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Abstract — We propose an optical wireless indoor 

localization using light emitting diodes (LEDs) and 
demonstrate it via simulation. Unique frequency addresses are 
assigned to each LED lamp, and transmitted through the light 
radiated by the LED. Using the phase difference, time 
difference of arrival (TDOA) localization algorithm is 
employed. Because the proposed localization method used 
pre-installed LED ceiling lamps, no additional infrastructure 
for localization is required to install and therefore, 
inexpensive system can be realized. The performance of the 
proposed localization method is evaluated by computer 
simulation, and the indoor location accuracy is less than 1 cm 
in the space of 5m ⅹ  5 m ⅹ  3 m.1 

 
Index Terms — Indoor localization, time difference of arrival, 

light emitting diode, visible light communications.  

I. INTRODUCTION 

Indoor localization has numerous potential applications 
in the robotic industry, indoor navigation service, and 
public safety. Though, outdoor location sensing has already 
been well-developed using global positioning system (GPS), 
using GPS for indoor location sensing is still difficult 
because of the poor satellite coverage in indoor 
environments. To date, a number of techniques have been 
proposed and studied for indoor location sensing, most 
using a positioning technique based on triangulation, 
fingerprinting, scene analysis, and proximity [1]-[3]. To use 
the triangulation technique, it is required to measure the 
angle or distance between a reference point and a mobile 
terminal, and there are several methods to measure for this 
purpose such as, angle of arrival (AOA), time of arrival 
(TOA), time difference of arrival (TDOA), and received 
signal strength intensity (RSSI) [11], [12]. Depending on 
the positioning system, different probing signal—infrared 
radiation (IR) [4], ultrasonic [5], [6], or radio frequency 
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(RF) [7]-[10]—can be attempted. However, the positioning 
systems based on IR or ultrasonic require an additional cost 
and time to deploy a network infrastructure of location 
sensors, and  system based on RF have difficulties in 
acquiring accurate location coordinates caused by multipath 
fading and non-line of sight (non-LOS) conditions in 
indoor environment [13]. Moreover, the RF based 
positioning systems are limited in hospitals, kindergartens, 
airplanes, and areas with RF sensitive equipment. 

To overcome these problems, we propose an indoor 
positioning system using light emitting diodes (LEDs). 
Recently, the use of LEDs for landscape architecture or 
illumination has attracted attention, and the LED industry 
is rapidly growing as LEDs have several advantages such 
as long life expectancy, high tolerance to humidity, low 
power consumption, and environmental friendliness [14]. 
Therefore, we can expect that the existing fluorescent 
lamps will be replaced with LED lights in near future. 
Moreover, LEDs can modulate electrical signals into 
lightwave signals at high speed. Using these two 
properties, e.g., lighting and transmission, indoor wireless 
optical communication systems based on LEDs have been 
proposed [15]-[19]. 

In this paper, an indoor positioning system under LED 
ceiling lamps environment is proposed and then a 
positioning technique based on a TDOA method is 
demonstrated. Because ceiling lights can be seen from any 
place in an indoor environment, this system can work 
under LOS conditions, and typical detector areas are 
thousands of wavelengths, leading to spatial diversity that 
prevents multipath fading [20]. Moreover, this system 
uses existing infrastructure of LED ceiling lamps for 
affording cost effective indoor localization and also can 
cover RF limited area.   

II. CHANNEL MODEL FOR LED CEILING LIGHT 
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Fig. 1. System parameters of LED optical wireless channel 
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The radiation of a LED chip follows Lambertian radiation 
pattern. A generalized Lambertian radiant intensity is given by 
[21] 
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where n is the mode number of the radiation lobe, PT is the 

source power, and   is the angle of irradiance with respect to 

the transmitter perpendicular axis, as depicted in Fig. 1. The 

mode number n is given by )ln(cos/2ln 2/1n , 

where 2/1  denotes the LED view angle at half power.  

In optical wireless channel, if the distance d, is much larger 
than detector size AR, then the received irradiance is 
approximately constant over the surface of the detector and all 
of the signal energy arrives at the receiver at approximately 
the same time. Thus, the impulse response for this optical 
wireless channel is approximately a scaled and delayed Dirac 
delta function [22]: 
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where d  is the solid angle expressed as 

2)cos( dAd R , FOV is field of view of the receiver, 

and c is the speed of light. The rectangular function is defined 
by: 
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The channel gain, H(ω), is Fourier transform of the channel 

impulse response h(t), and can be expressed as  
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We use the transmitting signal of the LEDs with a 

frequency of less than 5 MHz over the channel. The channel is 
assumed to be distortion-less, and it means a gain H(ω), is 
equal to channel DC gain H(0), for all frequencies of interest 
in our model. Thus, the average received optical power is 
given by PR = H(0)PT. The performance of visible light 
communication systems depends greatly on the LOS link [2]. 
Thus, for simplicity in analysis, only directed light is 
considered.  

III. LOCATION ESTIMATION 

In this section, we propose the localization method under 
the channel of LED ceiling light. To estimate the locations 
of an object in the room, three LED lamps are used and 
each LED lamp has a unique frequency address (F-ID). 
Based on the property that LED can modulate signals while 
being used as a lighting device, each LED lamp transmits 
its assigned F-ID. Detecting phase difference between the 
transmitted signals, time difference of arrival is estimated. 
Fig. 2 shows a configuration of the system. 
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Fig. 2. Proposed system configuration 

 
In the first step, F-ID1 (f1), F-ID2 (f2), F-ID3 (f3) are 

assigned to LED1, LED2, and LED3, respectively, and each 
F-ID is synchronized. Then, the radiated optical power from 
each LED ramp can be expressed as 
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where PCONT and PMOD are continuous and modulated optical 

signal, respectively, and 0  is initial phase of the radiated 

optical signal. In the optical transmission system, a photo 
detector is commonly used as the first stage device of a 
receiver, because it is a photoelectric conversion device. The 
output signal of the photo detector is an absolute square of the 
received optical signal, expressed as,  
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where PREC(t) is the received optical signal, R is 
responsivity of the photo detector, K is constant of 
proportionality, and h(t) is the channel impulse response, 
and  is a convolution operator. Then, there are lots of 
frequency components after the photo detector such as, DC, 
f1, f2, f3, 2f1, 2f2, 2f3, f1+f2, f2+f3, f1+f3, f2-f1, f3-f2, and f3-f1. 
To extract F-IDs only without any signal interference, f2 = 

3ⅹ f1 and f3 = 5ⅹ f1 should be used. The output signal of 

the photo detector is inserted to band pass filters (BPFs) 
whose pass band is adjusted to the each F-ID. After the 
BPF, the signal can be expressed as 
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where, MODCONTii PPHRKL  )0(2  (i is 1, 2, or 3), 

di is distance between LEDi and the receiver. To detect the 
phase difference between each signal, we need unified 
frequency signals. Frequency down converter composed with 
a mixer and a BPF is used for that purpose. After down 
conversion, the signals are expressed as 
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where TOT  is total phase shift by electrical path. Now, we 

can extract phase difference using the phase detector based on 
Hilbert transform. The phase difference between ESIG1(t) and 
ESIG2(t), and between ESIG1(t) and ESIG3(t) are 
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In the above equations, I and Q are obtained from following 

relations, 
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where, Hilb[• ] is Hilbert transform.  

In the second step, F-IDs for LED1 and LED2 are switched. 
That is, F-ID1 is modulated to LED2 and F-ID2 is modulated 
to LED1. After the same process as the previous step, we get 
following additional information  
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Using (9), (10), and (13), we obtain the distance value, 
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Based on these distance values and trilateration, we can 

estimate the location. 
 

IV. PERFORMANCE EVALUATION 
We evaluated the proposed method using computer 

simulation. Fig. 3 depicts the simulation model. 
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Fig. 3. System model for indoor localization 

 
As you can see in Figure 3, the dimension of the system 

model is 5.0 m ⅹ  5.0 m ⅹ  3.0 m. We used three LED 

ceiling lamps located in (1.5, 1.5, 3), (1.5, 3.5, 3), and (3.5, 
1.5, 3). The simulation parameters are summarized in the 
Table I. 
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TABLE I 
SIMULATION PARAMETERS 

Parameters Value 

LED radiation power 1 W 

View angle of LED 65 deg. 

FOV 

Detector Area 

Photo detector reponsivity 

Number of LED lamps 

Model room size 

F-ID1 

70 deg. 

1.0 cm2 

0.45 A/W 

3 

5 m ⅹ  5 m ⅹ  3 m 

1.0 MHz 

 
When we used 1 MHz, 3 MHz, and 5 MHz for F-ID1, F-

ID2, and F-ID3, respectively, the received signal at (3, 3) on 
the bottom is depicted in Fig. 4 
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Fig. 4. Received signal at (3, 3) on the bottom: (a) time domain, and (b) 
frequency domain 

 
Fig.4(a) shows the received signal in the time domain, from 

this figure, we can see several frequency components exist in 
the received signal. Fig. 4(b) depicts the received signal in the 
frequency domain, and we can easily check the frequency 

components. As shown in Fig. 4(b), except F-IDs there exist 
other frequency components at 2 MHz, 4 MHz, and 6 MHz. It 
is due to the nonlinear property of the photo detector. 
However, we can remove these unwanted signals by using 
BPF as referred in previous section. 

By detecting phase difference between transmitted signals, 
TDOA information is acquired. Then, using (13), the distance 
value is easily obtained. Fig. 5 shows the result of trilateration 
at (3, 3) on the bottom. As we can see in Fig. 5, a point of 
intersection of three circles also indicates (3, 3). 
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Fig. 5. The result of trilateration at (3, 3) 

 
We evaluated the performance of location error at every 

point on the bottom xy-plane. Fig. 6 shows the result of 
location error. 
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Fig. 6. Location Error on the bottom xy-plain 

 
Among 81 points on the bottom xy-plain, the maximum 

location error was 4.5 mm and the mean of location errors was 
1.8 mm. Using this method, we can estimate location very 
accurately. Fig. 7 depicts the effect of F-ID1 on the location 
error. 
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As shown in Fig. 7, when F-ID1 is 1 MHZ, the best 

performance was achieved. When F-ID1 is less than 1 MHz 
the mean of location errors is increased because the frequency 
is inversely proportional to a resolution, and it is directly 
related to the location error. On the other hand, in the region 
above 1 MHz, an optical wireless channel is distorted for F-
ID3 whose frequency is 5 times of F-ID1, and the location 
error is increased. Based on these results, 1 MHz is the best 
choice for F-ID1. 

V. CONCLUSION 

We proposed an indoor localization method based on 
TDOA using LED ceiling lamps. A unique frequency address 
was assigned to each LED lamp, and using LED properties 
such as lighting and switching, assigned frequency-ID were 
transmitted while LED ceiling lamps were utilized for 
illumination. 

TDOA localization algorithm was used to estimate the 
target position. The localization method was performed via 
computer simulation. Three LED lamps were employed in 

simulation model space with dimensions of 5 m ⅹ  5 m ⅹ  3 

m. The maximum and mean values of location errors during 
simulation were 4.5 mm and 1.8 mm, respectively. 

This proposed positioning system possibly represents an 
effective candidate for future indoor localization under LED 
ceiling light environments. Moreover, not only can indoor 
robotic behavior be improved, but smarter mobile networking 
can be realized using the proposed positioning technology. 
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