
 

 
 

 
Abstract—Visible Light Positioning (VLP) is a promising indoor 

localization method as it provides high positioning accuracy and 
allows for leveraging the existing lighting infrastructure. 
Photodiode (PD)- based receiver is a commonly used tag for VLP. 
However a tag employing single PD requires three or more 
luminaires to be visible. This paper presents a VLP system that 
uses a custom made tag utilizing multiple PDs. It applies Received 
Signal Strength (RSS)-based fingerprinting using Weighted k-
Nearest Neighbor (WkNN) algorithm for localization. 
Experimental results show that it is possible to localize using less 
than three luminaires with high accuracy. Manhattan and 
Matusita distance metrics are found to provide lower localization 
accuracy than the Euclidean metric for the WkNN algorithm. 
 

Index Terms—Indoor localization, indoor positioning system 
(IPS), visible light positioning (VLP), weighted k-nearest 
neighbors (WkNN) 

I. INTRODUCTION 

The Global Positioning System (GPS) has been used in many 
applications such as localization, navigation, tracking, mapping 
and timing. Although GPS can be used to locate a target 
outdoors, it is very difficult to do so if the target is located 
indoors due to its low accuracy resulting from the inability of 
GPS signals to penetrate through walls [1]. 

The ability to accurately determine the position of a person 
or an object indoors can be used in many applications like 
navigation in large indoor environments such as airports or 
shopping malls [2].  

There are multiple technologies which can be used for indoor 
localization such as wireless [3], visible light [4] and ultrasound 
[5]. Wireless-based technologies are vulnerable to multipath 
and interference [6] whilst ultrasound comes with high 
installation costs [7].  

Recently, visible light-based positioning systems have 
garnered the interest of researchers due to the convenience of 
implementation using Light Emitting Diode (LED) luminaires. 
Visible light signals do not pass through walls making them 
secure [8] and visible light-based positioning systems can 
potentially offer higher accuracy compared to other 
technologies [9]. 

The most popular type of Visible Light Positioning (VLP) 
technique is using the Received Signal Strength (RSS) [10]. 
RSS values obtained from a single Photodiode (PD) can be used 
to determine the distance between the transmitter (i.e. the 
luminaire) and receiver/tag [11]. Based on this, techniques such 
as trilateration [12] and fingerprinting [13] can be applied for 
localization. A single PD-based VLP system requires at least 

three LED luminaires for effective localization. A problem with 
this is that three or more luminaires may not be visible to the 
PD in some real-world environments. To overcome this 
problem, multiple PD VLP systems that can function with less 
than three luminaires within the PD’s Field of View (FOV) 
have been proposed [14-17].  

II. RELATED WORK 

Visible light characteristics that are commonly used for VLP 
are RSS, time of arrival (TOA) [18], time difference of arrival 
(TDoA) [19] and angle of arrival (AoA) [20]. 

RSS-based systems can have low accuracy due to sensitivity 
and tilt issues [21] while AoA-based systems have a higher 
accuracy compared to RSS but is more complex [22]. TDoA-
based systems can achieve high localization accuracy [19] but 
are more complex and costly to implement as they require 
synchronization between hardware [23].  

RSS-based systems are easy to implement and is less 
complex with the only downside being accuracy. Multiple PD 
receivers have been proposed to mitigate the tilt issue [24] with 
single PD receivers in VLP systems and to enable the system to 
operate with lower number of luminaires. 

A. Multiple Photodiode Systems 

Several multiple VLP systems using three [14, 16, 17, 19, 25] 
or more [4, 9, 26, 27] PDs have been proposed. The systems 
show that less than three luminaires can be used for localization 
if multiple PDs are used. 

The difference in angles and position of a multi PD receiver 
design can be exploited to develop new localization methods. 
For example, using RSS from multiple photodiodes, the RSS 
Ratio [17, 26, 27] and RSS Difference [16] between the 
photodiodes can be used to estimate the position of the receiver. 
Authors from [4] used the linear independence of the multiple 
photodiode planes while authors from [9] utilized the RSS and 
incidence angle. It should be noted that, single PD systems that 
uses a rotating receiver [15, 28, 29] can also emulate multiple 
PD-based systems. Researchers have proposed a VLP system 
using a rotatable single-PD receiver where the receiver takes 
the RSS at a single location at different angles [24]. The authors 
further developed this system by using the same positioning 
method but using a receiver with three tilted photodiodes 
instead [25]. 

B. Fingerprinting 

Fingerprinting method includes two phases: offline and 
online [30]. In the offline phase, fingerprints or features of an 
environment are collected in the form of RSS, AoA or TDoA at 
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the target device and is stored in a database. In the online phase, 
the data obtained from the target in real-time is then compared 
to the values stored in the database and the position of the 
device is estimated.  

All implementation of reported multiple PD-based VLP 
systems utilize RSS-distance channel modelling and there is a 
lack of literature in fingerprint-based multiple PD systems. 
Therefore in this work, we are exploring a multiple PD 
fingerprint-based system that can potentially facilitate the 
application of machine learning techniques for localization. 

III. SYSTEM OVERVIEW  

The developed VLP system is based on Frequency-Division 
Multiplexing (FDM) with the demultiplexing done at the 
receiver through Fast Fourier Transform (FFT). Figure 1 shows 
a block diagram of the process where M luminaires transmit M 
discrete tones.  At the multiple PD receiver board, the FFT of 
the optical signals is computed and the received power at the 
unique frequencies are used as a measure of RSS for the 
corresponding luminaire.  

A. Transmitter 

Custom modulation boards were used to drive four consumer 
grade LED luminaires so that each luminaire is able to transmit 
unmodulated sine waves at frequencies between 2 kHz-4 kHz 
[31]. The luminaires are set to transmit unique frequencies of 
2.5 KHz, 2.7 KHz, 3.2 KHz and 3.5 KHz respectively to the 
receiver. 

B. Receiver 

To receive the optical signals from the luminaires, a custom-
made receiver board using an ESP8266 microcontroller was 
designed. The design of the receiver board is a triangular base 
with three PDs tilted at an angle of 60o and a single horizontal 
PD located in the middle as shown in Fig. 2. 

A two-stage op-amp circuit was designed to capture the 
discrete tone signals from the luminaires through the reverse 
bias current of a PD. The current is then converted into a voltage 
signal and is read by an ADC which has a sampling rate of 20 
kHz. The op-amp circuit is also able to filter out low frequency 
(e.g. 100 Hz powerline flicker) and steady state DC signals 
generated by ambient light. The lower corner frequency and 
upper corner frequency of the op amp is designed to be 550 Hz 
and 4800 Hz respectively. The receiver board also includes an 
accelerometer to measure the orientation of the receiver if 
needed.  

C. Data Collection and Experimental Setup 

The vertical distance between the receiver board and the 
luminaires is 1600 mm. A 2D CNC machine with dimensions 
of 1200 mm x 1200 mm was utilized for taking measurements. 
The position of the CNC machine can be controlled by 
providing the XY coordinate of the desired location. The CNC 
machine has an accuracy of 0.025 mm making it useful for 
recording the ground truth. The custom-made receiver board 
was mounted onto the CNC machine to ensure that its 
orientation is kept constant throughout the experiment. Figure 
3 shows the experimental setup with the luminaires, CNC 
machine and receiver board.  

IV. WEIGHTED K-NEAREST NEIGHBORS (WKNN) 

Once the offline database has been constructed, the WkNN 
algorithm can be implemented as a regressor to estimate the 
position of the receiver during the online stage. 

The WkNN algorithm is similar to the k-Nearest Neighbor 
(kNN) algorithm such that computes the distances of the 
neighbors. Additionally, the WkNN algorithm also computes 
the weights of the distances such that the neighbor with the 
smaller distance will have a greater weighting compared to the 
neighbor with a greater distance. Let the offline location be 

 
Fig. 1.  Block diagram showing how optical signals from the luminaires are processed 
 

 
(a) (b) (c) 

 
Fig. 2.  Custom-made receiver board with three titled photodiodes and one horizontal photodiode. (a): actual board; (b): 3D Model of the custom-made 
receiver board with three titled photodiodes and one horizontal photodiode (marked orange); (c): individual pieces of the receiver before assembling 
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denoted as (ݔ௜, ,௝௟௜௩௘ݔ) ௜) while the online location is denoted asݕ  .(௝௟௜௩௘ݕ
The distance ݀௜,௝ between (ݔ௜, ,௝௟௜௩௘ݔ) ௜) andݕ  ௝௟௜௩௘) isݕ

computed using a distance metric with the Euclidean distance 

being the most common. The k-Nearest Neighbors are chosen 
such that they have the smallest distance and the largest 
weighting. The estimated position of the receiver, (ݔ෤௝,  ෤௝) isݕ
computed as the weighted average of the location of the k-
Nearest Neighbors and is given by 

෤௝ݔ  ൌ 	∑ ௝,௕ݓ 	ൈ ∑௕௞௕ୀଵݔ ௝,௕௞௕ୀଵݓ , ෤௝ݕ ൌ 	∑ ௝,௕ݓ 	ൈ ∑௕௞௕ୀଵݕ ௝,௕௞௕ୀଵݓ 	
where (ݔ௕, -௕) is the location of the b-th neighbor from the kݕ
Nearest Neighbors [32]. The value of k needs to be chosen 
carefully. If a small k is used, it will not fit the data well while 
a large k will lead to overfitting [33].  

V. EXPERIMENTAL RESULTS 

169 equally spaced measurements were taken at 100 mm-
intervals within the 1200 mm x 1200 mm space. Some of the 
points are used to construct an offline database corresponding 
to a 200 mm x 200 mm grid while the rest are used for the online 
phase and validation as shown in Fig. 4(a). At each location, the 
RSS at each photodiode for each luminaire was recorded. Since 
the system uses four luminaires and four PDs, a total of 16 
readings were taken at one location. 

A. Effects of grid size 

Figure 4(b) shows the offline locations for the 400 mm x 400 
mm and 600 mm x 600 mm grid. Figure 5 shows that k=4 is the 
most optimum for the 200 x 200 grid while k=3 for the 400 x 
400 and 600 x 600 grid using four PDs and four luminaires. 
Table I shows the trade-off between the grid size and the 
localization error such that increasing the grid size increases the 
localization error. The accuracy of a fingerprint-based system 

 

 
(a) 

 
(b) 

 
Fig. 4. Location of LED luminaires and measurement locations. (a): 
location of points used for online validation, offline 200x200; (b): Offline 
measurement locations for 400x400 and 600x600 grid 
 

TABLE I 
 LOCALIZATION ERROR FOR VARYING GRID SIZE 

 
 

Database 
Localization error (mm) 

Median Std Max 90th Perc. 

200 mm x 200 mm 3.78 3.02 13.76 8.32 

400 mm x 400 mm 25.48 35.33 176.32 93.06 

600 mm x 600 mm 82.21 42.24 150.78 128.71 

 
 

 
(a) 

 

 
(b) 

 

 
Fig. 3.  Experimental setup. (a): Multiple PD receiver mounted onto the 
CNC machine; (b): VLP Fingerprinting testbed; (c): Top view of CNC 
machine and multiple PD receiver. 
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is determined by the size of the offline database. A larger 
database requires more time in offline site survey but provides 
higher localization accuracy.  

B.  Single photodiode selection 

The receiver has a total of four individual PDs. Figure 6 
presents the Cumulative Distribution Function (CDF) of the 
localization error for the 200x200 grid (k=4 and four 
luminaires). It can be observed that PD3 outperforms the rest of 
the PDs. It is important to note that it is the horizontal PD 
Therefore it has all four luminaires in its FOV throughout the 
experiments and has the smallest localization error. This allows 
it to be used to emulate a single-PD system for comparison 
purposes. Based on the orientation of the receiver, PD1 has only 
two luminaires within its FOV throughout the whole 
experiment. As for PD0 and PD2, it was found that they have 
three luminaires within their FOV for at least half the 
measurement locations. Moving forward, experiments using 
“one photodiode” would refer to the ones using RSS from the 
horizontal PD, PD3.  

C. Effects of number of PDs and luminaires 

Table II shows the trade-off between number of luminaires 
used and the localization accuracy. Increasing the number of 
luminaires increases the localization accuracy. However, with 
the four PD-based system, a median error of 6.63 mm and 90th 
percentile error of 20.45 mm can still be achieved using only 
two luminaires.  For the four PD system, the localization 
accuracy degrades significantly only for the one luminaire 
scenario. The other observation is that a higher localization 
accuracy can be achieved using four PDs compared to using a 
single PD for the same number of luminaires. It is also obvious 
from the results that the performance of the single PD-based 
system degrades significantly when the number of luminaires is 
less than 3.  

Figure 7 shows the CDF of the localization error for different 
combinations of PDs and luminaires. It shows that the four PD 
and two LED system outperforms the one PD and four LED 
system. The heatmap in Fig. 8 shows the errors of the online 
points with reference to their X and Y locations (in mm) for 
different PD and luminaire combinations. The heatmaps show 
that most of the large errors are located at the lower half of the 
grid. The errors in the lower part of the grid for the one PD and 
four luminaires system can be reduced by using four PD and 
two luminaires as shown in Fig. 8 (a) and (b). By using four 

 
Fig. 5.  Median error across varying k values for various grid size using 
four PDs and four luminaires 
 

 
Fig. 6.  Localization error for various photodiodes on the receiver board 
using the 200x200 grid, k=4 and four luminaires 
 

 
Fig. 7.  Localization error for different combination of PDs and LEDs 
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Fig. 8.  Localization error based on the X and Y locations of the online points for various luminaire and PD combinations 
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PDs and four luminaires, the errors can be significantly reduced 
by an order of magnitude as shown in Fig. 8 (c). It also shows 
that the larger localization errors are still located at the lower 
part of the grid indicating that the errors may be resulting from 
multipath and reflection. The orientation of the receiver might 
not be the most optimal orientation where the luminaires are not 
within the FOV of the PDs. Noise from the hardware and 
resolution of the ADC can also contribute to the error.  

D. Impact of distance metrics 

As discussed in Section IV, the distance ݀௜,௝ between (ݔ௜,  (௜ݕ
and (ݔ௝௟௜௩௘,  ௝௟௜௩௘) is computed and the weight of the WkNNݕ
regressor is then estimated as the reciprocal of the distance. 
While Euclidean distance metric is most commonly used, 
literature [32] shows that the localization accuracy of a VLP 
using WkNN depends on the distance metrics utilized. 
Consequently, eight different distance metrics were explored 
and used to compute the weights for the WkNN algorithm. 
Table III shows the localization error for the various distance 

metrics using four PDs and four luminaires. It can be observed 
that the Euclidean distance is one of the better performing 
metrics. However, Manhattan and Matusita distance 
outperform the Euclidean distance for all scenarios. These three 
distance metrics were benchmarked in Fig. 9 by plotting the 
CDF of localization error. 

VI. CONCLUSION 

This paper presents a visible light-based positioning method 
using four photodiodes. Within a testbed of 1.2 m x 1.2 m, 
median error of 3.78 mm can be achieved for four luminaires 
while a median error of 6.63 mm can be achieved with two 
luminaires. The multiple PD-based system have higher 
localization accuracy and can function with less number of 
visible luminaires compared to a single PD-based system. The 
localization error can be further reduced by selecting either the 
Manhattan or the Matusita distance metrics for the WkNN 
algorithm.  

TABLE II 
LOCALIZATION ERROR FOR ONE AND FOUR PHOTODIODES USING DIFFERENT NUMBER OF LEDS FOR 200X200 GRID (K=4) 

 
 

Number of 
LED 

Localization Error (mm)  

One Photodiode Four Photodiodes 

Median Std Max 90th Percentile Median Std Max 90th Percentile 

1 348.33 280.28 1116.10 775.71 27.10 48.03 200.26 95.67 

2 96.89 119.46 410.45 334.89 6.63 19.29 91.30 20.45 

3 60.95 32.99 87.54 78.97 5.37 10.58 65.25 11.24 

4 6.17 35.83 110.26 78.31 3.78 3.02 13.76 8.32 

 
 

TABLE III 
LOCALIZATION ERROR FOR VARIOUS DISTANCE METRIC USING FOUR PD AND FOUR LUMINAIRES (K=4). 

Distance Metric 
Localization Error (mm)

200 x 200 400x400 

Median 90 Perc. Median 90 Perc. 

Euclidean 3.78 8.33 25.48 93.07 
Manhattan 3.15 5.48 22.1 37.05 
Chebyshev 10.57 18.36 40.24 122.54 

Squared Euclidean 7.53 15.81 62.4 77.33 
Squared Chord 6.47 14.46 61.76 78.58 

Matusita 3.42 7.53 24.25 31.47 
Canberra 3.89 6.65 26.16 118.2 

Lorentzian 1.15 3.4 41.37 155.06 
 
 

 
(a)                      (b)     

 
Fig. 9.  Localization error of Euclidean, Manhattan and Matusita distance metric using four PDs and four luminaires for different scenarios. (a): Localization error 
for 200 mm x 200 mm; (b): Localization error for 400 mm x 400 mm 
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Throughout the experiments, the orientation of the receiver 
was kept unchanged. While this is a realistic assumption for 
robotic applications (a simple gimbal can achieve this), the 
impact of orientation change needs to be explored. In a real-
world environment, online points would not always be on a 
regular grid hence spontaneous online points can be used to test 
the performance in such a scenario. Future work could also 
include implementing model-based localization using the 
multi-PD receiver board. A comparative benchmarking against 
existing solutions has also been left for future investigation.  
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