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Abstract—A novel indoor positioning approach using entities
of the visible light communication system as anchor points and
tags is presented. Time difference of arrival between anchor
points and tags is estimated by means of positioning reference
signals embedded into the orthogonal frequency division multi-
plexing (OFDM)-based visible light communication air interface,
assuming a joint processing of signals transmitted by the anchor
points. Simulation results show that positioning accuracy of 10 cm
or higher is possible for over 95% of users given a sampling
clock offset better that 10 ppm, clock jitter below 1ps and a bit
resolution of 16 bits.

I. INTRODUCTION

Current advances in development in field of automation have
placed greater demand on precision of the computation of the
position of the object being tracked, both in indoor and outdoor
scenarios. Global navigation satellite system (GNSS) is the
most ubiquitous positioning system in outdoor scenario which
is used for civilian and military uses alike. Of the most popular
GNSS, global positioning system (GPS) achieves a measured
mean accuracy of 5m in horizontal plane using commercially
available smartphones [1]. An accuracy of 5m may be suf-
ficient for the most ubiquitous use of navigating a person or
a vehicular traffic from its source to destination. However,
such accuracy is insufficient in the context of autonomous
driving or autonomous drone navigation [2]. To improve
accuracy, advanced receiver architectures that combine range
measurements from GNSS satellites with measurements of
motion and orientation with inertial sensor units are being
developed.

Likewise, in an indoor scenario, the stringent demand on
positioning is fuelled in part by the growth in Internet-of-
Things (IoT)-applications [3]. Especially in the context of the
fourth revolution in the industry, popularly termed Industry
4.0, it has become essential that the objects are able to
ascertain either their absolute or their relative surroundings
and form networks in order to interact with one another. One
particular example could be tracking of location of tools and
persons in a factory [4], so as to ensure certain quality control
parameters of a process are fulfilled. Likewise, storing and
retrieving goods in a warehouse, moving a mobility-impaired
person from a room to another in hospitals, stations, airports
could be other applications in an indoor environment that
require precise determination of position and communication.

While indoor positioning is a topic of intensive research
and development, there is no single standard or system for

positioning in indoor scenario. Seamless coverage with GNSS
is not feasible due to weak coverage of GNSS signal indoors.
Hence, a wide variety of systems are developed ranging from
wireless local area network (WLAN) fingerprinting [5-7],
proximity detection using bluetooth beacons [8] and ultra wide
band (UWB) positioning systems [9, 10]. One of the major
problem surrounding the signals in the Gigahertz band is
multipath propagation, which limits the precision.

Optical signals, by contrast, are much more immune to
multipath since the strength of the diffused component is
significantly weaker than the direct path. As a result, high
precision system in indoor scenario typically employ signals
on or near the visible spectrum of the electromagnetic spec-
trum. The recent development in visible light communication
(VLC) technology, which is considered to be one of the
key-technologies driving the fifth generation (5G) of mobile
communications is a suitable technology to be exploited
for positioning in indoor scenario [11]. Techniques such as
fingerprinting of optical signals from various anchors [12,
13], trilateration based on received signal strength [14,15]
or triangulation using imaging receivers [16] have been in-
vestigated. Visible light positioning systems have also been
deployed commercially [17] in recent years. In addition, there
have been reference positioning system based on camera
that provide accuracy in the millimeter to centimeter region
[18-20]. Likewise, time difference of arrival (TDOA)-based
methods for positioning in the visible light communications
are also considered indoor positioning [21]. However, the
proposed methods are either difficult to scale or do not
integrate seamlessly with the modern VLC systems that allow
for multi-user support.

To address the above shortcomings and to utilise the VLC
system for both positioning and communications, a method
for estimating phase based on pilot signals is investigated
in this paper. The proposed method requires that the VLC-
capable anchors emit synchronised OFDM signals, where the
modulated symbols are identical on data subcarriers, but on
the subcarriers bearing positioning reference signals, they are
unique to each anchor points (APs). By estimating the relative
phase, the TDOA between any two anchors is computed
and the position is computed using well-known TDOA-based
algorithm such as [22]. The result show that a position error
of less than 10cm is feasible for more than 95% of the cases
even when taking imperfections in clock signals and limited
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bit resolution into account.

The remainder of the paper is arranged as follows: Section II
provides a brief overview of the TDOA algorithm and VLC
technology. Section III describes the system considered. The
methodology and simulation parameters for the investigation
are provided in Section IV-A and the results are provided in
Section IV. Finally the conclusions are drawn in Section V.

II. SYSTEM DESCRIPTION

Positioning of tags in an area where a VLC system is
deployed is the focus of this work. The downlink transmission
in an OFDM-based VLC system is used for computing the
position of a tag. The coverage area of a VLC communication
system is an attocell. A VLC-capable tag connects to an
attocell that provides the strongest reception. At the same time,
it also receives signal from nearby attocells. Fig. 1 shows the
arrangement of anchors in a deployment area. The tag then
analyses the visible light signals and computes the time delay
between itself and each of the anchor points. The coordinates
of the anchors in a local coordinate frame are assumed to
be known to the tag. This information can be provided by
the VLC system itself using a system information broadcast
(SIB), the tag can compute its position using the well-known
TDOA algorithm.

A brief discussion of TDOA algorithm and the OFDM-
based VLC is provided.

A. TDOA-based positioning

TDOA [22] is a multilateration-based positioning technique
where the difference in time of arrival (ToA) of signal are
used to solve the unknown x—, y— and z—coordinates of the
tag. Denoting the time of flight (ToF) between anchor a and
the tag as 74, %4, Ya, 2 a8 T—, y— and z—coordinates of the
anchor a, the unknown coordinates x, y and z of the tag can
be computed by solving

Az +Byr +Cuz+ D, =0. (D

The coefficients in (1) are defined as follows

A, = e 21
CTq CT1
2 2
B, — e _ 2
CTq CT1
2z 2z
c, = Zca 2~
CTq CT1
2 2 2 2 2 2
T z ]+ z
Da = T, —CT — a+ya+a+ 1 y1+ 1.

CTq CT1

where c is the speed of electromagnetic waves through the air
and 2 < a < Ny, where N4 is the number of anchors in
the system. If the 7, € {7 ---7n,}, where N4y > 5 can
be estimated and if, then the minimum mean square error
(MMSE) position solution can be computed. The focus of
this work is to compute the delays using optical wireless
communication system. To this effect, the relevant details of
the VLC system is briefly described below.
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Fig. 1. Depiction of positioning with visible light communication network
deployed in a room. (a) shows the side view and (b) shows the top-view. The
APs are arranged in the ceiling in two groups with a height difference of dh.
The arrangement of individual AP within a group is in a pre-defined pattern
shown in (b).
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Fig. 2. Simplified depiction of OFDM-based VLC system.
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B. OFDM-based VLC

Fig 2 [16,23-25] depicts the essential components of a
VLC system. The incoming bitstream is mapped into base-
band symbols and each baseband symbol is modulated to
a subcarrier. The available bandwidth B is divided into NV
subcarriers as shown in Fig.3. By taking N-point inverse
discrete Fourier transform (IDFT) of the baseband symbols,
the symbols are modulated onto the orthogonal subcarriers.
In general, the input and output of discrete Fourier transform
(DFT) operation are complex. However, as the light intensity
emitted can only be real and positive, this requires special
consideration in modulating the subcarriers. In particular, if the
baseband symbol modulated onto the k' subcarrier is denoted
Xy, where k € {—=&,...,...,0,..., 4 — 1}, it is ensured
that the output of an OFDM modulator is real if X = X*
holds [23]. The output of the OFDM modulator is digital to
analog (D/A) converted and the requirement of positive optical
intensity is ensured by adding a positive direct current (DC)
offset to the OFDM symbol generated. The resultant signal is
fed into an light emitting diode (LED) driver circuit, which
converts the voltage fluctuations in the signal to fluctuations
in the output intensity of light, a technique known as intensity
modulation.

At the receiver side, the photodiode (PD) converts the light
intensity into electrical signal. Since no heterodyne receivers
are involved in conversion, the technique is known as direct
detection. The current is amplified, sampled and analog to dig-
ital (A/D) converted. The baseband symbols are extracted by
taking DFT of the samples and equalised with an expectation
to recover the transmitted symbols.

1 —— Anchor 1
0.9 Anchor 2
Anchor 3
0.8 4|—— Anchor 4
Anchor 5

0.7 1l—d.c.

o
o
T

Normalised Power
o o
=~ o

HAAA

2
Subcarrier Index [k]

6

Fig. 3. Depiction of orthogonality of subcarriers in OFDM system. Only 16
subcarriers are depicted for clarity in visualisation. In OFDM-based VLC,
the Kt and —k*® subcarriers must be assigned to the same user to satisfy
real-signal constraints.

III. SYSTEM DESIGN

The proposed system consists of APs controlled by a
central controller, forming a cooperative multipoint (CoMP)
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Fig. 4. Estimation of signal propagation delay from an APs to a tag.
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Fig. 5. Estimation of signal propagation delay from an APs to a tag.

system. The positioning reference signals are predetermined
and allocated uniquely, at least locally, to each AP. The
optical signals emitted from each of the APs travel through
the optical channel and are received at the photo diode where
they superimpose upon one another. The receiver is aware
of the positioning reference signals allocated to each of the
APs and extracts the signals and estimates the phases. Let
the subcarrier ¢ € P, be the set of subcarriers allocated to
AP a for broadcasting the positioning reference signals and
X; be the positioning reference signal transmitted on the 7*"
subcarrier. The symbol transmitted by anchor a propagates
through the optical channel and impinges upon the photodiode
of tag b, where H, i(a’b) is the ideal channel response. The X i(b)
is the received symbol at tag b on subcarrier ¢, the estimated

channel response (Hi(a’b)) is given by

Y =2 (2)
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Z-( )Hi(a"b) +e¢€, where € is the error vector,

(2) can be expressed as

Noting that X* = x

ﬁ;a,b) _ Hi(a,b) +€H*Ea,b). (3)

The delay from AP a to tag b is denoted 7435, In the
following, the subscript for tag b is dropped since there is
no need to differentiate different tags within the scope of this
paper. Hence 7, represents the delay from AP a to tag b. The
following relationship between 7 and subcarrier index ¢ holds:
7Y = |Hi(a)|ej27”ai +eH 4)

7

In ideal sense, the phase of H;a) is linear with the subcarrier
index 7 as depicted in Fig. 5. The gradient of the plot of
subcarrier index ¢ vs the phase of channel transfer function
(LH) is
m = 277'['7_(1. 5)
T

Note that (5) is unique as long as 7, < 7. However,
provided the positioning reference signals are dense enough
and uniformly positioned across the frequency domain, the
phase jumps can be identified and the estimated phase can be
linearly unwrapped. As a result, using (5) the value of 7, can
be estimated from 1, which is the noisy estimate of m using
simple linear regression algorithm.

In order to investigate the impact of impairments, the source
of estimation error on m are identified and investigated in this
paper. In the following paragraphs, the prominent error sources
are identified and discussed.

A. Quantisation noise

Quantisation noise in an ideal system where the signal
uniformly spans entire A/D range is given by

SQNR = 10log,((29) (6)
6.02 - Q[dB]

where @ is the effective bit resolution of the A/D converter.
In the proposed system, which employs joint processing at
the anchors and constructive interference at the receiver, the
strength of all signal components are not necessarily equal.
The signal originating from the nearby AP suffers least quan-
tisation noise and vice versa because the effective dynamic
range of the A/D converter is determined by the strongest AP
to avoid clipping of the signal.

B. Sampling clock offset and jitter

The received signal at the receiver in presence of mismatch
between the transmitter and receiver clock frequency is mod-
elled consistent with the author’s earlier paper [24] as

JT(2i(INgs — N) + <m>>> .
N

Xy = XiiHijexp (
sin(m (1A
M + NCCI
sin( 57 (iA))
where X;; and Y; ; are the transmitted and received baseband
symbols on the i*? subcarrier during the I*" OFDM symbol.

H;,; is the corresponding channel transfer function, Ny is
the number of samples including the guard interval, N is
the fast Fourier transform (FFT) window size and A is the
mismatch between receiver and transmitter clocks. The term
Nccr models the co-channel interference (CCI) noise [24],
which is given by

Near = XigHiy-
JT(2k(INos — N) + (k(A + 1) — 7))
. )
sin(m(kA 4+ k — 1)) )
(bln(;\r](k;A +k— Z))) +-/\G1ttcr7

where term Njjer 18 noise caused due to clock jitter. The clock
jitter is caused due to thermal noise at the sampling clock input
of the A/D converter and is modelled as Gaussian noise. The
clock jitter with stable clocks typically lies in the range of
a few ps, which causes negligible errors in phase estimation
in comparison to that caused by the sampling clock offset.
The intersymbol intereference (ISI) is avoided by design in an
OFDM system due to addition of guard interval and does not
contribute to phase measurement errors.

C. Non-linear effects

Other non-linear effects including clipping and non-linear
transmission characteristics of the LED are omitted for the
scope of this publication. A comprehensive treatment of non-
linear behaviour and their mitigation strategies can be found
in [25]. Non-linear effects, other than the one specifically
mentioned in this article are not modelled for the results
presented in this simulations, and left as subject to further
study.

D. Noise

VLC communication systems suffer from two categories of
noise - first, the thermal noise and second the shot noise.
The shot noise (Ngnot), which originates in the photodiode
is expressed as [16]

-A/'shot = 2q-RpPoptB + 2qugI2-Ba (7N

where ¢ = 1.60217646 x 10'C is electron charge, R, is
the responsivity of the photodiode, F,; is the total optical
power incident on the photodiode emitted by the anchors , B is
the noise equivalent bandwidth, Iy is the background current
generated in the photodiode and I is the noise bandwidth
factor [16]. Likewise, the thermal noise which originates from
the transimpedance amplifier, (NV;y,), is given by [16]

8wkgT 1672kgTT

Gf] 77Ade282 + gmB 772"43)
where kg is Boltzmann’s constant, 7' is ambient temperature
of the system, GG, is the open loop voltage gain, 7 is the field
capacitance per unit area, Apq is the area of the photodiode, I
is the channel noise factor of the field effect transistor (FET),
Jm 1s the FET transconductance, and I3 is the noise bandwidth
factor.

Niw = aI3B%,  (8)
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The effect of noise on estimation of TDOA is considered,
and the parameters used for generating the noise are provided
in Table I.

E. Geometry of Anchor Location

The geometry of the anchor location influences the co-
efficients in (1). Consequently, for a given set of system
imperfections, a certain geometrical setup of anchors provide
may better positioning error than another setup. The setup in
Fig 1 has been considered from the perspective of practicality
of using the anchors as lighting devices, and no attempt has
been made to enhance positioning accuracy due to anchor
geometry.

IV. RESULTS AND DISCUSSIONS
A. Simulation Setup

TABLE I

SIMULATION PARAMETERS
Parameter Symbol Value
LED transmit power Var(Xg) 22 W
LED semi-angle qﬁ% 60°
FOV of the PD e 90°
Surface area of the PD Apd lcm?
PD responsivity Ry 0.5 A/W
Reflective index n 1.5
Optical filter gain T 1
Bandwidth B 20 MHz
Background current Igc 5100 pA
Noise factor Is 0.562
Noise factor I3 0.0868
Circuit absolute temperature Tk 295 K
Open-loop gain G 10
FET Transconductance gm 30 mS
FET channel noise factor r 1.5
Field capacitance per unit area n 112pF /cm?

The simulation parameters of the transmitter and receiver
considered for the simulation are presented in Table I, con-
sistent with [16]. The deployment scenario consists of a
room where the AP emiting OFDM-modulated light signal are
mounted towards the ceiling region in two horizontal planes,
separated from each other by J§h as depicted in Fig. 1(a).
The two planes are depicted as a red grid and a blue grid in
Fig. 1(b). The grid is formed by repeating a rhombus uniformly
in the horizontal plane. The APs are placed at the vertices of
the rhombus. The rhombus in the two planes are so arranged
that the center of rhombus from one planar grid corresponds to
the vertex of thombus from another planar grid. This is done
to ensure the deployment can be extended in a regular pattern.

The tags are distributed in a plane located at a height h
from the lower plane containing the anchors. For the results
presented herein, 200 tags are distributed randomly in the
horizontal plane. The received signal is processed to measure
the TDOA between the closest 6 APs and the position is
computed using the TDOA localisation algorithm described
in section III. The difference between the actual position and
the computed position is collected for each of the tag and the
statistics are presented in sectionlV.
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Fig. 6. Impact of quantisation on positioning error.

B. Impact of Quantisation Errors

The impact of quantisation on system performance is de-
picted in Fig. 6. For the results presented herein, other imper-
fections are ignored and only qunatisation error is considered.
Four typical bit resolution of A/D converters are considered -
10 bits, 12 bits, 14 bits and 16 bits. The results show that the
accuracy of the system degrades on reducing the bit resolution,
as expected. In particular, it is observed that the accuracy at the
9Qth percentile is 70 cm, in which case the benefits of TDOA
system is lost and the performance is comparable to simply
reading the cell ID broadcasted by the optical transmitter. The
result show that bit resolution of 12 or higher is required
to achieve sub-decimeter level accuracy envisaged for IoT
applications. For the rest of the results in this paper, a bit
resolution of 16 bits is assumed for two reasons - first, A/D
converters of 16 bits resolutions and 20 MHz bandwidth are
commercially available and second, for the algorithm using 16
bits resolution allows accuracy better than 1 cm in absence of
clock imperfections.

C. Impact of Clock Imperfections

The impact of the clock impairment parameters, clock offset
and jitter, as discussed in Section III-B on the accuracy
of the system is presented in Fig. 7. For both systems,
perfect synchronisation is assumed at the beginning and the
synchronisation drifts as time passes by, and the receivers
need to regularly synchronise with the transmitters. The result
show that reducing the clock impairment factors increases the
accuracy and vice versa. In addition, the result also show
that for a given clock impairment parameter, the error rate is
statistically lower when the APs share the same clock signal
as opposed to when the AP generate their own clock signal.
In particular, a sub-decimeter level accuracy is achieved with
clock offset of 10 ppm and jitter with a standard deviation of
1fs.
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Fig. 7. Depiction of impact of different methods of clock signal generation
at anchors on the system performance.

D. Spatial distribution of Errors

The spatial distribution of root mean square (rms) position-
ing error is plotted as a contour as a function of x— and y—
coordinates. Tags are distributed at fixed location in a grid with
a spacing of 10cm and at each position the resultant error is
computed. Four different systems parameters are considered -
first, the performance of an ideal system is depicted in Fig 8(a),
where only the thermal and shot noise are considered and
the imperfections in system components are ignored, which
shows that accuracy in milimeter region is possible with the
proposed approach. The plots in Fig 8(b-d), show the system
with resolution of 16 bits and a clock imperfection increasing
from 1 ppm (b) to 5Sppm(d).

The horizontal and vertical components of the errors in

position computation are plotted in Fig 9. The statistics are
presented for the results presented in (d). The results show
that the total error in position computation is dominated by the
vertical component, which is expected because the maximum
separation between two anchors is merely 10 cm in the vertical
plane, as opposed to a minimum of 1m in the horizontal
plane. Nevertheless, a positioning error of less than 10cm
in horizontal domain can be obtained despite high clock
impairment factors. Fusion of measurement from additional
type of sensors, such as a high precision digital barometer [26,
27], could address the limitation arising due to insufficient
vertical separation of anchors.

V. CONCLUSIONS

Indoor positioning using VLC has been investigated and
shown that sub-decimeter level accuracy is possible. The im-
pact of clock imperfections and quantisation on the accuracy of
the positioning system is investigated. In particular, accuracy
in 3D better than 10 cm is shown to be feasible if the sampling
clock offset is kept below 10 ppm, clock jitter below 1 ps and
bit resolution of 16 bits.
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