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Abstract: We propose and experimentally demonstrate an indoor positioning system
which combines identity positioning and the radio frequency carrier allocation technique
in order to reduce the signal interference from nearby light-emitting diodes (LEDs) and
improve the accuracy of positioning. In addition, the solar cell is used as an optical re-
ceiver for the visible light positioning system. Due to the benefits of solar cells such as
low-cost, high light sensitivity, and ease in integration with wearable devices, the pro-
posed system could be an energy-efficient and environmentally friendly choice for indoor
positioning in the future.

Index Terms: Free-space communication, optical communications, light-emitting diodes
(LEDs).

1. Introduction
In recent years, light-emitting diodes (LEDs) havb been widely used. They are replacing incan-
descent light bulbs and fluorescent lamps because LEDs conserve energy and provide ex-
tended lifetime compared to traditional lighting sources. Besides illumination, LED lighting can
carry information, which is known as visible light communication (VLC) [1]. VLC can provide
high security and directional communication link [2]–[5]. Besides, owing to the shortage of the
radio-frequency (RF) spectrum, VLC is also regarded as one of the solutions for future fifth-
generation (5G) wireless communications [6]. In addition to communication function, LED lighting
can also be used for high accuracy positioning. The Global Positioning System (GPS) is now
very popular; however, it does not work well inside buildings. One indoor positioning system uti-
lizes identity positioning in which the receiver (Rx) detects the identity (ID) of the nearest LED
transmitter (Tx) and then transmits this information to the central office using a radio system
such as ZigBee or wireless local area network (WLAN) [7]. However, the positioning resolution of
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this system is low and cannot accurately perform positioning within the shined area of the LED
lamp. In [8], an asynchronous indoor positioning system based on VLC is proposed; however, no
experimental results are provided. In [9], a 3-D positioning system is reported; however the Rx
orientation is required. Rx powers from each LED lamp should be measured twice by varying
the Rx orientations; and accelerometer in the Rx is required. Hence, the system cost and com-
plexity will be increased if smart-phone is not used as the positioning Rx. In [10], a multiple-
input multiple-output (MIMO) VLC positioning system is demonstrated; however, two or more
Rxs are needed for MIMO demodulation.

In this work, we utilize a trilateration positioning method which uses the received signal power
to determine the distances between the Rx to each LED Tx, and can estimate the position of Rx
with much higher accuracy in a small area. Then, we combine the identity positioning that using
the ID of each LED to define every positioning unit cell. Therefore, the target can be traced
more accurately than just using identity positioning technique. Unlike other VLC positioning sys-
tems, we use a solar cell panel as positioning Rx for the first time up to our knowledge; hence,
the Rx field-of-view (FOV), detection area and the Rx sensitivity are significantly improved when
compared with the PIN photodiode (PD). In addition, since solar cell is a passive Rx, it does not
require power supply to operate; hence it does not only reducing the cost but also providing en-
ergy efficiency to the system. Energy harvesting and VLC signal detection could also be per-
formed simultaneously using the solar cell Rx [11]. There are several application scenarios
requiring relative high accuracy positioning. For example, the proposed work can be used for
asset and people tracking. The optical Rxs can be equipped onto the wheelchairs in hospital for
tracking the wheelchair movements. Besides, as solar cell can be physically flexible, it can be
incorporated into wearable devices for patients in hospital or security guards in shopping mall
for locations monitoring.

2. Proposed Architecture of Visible Light Positioning System
Fig. 1 shows the proposed architecture of the visible light positioning system. The whole space
can be divided into several small positioning unit cells, which consist of three light sources.
Each LED will transmit its ID signal by the format of on-off keying (OOK) with specific RF carrier
frequency. The distribution of carriers is arranged as shown in Fig. 1. In the small unit cell, the
detector will receive the signals from three LEDs simultaneously. Since the ID signals are modu-
lated on three different carrier frequencies, the interference between each ID signal can be re-
duced. After demodulating the ID signals from three LEDs, the unit cell where the detector
locates at can be known. As the detector move to another cell with different three LEDs, new ID
signals will be detected, and therefore, the new unit cell can be determined. Because the dis-
tance from detector to each LED will change when it is moving in the unit cell, the received RF
power of each ID signal will vary with the distance between detector to LED. Then, the trilatera-
tion positioning method is used to calculate the accurate position in the small unit cell. By

Fig. 1. Proposed architecture of visible light positioning system.

Vol. 8, No. 4, August 2016 7905507

IEEE Photonics Journal Visible Light Positioning and Lighting



calculating continuously in the same way, the continuous and accurate indoor positioning by
VLC can be achieved.

3. Operation Principle of Positioning
Fig. 2 presents the operation principle of ID signal transmission and the demodulation of the
received signal in the position unit cell. First, three ID signals are up-converted to three differ-
ent frequencies; that is, they are multiplied by three RF carrier signals, as shown in Fig. 2(a),
and then they are transmitted to the corresponding LEDs. After received by the detector (solar
cell panel is used here), three baseband signals modulated on the carriers can be filtered out re-
spectively. For the demodulation, the filtered signals are multiplied again by the same corre-
sponding carrier signals and then pass through different low-pass filters (LPFs). This can be
implemented using digital signal processing (DSP). Thus, the ID signals of LEDs in the position
unit cell can be demodulated as shown in Fig. 2(b). Here, the database of all position unit cells
can be constructed with corresponding three identities of LEDs. As the ID signals are demodu-
lated, the position at which unit cell can be known as well.

After obtaining the location at which unit cell, the trilateration positioning method is used to
position more accurately in the small region of the cell. The principle of trilateration positioning
method is to use three Txs sending RF signals with different frequencies to estimate the position
of the Rx as shown in Fig. 3. Because the received signal powers at these three certain fre-
quencies will change at different places, the distance from Rx to each Tx can be calculated
according to the received signal power.

After obtaining the distances of the Rx from each Tx, the position of receiver can be estimated
by solving

ðxe � x1Þ2 þ ðye � y1Þ2 þ ðze � z1Þ2 ¼ d2
c1

ðxe � x2Þ2 þ ðye � y2Þ2 þ ðze � z2Þ2 ¼ d2
c2

ðxe � x3Þ2 þ ðye � y3Þ2 þ ðze � z3Þ2 ¼ d2
c3

8><
>: (1)

Fig. 2. Operation principle of ID transmission in small cell region. (a) Modulation of the transmitted
signal. (b) Demodulation of the received signal.

Fig. 3. Principle of the positioning method.
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where xi , yi , and zi , (i ¼ 1; 2; 3) are the coordinates of three transmitters; and dc1, dc2, and dc3
are the line-of-sight distances as shown in Fig. 3. Here, we set ze equals to zero for conve-
nience because we only discuss two dimensional positioning in this work. Besides, we assume
the height of each light on the ceiling is the same; that is, z1 ¼ z2 ¼ z3. Then the estimated
position ðxe; yeÞ can be calculated using two linear equations, which can be simply obtained
by subtracting the second and third equations from the first in (1), and the two linear equa-
tions in the condition of can be expressed in matrix form as AX ¼ B, where A, X , and B are
illustrated as

A ¼ x2 � x1 y2 � y1
x3 � x1 y3 � y1

� �
;X ¼ xe

ye

� �
; and B ¼

d2
c1�d2

c2þx2
2þy2

2�x2
1�y2

1ð Þ
2

d2
c1�d2

c3þx2
3þy2

3�x2
1�y2

1ð Þ
2

2
4

3
5: (2)

4. Experiment Setup
The VLC positioning system contains two experiments. First, the relationship of the LED-to-Rx
distances and the RF signal powers is obtained. Here, the RF signals at different carrier fre-
quencies are measured respectively to construct the relation curves. Second, the position of the
Rx can be calculated by solving the equation as mentioned in last section based on the trilatera-
tion and using the relation curves obtained in the first experiment.

In the experiment, the LED chips used are from Cree XR-E, phosphor-based cool-white with
correlated color temperature (CCT) of 5000 K. The electric current used to drive each LED chip
is about 350 mA, and the typical lumen output is 100 lm. Each LED lamp is consists of six LED
chips in cascade. Our proposed work is to provide positioning and lighting simultaneously. Since
each of our LED lamp (light bulb) is consists of six LED chips; a diffuser is used to increase the
lighting uniformity. The luminance half angle of each LED lamp is 30�. The diffuser introduces
optical loss and the received optical power 2 m away from the LED lamp with the diffuser is only
300 lux. A bias-tee circuit is used to combined the RF signal from the arbitrary waveform gener-
ator and the 18 V direct-current (DC) from a power supply in each LED lamp. Fig. 4(a) shows
the first experimental setup used to obtain the relation curves of the LED-to-Rx distances and
the RF signal powers. The vertical distance h is fixed at 2 m, which represents the height be-
tween the ceiling LED lamp and the solar cell Rx. The solar cell used (SC-9728) is commercially
available with V op=Iop ¼ 6 V=15 mA. It is fabricated based on amorphous silicon and with the di-
mension of 96:8� 28� 2 mm. The model of typical solar cell used as VLC receiver and energy
harvesting can be found in [12]. When the Rx moves horizontally from the origin, the signal

Fig. 4. (a) Setup to measure the relation of distance and RF signal power. (b) Measured results and
the fitting curve.
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power will decrease gradually. The three different carrier frequencies used in this experiment
are 10 kHz, 20 kHz, and 30 kHz, and the relation curves are shown in Fig. 4(b).

The second experiment setup about the positioning implementation is shown as Fig. 5. The
distance between each LED in the ceiling is 80 cm and the height is 2 m, which are close to the
condition in real application. The inset of Fig. 5 also shows the experimental test-bed built for
the evaluation. Here, we set x and y coordinates of three LED lamp as (0, 0.6 cm), (0.5 cm,
80 cm), and (67.3 cm, 40 cm). The three electrical data signals with different carrier frequencies
are first constructed using offline MATLAB program and generated via two arbitrary waveform
generators (Tektronix AFG3252C and Agilent 33220A). These RF signals have frequencies of
10 kHz, 20 kHz, and 30 kHz. Solar panel is used as the passive optical Rx, which converts the
received light signal into electrical signal. Here, the Rx will receive three different RF signals
from different LED lamps in the unit cell simultaneously. Then an real-time oscilloscope
(Tektronix TDS 2022B) connected to the solar panel is used to retrieve the signals for analysis.
After this, the signal demultiplexing and the positioning are both implemented using offline
MATLAB program. The fast Fourier transform (FFT) is used to convert the received signal into
frequency spectrum. There will be three tones at 10 kHz, 20 kHz, and 30 kHz with different
levels. Then we can use the relation curve measured before to deduce the location of the Rx.

5. Experiment Results and Discussion
Fig. 6(a)–(d) show the experimental spectra of received RF signals at several positions, such as
(0, 0.6 cm), (0.5 cm, 80 cm), (67.5 cm, 40 cm), and (30 cm, 40 cm), respectively. At (0, 0.6 cm),
(0.5 cm, 80 cm), and (67.5 cm, 40 cm), since these positions are exactly below the correspond-
ing LEDs, the received RF signal tone is largest at frequencies of 10 kHz, 20 kHz and 30 kHz
respectively. We record the amplitudes at these three frequencies and then use the relation
curve in Fig. 4(b) to get the distance from Rx to each LED. After solving the equations in (1), the
positioning result can be obtained. Fig. 6(e) illustrates the histogram of the positioning errors.
More than 85% of the measurement results have position errors less than 10 cm. As the distance
between the ceiling LED lamps and the Rx is 2 m, the received power at the Rx is only ∼300 lux.
The limited resolution is mainly caused by the low signal-to-noise ratio (SNR) of the received sig-
nal. In the test-bed, the distance between each LED in the ceiling is 80 cm and the height is 2 m.
The received power of the Rx after 2 m transmission distance is only ∼300 lux and the illumi-
nance of a typical room should be 500 lux. The resolution could be improved by enhancing
the illuminance of the LED lamps; or by decreasing the distance between the LED lamps in
the ceiling.

Then, we analyze the ID signal transmission by using BER in the position unit cell. The modu-
lation format of the ID signal is OOK and the data rate is 2 kbit/s. The low data rate is due to

Fig. 5. Experiment setup of positioning system. (Inset) Experimental rack built for the experiment.

Vol. 8, No. 4, August 2016 7905507

IEEE Photonics Journal Visible Light Positioning and Lighting



limited bandwidth of the solar panel Rx. However, we believe that this data rate is enough for
sending ID and navigation information. After receiving the signal at the solar cell panel, the
scheme described in Fig. 2 is used to demodulate the ID signals. The measured BER results
are shown in Fig. 7, the distances in x-axis represents the horizontal offsets of the Rx from the
LED lamp. Therefore, 0 cm means the solar cell Rx is put directly below the LED. It can be
seen that at most positions in the unit cell region, the BER can satisfy the 7% forward error cor-
rection (FEC) requirement of 3:8� 10�3 (dotted line). The decrease in signal performance when
offset disance increases is due to the reduce in SNR of the received signal. The insets of Fig. 7
show the demodulated eye-diagrams of signal with carrier frequency of 20 kHz at distance 0 cm
and 80 cm respectively. A poorer eye-diagram is measured at 80 cm since the received optical
power is very weak; but the FEC limit can still be achieved.

6. Conclusion
Unlike other VLC positioning systems, in this work, we proposed and experimentally demon-
strated an indoor positioning system using solar-cell as a VLC Rx. The solar cell has much high-
er FOV, detection area and the Rx sensitivity when compared with the PIN PD. In addition, the

Fig. 7. BER performance of the ID signal transmission with carrier frequencies of 10 kHz, 20 kHz,
and 30 kHz. (Inset) Eye diagrams of demodulated signal at carrier frequency of 20 kHz at 0-cm
(directly below the LED) and 80-cm offsets.

Fig. 6. Spectrum of the received signal (a) at (0, 0.6), (b) at (0.5, 80), (c) at (67.5, 40), and (d) at
(30, 40). (e) Histogram of positioning error.
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solar cell is a passive Rx, and it does not require power supply to operate. Energy harvesting
and VLC signal detection can also be performed simultaneously. This system utilized a trilatera-
tion method combining with ID positioning to achieve a more accurate indoor positioning system
than only using ID positioning technique. In the proof-of-concept experiment, the distance be-
tween each LED is 80 cm, and the height is 2 m, which can emulate the practical indoor situa-
tion. More than 85% of the measurement results have position errors less than 10 cm. For the
ID signal transmission, the data rate is 2 kbit/s, and the BER at most of the positions in the unit
cell can satisfy the FEC requirement. This technique could integrate with wearable device pro-
viding indoor positioning function with low cost.
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