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Abstract. In order to provide a cost-effective indoor positioning and tracking service for autonomous ground
vehicles and other important assets in smart factories, we report the theory and experiments for a real-time
indoor positioning system using commercially available LED lamps. Inspired by the fundamental theory of the
global navigation satellite system, the proposed system uses the phase difference of arrival (PDOA) approach
to obtain the time difference of arrival of each carrier transmitted from individual modified LED lamps so as
to estimate the receiver position. A prototype of the atto-cellular positioning system covering an area of 2.2 ×
1.8 m2 with a height of 2 m was designed and experimentally demonstrated. For the design, we performed a
simulation based on the Crámer–Rao bound to achieve optimal LED lamp arrangement, RF power, and other
parameters. Furthermore, a virtual local oscillator for the PDOA scheme was applied to reduce the hardware
complexity and to ensure the processing speed. In the experiment, the receiver was mounted on a movable
material buffer station in a smart workshop, and the positioning performance was validated by tracking the tra-
jectory of the material buffer station moving within the positioning coverage area. The experimental results show
that an average positioning accuracy of ∼7 cm was achieved. © 2019 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.OE.58.8.084112]
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1 Introduction
The concept of the smart factory or manufacturing on
demand under the framework of the internet of things (IOT)
has become increasingly popular in recent years. As one of
the pillars of the smart factory and IOT, indoor positioning
technology enables automatic guided vehicles (AGVs),
important assets, and even the containers for inventory with
full location awareness.1,2 Before the emergence of indoor
visible light positioning (VLP) service based on visible light
communication,3 or light-fidelity (Li-Fi),4,5 a number of con-
ventional RF-based indoor positioning technologies were
applied in smart factories, but they inevitably suffered from
strong interference and high cost.2,6,7 Recently, VLP has
become increasingly attractive because of the ubiquitous
adoption of LED lighting infrastructure.6–8 Indoor VLP ser-
vice is superior to conventional techniques such as Wi-Fi and
ultra-wideband (UWB) in terms of accuracy, interference-
free spectrum, and infrastructure deployment. In particular,
VLP’s line-of-sight transmission avoids the severe multipath
effect that limits the achievable accuracy of positioning
using Wi-Fi and UWB. Several positioning methods,
such as received-signal-strength schemes,9 angle-of-arrival
approaches10,11 or imaging-sensor-based methods,12 and
time-of-arrival (TOA) methods or time-difference-of-arrival
(TDOA) approaches13,14 have been adopted by VLP re-
searchers. Among those various means, the TDOA method
shows the highest accuracy and robustness with similar
hardware complexity and costs.15,16

In 2018, we experimentally realized VLP using TDOA
through digital usage of a virtual local oscillator (VLO).17

Despite the reduction in complexity afforded by the VLO
and interpolation technique, the TDOA method is based
on cross-correlation, and thus always relies heavily on digi-
tization with a high sampling rate.18 To avoid the cross-
correlation-based TDOA approach, we further proposed and
validated an alternative TDOA scheme based on phase-
difference-of-arrival (PDOA) measurement.19 It uses an
extra-carrier signal in one of the LED transmitters so as
to avoid the usage of local signals. However, this solution
sacrifices the ease of deployment and increases the algorithm
complexity.

To address these issues, this study was conducted to theo-
retically and experimentally develop a real-time two-dimen-
sional (2-D) indoor positioning system, using commercially
available LED lamps, which uses PDOA to calculate TDOA
from carrier signals transmitted from the LED lamps to com-
plete localization tasks. Through digital usage of VLO,17 the
proposed system further benefits from reduced implementa-
tion complexity. To further enhance system performance,
some configuration parameters were theoretically optimized
by evaluating Crámer–Rao bounds. The proposed system
was realized and verified experimentally in a smart work-
shop. The average positioning accuracy of the VLP system
utilizing the proposed scheme is less than 10 cm in a cover-
age area of 2.2 × 1.8 m2. The research progress is believed to
have a potential impact on the implementation of Li-Fi and
indoor positioning using white LEDs, which has always been
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attractive to researchers in the area of smart factories and
optical IOT. The main contributions of our work are:

• The proposed application of VLO in a VLP system
using PDOA in order to reduce system complexity.

• The method for optimizing LED lamp arrangement,
RF power, and other configuration parameters using
Crámer–Rao bound derivation.

• The experimental verification of the performance of
the proposed scheme in a smart workshop.

The rest of this paper is organized as follows. In Sec. 2,
the proposed VLP scheme is presented, ranging from the sys-
tematic overview to the PDOA algorithm with the VLO tech-
nique. Section 3 discusses the theoretical boundaries based
on the numerical simulations. Section 4 describes the dem-
onstration of the positioning system prototype and its exper-
imental validation in terms of accuracy. Finally, a summary
of the conclusions is discussed in Sec. 5.

2 Principle
This section provides an overview of the VLP system and
elaborates the proposed scheme of PDOA-based position
estimation, particularly including phase-of-arrival (POA)
measurement with virtual local signals.

2.1 Overview of the PDOA-Based VLP System

Inspired by the fundamental theory of the global navigation
satellite system (GNSS), the proposed system uses PDOA
approach to measure the TDOA of any two carriers transmit-
ted from individual modified LED lamps so as to estimate the
receiver position. Likewise, the three LED lamps are consid-
ered as three “indoor satellites,” as shown in Fig. 1, which
broadcast the synchronized carriers so that the users can
receive all the carriers and measure TDOA values from
PDOA to determine their own locations. As shown in
Fig. 1, the VLP system has a cellular form at the transmitter
side to achieve greater coverage, in which three neighboring
LED lamps are grouped into one atto-cellular unit.20 It is
noteworthy that the performance of the VLP system can
be roughly represented by one atto-cell unit. Hence, we pre-
liminarily concentrated on the performance of one atto-cell

unit in this study without loss of generality. As shown in
Fig. 1, the signal generator generates sinusoidal waves with
unique frequencies as modulation signals for every LED
transmitter. The current boosters amplify the modulated sig-
nals, and the bias tees subsequently combine them with DC
power for simultaneous illumination. The bottom of Fig. 1
shows the VLP receiver for users, consisting of an avalanche
photodetector coupled with an optical blue filter and a digital
localization module. The digital localization module consists
of a digitizer, a PDOA measuring module, and a position
estimator. The digitizer first converts the analog output of
the photodetector into digital signals. The PDOA measuring
module subsequently calculates the TDOA from LED trans-
mitters based on POA measurement according to the pro-
posed algorithm introduced in the next section.

2.2 PDOA Algorithm

The essence of the PDOA algorithm is to indirectly achieve
the TDOA from phase measurement. Although the algorithm
is labeled by PDOA,15 there is no actual PDOA value
involved. A schematic of the PDOA algorithm is shown
in Fig. 2. After digitization, the originally received signal
is split by predetermined bandpass filters (see BPF #1-3
in Fig. 2) into the carrier signals of different frequencies gen-
erated by several LED transmitters. Then, the carrier signal is
sent to the sync cutter. Meanwhile, the filtered carrier is also
pumped into a peak detector, which provides the location of
the first peak of the originally received signal in units of sam-
ple points. The procedure of the peak detector is: (1) it ini-
tially mixes all the carrier signals into a mixed sinewave after
normalization; and (2) it then finds the maximum absolute
value within the first common period. The sync cutter of each
carrier channel truncates a certain amount of sample points
of the collected data as per the result provided by the peak
detector. Once the truncation is completed by the sync cutter,
the truncated signal is transferred to the multiplier, yielding
the product of the truncated signal and the local signal. The
local signal is sourced from the VLO, which is digitally built
in the software. At the end, a low-pass filter (LPF) for each
carrier channel removes the high-frequency components and
retains the DC components containing ϕ 0

i , which represents
the relative phase difference between the carrier signal from

Fig. 1 Schematic of the atto-cellular VLP system in a workshop.
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the i’th LED and the virtual local signal with the same fre-
quency. Considering the PDOA-based VLP as a quasi-
synchronized system,8 ϕ 0

i includes not only the POA ϕi
from the i’th LED to the receiver but also the unknown initial
time difference between the carrier and the local signal
denoted by tPR. Hence, the relationship is formulated as

EQ-TARGET;temp:intralink-;e001;63;465ϕ 0
i ¼ ϕi þ ðtPR · 2πfiÞ; (1)

where fi denotes the carrier frequency transmitted by the i’th
LED. tPR is equivalent to the pure pseudorange (PR) in the
GNSS technique.21 Likewise, tPR is expected to be the same
for all the output of LPFs, because the carriers of all LEDs
are synchronized to each other. Hence, tPR can be offset by
calculating the TDOA by subtraction.21 Unlike the approach

employing a real local oscillating signal, using a virtual local
signal demands an additional time constraint. In other words,
tPR is the same for all the LPF outputs only when the time
interval between data acquisitions in each measurement is a
multiple of the common period shared by all carriers.17 That
is also the motivation for deploying the sync cutter and peak
detector. Finally, the output of each subtractor shown in
Fig. 2 is converted into TDOA, denoted by t1 − t2 and
t2 − t3, respectively.

Eventually, the position is determined by the position esti-
mator as shown in Fig. 1 based on the TDOA values trans-
lated from POA values and the trilateration method. Let (xi,
yi, zi) be the coordinates of the i’th LED, c be the speed of
light, and (Xr, Yr, Zr) be the coordinates of the receiver.
We have

EQ-TARGET;temp:intralink-;e002;63;354

8>><
>>:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx1 − XrÞ2 þ ðy1 − YrÞ2 þ ðz1 − ZrÞ2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 − XrÞ2 þ ðy2 − YrÞ2 þ ðz2 − ZrÞ2

p
¼ c ·

�
ϕ 0
1

2πf1
− ϕ 0

2

2πf2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 − XrÞ2 þ ðy2 − YrÞ2 þ ðz2 − ZrÞ2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx3 − XrÞ2 þ ðy3 − YrÞ2 þ ðz3 − ZrÞ2

p
¼ c ·

�
ϕ 0
2

2πf2
− ϕ 0

3

2πf3

�
:

(2)

To solve Eq. (2) and hence to acquire the desired coordinates
(Xr, Yr, Zr), numerical methods, such as Newton–Raphson and
Levenberg–Marquard, are generally used.22

3 Theoretical Boundaries
This section discusses the theoretical boundaries derived
from simulations. The optimal configuration was also deter-
mined according to the simulation works.

3.1 Crámer–Rao Bound Derivation

For simplicity and without loss of generality, the scenario of
2-D positioning was specifically considered, and the process
of the POA/TOA and PDOA/TDOA was assumed as an
unbiased estimation. Theoretically, the Crámer–Rao lower
bound (CRLB) of PDOA estimation can be given through
a Fisher matrix23,24 but not easily in the closed form; this
is not convenient for optimization of system deployment.
Hence, an approximated closed form of CRLB of PDOA
estimation was utilized in this study on the basis of existing

research.25,26 First, the CRLB of POA estimation at the j’th
position from the i’th LED transmitter is given in the liter-
ature as25,26

EQ-TARGET;temp:intralink-;e003;326;250

σ2POAi;j
¼ c2

ð2π ffiffiffi
3

p
fcÞ2 · ts ·

ffiffiffi
3

p
fc ·SNRi;j

¼ c2

ð2π ffiffiffi
3

p
fcÞ2 · ts ·

ffiffiffi
3

p
fc · ðEx ·At2i;j ·Rp2Þ∕N0

; (3)

where fc is the carrier frequency and ts is the duration of the
signal for processing. As is commonly known, the signal-to-
noise ratio (SNR) at the j’th position from i’th LED
transmitter can be rewritten as a function of photodetector
responsivity with gain Rp, RF power Ex, noise power N0,
and channel attenuation Ati;j at the j’th position from the
i’th LED transmitter. Therefore, CRLB for PDOA at j’th
position is derived as

Fig. 2 Schematic of the PDOA algorithm.
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EQ-TARGET;temp:intralink-;e004;63;752σ2PDOAj
< max½σ2POA1;j

þ σ2POA2;j
σ2POA2;j

þ σ2POA3;j
�: (4)

If the SNR is sufficiently high in a certain range, Eq. (4)
can be rewritten as

EQ-TARGET;temp:intralink-;e005;63;705σ2PDOAj

≈max

�X2
i¼1

c2

ð2π ffiffiffi
3

p
fcÞ2 · ts ·

ffiffiffi
3

p
fc · ðEx · At2i;j · Rp2Þ∕N0

;

X3
i¼2

c2

ð2π ffiffiffi
3

p
fcÞ2 · ts ·

ffiffiffi
3

p
fc · ðEx · At2i;j · Rp2Þ∕N0

�
:

(5)

In Eq. (5), the noise power N0 and channel attenuation
Ati;j can be expressed as

EQ-TARGET;temp:intralink-;e006;63;565Ati;j ¼
mþ 1

2π · d2i;j
· Ar · cos2ðψ i;jÞ · cosðθÞ · α · η; (6)

EQ-TARGET;temp:intralink-;e007;63;509

N0 ¼ 2q · B · ðγ · Popt þ Ibg · IBÞ

þ
�
8π · k · Tk · Ar · IB · Cap · B2

Gol

�

þ
�
16π2 · k · Tk · τ · Ar2 · I3 · Cap2 · B3

gm

�
: (7)

In Eqs. (6) and (7), di;j is the distance between the
receiver at the j’th position and the i’th LED transmitter;
Ar is the area of the photodetector (20 mm2); m is the
Lambertian order of the LED transmitter; ψ i;j is the irradi-
ation angle of the i’th LED with respect to the receiver at the
j’th position; θ denotes the incidence angle; α represents the
efficiency of the blue filter; η is the transmittance of window

glass; Gol is the open-loop gain of the photodetector, set
as 1767.578 V/A herein; and γ is the responsivity of the
photodetector, set as 16.54 A/W herein. Elsewhere, Popt is
the power of the incident light; q is the electronics charge
(1.6 × 10−19 C); Ibg is the background current, set as
5.10001 × 10−3 A; IB and I3 are the noise bandwidth factor
(0.562 and 0.0868 Hz−1); k is Boltzmann’s constant
(1.38064852 × 10−23 m2kg s−2K−1); Tk is the environmen-
tal temperature in Kelvin (298.15 K); gm is the transconduct-
ance of the field effect transistor (FET) (30 × 10−3 S); τ is
the FET channel noise factor, set as 1.5 herein; Cap is the
fixed capacitance of the photodetector, set as 112 × 10−8 F
herein; and B is the equivalent noise bandwidth, normally
assumed as 20 MHz.

3.2 Simulation Results and Discussion

Using the derived CRLB model, we investigated some
important configuration parameters, including the carrier
frequencies, RF power, coverage, and LED arrangements.
Both the 95% cumulative distribution function (CDF) error
and average error were adopted as metrics to quantify the
CRLB and hence to evaluate the configuration parameters.
Figure 3 shows the CRLB curves versus different carrier
frequencies, RF power, coverage, and LED arrangements.
First, the carrier frequency was studied in a coverage area
of 4 m × 4 m. As shown in Fig. 3(a), the curve becomes
flat after the carrier frequency exceeds 4 MHz, so we opted
for 4 MHz as the optimal carrier frequency. Then, we inves-
tigated the CRLB versus coverage under a carrier frequency
of 4 MHz. In Fig. 3(b), a dramatic increase in positioning
error is observed when the coverage exceeds 3 m × 3 m,
hence a reasonable coverage area was chosen as 3 m × 3 m.
Likewise, the RF power and LED arrangements were also
optimized sequentially. Investigating the optimal LED
arrangement is an important theoretical work because using

Fig. 3 Theoretical bound of VLP under different (a) carrier frequencies, (b) RF power, (c) coverage, and
(d) span of LED lamps.
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optimal LED arrangement can not only increase the position-
ing accuracy15 but also improve the coverage area.27

It is noteworthy that the LED arrangements herein were con-
fined in equilateral triangles only, because this has been iden-
tified as the most suitable arrangement.15 Thus, we needed
only to find the optimal span of the LED lamps (i.e., the
length of one side of the equilateral triangle). It should be
also noted that the nonlinearity effect impacts the perfor-
mance when adjusting the RF power and that the nonuniform
initial time delay at different irradiation angles affects perfor-
mance when adjusting the span of two individual LED
lamps, both of which are neglected in the current CRLB
model. Therefore, the previous works15,19 offer us some
guidelines to thoroughly consider the optimal values by com-
bining the results from Figs. 3(c) and 3(d).

The optimal parameters based on the theoretical analysis
are concluded as the following: the optimal carrier frequency
is 4 MHz, the reasonable maximum coverage is 3 m × 3 m,
the optimal RF power for each LED lamp is 0.196 to 0.2 W,
and the optimal span of two individual LED lamps should be
greater than 0.4 m in a single VLP unit. Furthermore, it is
concluded that the theoretical accuracy boundary for an opti-
mal VLP unit using 4 MHz carrier frequency is 10 cm at 95%
confidence in a coverage area of 3 m × 3 m.

4 Experimental Demonstration

4.1 Atto-Cell VLP Unit Prototype

The prototype atto-cell VLP unit for experimental investiga-
tion was realized with the optimal parameters described in
Sec. 3.2. Figure 4 shows a photograph of the experimental
setup. Three LED lamps (Lumiled LXK8-PW50-0206) were
the transmitters, mounted on the ceiling at a height of 2 m.
Allocated to LED#1, LED#2, and LED#3 were the RF car-
rier frequencies of 4, 4.2, and 4.4 MHz, respectively. The
synchronized RF carriers were generated by a signal gener-
ator (Spectrum M4x.6622-x4) and amplified by current
boosters (Analog Devices Inc. AD811 and Burr-Brown
BUF634) before they reached the LEDs. Both the signal gen-
erator and current boosters were placed inside the rack
shown in the left side of Fig. 4. The RF power and LED

arrangements were also configured as per the simulation
works described in Sec. 3.2. The receiver, mounted on a
movable material buffer station, was composed of an ava-
lanche photo-diode kit (Hamamatsu S8664-50K), an oscillo-
scope (Tektronix MSO3102), and a laptop. The oscilloscope
digitized the received signal, and the laptop performed real-
time digital signal processing using LabView; both devices
were placed in the bottom of the material buffer station. The
positioning results were displayed via a Wi-Fi connection
on the monitor placed at the top of the rack. The signal
processor not only implemented the algorithm described
in Sec. 2.2 but also adopted the Kalman filtering technique
applied in our previous research17 to enhance the positioning
performance. The position estimations were calculated in
real time at 2 Hz.

4.2 Experimental Results and Discussion

The experiment was performed in a coverage area of 2.2 ×
1.8 m2 in a smart workshop. The height of the APD module
was adjusted so that the vertical distance between the trans-
mitters and the receiver could reach 1.4 m. The receiver was
mounted on a movable material buffer station, and the posi-
tioning performance was validated by tracking the trajectory
of the material buffer station moving around underneath the
atto-cell VLP unit. The raw POA measurement and inter-
preted TDOA values after Kalman filtering with calibration
at one of the positions to be estimated are shown in Fig. 5. It
is evident in Fig. 5(a) that the POA measurements share
common fluctuations, which are coincidentally mitigated
by the PDOA/TDOA calculation. According to Fig. 5(b), the
final TDOA output from the POA measurement is highly sta-
ble even though the signal amplitude is as low as 30 mV,
indicating the overwhelming accuracy over other methods.
It is noteworthy that Figs. 5(a) and 5(b) have different units
in Y axis. According to the right side of Eq. (2), 1 deg differ-
ence in POA can lead to a difference of around 0.7 ns in time-
domain when carrier frequency is 4 MHz. Hence, Fig. 5(b)
can be considered as a zoom-in perspective of Fig. 5(a) to
show the difference between the measured POAs. In sum-
mary, Fig. 5 has clearly presented the high resolution of our
scheme in analyzing the gap between the measured POAs.
Moreover, the trajectory of the material buffer station was
captured during the testing in practical usage, as shown in
Fig. 6. Overall, the estimated trajectory is precise except
at the edge of the coverage area. Hence, it can be concluded
that the accuracy is sufficient to support indoor positioning,
tracking, and navigation for AGVs.

A conventional PDOA-based VLP system using a
synchronized real local signal was also realized and tested
for performance comparison. According to the experimental
results, the root mean square of positioning error is 7.37 cm.
The positioning error is also concluded in Fig. 7 in CDF for-
mat. It can be seen that the positioning error is less than
14 cm with a 90% confidence level. It should be noted that
there is a gap between actual and predicted (simulation) per-
formance, especially at the edge of the coverage area. This
can be explained by the phase instability and bias measure-
ment error introduced by the practical hardware implemen-
tation, which is neglected in our simulations.

As shown in Fig. 7, we further included the performance
of the conventional PDOA-based VLP system using real
local oscillating signals in the same scenario for comparison.Fig. 4 Experimental setup.
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Evidently, the estimation using a virtual local signal is even
better than that using a real local signal. This is likely caused
by the way we synchronized the local signal in the experi-
mental setup, where we utilized a cable to broadcast the real
local signal. While the receiver was moving, the impedance
of the cable broadcasting the real local signal varied slightly
with bending and rotation. As a result, there are slightly
different initial phase delays at different positions, which is
assumed to be consistent at different positions. For this rea-
son, positioning error when using a real local signal becomes
larger than that when using virtual local signals. After
thorough verification, it can be concluded that the prototype
using PDOAwith VLO outperforms the conventional PDOA
system in terms of both increased accuracy and reduced
complexity. Meanwhile, we also compare the result with
the work that directly measured TDOA for positioning.17

Comparing with the results from the previous works,17 we
can summarize that using PDOA scheme can reduce posi-
tioning error by 7% than using direct TDOA scheme, as
comparable as the accuracy improvement from using VLO.
Moreover, it should be noted that directly measuring
TDOA needs extremely high time resolution hence exces-
sively high demand for sampling rate of digitization (e.g.,
>200 MSa∕s). Therefore, the prototype in this paper that
only uses <50MSa∕s for sampling has successfully
addressed this concern while slightly improving the position-
ing accuracy.

5 Conclusion
In order to provide a cost-effective indoor positioning and
tracking service for AGVs and other important assets in a
smart factory, a real-time indoor positioning system using
commercially available LED lamps is presented in this paper.
The proposed system measures the PDOA of each carrier
transmitted from individual modified LED lamps so as to
estimate the position of the receiver. The VLO is also applied
to reduce the hardware complexity. After carrier frequencies,
LED arrangements, and RF power were optimally deter-
mined, a prototype atto-cellular positioning system covering
2.2 × 1.8 m2 was experimentally demonstrated, and an
average positioning accuracy of ∼7 cm was achieved. Our

Fig. 5 (a) The raw POA measurement results and (b) TDOA values after Kalman filtering and calibration
at (0.4560, −0.4034, 1.4).

Fig. 6 Real-time trajectory captured in the test.

Fig. 7 CDF plot of 2-D positioning error in coverage of 2.2 × 1.8 m2.
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research progress shows great feasibility of applying Li-Fi
and VLP technology into scenarios of smart factories and
IOT, which can fully enable all the assets and AGVs with
location awareness. In the future, the experimental work of
cellular VLP network covering the whole shopfloor will be
presented. In addition, more techniques to improve position-
ing accuracy will be further investigated, such as least square
algorithm with redundant LED lamps.
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