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1 INTRODUCTION 

With the continuous development of visible light 
communication technology, its high-speed, 
wide-bandwidth and no electromagnetic radiation 
characteristics have brought new opportunities for 
indoor navigation and positioning. Visible light com-
munication can provide communication services in the 
electromagnetic constrained scenarios such as airplane, 
hospitals and mines, moreover, its high-precision 
navigation and positioning services bring a broad de-
velopment. Currently, indoor positioning technology 
based on visible light communication can be divided 
into non-visual and visual positioning. Non-visual 
technology includes LED identification positioning[1] 
(LED-ID), time difference of arrival positioning[2] 
(TDOA), angle of arrival positioning[3] (AOA) and 
received signal strength positioning[4] (RSS). Two 
methods of visual positioning technology are proposed 
currently. One is the double image sensor positioning 
scheme which using more than 4 different colors of 
light to distinguish the optical signals[5], the other 
positioning scheme is using the collinear relationship 
between multiple lamps with same sensor to get the 
terminal position[6]. 

In this paper, a double-visual-projection positioning 
method is proposed, which uses a photodiode (PD) 
array and the mobile terminal front camera as image 
sensor to image the LED lights. Due to the imaging 

principle of mobile terminal front camera and the 
space coordinates relationship between mobile termi-
nals and LEDs which are different from traditional 
photogrammetry methods, mathematical model is not 
the same. Therefore, this paper put forward a collinear 
equation model suiting for indoor positioning with 
mobile terminal front camera, and a hardware-in-loop 
simulation has been conducted to verify the collinear 
equation. 

2 METHOD AND MODEL OF POSITIONING 

2.1 Method of positioning 

Indoor positioning system based on visible light 
communication in this paper is designed. LED lights 
installed by a certain arrangement on the ceiling, 
which are used power line carrier to connect with the 
control center in the background, and the control cen-
ter sends positioning information of each lamp at a 
certain time interval. The mobile terminal with exter-
nal PD array receives the LED light spots and the 
visible light communication information. And at the 
same time, the mobile terminal takes LED image 
through the mobile front camera. The visible light 
communication using LED can provide spot mapping 
and LED location information, and the mobile phone 
camera can provide high-resolution LED image. Due to 
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the low-resolution spot information is insufficient for 
positioning, the spot position information needs to 
match the imaging information taken by mobile termi-
nal in order to obtain mobile terminal’s positioning. 
Visual-based positioning method based on visible light 
communication adopted multiple LED lamps for re-
al-time decoding, and it needn’t the time synchroniza-
tion. The process of positioning is shown in Figure 1. 

The coordinates of LED lights on the image are ex-
tracted after obtaining the visual information of LED 
lights. Meanwhile, we obtain the three-dimensional 
coordinate information of LED lights by using PD 
array and the spot in PD array through visible light 
communication. Match the three-dimensional coordi-
nate information with visual information, and establish
error equation based on collinear equation model.
Thus, three-dimensional coordinates of the mobile 
terminals can be calculated by inputting related pa-
rameters of the camera 

2.2 Collinear equation model based on mobile front 

camera 

The geometric model of light should be analyzed and 
derived if the collinear equation model is used for the 
positioning scene in Chapter 2.1. First, the location 
relationship among LED light, image point and pho-
tographic center is analyzed. Then, the relationship 
between the vision information and the optical imag-
ing is obtained by analyzing the mobile front camera. 

LED light, image point and photographic center are 
in a direct line according to the characteristic of image 
projection in positioning. The Z coordinate of terminal 
is always less than that of LED lights, so the photo 
auxiliary coordinate system and the photo coordinate 
system are established for convenience. The center of 
the photo auxiliary coordinate system is at the photo-

graphic center and the axes are parallel to the coordi-
nate axes in the LED three-dimensional coordinate 
system while the z axis is in the opposite direction. 
The center of the photo coordinate system is the center 
of image which is always the projection of photo-
graphic center in image and the coordinate axes is 
parallel to the coordinate axes in the photo auxiliary 
coordinate system. 

The imaging relationship is derived as follows for 
the model: 
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Figure 2. Collinear equation model based on mobile phone  

In Figure 2, A is LED light, a is the image point of 
LED light, and S is the photographic center. 
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C-XgYgZg is the coordinate system of LED, S-XsYsZs

is the image space auxiliary coordinate system of 
camera and S-xy is image coordinate system. There are 
3 angles between the mobile terminal and the axis of 
image space auxiliary coordinate system. Assume that 

are respectively the directional dip, the lateral 
rotation angle and the image dip of terminal respec-
tively in y axis. According to the geometric relations, 
if the mobile phone terminal rotation is parallel to the 
coordinate axes, then the rotation matrix is

, where: 

         (1) 

In order to derive conveniently, the scaling factor is 
introduced. Assume that: 

                    (2)

Then the relationship of image point between photo 
coordinate system and LED coordinate space is shown 
as follows: 

(3)

We can relatively reorganize Equation 3 and obtain 
the collinear equation model fitting indoor environ-
ment as follows: 

(3)

The photo taken by the front camera is axisymmet-
ric processed by imaging system for user's habits in 
positioning. As vision information has been consid-
ered, the model should be modified and the imaging 
relationship among object point, image point and 
photographic center should be changed while the col-
linear equation model in Equation 4 is the actually 
imaging system. The origin of photo coordinate sys-
tem is in the center of image, so reverse the x axis for 
solving the case of axial symmetry. The modified 
collinear equation is shown as follows: 

(4)

In Equation 5, is the image coordinate in 
two-dimensional image,  is the 
three-dimensional coordinate of LED light, and 

is the coordinate of photographic center 
in the same coordinate system.  are the 
rotation angles in three directions while imaging. 

 is the rotation matrix 
which is expressed by three rotation angles. Equation 
5 is the final form of modified mathematical model 
based on collinear equations. 

As stated before, the photo imaging in the front 
camera with that imaging actually into the axial sym-
metry, so reverse the x axis while the center of photo 
coordinate system is in the center of image. Compared 
the mobile terminal with the LED coordinate system, 
it is distinct in ground three-dimensional coordinate 
system and photo auxiliary coordinate system that the 
y-value and z-value are opposite while x is being 
equal. 

3 SIMULATION AND ANALYSIS 

3.1 Simulation experiments 

A hardware-in-loop simulation is used for the test of 
collinear equation in this paper. First, parameters of 
testing ground including position of terminals are 
calibrated for precision analysis subsequently. 
Three-dimensional coordinates of LED lights are ob-
tained through the calibration of LED lights. Then 
image information of LED lights is collected by the 
mobile terminal front camera. After matching the 
three-dimensional coordinates of LED lights with the 
image information acquired from image extraction and 
recognition of LED lights, we compute the coordinate 
of terminal. Finally, the test result including the over-
all accuracy of positioning should be analyzed. Also, 
the influence of distribution and numbers of LED 
lights on accuracy of positioning is discussed. 

(1) Parameters calibration of testing ground
The location of LED lights and the terminal should 

be calibrated for testing the validity of collinear equa-
tion model. First, the location of terminal that will 
collect the vision information should be confirmed by 
establishing the relative coordinate system. Then the 
distance between the terminal point and the LED 
lights is obtained by a laser DME (Distance Meas-
urement Equipment). Compute the location infor-
mation with space intersection.

The least squares estimation is used through intro-
ducing the aforementioned point for diminishing error 
of calibration caused in measurement. Regard the 
three-dimensional coordinates of LED lights as the 
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truth-value in the relative coordinate system. 
The scene of simulation is shown as follows. The 

distance between LED lights is 0.6m in x axis, and 
0.6m in y axis. The height of building is 2.8m. Termi-
nals are used to take photos in the points of 0.8*0.8m 
grid. 

(2) Visual information collection
Two phone terminals with different focuses are 

used for the image-collecting through their front cam-
eras. We acquire four sets of data by using different 
terminals on different heights to test the universality 
of model. We use the terminals that focuses are re-
spectively 2mm and 3mm to take photos at the height 
of 1m and 2.143m. By using Matlab, the coordinate of 
terminal is acquired with collinear equation model, 
and the accuracy of positioning is analyzed. 

3.2 Result analysis of simulation  

After calibrating the scene and the data acquisition, we 
compare the result and the position of the actual ter-
minal, and testify the collinear equation model taken 
by the mobile front camera with the algorithm model 
mentioned in the Equation 5. We obtain 172 terminal 
positions through four groups of actual experimental 
data, and then we calculate the deviation of the ground 
to the calibrated spot on the ground. This chapter is 
firstly analyzed from the whole page to locate the 
accuracy, and then we analyze the effect of the posi-
tioning accuracy from the following 2 aspects, which 
are the distribution of LED lights in the picture, and 
the amounts of LED lights involved in the calculation.  

(1) Distribution of accuracy and statistics of the 
whole positioning

Comprehensively evaluate the accuracy of the posi-
tioning of the scene, simultaneously, calculate the 172 
positioning errors of different sight scenes and termi-
nals. All the LED lights captured by each spot are 
members of the calculation. As the differentiation of 
the angle of the sight scene, the amounts of the LED 
lights in the image, which are four at least or 20 at 
most, are not the same.  

Figure 3. Position deviation of the positioning result 

According to Figure 3, the deviation’s range is 
mostly from 0.05m to 0.1m, and its average is 0.073m, 
the minimum is 0.012m, and the maximum is 0.223m. 
In addition, to judge the regular pattern of the distribu-
tion of the errors as well as to count the accumulative 

distribution of the errors, we have drawn the CDF 
(Cumulative Distribution Function) as shown in Fig-
ure 4. The horizontal axis represents the number of the 
positioning errors, and the vertical axis shows the 
probability which is less than or equal to the very 
number corresponding to horizontal axis. It turns out 
that the slope of the curve remains high between the 
positioning errors which are from 0.04m to 0.1m, that 
is, there are plenty of the terminals accounting results 
in the deviation interval, and the percentage which is 
less than 0.093m reaches to 80%. Yet the percentage 
of deviation which is more than 0.1m is small, the 
curve tends to be steady after turning to 0.12m.  

Figure 4. Cumulative distribution function of errors 

The positioning accuracy of the whole page has 
shown the availability of the improvement in the col-
linear equation model. The positioning accuracy could 
be around 7cm with different termination, complicated 
environment, and mutual restraint.  

(2) Effects of distribution of LED lights on the po-
sitioning accuracy

To obtain a better analysis on the effect of the dis-
tribution of LED lights to accuracy, further testify the 
positioning results of the testing algorithm and lay 
foundations for the follow-up analysis of deviation, 
we pick the sight information of focal length which is 
2mm, height which is 1m and the responding 
three-dimensional axis data of LED to do it. Each 
image of this group maintains large information, in-
cluding at least the three-dimensional axis data and 
two-dimensional image data of 9 LED lights, and we 
choose the data of 6 LED lights of each image to 
analysis. However, the distribution patterns are dif-
ferent. One is randomly picked from 6 lights in the 
image, while the other is evenly distributed. The re-
sults are shown as follows.  

The distribution deviation between the random one 
and the even-distributed ones ranges from 0.05m to 
0.15m. Therefore, we draw a CDF which is shown in 
Figure 5. The positioning errors of LED lights which 
are even-distributed is far better than the random one, 
and 80% of the positioning errors are less than 0.128m, 
yet the random ones are 0.139m.  

As mentioned above, the positioning accuracy cor-
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responds to the positioning of brought data in the im-
age. When the LED lights positioning responds to the 
data which is evenly distributed in the image, the ac-
curacy is better than the random one. In a result, we 
should make reasonable arrangements to the LED 
lights to obtain the best structure of calculation.  

Figure 5. Cumulative distribution function of deviation 

Figure 6. Errors of positioning results of different amounts of 
LED lights 

Figure 7. Cumulative distribution function of deviation 

(3) Effects of the amount of LED lights on accuracy
We pick the visual information of focal length 

which is 2mm, height which is 1m and the responding 
three-dimensional position of LED to analyze. Each of 
the images is evenly distributed with different amount. 
One is evenly with 6 lights, and the other is evenly 
more than 6 lights. The results are shown as follows: 

As shown in Figure 6, the positioning error with 
different amount is in a range from 0.05m to 0.15m. 

We can learn from the analysis mentioned earlier 
that the positioning accuracy corresponds to the posi-
tion of data in the image and amounts. Generally, the 
better the quality of data is, the more the amounts will 
be and the higher the accuracy will be. However, the 
positioning accuracy will be affected when cross error 
appears. 

4 CONCLUSION 

A kind of collinear equation model of visual position-
ing using visible light communication is brought out 
in this essay. The input information uses two sorts of 
sensors of different resolution to extract and combine 
the visible light communication and visual infor-
mation. A hardware-in-loop simulation has been con-
ducted to verify the collinear equation. The 
three-dimensional positioning error is at the level of
decimeter. For the LED lights, the distribution and the 
structure of groups affect the acquisition of visual 
information as well as the mutual restraint from the 
sight scene angle. The method could be transferred to 
cell phone application programs. When conducting 
physical experiments with external PD array, the 
availability in actual circumstances could be further 
tested. 
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