requires an additional PD
dongle because there are few smart devices in which PDs
are embedded. CIS based positioning has attracted attention
because CISs are widely used as built in photo receivers in
smartphones [3], [8]–[11].

Most VLP studies focus on indoor positioning. Light-
emitting diodes (LEDs) installed in indoor environments
are used as anchors to estimate the local positions of
devices. In many positioning systems, two or three LEDs
are required [3], [8]. However, the use of multiple LEDs
negates the advantages gained by using the existing LED
infrastructure in VLP systems. Additionally, there are restric-
tions on the implementation of the VLP technology that is
applied for various lighting layouts [8], [12]. For overcoming
these restrictions, the demand for single LED based VLP
schemes has increased [9], [10]. However, the saturation
of the received optical signal in CISs results in the use
of additional PDs to measure the received optical power
accurately [9].

We propose a high accuracy positioning technique employ-
ing a single LED as an anchor and a CIS as a receiver. Two
well-known positioning methods are used to implement three
dimensional (3D) VLP. The first one involves the received
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FIGURE 1. Block diagram of the proposed bokeh based 3D positioning.

signal strength (RSS) from the received optical power of
the LED. The other involves the angle of arrival (AOA) from
the focused LED image on the CIS. Accurately measuring the
intensity of the light source is difficult in the CIS based VLP.
The saturation of the CIS, which causes the severe degrada-
tion of the positioning accuracy, can easily occur when the
light source image is captured. The pixels cannot receive an
optical power that exceeds the saturation level. Therefore,
the measured optical power is lower than the actual one in
each pixel.

In this paper, we propose a single LED based high res-
olution 3D positioning system using a smartphone camera.
We can obtain the spherical coordinates of the device from
the RSS and AOA. The image blurring condition, i.e., the
bokeh effect, is used to enhance the positioning accuracy.
This effect improves the RSS accuracy for determining the
distance between the LED and the smartphone by prevent-
ing optical-power saturation. Additionally, the AOA with
the LED extraction process can be simply and accurately
implemented, because the size of the focused LED image is
fixed via the bokeh effect. We experimentally implemented
the single LED based accurate 3D VLP system.

II. SCHEMATICS AND THEORETICAL APPROACH
A block diagram of the proposed visible-light indoor posi-
tioning system is shown in Fig. 1. The bokeh-based image
receiving has the following special characteristics. 1) The
received image is spread via the bokeh effect. 2) The size
of the received LED image converges to a specific diam-
eter. These characteristics improve the positioning perfor-
mance and simplify the positioning process. The proposed
method comprises two parts for obtaining the spherical
coordinates, i.e., the radial distance (r), polar angle (φ),
and azimuthal angle (θ ). The first part involves determin-
ing the AOA, for (φ, θ). We must find the center of the
LED light in the received image to determine the angles.
The proposed method can locate the center of the LED by
using two-dimensional (2D) cross-correlation with a same
sized reference image because of the second characteris-
tic of the bokeh effect. The second part involves deter-
mining the RSS, for (r). We can measure the accurate

FIGURE 2. Circle of confusion of symmetrical lens.

optical power because the optical saturation is mitigated by
the first characteristic. After the center of the LED in the
image is located, the area of the LED in the image can
be determined according to the center and diameter. The
optical power is measured using the area of the LED in the
image. Then, the spherical coordinates are converted into
rectangular coordinates. The detailed process is described
below.

A. USE OF BOKEH EFFECT TO MITIGATE
SATURATION IN IMAGE SENSOR
The bokeh effect has been defined as ‘‘the way the lens ren-
ders out-of-focus points of light.’’ Although image blurring
is generally considered as an unwanted effect when taking
pictures, it is sometimes intentional for special photo effects.
In this study, we received the image using the bokeh effect,
intentionally generating an out-of-focus condition to prevent
optical power saturation. This effect improved the accuracy of
the CIS based light intensity measurement. Before applying
the bokeh effect, we verified the factors that determined the
features of the bokeh effect in the camera. The lens system
of the camera could be approximated by a symmetrical lens,
as shown in Fig. 2. The object and image sensor are located
on the left and right sides, respectively, of Fig. 2. The distance
of the image sensor from the lens is f1. S1 is the position of
the object when the object image is correctly focused on the
image sensor. The position of the focus point, which is the
red crossed point on the right side, is short when the object
is positioned far from the lens, and the focus point is far
from the lens when the object position is short. The minimum
distance from the focus point to the lens is f , which is the
focal length of the lens. In this case, the object is located at
an infinite distance from the lens. The focus point is located
between f and the image sensor when the object is located
beyond S1. The object image on the image sensor is convolved
by a circle of confusion with diameter c because the focus is
not exactly correct at one point [13]. The diameter of the blur
circle when the object is positioned at S2 can be expressed by
the following equation:

C =
|S2 − S1|

S2
· A, (1)
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FIGURE 3. Variation of the diameter of the LED and kernel with distance
between the LED and camera.

where A is the diameter of the lens, which is expressed
as f /N .N is the f-number. The image cast on the image sensor
is a circle of diameter c. It can be expressed as

c = C ·
f1
S1
. (2)

The thin lens equation gives

f1 =
f · S1
S1 − f

. (3)

Finally, the circle of confusion can be expressed as

c =
|S2 − S1|

S2
·

f 2

N (S1 − f )
. (4)

The blurred image (y) is determined via the convolution of
x and k , where x is the original sharp image and k is the
point spread function (blurring kernel). k is the circle of
diameter c, and n is the additive noise. y is represented by
a linear model [14]:

y = k ∗ x + n. (5)

In (4), the parameters are all fixed values, except for S2,
which is the distance between the object and the lens. Conse-
quently, S2 determines the diameter c.
We theoretically verified the variation of the diameter

of the LED image and the blur kernel with respect to S2,
as shown in Fig. 3. We used a Samsung Galaxy S8 smart-
phone as the receiver.

We determined the circle of confusion for this smartphone
according to the specifications provided by manufacturer.
N was fixed at 1.7 in the rear camera embedded in the
smartphone. The value of S1 was approximately 7 cm when
the focus mode was set to the nearest mode. The equivalent
focal length (f ) of the lens was 26 mm. The value of f
was approximately 4.24 mm, considering the actual size of
the image sensor. These parameters and S2 determined c,
as shown in Fig. 3.

The foregoing result determined the size of y, and the
details are as follows. In this experiment, a single LED (not an

array of LEDs) was used as an anchor, and the LED image
on the image sensor contained 27 pixels at a 1 m distance
when the LED was in-focus. The diameter of x was inversely
proportional to the distance between the LED and the camera,
as indicated by the plot in Fig. 3. Finally, y could be repre-
sented as the convolution of x with k . The diameter of y con-
verged to 160 µm. Considering that the actual size of each
pixel was 1.44 µm, the size of the blurred LED image was
111 pixels. We compared these theoretical calculation values
with the actual measurement values. We measured the size of
the LED at distances ranging from 1 to 4 m, at 1 m intervals.
The pixel value of 10was set as the boundary of the LED area.
Although the size of the original LED image decreased as
the distance increased, the LED images blurred by the bokeh
effect were 110–115 pixels in size, as shown in Fig. 4. Despite
the interference factors, such as the interpolation of adjacent
pixels, the measured values were similar to the theoretical
values. Thus, we theoretically and experimentally verified
that the size of the blurred LED image resulting from the
intentionally generated bokeh effect was nearly maintained
regardless of the distances. The area of the blurred image
was several tens of times larger than that of the original LED
image, and the light was received in the spread area via the
bokeh effect. Thus, the blurred image was more tolerant to
saturation than the original image, and we could measure
the LED optical power accurately by utilizing the bokeh
effect.

B. USE OF BOKEH EFFECT TO EXTRACT
LED IMAGE FROM RECEIVED IMAGE
The LED shape and size maintained by the bokeh effect facil-
itate LED extraction, which involves locating the center of
the LED and recognizing the area of the LED in the received
image. A solution for determining the position of the LED
in the received image is required, because the size of the
LED lights changes according to the distance from the image
sensor. However, few studies have addressed this process in
detail. In the bokeh based LED image reception, we did not
consider the changes resulting from the distance, because
the size of the LED was maintained at various distances;
only the total received optical power was changed. Therefore,
2D cross-correlation is a very simple and powerful solution
for locating the center of the LED in the image by using
this characteristic of bokeh based reception. First, we set
the blurred image obtained using the bokeh effect at a 1 m
distance as the reference LED image.

As previouslymentioned, the size of the focused imagewas
maintained, and the same reference image was used in 2D
cross-correlation to determine the position of the LED in the
image. The 2D cross-correlation of anM ×N matrix, X , and
a P×Qmatrix, K , is a matrix Y with a size of (M +P−1)×
(N + Q− 1) and can be expressed as follows:

Y (k, l) =
M−1∑
m=0

N−1∑
n=0

X (m, n)K (m− k, n− l)

− (P− 1)≤k≤M−1, − (Q−1)≤ l≤N−1, (6)

VOLUME 7, 2019 91401



J.-W. Lee et al.: 3D Visible Light Indoor Positioning by Bokeh Based Optical Intensity Measurement

FIGURE 4. Received image in in-focus condition (Original sharp image) and out-of-focus condition (blurred image by bokeh) at various distances.

FIGURE 5. (a) Blurred image by bokeh, and (b) result of 2D cross
correlation to determine the LED position in the image.

where the matrix K is the reference LED image, and the
matrix X is the received LED image in the image sensor.
Fig. 5 shows the image of the LED light at a distance of 2 m.
Fig. 5(b) presents the result of the 2D cross-correlation, which
was used to determine the LED position in the image. The
center position of the LED is the point where the maximum
value is located in Fig. 5(b). We extracted the LED image
with a 115 pixels diameter to measure the optical power.

C. RSS, AOA, AND COORDINATE CONVERSION
We used the RSS and AOA for 3D positioning based on a
single LED and camera. The distance (r) was determined

according to the RSS. The distance from the LED to the
camera was obtained by comparing the received LED optical
power with the optical power at 1 m. The optical power was
inversely proportional to the square of the distance, and the
distance, r , is expressed as

r =
√
Pstd/P, (7)

where the LED optical power at 1 m and the received power
are Pstd and P, respectively [15]. We experimentally verified
the distance estimation based on (7). Fig. 6 (a) shows the
received optical power of Fig. 4. The sum of the pixels’ value
in the extracted LED image determines the optical power, and
there is no specific unit. Received optical power is smaller in
in-focus than out-of-focus because optical saturation clipped
the received power in the in-focus condition. We normalized
these two conditions based on the optical power of 1 m
distance. The black dotted line is theoretical value of optical
power that is inversely proportional to the square of the
distance. The normalized optical power in out-of-focus is the
following blue line and the error was occurred within 10 %
compared with the theoretical value. In in-focus condition,
the normalized optical power is larger than a few times com-
pared with the theoretical value. Though the above results,
we verified that the feasibility of the distance estimation and
the process based on bokeh is effective.

The azimuthal angle (φ) and the polar angle (θ ) were
determined according to the incident angle of the LED. The
position of the center of the LED image determined these
two factors. Fig. 6 shows the spherical coordinates of the
LED and the rectangular coordinates of the LED image on the
image sensor. The coordinates of the LED image on the image
sensor consisted of 2D coordinates on the image sensor (x ′, y′)
and the distance between the lens and the image sensor, z′.
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FIGURE 6. (a) Received light intensity at original (in-focus) and bokeh
(out-of-focus) conditions. (b) Normalized received light intensity at
original, bokeh, and theoretical value.

The coordinates (φ, θ ) can be expressed by (x ′, y′, z′).

φ =


arctan

(
x ′

y′

)
, 0 < x ′

arctan
(
x ′

y′

)
+ 180◦, x ′ < 0.

(8)

θ = arctan

(√
x ′2 + y′2

z′

)
(9)

These spherical coordinates (r , φ, θ ) were converted
into rectangular coordinates (x, y, z) using the follow-
ing commonly known coordinate transformation formulas.
Then, we obtained the 3D rectangular coordinates of the
device from the LED.

x = r sin θ cosφ

y = r sin θ sinφ

z = r cos θ (10)

In the local coordinate system (LCS), the position of the LED
is denoted as (x, y, z), where the center of the lens is the origin
of the LCS. Thus, the real position of the smartphone in a
global coordinate system (GCS) can be expressed as (Gx–x,
Gy–y, Gz–z), where (Gx ,Gy,Gz) represents the position of the
LED lights in the GCS.

III. EXPERIMENTAL RESULTS
We used a Samsung Galaxy S8 smartphone to verify the
proposed technique.We expect that this positioning scheme is
conducted with optical camera communication (OCC) [16].
The exposure time was generally set to a short value, for

TABLE 1. Camera options and experimental parameters.

FIGURE 7. Local coordinates system with the LED and the LED image on
the image sensor.

reducing the inter-symbol interference in the OCC [17].
Additionally, the short exposure times provided the advan-
tage of robustness to optical saturation. For a similar reason,
the ISO (an indicator for amplifying the received signal), was
set as 100, to avoid optical saturation. A high ISOwould inter-
fere with the accurate measurement of the received optical
power because it would introduce noise in the image [17]. The
raw image was used to mitigate the optical power distortion
that occurred in the image signal processor.

We experimentally verified the proposed scheme under
the assumption that the reference values were transmitted
via OCC. The LED optical power at 1 m was necessary
for determining the distance according to (7). Additionally,
the coordinates of the LED in the GCS were needed to
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FIGURE 8. Positioning results for 64 positions without rotation at (a) X-Y, (b) X-Z, and (c) Y-Z surfaces.

FIGURE 9. The error rate for various 70 points without rotation at (a) X-Y, (b) X-Z, and (c) Y-Z surfaces.

obtain the real coordinates of the device. We expect that
the LED transmitted these two reference values using OCC,
as reported in our previous work [16]. The Manchester-
encoded signal of the LED added a stripe pattern in the bokeh
image, attenuating the received optical power. This encoded
signal had an equivalent ratio of 1(on)-0(off), and the optical
power was nearly half of that in the case where no signal
was added to the LED. Thus, we must consider the received
optical power attenuation when we transmit these reference
values via the LED.

We estimated 70 different positions using the proposed
positioning scheme to evaluate its performance. We verified
the proposed positioning system in a 1 m × 1 m × 2.4 m
space.Wemounted LED lights on the ceiling, and the position
of the LED lights was denoted in the GCS as (0, 0, 240 cm).
In this condition, we shifted the position of the smartphone
with no rotation. The smartphone was placed at 25 positions,
at heights of 0 and 0.5 m. There were only 20 positions at
a height of 1 m owing to the limitation of the camera FoV.
These 70 points are shown in Fig. 8. The results indicate
the actual and estimated positions for the X-Y, X-Z, and Y-Z
surfaces. The black points and red rings represent the actual
and estimated positions, respectively.

The positioning error was proportional to the distance
between the LED and the camera, as indicated by (10).

Thus, we expressed the error rate as the ratio of the error
to the distance in Fig. 9. We defined the positioning error
rate (PER) as

PER(%) =

√
1x2 +1y2 +1z2√
x2 + y2 + z2

× 100, (11)

where 1x, 1y, and 1z are the errors (differences between
the estimated and actual values) of x, y, and z, respectively.
Therefore, we expressed the positioning performance as the
ratio of the error to the distance, as shown in Fig. 9. The
average ratio was 2.09%, and themaximum ratio was 4.56%.
These results indicate the feasibility of the proposed scheme
based on single LED based 3D positioning.

In a realistic condition, the smartphone rotates about var-
ious axes. This rotation causes additional error. To quantify
the error due to rotation, we investigated 64 cases where the
smartphone rotated at various angles and applied a rotation-
compensation technique based on the rotation matrix from
Euler’s theorem [18]. The Android platform included a geo-
magnetic field sensor and an accelerometer for determining
the position of the device. The pitch (ψx), roll (ψy), and
azimuth (ψz) angles were provided by these sensors. The
pitch was defined as the angle between a plane parallel to
the screen of the device and a plane parallel to the ground.
The roll was perpendicular to the pitch. The azimuth was the
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FIGURE 10. The azimuth, pitch and roll of the smartphone.

angle between the current compass direction of the device
and magnetic north. Theses angles are presented in Fig. 10.
We derived the rotation matrix based on Euler’s theorem. The
rotation matrix R is expressed as

R = RzRxRy =

cosψz sinψz 0
sinψz cosψz 0
0 0 1


×

1 0 0
0 cosψx sinψx
0 − sinψx cosψx


×

 cosψy 0 sinψy
0 1 0

− sinψy 0 cosψy

 (12)

When the smartphone rotated by ψx , ψy, and ψz, (x, y, z) was
transformed into (x̂, ŷ, ẑ), which can be expressed asx̂ŷ

ẑ

 = R[x y z]T . (13)

We could compensate for the rotation error because we knew
the relationship between before and after the rotation, as indi-
cated by (13).

We experimentally verified the rotation compensation
based on the rotation matrix. We fixed the smartphone at
(0, 0, 0), and the LED at (0, 0, 240 cm). To verify the
error due to rotation, we rotated the smartphone as follows:
ψx ε (−23◦, 25◦), ψx ε (−17◦, 18◦), and ψz ε (−9◦, 21◦).
The pitch and roll were close to the maximum rotation angle,
within the limitation of the FOV. Although the smartphone
was fixed at (0, 0, 0), the images of the LED lights were
shifted to various positions on the image sensor via rota-
tion. The positioning results without rotation compensation
included the error due to rotation, as shown in Fig. 11. Here,
the blue circles represent the positioning results without rota-
tion compensation. After the rotation compensation, the blue
circles transformed into the red circles, and Fig. 12 shows
the error rate of the compensation results. The average and
maximum error rates were 1.39% and 3.14%, respectively.

FIGURE 11. Positioning results for various rotation of 64 cases at (a) X-Y, (b) X-Z, and (c) Y-Z surfaces.

FIGURE 12. The error rate for various rotation of 64 cases after rotation compensation at (a) X-Y, (b) X-Z, and (c) Y-Z surfaces.
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It is considered that the measurement error caused by the
embedded sensors accounted for a large proportion of the
total error. Thus, this error was added to the positioning
results of Figs. 8 and 9.

The total error rate was estimated by considering the
changes of the position and angle. In the first scenario,
the smartphone was moved to 70 points without rotation,
as shown in Fig. 9. The second scenario involved 64 cases
of rotating angles at a fixed point, as shown in Fig. 12. Error
measurement while simultaneously changing the position and
angle of the smartphone is an ideal method, but the number of
measurement cases increases exponentially. For convenience,
we separately measured the error for these two scenarios.
Consequently, the proposed positioning scheme had an aver-
age error rate of 3.48 %.

The error included the performance-degradation factors,
such as the angle gain and lens distortion. We can predict
the performance enhancement by considering these factors,
but we did not address these issues in the present study. This
experimental results indicate that the error was<10 cm when
the height of the LEDwas 2.4 m.We expect that the proposed
scheme may be feasible in applications such as indoor LBSs
and for controlling robots in smart factories.

IV. CONCLUSION
We proposed a single LED based 3D positioning system
based on a CIS. Spherical coordinates were obtained using
the RSS and AOA. The receiver could receive an accurate
optical power through the bokeh effect, which fundamentally
prevents optical power saturation. Further, we were easily
able to extract the LED image from the received image
with a reasonable LED image size regardless of the distance
between the transmitter and receiver. We achieved this by
using the bokeh effect. We experimentally implemented the
single LED and CIS based VLP, and the average error was
3.48%. The results indicate that the proposed indoor position-
ing technique is effective for indoor LBSs that use existing
lighting and receiver infrastructure.
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