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Abstract: We propose an indoor visible light communication (VLC) and positioning system
using the orthogonal frequency division multiplexing access (OFDMA) scheme, which can
provide both indoor positioning and communications. Three subcarriers with the maximum
received signal intensity with respect to three light-emitting diodes (LEDs) are selected for
indoor positioning based on the trilateration algorithm. The experiment results show that
the proposed system with quadrature phase shift keying (QPSK) mapping offers a mean
positioning error and an error vector magnitude of 1.68 cm and more than 15 dB, respectively.

Index Terms: Visible light communication (VLC), orthogonal frequency division multiplexing
access (OFDMA), indoor positioning.

1. Introduction
Visible light positioning systems using light-emitting diodes (LED) has been an attractive research
topic [1], [2], due to the advantages of high positioning accuracy, license-free operation, no radio fre-
quency (RF) interference, low-cost front-ends, etc. The indoor positioning methods based on visible
light communications (VLC) are mainly as follows: triangulation based on received signal strength
(RSS), fingerprints analysis, proximity, and image positioning method. The proximity method is
very simple but provides accuracy no more than the resolution of the grid itself [3]. In fingerprints
analysis based method the target’s location is determined by matching real-time measurements
with the fingerprints data base [4]. The disadvantage of this scheme is that it will result in inaccurate
positioning because of the changes in the environment and the fingerprints data base not being
updated. The image positioning method can measure both the receiver’s position and direction
in indoor environment with high accuracy [5]. However, it requires additional image processing
techniques for wireless communications and the data rate is dependent on the image processing
speed. The triangulation method estimates the transmission distance via received signal strength
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(RSS) based on the intensity modulation and direct detection (IM/DD) [6]. In public indoor places
with a large number of LEDs for lighting, the coverage area of LEDs will overlaps, thus resulting in
intercell interference (ICI). To overcome this problem, a number of schemes including carrier alloca-
tion, time allocation, and wavelength allocation have been investigated. Both time and wavelength
allocation based techniques will require synchronization and optical filtering or multiple receivers
[7]–[9]. Whereas, in the carrier allocation scheme, many radio frequecncy (RF) based filters needs
integration in a single receiver (Rx), which is not applicable in an indoor environment with numerous
LEDs [6].

In this paper, we propose an indoor VLC and positioning system using the orthogonal frequency
division multiplexing access (OFDMA) scheme, in which the signals transmitted by LEDs are en-
coded with allocated subcarrier, respectively and the Rx recovers all transmitted signals using a
discrete Fourier transformation (DFT) operation. Three subcarriers, with the maximum received
signal intensity with respect to three LEDs, are selected for indoor positioning. The proposed in-
door positioning system can measure the receiver’s position with not ICI as well as providing data
communications. The feasibility of the scheme is demonstrated in a room of size 20 × 20 × 15 cm.
We show that the proposed scheme offers a mean positioning error (PE) of 1.68 cm and the error
vector magnitude (EVM) is more than 15 dB for a ∼20 cm free space transmission span.

The rest of the paper is organized as follow: Section 2 describes the proposed indoor positioning
scheme in detail. Section 3 presents the experiment setup and results for OFDMA-VLC positioning
system followed by the concluding remarks in Section 4.

2. Proposed System for Indoor Positioning
Fig. 1(a) shows the block of proposed scheme with an LED grid. We assume LEDs are distributed
evenly on the ceiling of a large hall. In order to acquire the position of receiver (Rx), different position
information should be transmitted from the respective LEDs. Since the illuminated LEDs are densely
arranged, ICI is a serious problem for a large indoor environment. In this paper, in order to receive
the information correctly, signals transmitted from LEDs are encoded with dedicated subcarrier
frequencies f i, where i = 1, 2, 3 . . . L. L is the number of LEDs as shown in Fig. 1(a). Out of
the total number of N-subcarriers L-subcarrier are used for indoor positioning and N-L subcarriers
are reserved for broadcasting information. Since OFDMA can be regarded as a special means of
carrier allocation, the frequency reuse method proposed in [10] can also be applied for OFDMA-VLC
positioning systems. When frequency reuse method is deployed, the total number of subcarriers
can be far less than the number of LEDs. As shown in Fig. 1(b) the emitted signal from the i-th LED
transmitter (Txi ) following an inverse discrete Fourier transformation (IDFT) can be expressed as

Si (t) = A cos(2πi�f t + αi ) (1)

where �f is the frequency spacing of adjacent subcarriers, A is the amplitude of the transmitted
signal, and αi is the phase of modulated signal. Due to the similar characteristic between visible
light and infrared [11], the channel gain H i of Txi and Rx is given by

H i =
{

A r (m+1)
2πd2

i
cosm (ϕi )TsG s cos(φi ), 0 ≤ φi ≤ φc

0, φi > φc
(2)

where m is the order of Lambertian emission, which is relative to the semi-angle at half illuminance
of the LED denoted as ϕ1/2, and is defined as

m = − ln 2/ ln(cos(ϕ1/2)). (3)

A r is the physical area of the detector, di is the distance between the Txi and the Rx, and ϕi and
φi are the angles of irradiance and incidence, respectively. φc denotes the field of view (FOV) of the
Rx, Ts is the gain of the optical filter, and G s is the gain of the optical concentrator, which is given
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Fig. 1. (a) Block of LEDs in the proposed scheme and (b) the basic unit and the structures of transmitter
and receiver.

by

G s =
{

n2

sin2(φc) , 0 ≤ φi ≤ φc

0, φi ≥ φc

(4)

where n denotes the refractive index. In VLC, the influence of the directed light is large and
greatly depends on the performance of the system [11]; therefore, only the line of sight (LOS)
link is considered in this work. Note that within a typical indoor optical illumination footprint delay
spread due to multipath will be very small, and therefore can be ignored. However, the channel
characteristics can change due to movement of people (i.e., shadowing) that can lead to temporarily
link blockage [12]. To address this problem and therefore enhance the user’s mobility multiple Rxs
have been used as in [13].

In view of the influence of noise (mostly the ambient and natural light), the received signals can
be expressed as

y(t) = R ×
∑

H i × Si (t) + n(t) (5)

where R is the Rx responsivity, and n(t) is the noise. At the Rx the invers of Tx is adopted (i.e., DFT
operation) to recover the signal. For the i-th subcarrier, the received signal is given as

Yi = R × H i × A + N i (6)
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where N i is the noise term expressed in the frequency domain. Then, the three subcarriers with the
maximum received signal intensity with respect to three LED Txs are selected for indoor positioning.
The basic unit for trilateration positioning is shown in Fig. 1(b). Provided the Rx is within the triangle
areas, see Fig. 1(b), Y1, Y2 and Y3 with respect to Tx1, Tx2 and Tx3 are chosen for trilateration
positioning. The equations for trilateration can be expressed as⎧⎪⎪⎨

⎪⎪⎩
d1

2 = (x1 − x)2 + (y1 − y)2 + (z1 − z)2

d2
2 = (x2 − x)2 + (y2 − y)2 + (z2 − z)2

d3
2 = (x3 − x)2 + (y3 − y)2 + (z3 − z)2

(7)

where x j, y j, zj, j = 1, 2, 3 are the coordinates of the selected three LEDs, which can be obtained
using the look-up table based on the subcarrier index. x, y, z are the coordinates of Rx. Suppose
z1 = z2 = z3 = h , z = 0, then cos(ϕi ) = cos(φi ) = h/di , di can be calculated as

di =
⎧⎨
⎩

(
A r (m+1)TsG sh m+1

2πH i

) 1
m+3

, 0 ≤ φi ≤ φc

0, φi > φc.

(8)

H i can be determined as

H i = Yi /(R × A ). (9)

Therefore, the final estimated di can be calculated from

di =
{

F × Yi
E , 0 ≤ φi ≤ φc

0, φi > φc
(10)

where F and E are constant coefficient depending on specific subcarrier. Equation (7) can be
rewritten as

BX = C (11)

where

B =
[

x2 − x1 y2 − y1

x3 − x1 y3 − y1

]
, X =

[
x
y

]

C =
[

(d1
2 − d2

2 + x2
2 + y2

2 − x2
1 − y2

1)/2

(d1
2 − d3

2 + x2
3 + y2

3 − x2
1 − y2

1)/2

]
.

The equation can be solved using the linear least square method given by

X = (BT B)−1BT C. (12)

3. Experiment Setup and Results
The feasibility of the proposed scheme is demonstrated experimentally as shown in Fig. 2. The
coordinates of Txs1, 2, and 3 are (7, 7, 15), (7, 14, 15), and (14, 7, 15), respectively, and the Rx with
the coordinate of (x, y, 0) is located at the floor level. We have used a total of 128 subcarriers of which
3 are used for positioning and the rest for data transmission, as shown in Fig. 3. The block diagram
of OFDM coder and decoder is shown in Fig. 4. At the Tx, the data blocks encoded into quadrature
phase shift keying (QPSK) symbols are combined with positioning data prior to being applied to
N-point IDFT. The transmitted positioning data I 1 I 2 I 3 are (1 + i 0 0), (0 1 + i 0) and (0 0 1 + i)
for Txs 1, 2 and 3, respectively. In order to mitigate multipath induced intersymbol interference (ISI)
between OFDM symbols, the cycle prefix (CP) is inserted at the front of each data block. Training
symbols are inserted at the start of each OFDM frame for channel estimation and synchronization.
The generated OFDM signal at 1.7 Mbaud is three times up-sampled and then up-converted to
1.25 MHz using digital I-Q modulation, which is then uploaded into an arbitrary waveform generator
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Fig. 2. Experiment setup for OFDMA visible light communications and positioning (Modules shown
within Tx1 also apply to Tx2&3).

Fig. 3. Subcarrier allocation for positioning and data brocasting.

(AWG) operating at 5-MS/s. The output of AWG (i.e., OFDM signal) with 20 V peak to peak voltage is
DC-level shifted using a bias Tee prior to IM of a commercially available phosphorescent white LED.
At the Rx, a commercial optical Rx composed of Si photodetector and an amplifier (THORLABS
PDA36A) is used to convert the optical signal back into the electrical signal. The optical Rx output is
captured using a real-time digital oscilloscope for OFDM demodulation and further signal processing
in the Matlab domain. The OFDM decoder functionality is opposite of that of OFDM coder. Following
DFT, the positioning data is obtained to calculate the position of Rx using the trilateration algorithm,
whereas the broadcasting data is demodulated prior to channel equalization. All the key system
parameters are provided in Table 1.

In the proposed scheme, it is very difficult to obtain accurate relationship between the distance
and received signal strength (RSS) (i.e., (10)) accuracy. Here, we performed measurements at 16
points with coordinates of (0, 0, 0), (0, 6, 0), (0, 14, 0), (0, 20, 0), (6, 0, 0), (6, 14, 0), (6, 20, 0), (14, 0,
0), (14, 6, 0), (14, 14, 0), (14, 20, 0), (20, 0, 0), (20, 6, 0), (20, 14, 0), and (20, 20, 0). Based on these
measured results we calculated the coefficients in (10). Fig. 5 shows the transmission distance as
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Fig. 4. Block diagram of (a) OFDM coder and (b) OFDM decoder.

Fig. 5. Distance between Tx and Rx as a function of received signal amplitude.

a function of RSS for LEDs 1, 2, and 3, respectively. By fitting the scatter points, the final estimated
d1, d2 and d3 can be written as

d1 = 8.5267 × Y −0.21135
1 (13)

d2 = 7.3869 × Y −0.2545
2 (14)

d3 = 7.3939 × Y −0.2482
3 . (15)

Fig. 6 depicts the estimated as well as reference positions using the proposed scheme. The PE
is given by

D er r or =
√

(x − xe)
2 + (y − ye)

2 (16)

where (x, y) and (xe, ye) are the coordinates of reference and estimated points, respectively. Using
(16) the mean PE is with 1.68 cm. The positioning accuracy of the proposed scheme depends on
the signal to noise ratio (SNR) of the three subcarriers that are employed for localization. Fig. 7
shows the PE as a function of noise power. We suppose the relationship between the distance
and RSS can be exactly obtained. A larger noise would cause a bigger PE. The noise following
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Fig. 6. Final estimated positions using our proposed scheme.

Fig. 7. Positioning error as a function of noise power.

Fig. 8. Positioning error as a function of estimation error for coefficient E.

Gaussian distribution not only causes a positioning error but also estimation errors of coefficients.
Figs. 8 and 9 show the mean PE as a function of the estimation error percentages for coefficient
E and F, respectively. We assume the SNR is high enough to estimate the distance. As shown in
Figs. 8 and 9, the estimation errors of coefficients also cause a PE. The positioning accuracy of
the proposed scheme can be improved using high-power LEDs and high-gain optical concentrators
to increase the SNR. Moreover, more effective method to calculate the relationship between the
distance and RSS should be studied to obtain accurate positioning. To assess the link performance
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Fig. 9. Positioning error as a function of estimation error for coefficient F.

TABLE 1

System Parameters

Parameter Value

LED

• Bandwidth <5 MHz

• Semi-angle of half power ϕ1/2 ∼60o

• Transmit power 180 mw

• DC bias 0.8 A

Pin photodetector

• Active area A r 13 mm2

• Responsivity R <0.4 A/W

• Bandwidth 10 MHz

Height 15 cm

FOV of receiver 90o

Gain of optical filter Ts 1

Gain of optical concentrator G s 1

TABLE 2

EVM Performance for Data Broadcasting

x = 0 cm x = 6 cm x = 14 cm x = 20 cm

y = 0 cm 17.5 dB 18.9 dB 18.5 dB 15 dB

y = 6 cm 18.7 dB 19.4 dB 17.9 dB 17.1 dB

y = 14 cm 17.9 dB 18.5 dB 17.8 dB 17 dB

y = 20 cm 17.6 dB 18.6 dB 17.7 dB 15 dB
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we have measured the EVM [14] as displayed in Table 2, where an EVM of more than 15 dB at
each measured point is acquired for data broadcasting.

4. Conclusion
In this paper, we proposed a new VLC based indoor positioning system. To overcome the intercell
interference, the OFDMA scheme was employed. The experiment results showed that the proposed
indoor positioning method could readily overcome the intercell interference, and provide both indoor
positioning and data communications. We showed that the proposed system with QPSK offered
a mean positioning error and an error vector magnitude (EVM) of 1.68 cm and more than 15 dB,
respectively. The OFDMA-VLC positioning systems provide high spectral efficiency, high tolerance
against multipath-induced distortion and flexible bandwidth allocation. The positioning accuracy of
the proposed scheme depended on the SNR of received OFDM signal and the estimation accuracy
of distance, which could be improved using high-power LEDs and high-gain optical concentrators.
In addition, more effective method to calculate the relationship between the distance and RSS
should be studied to obtain accurate positioning.
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