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Abstract: - In recent years, indoor visible light positioning using white LEDs is getting more attention. An 
algorithm for indoor photo diode-based visible light positioning is proposed, where the time difference of 
arrival of the received signal, together with the scale and azimuth angle of the receiver is used to determine the 
location of the receiver. Hyperbola or straight line equations are established and the crossing point of these 
equations determines the location of the receiver. In a moderate model room, the performance of the proposed 
algorithm is demonstrated through simulation, with the positioning accuracy usually in the order of millimeters, 
suitable for various indoor location-based services. 
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1 Introduction 
Energy efficient white light emitting diodes (LEDs) 
are not only used for indoor lighting but also for 
optical wireless communication [1]. Recently, 
indoor visible light positioning using white LEDs 
has attracted increasing attention. A number of 
visible light positioning systems using white LEDs 
have been proposed. According to the 
photosensitive elements utilized in the receiver, 
indoor visible light positioning can be divided into 
the imaging positioning [2-3] and the non-imaging 
positioning [4-14]. Image sensors are used as 
photosensitive elements in the image positioning 
systems, and often integrated into a high-speed 
camera. At least one pixel is processed to derive the 
location of the target via image and digital 
processing technique. Most research on the imaging 
positioning is now in laboratory stage.  

In the non-imaging positioning systems, photo 
diode (PD) are used as photosensitive element, and 
the PD-based visible light positioning is the most 
widely used indoor visible light positioning systems. 
Depending on whether fingerprints are collected or 
not, the PD-based visible light positioning can 
further be putted into two categories: fingerprinting 

and trilateration. In fingerprinting, the fingerprints 
are first collected associated with one particular 
scene and the target’s location is then discriminated 
by matching real-time measurements to these 
fingerprints. The most commonly used fingerprints 
are received signal strength (RSS) fingerprints [4-6]. 
However, the RSS profile is usually affected by 
factors, such as the room size, number of targets or 
LEDs and layout of the room etc. Hence, it is highly 
environment dependent and has poor robustness.  

To apply trilateration method [7-14] to the PD-
based visible light positioning, it is necessary to 
estimate parameters such as RSS, time of arrival 
(TOA), time difference of arrival (TDOA), phase 
difference of arrival (PDOA), angel of arrival or the 
combination of them. Unfortunately, all the 
trilateration methods mentioned above have viewed 
the receiver as a point without taking into account 
the scale of the receiver, which is not always true in 
practice where smart phones, mobile robots or 
packets in warehouse etc. are used as receivers.  

In this paper, an algorithm for indoor PD-based 
visible light positioning has been proposed, where 
the scale of the receiver is taken into consideration. 
Furthermore, the azimuth angle of the receiver can 
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be obtained with gyro-sensors since most smart 
phones or tablets are now provided with built-in 
sensors such as PDs and gyro-sensors.  

This paper is organized as follows. The system 
model and relevant notations are established in 
Section 2. The algorithm for indoor PD-based 
visible light positioning is proposed in Section 3. 
Simulation and results are given in Section 4. The 
conclusion is drawn in Section 5. 
 
 
2 System Model 
The indoor PD-based visible light positioning 
system model is shown in Fig.1. The white LEDs T1 
and T2 are with known location of T1: [X1, Y1, Z1] 
and T2: [X2, Y2, Z2], where Z1 = Z2 = H, and H is the 
vertical distance between the transmitter’s plane and 
the receiver’s plane. The length of the receiver L is 
negligible. Two PDs R1 and R2 are respectively at 
either end of the receiver. If the mid-point of the 
receiver is [x, y, 0], then the location of R1 can be 
expressed as [x-Lcosθ/2, y-Lsinθ/2, 0] and the 
location of R2 can be expressed as [x+Lcosθ/2, 
y+Lsinθ/2, 0], where the azimuth angle of the 
receiver is θ, which is the angle of the receiver 
deviating from the X-axis in the world coordinate 
system. The azimuth angle of the receiver is 
measured in counter-clock and lie in (–π, π). For 
example, the θ in Fig.1 is positive.  

The goal of indoor PD-based visible light 
positioning is to determine the mid-point of the 
straight line joining R1 and R2. 

The input of the visible light channel from two 
LEDs are separately expressed as 

 
( ) ( )0 0 cos 2 , 1,2i ix t P P f t iπ= + =          (1) 

 
where the signal xi(t) represents instantaneous 
optical power, which is nonnegative. The maximum 
transmitted intensity is P0. That the frequency f1 is 
different from f2 is designed in order to obtain the 
arrival time difference of certain frequency signal in 
the receiver. 

In this paper, it is assumed that only the line of 
sight (LOS) path exists and the diffused reflection 
path is negligible [15]. The direct current (DC) gain 
h of the intensity modulation and direct detection 
(IM/DD) channel is  

 

( ) ( )2

1 cos cos
2 FOV

m
R p

mh rect A R
d

ϕψ ϕ
π

+  = ⋅ ⋅ 
 

    

(2) 
 
where ψ is the angle of irradiance with respect to the 

normal of LED transmitter plane and φ is the angle 
of incidence with respect to the normal of receiver 
plane. The transmission distance between 
transmitter and receiver is d, and m is the order of 
Lambertian radiation with m = – ln2 / ln(cosψ1/2) 
whereψ1/2 is given by the semi-angle at half 
illuminance of an LED. For example, if ψ1/2 = 600, m 
= 1. Function rect(.) is a rectangular function and 
FOV is the field of view of the receiver. The 
parameters AR and Rp are respectively the effective 
detecting area and responsivity of the PDs. 
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Fig. 1.  Indoor PD-based visible light positioning 
system model. 
 

After the propagating of such an IM/DD channel 
and the photoelectric converting of the two PDs, the 
obtained electrical signals are expressed as 

 

1 11 1 11 21 2 21

2 12 1 12 22 2 22

( ) ( ) ( )
( ) ( ) ( )

r t h s t h s t
r t h s t h s t

τ τ
τ τ

= − + −
 = − + −

      (3) 

 
where different propagation channel has different 
gain h and time delay τ. For example, the LOS 
channel gain between LED T1 and PD R1 is h11 and 
the time delay of such a particular LOS channel is 
τ11, and so on.  
 
3 Algorithm for Indoor PD-based 
Visible Light Positioning 
The proposed algorithm for indoor PD-based visible 
light positioning is performed via three steps, as 
shown in Fig.2.  
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First, the photoelectric conversion outputs from 
the two PDs, i.e. r1 (t) and r2 (t), are fed into the 
band-pass filters with different central frequency in 
Band Pass Filter Unit. The filtered signals are 
separately expressed with the speed of light c by  

 
11

11 11 0 1 1

21
21 21 0 2 2

12
12 12 0 1 1

22
22 22 0 2 2

( ) cos[2 2 ]

( ) cos[2 2 ]

( ) cos[2 2 ]

( ) cos[2 2 ]

dr t h P f t f
c
dr t h P f t f
c

dr t h P f t f
c
dr t h P f t f
c

π π

π π

π π

π π

 = −

 = −

 = −


 = −


          (4)
 

 
Then, the phase difference φi (i = 1, 2) of the same 

frequency signal is detected by the Phase Detector 
Unit, which can be written as 

 
1 11 12

12 11 1

2 21 22
22 21 2

2

2

d df
c

d df
c

φ φ φ π

φ φ φ π

− = − =
 − = − =


               (5)

  
where the phase difference φi (i =1, 2) can be 
realized by cross-correlation method [16]. 
Correspondingly, the transmission distance 
difference D i (i=1, 2) can be expressed by  
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Fig. 2.  The algorithm for indoor PD-based visible 
light positioning. 
 

Finally, in the Location Estimation Unit, we use 
the Euclidean distance between each pair of LED-
PD  
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Together with the obtained the transmission 

distance difference D1 and D2, we can deduce the 
following for any i (i=1, 2) 

 
( ) ( )

( ) ( )

2
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Let  

i i

i i

X x x
Y y y

− =
 − =

                               (9) 

 
Then (8) can be rearranged for any i (i=1, 2) as 
 

( ) ( )
( )

2 2 2 2 2 2 2 2
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4 cos 4( ) 4 sin 4( )
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i i
i i

i i
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It should be noted from (10) that it is a quadratic 

equation of (xi, yi) for any i (i=1, 2). According to the 
relationship between three sides of a triangle, the 
sum of two sides is always greater than the third side, 
and the difference of two sides is always less than 
the third side.  As shown in Fig.1, |Di| < L is true, i.e. 
L2 - (Di )2 > 0 is true. Since the vertical height H > 0, 
part of the constant term of (10), i.e. L2 - (Di )2 + 4H2 

> 0 is always true. 
In the following, it is necessary to take into 

account two cases of (10):   Di ≠ 0 and Di = 0. 
Let us first consider the case when Di ≠ 0.The 

right hand of (10) is always positive for this case. 
After the coordinate axis transformation, (10) can be 
rearranged as 

 
2 2

2 2

    1, 1, 2i ix y i
a b

′ ′
− = =                       (11) 

 
The graph expressed by (11) is a standard 

hyperbola in the new coordinate axes of xi cosθ + yi 
sinθ = 0 and xi sinθ - yi cosθ = 0 with  

 
( )

( )
( )2 2 2 2 2 2 2

2 2
2 2

( ) ( ) 4 ( ) 4
;

44 ( )

i i i

i

D L D H L D H
a b

L D

− + − +
= =

−
    (12) 

 
For the other case when Di = 0, the right hand of 

(10) is always equal to zero. And (10) can be 
simplified as a straight line, which is expressed as  

 
cos sin 0, 1,2i ix y iθ θ+ = =              (13) 
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In a word, in our algorithm, hyperbola or straight 
line equations are first established, which is based 
on the TDOA of the received signal combined with 
the scale and azimuth angle of the receiver, and then 
the crossing point of hyperbola or straight line 
equations are used to determine the location of the 
receiver. 

 
 

4 Simulation and Results 
To investigate the performance of the proposed 
algorithm, simulation has been performed. It is 
supposed to be a 5 by 5 by 3 meter model room. 
Two LEDs are separately placed on the ceiling at 
(2m, 4m, 3m) and (4m, 2m, 3m). They are 
respectively modulated by f1 = 1MHz and f2 = 2MHz. 
The length of the receiver is supposed to be 12.7cm, 
which is appropriate to most commonly used 
smartphones or tablets. 

Fig.3 shows the obtained hyperbolas at point 
(2.5m, 2m) when the receiver is placed on a desk 
(0.85m above the floor), facing up with azimuth 
angle θ = 300 and L = 12.7cm.  It can be seen from 
Fig.3 that the crossing of the two hyperbolas 
perfectly indicates the location of the receiver. 

 

Fig. 3.  The obtained hyperbolas at point (2.5m, 2m) 
when the receiver is placed on a desk (0.85m above 
the floor), facing up, with azimuth angle θ = 300 and 
L = 12.7cm. 

 

The effect of the measurement error during phase 
detection on the positioning accuracy is investigated. 
we assume that the measurement noise is a Gaussian 
process with zero mean and standard deviation of 
10-3. As shown in Fig. 4, the estimated location is 
(2.4597m, 2.0767m), with the positioning error of 

18.22mm.

 
 
Fig.4. The influence of measurement error on 
positioning accuracy. 

 
The effect of the dimension of the room on the 

positioning accuracy is also investigated. We 
simulate by changing the dimension from 1×1×1 m3 
to 5×5×5 m3. As shown in Fig. 5, the positioning 
accuracy is gradually decreasing with increasing the 
dimension of the room. This is because the signals 
transmitted from LEDs are much affected by the 
visible light channel while the dimension of the 
room is increased. 
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Fig.5. The influence of the dimension of the room 
on positioning accuracy. 

 
In the end, the positioning errors at various 

discrete positions in the model room are also shown 
in Fig.6. It is supposed that the floor is divided into 
grids with equal spacing of 0.2 m, and the receiver 
is located in the centre of each grid on the floor. As 
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shown in Fig. 6, the most serious errors occur at the 
corner of the room. Among all the discrete points on 
the floor, the maximum positioning error is 5.568 
mm. However, the mean location error is only 0.691 
mm, much more suitable for indoor location-based 
services. 

 

Fig. 6.   Positioning error profile. 
 
 

5 Conclusion 
Proposed in this paper is a novel trilateration 
algorithm for indoor photo diode-based visible light 
positioning using white LEDs. Using the time 
difference of the received signal from the same 
LED, together with the scale and azimuth angle of 
the receiver, we determine the location of the 
receiver. A hyperbola or straight line equations are 
established and the crossing point of these equations 
is just the location of the receiver. For typical 
practical scenes, such as smart phones, mobile 
robots or packets in warehouse etc. the scale of the 
receiver should not be negligible in the proposed 
algorithm, which is different from conventional 
TDOA-based method. Simulation results show that 
the positioning accuracy of the proposed algorithm 
is usually in the order of millimetres in a moderate 
model room, suitable for various indoor location-
based services. 
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