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Abstract—Optical camera communications (OCCs) 
technology, which utilizes lighting infrastructure for both 
illumination and data transmission and camera as the receiver, 
recently has drawn a lot of attention and luckily it can be used 
for indoor positioning as well. We consider an indoor 
environment with a number of light emitting diodes (LEDs) 
lighting access points for positioning and estimate the location 
using the view angles between LEDs’ images mapped onto the 
image plane. The impact of the number of LEDs, which are 
varied from 3 to 9, on the positioning accuracy is investigated 
theoretically and validated experimentally. We show that 
increasing the number of LEDs has a significant effect on the 
performance of the OCC-based indoor positioning systems 
(IPSs). 

Keywords— Indoor positioning, Optical camera 
communication, LEDs. 

I. INTRODUCTION 
Nowadays, positioning in outdoor environments is widely 

achieved using the highly-established global positioning 
system (GPS). However, in indoor environments GPS signals 
are extremely weakened and cannot be used for an accurate 
indoor positioning. Presently, other technologies for indoor 
positioning systems (IPSs) has been proposed to overcome the 
drawbacks of the GPS in indoor environments. IPSs are used 
in applications such as location tracking, robot movement 
control, medical surveillance, work safety, smart 
manufacturing places, etc. [1,2]. 

Most existing IPSs are based on the radio-frequency (RF) 
technology [2] such as using Bluetooth, Wi-Fi, Cellular 
networks, sound-waves [3], [4], infrared radiation [5], visible 
lights [6], [7], or a combination of them [8], [9]. The RF-based 
IPSs have problems such as high implementation cost, long 
response time, and low accuracy. Sound-based IPSs can 
achieve higher accuracy, but the ambient noise level needs to 
be low, which is inappropriate in most indoor applications. 

Recently, optical camera communications (OCC) as part 
of the emerging visible light communications [10] has drawn 
high attentions to be used as an alternative method for IPSs, 
which relies on using the light emitting diodes (LEDs)-based 
lighting fixtures in indoor environments, offering low cost, 
simplicity and a high level of accuracy (in order of 
centimeters) [1,5,11,12,13]. Table I, shows the pros and cons 
of OCC-based IPSs over other technologies [14]. It shows that 
IPSs which take advantages of OCC have higher accuracy and 
the implementation cost is lower that other technologies. 

 
 
 

TABLE I Comparison of the most important IPS technologies 
IPS 

Technology 
Advantages Disadvantages Accuracy 

Wi-Fi Low cost Low accuracy, high 
implementation cost 

1-5 m 

Bluetooth Low cost and 
low power 

consumption 

Low accuracy 1-5 m 

Cellular 
networks 

Widely 
covered scope 

Low accuracy 2.5-20 m 

Ultrasound Good accuracy Low accuracy in noisy 
environments 

0.01-1 m 

OCC Low cost, low 
complexity, 

high accuracy 

High power 
consumption, low data 

rate 

3-40 cm 

 
In the OCC technology, an image sensor (IS) is used as the 

receiver (Rx) in place of photodiodes (PDs). OCC-based Rxs 
(i.e., cameras) are less expensive and are available in smart 
devices, which can be effectively utilized for IPS. Although 
OCC does not support high capacity link connectivity due to 
the camera limitation, it can be employed in low data rate 
applications such as IPS. In OCC, the data rate can be varied 
from 500 bps as investigated in [15] to 10 kbps as indicated in 
[16] depending on the camera’s type and its sample rate, 
communication distance, and modulation scheme. A typical 
camera has a frame rate of 30 fps and it can increase to 200 
fpm in more advanced ones. In rolling shutter cameras, 
multiple LED states (i.e., on and off states) can be obtained at 
the same time in a single frame, meaning the response time 
can be very low depending on the type of the camera. In OCC-
based IPSs, the world coordinates of LEDs are sent through 
the OCC link and image processing methods are used to 
determine the image coordinates of the LEDs in the image 
plane using geometric information, which can be based on 
different schemes, the world coordinates of the camera is 
estimated.   

In [13], a camera as the Rx, an inclinometer and a 
magnetometer as the additional sensors and 3 LEDs as the Txs 
were used for estimation of a two-dimensional (2-D) indoor 
positioning with an accuracy of about 33 cm, which is 
considerably low compared with other  IPSs. In [17], using 
two LEDs as the Txs and by employing the relationships 
between geometrical specifications of LEDs in the image and 
world coordinates the 2-D coordinates of the camera was 
estimated. The maximum positioning error (PE) reported was 
6.5 cm, which is very low. In [18], the 3-D coordinates of the 
Rx with an IS and a gyroscope while having 4 LEDs was 
estimated, whereas in [7] a single LED as the Tx, an image 
sensor, a gyroscope and a PD were utilized to estimate the 3-
D coordinates of the Rx with PEs of 8 and 10 cm, respectively. 



In this paper, we employ the same approach as was 
reported in [19], and capture the view angles (VAs) between 
a pair of LEDs and used it for 3-D IS-based IPS with no use 
of additional auxiliary equipment. We show that, increasing 
the number of LEDs will lower the PE because of a higher 
number of LEDs being captured in the image plane as well as 
a large set of VAs between LEDs for 3-D based positioning 
(i.e., increased number of error functions to be solved).  

The rest of the paper is organized as follow. In section II 
the simulation as well as the experimental system models are 
introduced. Section III presents the results, and finally, section 
IV concludes the paper. 

II. SYSTEM MODEL 
A. Simulation model 
In order to explore the effect of number of LEDs on the 

performance of the IPS system, first of all, an OCC-based IPS 
is simulated by applying the same process reported in our 
previous work [19]. The simulation system model with 3-D 
coordinates illustrated in Fig. 1, and the proposed approach is 
best illustrated using the flow chart depicted in Fig. 2. Indeed, 
LEDs are used as the Txs, which are fixed on the ceiling, and 
the Rx is a camera.  The images of LEDs are mapped onto the 
image plane using the camera lens. Having adopted the same 
approach as in [19], we determine the Rx’s location using the 
VAs, where VA is the angle viewed between two LEDs from 
the center of the camera lens, see Fig. 2. Note, 𝛼𝛼 is the view 
angle between LEDs 1 and 2 as shown in Fig. 2.  

 
 

 
Fig.1 system model of the proposed OCC-based IPS 

 
Using the law of cosines, the view angle between 2 LEDs 

in this image plane is calculated. Considering this fact that the 
view angle between LEDs in the real world is the same as 
view angle between them in the image plane and reusing law 
of cosines, the location where the image is taken can be 
calculated as presented in [19]. 

 In general, both the world and camera coordinate systems 
are related by a set of physical parameters including (i) the 

focal length of the lens; (ii) the size of the pixels; (iii) the 
position of the principal point (i.e., the center of the lens); and 
(iv) the position and orientation of the camera. In IPS, two 
parameters are needed in order to simulate a camera, which 
are (i) extrinsic, which define the location and orientation of 
the camera coordinate system with respect to a known real 
world coordinate system; and (ii) intrinsic, which link pixel 
coordinates of an image point to the corresponding 
coordinates in the camera coordinate system [20].  

Using the key parameters given in Table II, we have 
carried out simulation in MATLAB, where the LEDs were 
mounted on the ceiling of the room and a camera was used to 
capture the image of LEDs in specific positions on the floor 
level. 

 
Fig. 2 Flow chart of the Proposed OCC-based IPS 

 
TABLE II Simulation and experimental system parameters 

Parameter value 
Room size 200×200×200 𝑐𝑐𝑐𝑐3 (in simulation) & 

146×206×248.5 𝑐𝑐𝑐𝑐3 (in experimental) 

No. of LEDs 9 
Camera model SM-J730GM 

Image sensor resolution 3096×4128 (pixels) 
Image sensor size 18.7×14 (𝑚𝑚𝑚𝑚2) 

Pixel size 0.006 mm×0.003 mm 
Focal length 3 (mm) 

Principal point 1548×2064 (pixels) 
 

B. Experimental model 
In order to verify the simulation results with regards to the 

relationship between the number of LEDs and the accuracy 
of the positioning system, we have carried out an 
experimental evaluation of IPS as depicted in Fig. 3. Here, 
we used 9 LEDs as the Txs located on the ceiling at a height 
of 248.5 cm and a front camera of a smart phone as the Rx. 
16 locations marked on the floor level were used to capture 
images of the LEDs using the camera, see Fig. 3. The system 
parameters are shown in Table II.  

 

 



 
 

Fig. 3 Experimental setup  

III. RESULTS 
In order to investigate the effect of number of LEDs 

captured by the camera on the performance of the IS-based 
IPS we first determine the camera matrix parameters for the 
image of Txs being fixed at a specific location. 

Next, we mapped the 3-D world scene onto the image 
plane following the same approach as in [20]. Based on the 
positions of LEDs and the captured images of the LEDs at a 
specific location on the floor level, we determined the VAs 
between LEDs’ images. Note that, the VAs based approach 
can be treated as an optimization problem with 3 variables. 
This optimization problem can be solved using the well -
known imperialist competitive algorithm inspired by the 
imperialist competition, which is a socio-political fact. The 
algorithm starts with some initial randomly distributed 
populations, which are called countries. At the end, a single 
component remaines which is the most powerful country that 
is, in fact, the solution of the positioning problem [19]. 

To evaluate the performance of an IPS, we use PE, which 
is given by 

( ) ( ) ( )2 2 2

e e ePE x x y y z z= − + − + −             (1) 

where ( ), ,x y z  and ( ), ,e e ex y z are the coordinates of 
reference and estimated points, respectively.  

  The distribution of PE  within the room is illustrated in 
Fig. 4. As shown, there is almost no PE  at the center of the 
room but it is significantly higher (i.e., > 50 mm) at the 
corners. This is due to the camera capturing images of a 
reduced number of LEDs.   

The root mean square error (RMSE) for the x coordinate 
with 16 sample points is given by  
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where x and ex are reference and estimated points, 
respectively. Equation (2) can also be used to calculate the 
RMSE for the y and z coordinates as well. Fig. 5(a) illustrates 
the impact of the number of LEDs captured by the camera on 
the performance of the proposed OCC-based IPS. It Also 
shows the total RMSE  in black for comparison. Note, the 
PE  is determined using (1). The RMSE of 5.5 cm for 3 LEDs 
is reduced to almost zero for higher numbers of LED (i.e., > 
6). 

Next, we evaluated the predicted results as illustrated in 
Fig. 4 by means of experimental investigation using the set up 
shown in Fig. 3 and the parameters given in Table II. Fig. 5(b) 
depicts the RMSE as a function of LED numbers for the three 
coordinates. 

Table. III, compares the PE of the proposed scheme with 
other recently published OCC-based IPS methods. In [1] and 
[13], 3-D positioning was reported using at least 3 LEDs and 
with the positioning methods of angle difference of arrival 
(ADOA) and geometric information respectively.   In [5], [7], 
2-D positioning schemes based on a minimum of 3 and 1 
LEDs were reported, which in the former trilateration 
algorithm was used and in the later a hybrid method of 
received signal strength (RSS) and angle of arrival (AOA) was 
utilized. In this work, with no use of any additional sensors, 
the view angles between LEDs in the image plane, which is 
the key parameter, is used to optimally estimate the 3-D 
position. The PE  of almost zero is obtained by using 9 LEDs 
in the simulation and an accuracy of 6.2 cm is achieved by 
using the same number of LEDs in the experiment. 

 
Fig. 4 Distribution of the PE within the room 
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Fig. 5 Impact of the number of LEDs on the performance of 
the proposed IPS: (a) simulation, and (b) experimental 

 
 

 
TABLE III Comparison of OCC-based IPS  

Ref. LEDs Positioning 
type 

Additional 
sensors 

PE (cm) 

[1] 3 3D No 3.20 
[5] 3 2D No 5 
[7] 1 2D Gyroscop

e 
10 

[13] 3 3D Inclinome
ter, 
Magneto
meter 

33 

[17] 4 3D Gyroscop
e 

9 

Our 
work 

3-9 3D No Depends on the number of 
LEDs captured 

Simulation 
 

Experiment 

5.5 (No. of 
LEDs=3) 
~0 (No. of 
LEDs>6) 

22.5 (No. of 
LEDs=3),  
6.2 (No. of 
LEDs=9) 

 

IV. CONCLUSIONS 
          In this paper, we investigated a camera-based indoor 
positioning system by determining the view angle between 

LEDs’ images, which is the key parameter in the proposed 
scheme.  The effect of number of LEDs on the performance 
of the positioning system was investigated both theoretically 
and experimentally. We showed that, the number of LEDs 
captured per image, which are varied from 3 to 9, affected the 
estimated location by significantly improving (i.e., reducing) 
the positioning error. 

REFERENCES 
[1] B. Zhu, J. Cheng, Y. Wang, J. Yan, and J. Wang, "Three-

DimensionalVLC Positioning Based on Angle Difference of Arrival 
With Arbitrary Tilting Angle of Receiver," IEEE Journal on Selected 
Areas in Communications, vol. 36, pp. 8-22, 2018. 

[2] K. Pahlavan, X. Li, and J.-P. Makela, "Indoor geolocation science and 
technology," IEEE Communications Magazine, vol. 40, pp. 112-118, 
2002. 

[3] B. Mungamuru and P. Aarabi, "Enhanced sound localization," IEEE 
Transactions on Systems, Man, and Cybernetics, Part B (Cybernetics), 
vol. 34, pp. 1526-1540, 2004. 

[4] C. V. Lopes, A. Haghighat, A. Mandal, T. Givargis, and P. Baldi, 
"Localization of off-the-shelf mobile devices using audible sound: 
architectures, protocols and performance assessment," ACM 
SIGMOBILE Mobile Computing and Communications Review, vol. 10, 
pp. 38-50, 2006. 

[5] 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 Photonics Technology Letters, vol. 29, pp. 
579-582, 2017. 

[6] A. T. Arafa, "An indoor optical wireless location comparison between 
an angular receiver and an image receiver," University of British 
Columbia, 2015. 

[7] Y. Hou, S. Xiao, M. Bi, Y. Xue, W. Pan, and W. Hu, "Single LED 
beacon-based 3-D indoor positioning using off-the-shelf devices," 
IEEE Photonics Journal, vol. 8, pp. 1-11, 2016. 

[8] N. B. Priyantha, A. Chakraborty, and H. Balakrishnan, "The cricket 
location-support system," in Proceedings of the 6th annual 
international conference on Mobile computing and networking, 2000, 
pp. 32-43. 

[9] Y. Noh, H. Yamaguchi, and U. Lee, "Infrastructure-free collaborative 
indoor positioning scheme for time-critical team operations," IEEE 
Transactions on Systems, Man, and Cybernetics: Systems, 2016, 
pp.418-432.  

[10] Z. Ghassemlooy, W. Popoola and S. Rajbhandari, “Optical Wireless 
Communications – System and Channel Modeling with Matlab,” 2nd 
Edition, CRC Press, NY, 2019. 

[11] M. S. Rahman, M. M. Haque, and K.-D. Kim, "Indoor positioning by 
LED visible light communication and image sensors," International 
Journal of Electrical and Computer Engineering, vol. 1, pp. 161, 2011. 

[12] N. U. Hassan, A. Naeem, M. A. Pasha, T. Jadoon, and C. Yuen, "Indoor 
positioning using visible led lights: A survey," ACM Computing 
Surveys (CSUR), vol. 48, pp. 20, 2015. 

[13] G. Simon, G. Zachár, and G. Vakulya, "Lookup: Robust and Accurate 
Indoor Localization Using Visible Light Communication," IEEE 
Transactions on Instrumentation and Measurement, vol. 66, pp. 2337-
2348, 2017. 

[14] J. Luo, L. Fan, and H. Li, "Indoor positioning systems based on visible 
light communication: state of the art," IEEE Communications Surveys 
& Tutorials, vol. 19, pp. 2871-2893, 2017. 

[15] P. Luo et al., "Experimental Demonstration of a 1024-QAM Optical 
Camera Communication System," in IEEE Photonics Technology 
Letters, vol. 28, no. 2, pp. 139-142, 15 Jan.15, 2016, doi: 
10.1109/LPT.2015.2487544. 

[16] H. Chen et al., "Color-Shift Keying for Optical Camera 
Communication Using a Rolling Shutter Mode," in IEEE Photonics 
Journal, vol. 11, no. 2, pp. 1-8, April 2019, Art no. 7901808, doi: 
10.1109/JPHOT.2019.2898909. 

[17] J.-Y. Kim, S.-H. Yang, Y.-H. Son, and S.-K. Han, "High-resolution 
indoor positioning using light emitting diode visible light and camera 
image sensor," IET Optoelectronics, vol. 10, pp. 184-192, 2016. 

[18] H. Huang, L. Feng, G. Ni, and A. Yang, "Indoor imaging visible light 
positioning with sampled sparse light source and mobile device," 
Chinese Optics Letters, vol. 14, pp. 090602, 2016. 

3 4 5 6 7 8 9

number of LEDs

0

1

2

3

4

5

6

7
rm

s 
er

ro
r (

cm
)

X-Coordinate

Y-Coordinate

Z-Coordinate

Total

R
M

S 
er

ro
r (

cm
)

Number of LEDs

3 4 5 6 7 8 9

number of LEDs

5

10

15

20

25

30

 rm
s 

er
ro

r (
cm

)

X-Coordinate

Y-Coordinates

Z-Coordinates

Total

R
M

S 
er

ro
r (

cm
)

Number of LEDs



[19] K. Aalimahmoodi, A. Gholami, and Z. Ghassemlooy, "An Image 
Sensor Based Indoor VLP System," in 2018 9th International 
Symposium on Telecommunications (IST), 2018, pp. 371-374. 

[20] K. Aalimahmoodi, A. Gholami, and Z. Ghassemlooy, "Impact of 
Camera Parameters on the OCC based Indoor Positioning System," in 
2019 2nd West Asian Colloquium on Optical Wireless 
Communications (WACOWC), 2019, pp. 96-99.

 


	I. Introduction
	II. System model
	A. Simulation model
	B. Experimental model

	III. results
	IV. conclusions
	References


