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Abstract—Precise position information is considered as the main
enabler for the implementation of smart manufacturing systems
in Industry 4.0. In this article, a time-of-flight based indoor po-
sitioning system for LiFi is presented based on the ITU - T rec-
ommendation G.9991. Our objective is to realize positioning by
reusing already existing functions of the LiFi communication pro-
tocol which has been adopted by several vendors. Our positioning
algorithm is based on a coarse timing measurement using the
frame synchronization preamble, similar to the ranging, and a
fine timing measurement using the channel estimation preamble.
This approach works in various environments and it requires
neither knowledge about the beam characteristics of transmitters
and receivers nor the use of fingerprinting. The new algorithm is
validated through both, simulations and experiments. Results in
an 1 m × 1 m × 2 m area indicate that G.9991-based positioning
can reach an average distance error of a few centimeters in three
dimension. Considering the common use of lighting in indoor
environments and the availability of a mature optical wireless com-
munication system using G.9991, the proposed LiFi positioning is
a promising new feature that can be added to the existing protocols
and enhance the capabilities of smart lighting systems further for
the benefit of Industry 4.0.

Index Terms—Optical communication, LiFi, Positioning,
Industry 4.0, Mobile communication.

I. INTRODUCTION

LOCALIZATION services besides reliable wireless com-
munications are essential enablers for smart manufacturing
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scenarios. Tools and robots are connected via wireless links to
a local cloud in which the information from numerous sensors
and actuators are collectively processed in order to control the
entire work flow. There is also a big trend towards the use
of machine learning, i.e. artificial intelligence, in these smart
manufacturing environments. The purpose is to react in real-time
to situations and events, ideally in a proactive manner, based on
a previously learned set of methods. For identifying the most
appropriate method from a large data base of previously learned
ones, it is essential to know the position of the tools or robots,
as otherwise, the search space might be too large and it is hard
to make decisions in real-time.

There are numerous radio-based wireless localization tech-
nologies, among which the global positioning system (GPS) is
widely known as a navigation system for outdoor environments.
However, GPS is neither applicable nor precise enough in indoor
environments since RF signals from satellites experience severe
attenuation when entering into the buildings [1]. Moreover,
the accuracy of the estimated position depends on the avail-
able satellites besides weather conditions [2] and accuracy is
limited by multi-path propagation to 1-5 m [3]. For indoor
localization, there are Wi-Fi based localization techniques [4].
These wireless local area networks (WLANs) provide wire-
less communications in many indoor environments by using
unlicensed spectrum and, thus, it is nearby to consider using
them also for localization. WLAN positioning can be imple-
mented based on the received signal strength indicator (RSSI),
together with location-specific fingerprints, pre-collected from
the channel state information (CSI) which is reported by the
mobile devices [5]. The difficulty of this approach is that rather
detailed a-priori information about the environment is needed
and that the complex multi-path propagation of radio waves in
indoor environments plays a role. In practice, such knowledge
is rather limited, and the accuracy likewise. Ultra wideband
(UWB) radio systems follow a different approach. They provide
higher accuracy based on a ranging approach by using a very
wide bandwidth. However, UWB systems operate in licensed
spectrum. In order to coexist, the power spectral density of UWB
systems must be lower than the noise level of the licensed system.
Moreover, multi-path plays a role for any RF-based technique
in indoor environments. In practice, UWB systems use narrow
pencil beams which limit the coverage and reduce the impact of
multi-path. Despite their high accuracy, the application of UWB
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Fig. 1. LiFi positioning integrated with wireless communications for intelli-
gent transport systems (ITS) in a smart factory.

systems in manufacturing is quite limited due to the high cost
of its implementation [6].

Today, there is a need for a wireless communication system
for smart manufacturing which can provide accurate positioning
besides high-speed wireless communications. The main require-
ments are: i) it can be easily deployed in large indoor areas such
as a manufacturing hall, ii) uses wide-enough bandwidth in an
unlicensed spectrum, iii) has negligible impact of multi-path and
iv) is independent of interference from other rooms.

Optical wireless communications (OWC), is a promising can-
didate to complement radio frequency (RF) wireless systems
in indoor environments such as factories (see Fig. 1). OWC
systems use light as a medium for mobile communications.
OWC can be easily combined with, and has similar deployment
like illumination. In all illuminated areas, communication is pos-
sible, too. OWC access points use the conventional power lines
or Power-over-Ethernet as a fixed backbone. Such networked
OWC systems are denoted as light fidelity (LiFi). LiFi systems
operate in unlicensed optical spectrum. LiFi is robust against
electromagnetic interference (EMI). Moreover, as light does not
penetrate through walls, communication is limited to one room.
For the same reason, LiFi cannot be jammed by RF systems and
it provides additional security in this way. Finally, propagation
of LiFi is mainly based on the line-of-sight. Reflections are
diffuse and not specular as in most RF systems. Thus, multi-path
propagation plays a negligible role. Because of its obvious
advantages, it is nearby to consider LiFi also for positioning
and to integrate it with wireless communications.

In this paper, we propose a localization system for LiFi based
on the existing physical layer (PHY) of the ITU-T specifica-
tion G.9991 [7] in order to provide high-resolution localiza-
tion in an industrial environment. We designed, implemented
and evaluated the proposed time-of-flight based localization
technique both by simulations and experiments in a laboratory
environment. Our LiFi positioning system leverages information
which can be obtained from preambles already embedded in the

existing PHY packet structure for synchronization and channel
estimation while using the existing frontends and PHY layer
signal processing in the existing LiFi systems based on the ITU
recommendation G.9991. Our technique provides significantly
improved accuracy compared to Wi-Fi based solutions and can,
thus, satisfy the requirements of the fourth industrial revolu-
tion (Industry 4.0) [8]–[11]. The deployment of positioning-
enhanced LiFi systems fits nicely to assist the transition to smart
factories which desire reliable and secure wireless communi-
cation as well as accurate positioning toward enhancing the
productivity, efficiency, and flexibility of the entire production
process. As a consequence, it contributes to the future economic
growth.

The remainder of this paper is organized as follows. Section II
highlights the role of localization in industrial environments.
Section III provides a detailed overview on the available wire-
less positioning techniques. Section IV describes our proposed
positioning technique and the required algorithms. Evaluation
results are described and discussed in Section V. Requirements
for chipset implementation explains in Section VI. Finally, Sec-
tion VII provides the conclusions.

II. POSITIONING IN INDUSTRIAL ENVIRONMENTS

Positioning or localization in industrial environments enables
modern industrial applications to support the evolution of smart
factories by determine the position of mobile devices including
ITS, smartphones, tablets as well as (semi-) finished products,
and other production resources that are needed in the factory. In
this section, we briefly describe the role of positioning for the
next generation of smart manufacturing.

A. Positioning of Production Resources

Real-time tracking of production resources, tools, and (semi-)
finished products is a feature that can assist production planners,
who schedule production machines along with resources, by
displaying the position of resources needed on a factory map,
and updating lists with available resources automatically in real-
time. These features enable production planners to schedule in
real-time and process engineers to evaluate production steps and
enhance the efficiency of the production process.

B. Positioning of Transport Systems

Fig. 1 shows a transport system in Weidmüller’s factory. It
transports parts on pallets following predefined routes through
the mounted-cameras downside of the ITS, which is also referred
to as automated guided vehicle (AGV), and used in factories for
transporting parts. The transport system prohibits crashes which
can happen due to obstacles, however, it is not able to determine
a new path on-demand since deviation from pre-defined paths
are not possible. The desired manner is to provide flexible
movements which prevent blockages.

By equipping ITSs, with positioning functionalities, they are
no longer limited to the fixed route defined with the optical mark-
ers (shown in Fig. 1), since they receive positioning information
everywhere in the manufacturing hall. As shown in Fig. 2, the
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Fig. 2. Top view illustration of factory floor, there is a fixed path for the
transport system, stockyards along the fixed path, and alternative paths through
the machine’s own stockyards.

transport system can navigate through the machines along the
dashed lines. These dashed lines represent virtual routes that are
defined by position coordinates used for navigation. This means
that the transport system is not longer limited to drive only to the
central collecting points with many stockyards that are placed
along the fixed path.

The transport system can drive directly to a stockyard of a
machine. In this scenario, the path, the source, and the target
positions can be defined and changed in a “transport system nav-
igation software” when machines are transposed. This makes the
production more flexible and scalable, which helps to increase
productivity. Potential optimization in productivity identifies
through value stream management and reorganization.

III. WIRELESS POSITIONING TECHNIQUES

Numerous wireless positioning approaches are reported ad-
dressing diverse applications and environments. There are either
passive or active techniques, and the used transmission medium
can be different, which leads to different accuracy [12]. In
the following subsections, an overview about the most common
wireless positioning techniques is given.

A. RF-Based Positioning

A wide range of indoor applications are interested in estimat-
ing the position of mobile devices with high accuracy. Several
methods and technologies have been proposed to meet the
indoor positioning requirements. In the following, time-based

geometric positioning algorithms based on RF technologies are
briefly described. Time of flight (TOF) is defined as the time that
the signal takes to travel from a first point to a second point. By
knowing the TOF, the distance between points can be calculated
by multiplication of the TOF and the propagation speed of
the signal [12]. Another method is time difference-of-arrival
(TDOA). TDOA has two variants in RF positioning. In the
first method, one mobile device (MD) acts as a receiver with
an unknown position and multiple access points (AP)s act as
transmitters with known positions. All APs are synchronized,
and the MD measures the differences in the time of arrivals
(TOAs) of all transmitted signals. This approach is similar to
the GPS [12].

The second variant of TDOA uses one MD as a transmit-
ter and multiple synchronized APs as a receiver with known
positions [13]. The accuracy of both methods is dependent on
the synchronization between the APs and the MD, as well as the
achievable precision TOA estimation which can be limited due to
the bandwidth. Differential time difference of arrival (DTDOA)
has a reference node (RN) in addition to TDOA. The RN enables
proper synchronization among the APs [12].

In the round-trip-time (RTT) or two-way ranging technique,
each AP and MD act in a bidirectional manner. The AP sends
an initial packet (ping) at the time of transmission tot and the
MD receives it at a local clock called time of arrival toa. After a
defined processing time tproc at the MD, it sends out a second
packet (pong) [14]. The time of arrival toa of the second packet
is recorded by the AP. The combination of all times allows the
computation of the round-trip time (RTT), then TOF and finally
distance between AP and MD.

These techniques are used in most time-based RF positioning
systems, especially for outdoor environment where the propa-
gation is mostly based on the line-of-sight (LOS).

In indoor scenarios, they become inaccurate due to the phys-
ical effects of attenuation and multi-path propagation due to
reflections. In industrial environments, ITS move inside and
between buildings. However, RF waves pass through walls,
where the light has a different speed. This phenomena cause
inaccuracy in the delay estimation due to the variety of materials
in buildings

Moreover, multipath propagation due to reflections leads to
fading effects. Due to the fading, non-LOS signals can be
stronger than the LOS as shown in Fig. 3 [15]. Additionally,
electromagnetic interference (EMI) around ITS stemming from
other radio-based systems sharing the same frequency band
make current WiFi-based positioning techniques not promising
for smart manufacturing environments [15].

Altogether, the complex features of radio propagation in
indoor environments lead to extra delays for time-based algo-
rithms, and thus to reduced accuracy.

B. Camera-Based Positioning

Commercially available cameras have a limited frame rate,
much lower than what would be needed to see any light com-
munication (LC) data if that LC data is modulated at frequen-
cies that do not cause visible flicker to humans. Nonetheless,
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Fig. 3. Scenario for radio based positioning with moving ITS between separate
buildings indicating the problems of radio-based signaling and handover due
to interference from other rooms, reflections at huge machines, walls and
surrounding objects [15].

Fig. 4. Line scanning (yellow) in a camera picture of a ceiling with light
source.

Fig. 5. Signal fragments being stitched together from multiple frames to
recover the lamp identifier.

two key properties allow the use of camera’s in a positioning
system:
� Cameras involve a line scanning mechanism as shown in

Fig. 4 and 5. This translates temporal light modulation
into a spatial fluctuation of the intensity of the light on the
picture, as illustrated in Fig. 3. This can be used to identify
the lamp. The light modulation frequencies are in the range
of 1 to 8 kHz. This avoids visible flicker and allows the
use of low-resolution cameras and legacy cameras that

Fig. 6. Autonomous lamps emit unique codes. These are picked up by the
phone camera. An Internet link (Wi-Fi 5 G,...) to a Signify - Philips data base
allows the phone app to translate received codes and camera-measured angles
into positions. A customer can use these data in a proprietary application.

do not allow exposure and focus control optimized for
positioning.

� Cameras, particularly high resolution ones, can accurately
estimate the angle towards light sources. If the lens proper-
ties are known, and if the positions of the light sources are
known, one can use the pixel location of the light sources in
the image to calculate back from which position the picture
was taken.

Signify has developed such a system, referred to as Interact
Indoor Navigation [16], [17]. It uses white (visible) light fixtures
the output of which is modulated to provide an unidirectional,
low data rate communications link between ceiling-mounted
luminaries and a smartphone or tablet equipped with a cam-
era, accelerometers and gyroscopes (standard features) running
an iOS or Android mobile operating systems. As modulation
frequencies are low, standard illumination LEDs in the light-
ing fixtures can directly be modulated by the LED DC driver
itself, to deliver a 16-bit identifier code, unique per laminar,
to mobile smart devices running a Signify developed software
application. The unique fixture identification codes, as compiled
from multiple camera frames as shown in Fig. 6, are used
together with the angle-of-arrival functionality provided from
the smart device camera. This enables not only position and
location information but also estimates of the direction in which
the smartphone user / device is facing. As the indoor positioning
algorithm runs locally on the receiving mobile device, there is
no limit to the number of users of the system. The Interact Indoor
Navigation system is supported by luminaries from dozens
of suppliers that are certified under the Yellow Dot program
and can provide data analysis of movement patterns for retail
applications.
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In the following, some performance benchmarks are given. If
today’s smart phone camera’s are used in a calibrated lab setting
where light sources are located at exactly known locations,
a positioning accuracy of a few cm is achievable. However,
when applied in an industrial setting such as a large warehouse
or factory site, further error mechanisms occur. For instance,
typical luminaries such as trunk lighting are not point sources,
but have a large emitting surface. Another restriction is the
desired compatibility with low–resolution VGA cameras. A
typical commercial installation is in a 100 m long by 40 m
wide hall with a 7.7 m ceiling height. Yellow Dot certified trunk
lighting was installed using a 1.5 m pitch for the location codes
and a 3.8 m pitch from one line of trunk lighting to another. In
field measurements performed using an Apple iPhone 7+ located
at a height of 1.2 m above floor level.

In a first test, the indoor position of the iPhone was determined
directly under and a lighting track and in between two tracks.
Relative to a reference laser range finder system, typical VLC
location accuracy errors were around 30 cm but never larger
than about 40 cm. The track lighting and luminaire pitch was
typical of that employed for general illumination purposes, such
that no special measures are required in field. The system is
designed to cope with personal smart devices moving at normal
walking speed (1 m/s). Besides requiring more accurate instal-
lation, setting minimum specs for smart phones used, etc., im-
proved accuracy can also be achieved by combining the lighting
position-fixes with other modalities, such radio, accelerometers,
dead reckoning.

C. LiFi-Based Positioning

Introducing LiFi as an complementary technology besides RF,
it can overcome some of the challenges mentioned before. The
advantages of LiFi-based positioning for smart manufacturing
are primarily due to the better propagation characteristics of the
light, resulting in an improved accuracy and resilience against
interference. Unlike RF, light propagates mostly through the
line-of-sight (LOS) while multi-path plays a negligible role
also because most reflections are diffuse and not specular [18].
Accordingly, there is no fading and very high probability that
a significant signal is due to a free LOS between Tx and Rx.
Moreover, light does not propagate through walls and it cannot
be interfered by EMI. In all these points, where the use of
RF for positioning is problematic, LiFi has clear advantages
as a potential solution. This is exemplified in the same sce-
nario mentioned above, but using LiFi, in Fig. 7. Challenges
for LiFi-based positioning systems are the required coverage
and energy efficiency in particular for mobile devices [15]. To
enable localization in an industry environment, full coverage is
required. This is a challenge because of the limited area that LiFi
front-ends can cover. LiFi positioning will require significantly
more front-ends compared to a RF-based system. Furthermore, a
dedicated backhaul/fronthaul at the ceiling is required to connect
each front-end. This can be overcome by reusing the lighting
infrastructure. Energy efficiency can be an issue since the mobile
units generally work on battery. The use of power-efficient
modulation, such as On-Off Keying with frequency-domain

Fig. 7. Improved scenario using LiFi for integrating positioning with wireless
communications solving problems from radio based scenario regarding interfer-
ence and multi-path propagation and simplifying handovers for moving ITS [15].

equalization (OOK-FDE) [19] is promising. In the rest, we will
describe some well-known positioning techniques using LiFi
and some related works.

1) Received Signal Strength Indicator (RSSI): The RSSI-
based technique is the most widely studied technique for indoor
positioning using LiFi in the literatures. In this technique, light
waves are transmitted in a clear medium. At the MD, the received
light is converted into an electric signal. The distance between
transmitter and MD is calculated from the known signal power,
received signal power and the attenuation model [20]. The
RSSI technique depends on the received light intensity at the
receiver and a pre-calculated light intensity at a given calibration
distance. In academic work about the RSSI technique, LiFi trans-
mitters are often considered to have Lambertian beam pattern.
Industry is rather sceptical about this because luminaires are
designed to provide homogeneous illumination, which favors
patterns that allow less RSSI differentiation by light level [21].
When used for RSSI positioning, Lambertian beams may give
optimistic results as they offer non-uniform light levels with
location–varying RSSI. Moreover, RSSI detectors may miss
information from weak light sources at higher angles, as side
emission patterns may be cut off to avoid glare. The receive
pattern is often considered as a plane photodiode, however it is
sometimes combined with an optical concentrator leading to a
more directional pattern [22]. In a real device, there are shading
effects at the edges of the field-of-view. Besides the distance,
obviously, the RSSI depends on the tilt of the transmitter and
receiver with respect to the LOS. Moreover, the RSSI technique
is vulnerable against shadowing [23], or to dust and aging of the
light source. Establishing a clear relation between the distance
and received signal strength is difficult to implement outside
a laboratory, where conditions cannot be well-defined. In [24]
a RSSI positioning with differential detection is reported. The
method reduces positioning instability caused by light intensity
fluctuations by using a second detector with known position.
While 1D accuracy is up to 4 cm, the accuracy for 2 and 3
dimension (2D-3D) was studied in [25], leading to 10 cm and
22 cm error for 2D and 3D, respectively. The main disadvantage
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of the RSSI positioning for LiFi is that a precise model of
all components in the system is required. While this might
be applicable to a single vendor, therefore, it can hardly be
considered for a mass market where many vendors implement
different devices that adhere to the same standard.

2) Finger Printing / Scene Analysis: Fingerprinting can also
be called scenario analysis as it usually uses features or fin-
gerprints of the environment or object to identify its location.
More specifically, relative location is determined by compar-
ing real-time monitored feature data to various features of the
environment that have been collected and stored. In the indoor
environment, fingerprinting usually estimates the positioning by
collecting the signal power based on received signal strength
indicator (RSSI). There are two distinct phases for the scenario
analysis, i.e. online and offline. In the offline phase, every RSSI
(location-related data) in the indoor environment is detected and
collected. The online phase refers to the real-time monitoring of
each localization element, i.e. RSSI, in the measured environ-
ment and the estimation of its approximated relative position
in relation to the data collected in the previous offline phase.
For the feature comparison method, probabilistic methods like
k-nearest-neighbour or artificial neural networks are usually
used [26], [27]. The major disadvantage of fingerprinting is
the laborious collection of RSSI values during the scene analy-
sis [28].

3) Angle-of-Arrival (AOA): AOA technique determines the
position based on the estimated angle-of-arrival of the LED’s
light at the MD. The advantages are constant angle over
time [29], no synchronisation required between LEDs [30], and
only two and three measurements for 2D and 3D positioning. The
major challenge is designing the receiver, which needs to provide
wide field of view (FOV) and to detect signal from multiple
transmitters [29]. In [31] and [32] the receiver is implemented
using pyramids and cubes, respectively. Another solution is a
receiver with angular diversity aperture [33], [29]. As discussed
in previous sections, Signify developed and rolled out a versatile
camera-based interact system that in fact estimates AoA from
illuminated pixels in a camera image. The theoretical accuracy
depends, among other things, on the resolution of the image, the
angle of view of the lens, the emitter size, quality of the lens,
and the relative positions of lamps and smartphone.

4) Phase Difference of Arrival (PDOA): The PDOA ap-
proach estimates the distance between LEDs and MDs based
on phase differences between the signals. Each signal arriving
at the photodetector of MD, experiences a different time delay
depending on the distance value. Therefore, different delay times
can be estimated from phase differences of sinusoids by which
the optical signal is moduled [34]. For PDOA, one obvious
advantage is that it can be combined with other positioning
techniques such as RSSI and ToF/TDOA where it can signifi-
cantly improve the accuracy [35], [36], [37]. In [38] a differential
PDOA method with sub-decimeter accuracy is demonstrated.
However, the PDOA technique is limited to cases in which the
transmitter separation remains small. For large areas, the actual
phase difference of the signals cannot be computed uniquely, as
phase is restricted to the range [0, 2π), and longer delays would
create ambiguities (phase wrapping) [35].

5) Time of Flight (TOF): The TOF technique for LiFi is very
similar to RF-based systems. Considering that the speed of light
in air is constant, the distance from the mobile target to reference
points will be proportional to the travel time of the light. TOF is
also named one-way-ranging. The AP sends a packet and records
the time of transmission (TOT). At MD, the packet arrives at time
of arrival (TOA). By assuming AP and MD are synchronized,
TOF can be calculated as:

TOF = TOA− TOT, (1)

And the distance between AP and MD can be estimated as:

r = c× TOF, (2)

where c is equal to the speed of the light. By means of trilatera-
tion, the 2D dimension of MD position is given by considering
MD located at (x0, y0) and APs at (xi, yi) and i = 1, 2, 3 as
follows:

(x0 − xi)
2 + (y0 − yi)2 = r2i (3)

where ri is the distance between each AP and MD. In [39]
a TOF based localization is presented for smartphones. The
AP transmits both, sound and light waves. The microphone is
used to detect the acoustic signal and the camera is used for
time synchronization. The technique yields an accuracy of 10 to
20 cm. However, acoustic waves are audible and flicker of the
light is noticeable.

6) Round-Trip Time-of-Flight (RTTOF): RTTOF or ranging
is a technique use TOF in a bidirectional system. Similar to
RF, each station is equipped with a transceiver (LED+Photo-
diode(PD)). The first station sends a packet towards the second
station, then the second station sends a packet back towards the
first station. Also the rest of the process is similar to RF based
ToF [40].

7) Time Difference of Arrival (TDOA): By transmitting mul-
tiple packets from multiple APs to MD at the same time, the
position of MD can be estimated by exploiting the different
signal delays. This requires synchronization between all stations.
The difference of the distance between each station and the MDs
can be calculated by multiplying the TDOA by the speed of light.
Based on the constant difference in distance, a hyperbola of pos-
sible positions can be determined. TDOA measurements from
at least three stations must be obtained in a 2-D environment.
Hence, two distance differences R2 - R1 and R3 - R1 determine
two hyperbolas, and their intersection yields the position of the
receiver.Suppose that the coordinates of the receiver are (x, y)
and let the coordination of any two LEDs be (xi, yi) and (xj , yj).
The hyperbolas Ri,j can be calculated following [30].

Ri,j =
√
(xi − x)2(yi − y)2 −

√
(xj − x)2(yj − y)2 (4)

where the intersections of hyperbolas correspond to the receiver
position. Similar to RF, synchronization of all transmitting and
receiving front-ends is required, which is a challenge in practice.
A simulation study of the TDOA based positioning in [41] used
the TDOA of received pilot signals. Results indicate an average
accuracy of 3.6 cm in a 5× 5× 3 m3 room. Simulations in [36]
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using TDOA yield an accuracy of 1 cm. A low complex differ-
ential TDOA is presented in [37] within average positioning
accuracy of 9.2 cm. There are other techniques using TDOA in
hybrid ultrasound-light devices like cricket sensor for distance
measurement [42], [43]. In [44] a double way distance mea-
surement using TDOA between optical and ultrasound signal
is proposed. Unlike conventional cricket based systems, their
method is able to measure the distance both at mobile node and
base station.

IV. POSITIONING APPROACH AND IMPLEMENTATION

In this paper, we propose an advanced positioning technique
for LiFi. We measure the wireless propagation times between
a MD and multiple ceiling-mounted optical frontends (OFEs).
Signals follow the G.9991 PHY frame structure. We extend
the ideas of TOF by measuring the phase versus frequency to
improve the precision well below one sample interval. For mea-
suring the 2D and 3D position, finally, we use a multi-lateration
algorithm. We have implemented this approach in Matlab and
validated the performance also through measurements. In the
following, the technique and the evaluation framework are ex-
plained in detail.

Each subsection introduces the key building blocks and as-
pects covered by the simulation chain, followed by the measure-
ment setup.

A. Scenario

Full LiFi coverage and access to at least 3 transmitter units
at each location is the mathematical requirement to extract the
precise position in 2D at a random location. This implies that
there is a need for sufficient overlap between the signals from
all required LiFi transmitters in the intended coverage area [45].
This condition must be met when deploying the OFEs of the
LiFi system at the ceiling for the entire area in which the mobile
units can move. We assume that each OFE contains a single
transmitter (Tx) and a single receiver (Rx). This implies that,
depending on the field of view (FOV) of each unit, a relatively
dense grid of OFEs is needed.

G.9991 use DC-orthogonal frequency-division multiplexing
(OFDM) for LiFi. Therefore, our simulation chain utilizes dif-
ferent functions from a DC-OFDM transmitter and receiver. The
wireless channel depends on the geometrical properties of the
intended coverage area, the room geometry, as well as the num-
bers and placement of OFEs and MD which are all configurable
to investigate different variants of the scenario. Fig. 9(a) shows
an example of the scenario for 4 Txs (LED 1 - LED 4) and 1 Rx
with an intended coverage area of 6 m× 5 m× 10 m. From the
geometrical properties, the LOS channels from each Tx/Rx pair
are calculated by using a Lambertian beam characteristics for
each OFE. In our simulated channel, we only considered LOS
scenario.

B. Digital Signal Processing

The digital signal processing (DSP) is based on OFDM trans-
missions from multiple Txs units to a single Rx unit. Using

Fig. 8. LiFi - based TDOA localization.

adaptive OFDM for optical communication is well described
in [46]. The block diagram of the simulation for a single
transmission link is shown in Fig. 9(a). The transmitter acts
as an OFDM source generator to generate information in the
form of bits. When using LiFi for wireless communications,
these bits are fed (from right to left in Fig. 9) into the OFDM
transmitter DSP, starting with a forward error correction (FEC).
After serial/parallel conversion (S/P), a training sequence (TS),
which is defined in the frequency domain, is added for the pur-
pose of channel estimation. After taking inverse discrete Fourier
transform (IDFT) and adding the cyclic prefix (CP), the signal
is send out by the LED. In our simulation chain, DCO-OFDM
modulation is used, i.e. the OFDM signal is upconverted to a low
intermediate frequency (frequency upshift) and a DC is added
to modulate the LED around a certain bias point.

The used packet structure based on G.9991 is shown in 9(b).
The figure is taken from the IEEE P802.15.13 draft standard in
which the same PHY is also used. The PHY frame contains an
initial preamble for automatic gain control and synchronization,
followed by the TS used for channel estimation which is used
to detect the PHY header. The header may be followed by
additional channel estimation (ACE) symbols which are defined
and utilized here for multiple-input multiple-output (MIMO)
channel estimation. These MIMO pilots are introduced in IEEE
P802.15.13 and they were added in this paper in order to estimate
the channel from multiple OFEs to the MD. Arbitrary data could
be added finally in the payload, and they can be used e.g. for bit
error rate (BER) or SNR measurements.

No LED and PD impairments have been considered in the
simulation, but their impact is included in the experimental
results. The LOS channel is calculated from the given Tx/Rx
geometry which results in an attenuation and a delay.

At the receiver side, noise is considered by adding a sequence
of independent and identically distributed (i.i.d.) noise samples
which simulate additive white Gaussian noise (AWGN) with a
predefined noise power. Frame synchronization and channel es-
timation are first applied. Further standard functions like channel
equalization, demapping of QAM symbols and FEC decoding
are possible but they are not used for positioning. The actual
estimation of the Rx position is based on combining a coarse and
fine delay estimation to get the relative distance between each
Tx and the Rx with sub-sample precision. For multi-lateration,
we take the known positions of all Tx units into account.
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Fig. 9. System architecture. (a) block diagram of OFDM transmitter and receiver for positioning integrated with wireless communications. (b) PHY frame
structure, (c) Time flowchart for RTTOF measurements.

C. MIMO Pilots

On the transmitter side, 4-QAM modulated pilot subcarriers
are added for channel estimation. To enable the simultaneous
detection of multiple Tx channels, orthogonal sub-carrier combs
are used for each Tx unit. For example, for the case of 4 Tx units,
subcarriers 1, 5, 9,... are used for Tx 1, subcarriers 2, 6, 10, ... for
Tx 2 and so on. These orthogonal sequences allow simultaneous
channel sounding of all Txs by filtering the subcarrier signals
which correspond to one Tx at the receiver side. The sparse
channel information for each Tx can be interpolated at the Rx
side to estimate the complete channel frequency response [47].
An important prerequisite for orthogonality is precise clock
synchronization of all Txs. This is assumed in the simulation
environment, while further investigations on implementation are
needed in a real system.

D. Channel Model

This section describes the channel model between multiple
Txs and a single Rx unit. The dominating losses in the optical
channel for indoor scenarios originates from the fact that the
optical signal is distributed in the whole coverage area of one
OFE but only a small fraction therefrom is captured by the small
area of the PD at the Rx. Since the Tx and Rx may be tilted by
angles θt and θr with respect to the LOS, the channel impulse
response computed as [48]:

hLOS(t) = δ(t− τ)
1

d2
R0(θt)Aeff (θr) (5)

where τ = d/c is delay due to free-space propagation over a
distance d at the speed of light C, Aeff is the effective area
of the photodiode including the light concentrator and R0 is the
radiant intensity. At the Rx, the received signal y(t) is composed

of the transmit signal affected by the linear channel response and
additive white Gaussian noise n(t) as shown below [49]:

y(t) = hLOS(t) ∗ x(t) + n(t). (6)

As already mentioned above, transmission over the LOS channel
considered only. Together with a pre-defined noise signal yields
a certain signal-to-noise ratio (SNR). In the simulation, we
considered the LED, the driver electronics and the detector to
have a flat frequency responses, both, in amplitude and phase.
In practice, a similar scenario can realized by calibrating out a
so-called apparatus function.

E. Frame Synchronization

In OFDM-based systems, synchronization plays a crucial
role. The light-induced current at the PD is used to detect the
coarse timing information needed for the TOF. The first step
in the measurement of the TOF is to establish a reliable time
synchronization, i.e. estimate the beginning of the transmitted
data packet. Using OFDM, time synchronization is also used
for removing the cyclic prefix (CP) in such a way that inter-
symbol interference (ISI) between consecutive OFDM symbols
is avoided. The Schmidl Cox (SC) algorithm is a popular method
for an autocorrelation-based synchronization [50]. It has reduced
performance but can be implemented with significantly lower
complexity compared to the optimal cross-correlation approach.
The SC preamble consists of at least two consecutive parts in the
time domain which are identical. At the receiver, a correlation
term called PSC is calculated by sliding a window with a length
ofN/2 samples over the received signal. For real-valued signals,
the correlation factor is given by [50].

PSC(d) = Σ
N/2
m=1xd+m.xd+m+N/2 (7)
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withx denoting the actual sample value at the running time index
m, d the delay between the original and the delayed version of
the received signal and N the total sequence length. In addition,
an energy term RSC is calculated as

RSC(d) = Σ
N/2
m=1|xd+m.xd+m+N/2|2 (8)

and used for normalization. The coarse timing metric called
MSC is given by:

MSC(d) =
|PSC(d)|2
(RSC(d))2

(9)

The SC method yields a plateau when detecting the start of
the frame, as a result of correlated equal parts in the periodic
preamble. In case only noise or random data are received, the
result is zero. The main drawback of the basic SC scheme is the
plateau, rather than a peak, introducing some uncertainty for the
frame start estimation. To reduce the uncertainty and improve the
coarse timing estimation, Minn’s modified preamble has been
used [51] where the samples of the training symbol S have the
form of (10) [51]:

S = [AA−A−A] (10)

with A denoting samples of length L = N/4. The training
symbol has four parts with equal length. The first two parts are
identical and the last two are the negative of the first two. Similar
to SC, the time metric is calculated as shown in (9), however,
the definition of the correlation term P and energy R is defined
as (11) and (12):

Pd = Σ1
k=0Σ

L−1
m=0r

∗(d+ 2LK +m)r(d+ 2LK +m+ L)
(11)

Rd = Σ1
k=0Σ

L−1
m=0|r(d+ 2LK +m+ L)|2 (12)

with r denoting the receiving sample vector given by r(k) =
x(k − L), where Ng ≤ k ≤ N − 1, Ng number of guard sam-
ples. If P and R are given, the time metric M can be calculated
and the start of each frame can be detected. Note that although
Minn’s preamble yields a peak, it has a rising and falling edge.
Moreover, the peak can be deformed due to the noise and
eventual multi-path in the channel. For this reason, there is some
variance in the estimation of the frame start. For this reason, we
need a so-called fine timing measurement based on the MIMO
channel estimation described below.

F. MIMO Channel Estimation

Our simulation environment supports MIMO pilots which are
orthogonal and can be sent in parallel by all transmitting OFEs.
After propagating through the MISO channel, these sequences
are received superimposed at the receiving MD. Orthogonality
is enabled through a MIMO pilot design described in subsec-
tion A.3. After filtering the individual complex-valued channel
frequency responses (CFR) for each link, the estimated channel
state information contains information about the received signal
strength from each OFE as well as its individual delay. Based
on the phase information in the CFR, where phase increases
linearly with the OFDM subcarrier index with a common slope

depending on the delay, the fine timing information on the TOF
from each OFE to the MD can be obtained.

G. TOF Estimation

The precise knowledge of the transmission channel or in
more detail the time delay between one ceiling unit and the
mobile unit is required to calculate the relative distance be-
tween both. The delay is calculated in a two-step approach,
first with a coarse timing estimation based on the frame start
detection in the OFDM modem and second by the fine timing
estimation based on the phase ramp versus frequency in the
CFR for the link to each OFE. As shown in Fig. 9(b), TOF is
extracted by considering the synchronization header. From the
preamble and channel estimation the coarse and fine timestamps
are retrieved sequentially which is described in the following.
A coarse timestamp can be obtained at the transmission and
reception of frames. For increased accuracy, additional phase
information of the signal is retrieved from the physical layer, e.g.,
based on MIMO channel estimation. The reuse of mechanisms
originally designed for communications purposes reduces the
complexity and allows easier deployment of positioning due
to the integration into a single system. Using this combined
approach, the following conditions must be met:
� Full LiFi coverage in the target area with at least 3 visible

Tx for the Rx unit(s) at all times
� Coarse timing information of the received transmitted

packets
� Fine timing information obtained from the CFR for each

link

H. Rttof

RTTOF is necessary when APs are not well synchronized. An
active ping-pong protocol can be leveraged for ranging and esti-
mation of the distance between the user and OFEs by subtracting
the difference between the local clocks (see Fig. 9(c)). The
communication protocol must therefore support the exchange of
ranging frames and transport of control information besides data.
Here, we describe the implementation of the ping-pong protocol
between two stations required for RTTOF in our simulation
environment. The time flow-chart of our RTTOF implementation
is shown in Fig. 9(c). For simplicity, we assume a reciprocal
behaviour of the channel in downlink and uplink. The authors
are aware of the fact that this is not perfectly given in real systems
which can use different LED and PD beam characteristics.
However, since our algorithms mainly focus on the delays and
not on the amplitudes, we consider such simplification justified.

The RTTOF handshake starts with the first station sending a
ping-packet to the receiver, at the time when the packet leaves
the transmitter. Upon reception of the initial packet, the second
station will generate the pong packet during a known processing
time denoted as Tb. After the pong packet arrives back at the
first station, the timer will record the received time as Ta. In the
last step, the RTT and the distance are estimated based on the
following (13) and (14):

RTT = Ta − Tb = (T4 − T1)− (T3 − T2) (13)
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Fig. 10. (a): Block diagram of point-to-point distance measurement, The
electrical synchronization cable keeps a constant time offset between Tx and Rx,
and uses the same clocks, to simplify the measurement. In reality, the positioning
will be implemented as a bidirectional RTToF protocol so that the cable is not
needed. (b): Expanded setup using four LiFi Txs and one Rx to perform 3D
localization.

Distance = (Tf × C) = RTT × C/2 (14)

I. Measurement Setup

The measurement block diagram and the setup is shown
in Fig. 10. For the transmitter, synchronization and channel
estimation, we use the same Matlab implementation like for
the simulation. To evaluate the real distance of the wireless
channel, all intrinsic systems delays need to be compensated.
These originate from the digital-to-analog converter (DAC) and
analog-to-digital converter (ADC), various electrical wires and
the OFEs. Compensation is performed by using an electrical
reference signal together with an initial calibration at a known
distance. Further, the clock of the DAC and DAC are syn-
chronized as shown in 10(b). The OFDM signal consists of a

Fig. 11. simulation results for combining coarse and fine timing for final
distance measurement. The SNR condition is good at this point, which leads
to estimate the distance without error.

frame synchronization sequence, a training sequence for channel
estimation and payload data (see Fig. 9(a) and (b)). After the
digital generation of the signal, sample values are uploaded
into the memory of the arbitrary waveform generator, output
by DAC, amplified by the driver and electrical-to-optical (E/O)
converted by the LED operating at 850 nm. At the receiver
side, the signal is optical-to-electrical (O/E) converted by the
photodiode, amplified, converted to digital samples by the ADC
and further processed in the Matlab DSP. First, the signals are fed
into the fast fourier transfor (FFT), by using the coarse trigger
timing obtained from the frame synchronization algorithm. After
the FFT, magnitude and phase information are extracted for each
OFDM subcarrier pilot. Through a linear approximation, the fine
timimg is determined from the slope of the phase information
versus frequency. Only pilots above a certain SNR level are
considered for the slope estimation. In the last step, the distance
is calculated by considering the reference information from
calibrating the system delays.

V. RESULTS AND DISCUSSION

In this section at first we present our simulation results and
then validate them through measurements. All results are ob-
tained using the TOF technique.

A. Simulation Results

Simulation results are shown to verify the accuracy of the
distance estimation under ideal conditions by combining the
coarse and fine timing information obtained by processing the
OFDM frame synchronization and the channel estimation based
on the MIMO preamble. Moreover, the effect of variable SNR on
the position accuracy is investigated. All results are obtained for
the scenario with four Txs and one Rx shown in Fig. 9(a). Fig. 11
shows the distances calculated from coarse and fine timing
estimation for Tx number two. After combining both curves
and applying an additional fixed calibration factor, the estimated
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Fig. 12. Simulation results for MSEs of x-, y-, and z- dimensions vs. SNR.

distance (y-axis) is almost identical to the distance obtained from
the geometry (x-axis). Note that there is a small constant error
between true and estimated distance, which can be compensated
by further improved calibration. The curves for the other three
Txs are very similar and show the same accuracy. These results
demonstrate that in the simulation environment, considering
bandwidth higher than 50 MHz, a positioning accuracy below
1 cm is possible. Moreover, Fig. 12 evaluates the mean square
error (MSE) versus SNR for each axis. X and y - axis values
retrieved from (3). Then, Z-axis value calculated by knowing
(xi, yi, zi) of each Txi, and the estimated TOF to each Txi. The
results of each axis shows the typical 1/SNR behaviour of the
MSE and indicate a robust distance estimation even at low SNR.
All the distances between the TRxs and the Rx are very similar.
The x- and y- values are retrieved mainly from the differences
between the measured distance values and thus are much more
susceptible against measurement errors compared to the z-value
where the four measured distances are kind of averaged.

B. Measurement Results

In this section, measurements are shown which proof the
validity of the positioning concept.

1) 1D: First, a simplified unidirectional LiFi transmission
between a single Tx and a single Rx is used to estimate the
distance between both OFEs. Fig. 13 shows the results for a
measurement with 1.5 m distance between Tx and Rx, with the
blue curve showing the actual distance and the red one the result
after 10-times averaging. It can be observed that deviations are
in the order of 1-2 cm only, with even smaller values being
possible due to averaging. Note that the small constant offset
from the expected 1.5 m distance can be cancelled out by further
improving the calibration routine.

To get a better understanding of the influence of the signal
bandwidth on the distance accuracy, measurements with variable
signal bandwidths have been performed. Fig. 14 shows the
normalized deviation of the distance with 10× averaging for
signal bandwidths from 10 to 250 MHz.

Fig. 13. 1-D distance measurement (blue) with single Tx and Rx OFE and
after using 10x averaging window (red).

Fig. 14. Influence of signal bandwidth on normalized distance.

There are two main observations: First, the distance errors
become smaller at higher signal bandwidths. Second, there is no
further improvement above 100 MHz. The first observation can
be attributed to the better phase resolution at higher bandwidths,
as expected. The second observation is due to the transmission
characteristics of our OFE which have a low-pass characteristics,
see Fig. 15(a). Above 100 MHz, attenuation increases due to
the limits of the LED and the driver which results in reduced
SNR and increases the errors in the phase estimation. The linear
approximation of the slope has to discriminate the results at
higher frequencies as they are less reliable, see Fig. 15(b).

By considering Fig. 13 and Fig. 14 our initial simulation and
measurement results show the feasibility of the concept and that
it is possible to achieve positioning errors below 1 cm using
realistic LED-based OFEs.

2) 2D and 3D: In the next step, the system is extended to mul-
tiple Txs, to evaluate true 2D and 3D positioning of the receiver
as shown in Fig. 10(b). In this setup, Txs are located at the coordi-
nates (1,0.45,2) m, (0.35,0.45,2) m, (0.35,1,2) m, and (1,1,2) m.
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Fig. 15. (a) Frequency response of the LiFi signal and (b) channel phase
response with linear regression.

Fig. 16. Estimated position through 40-iterations (o) and real position (∗), and
Txs position (∇) in 3D view.

The Rx is moving to the edges from the center of the room.

Error =
√

(xest − xact)2 + (yest − yact)2 + (zest − zact)2

(15)
We estimate the 2D position by trilatertion as described in

III-C5. The experimental results of 3D of the estimated position
through 40 iterations, and the real receiver location for selected
places in the room are summarized in Fig. 16. The difference
between estimated and real receiver positions are very small.
The deviation is slightly higher towards the edges of room. As
discussed below, this is related to the initial calibration.

Fig. 17 shows the resulting average MSEs, for each the
x-,y- and z-axis and for each Rx location taken 40 independent
measurements into account. The x-axis shows generally higher
MSEs. Similar to the simulation results, the errors of the z-
axis are the smallest, with one exception. In Fig. 18 the total
3D error, using (15), is shown for three Rx positions over 40
measurements. There are two observations: First, there is a
different offset error for each position, with Rx(1,0.72,0) the

Fig. 17. Mean square error (MSE) of receiver for each axis after 40x averaging.

Fig. 18. X, Y, and Z axis error detection in receiver position.

highest and Rx(0.67,0.725,0) the lowest. The offset error is
attributed to the calibration which has been done in 1D for one
location only. Note that the offset error reduces in the center
between the four transmitters and it is increased at the edges.
Second, there is a variation around the offset error, which is
called the random error, due to noise. as the signal-to-noise ratio
varies as a function of distance, the random error depends on the
receiver position. These two 3D error vectors can be added as
given in (16):

e = eoffset + erandom (16)

While the first term can be compensated by more careful cali-
bration, the second term can be reduced by averaging.

VI. REQUIREMENTS FOR CHIPSET INTEGRATION

Currently, ITU-T G.9991 Recommendation is approved by
ITU-T for LiFi applications. It allows building LiFi systems by
reusing existing chipsets designed for home networking appli-
cations, creating this way an early mass market for LiFi. LiFi
chipsets that support positioning must fulfil a number of new
characteristics. This section gives a short description of these
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properties, their availability in current chipsets and a possible
roadmap for standardization.

A. Chipset Description and Capabilities

The high-level architecture of the a digital baseband G.9991
chipset is shown in [52] (page 9). The baseband chip decodes
the frames coming from the channel and injects frames in the
channel through an analogue frontend chip that performs the
signal adaptation to the medium. The positioning techniques
explained in this paper are supposed to run on this digital
baseband by leveraging the capabilities the chip offers. While
the OFDM engine is partly implemented by means of a hardware
accelerator, the positioning algorithms may run in the embedded
microprocessor that has access to the internal registers of the
chip through a set of application programming interfaces (API).
The techniques that have been described in this paper can
already be partially implemented using commercially available
chipsets. In particular, the RTTOF mechanism which is future
plan for the LiFi positioning system, can be implemented using
the timing tagging capabilities of some of these chipset. The
chipset can make use of some of the functionalities and framing
of the standard that allow refining the procedure explained
in our presented framework. For example, ITU-T G.9991 de-
scribes the use of bidirectional frame called BMSG between
two nodes. In this frame exchange, a transmitter sends a BMSG
frame to the receiver and the receiver immediately transmits
a BACK frame to the transmitter as soon as the first frame is
received.

By using a BMSG/BACK exchange, Tb = (T3 − T2)
(Fig. 9(c)) is a known number fixed by construction of the chipset
following G.9991 Recommendation. Therefore, Equation (13) is
simplified, therefore, only T1 and T4 need to be measured. This
T1 and T4 information can be extracted from the network time
reference (NTR) fields of the BMSG and BACK frames. This
means that for a positioning, T3 and T4 information do not need
to be communicated to the transmitter. This makes the system
more flexible (no additional protocol needed) and reduces the
latency in the positioning measurement (avoiding the time lost
during the exchange of information). However, the limitation of
this method comes from the fact that the NTR field is limited to
a precision of 10 ns. That means following (14), the precision
that can be achieved with the current chipsets is limited to some
meters.

B. Future Chipset Developments

While some experiments performed in the framework of
this paper, it can be realized that current chipsets generation
need to include some improvements in the next evolution in
terms of hard- and software. It leads to obtaining the high
precision of positioning predicted in this paper. The main two
functionalities that will be needed are briefly described in the
following.

1) Increase the Precision of the NTR Field: Current version
of the ITU-T G.9991 Recommendation specifies an accuracy of
10 ns for the NTR counter. To obtain this, an internal clock of
100 MHz is needed. The clock frequency can be escalated in

future implementations up to 1 GHz. This would automatically
increase the precision of the positioning system by a factor of
ten. Accompanying the increase of the clock frequency in the
chipset, a new amendment to the standard will be needed to
specify a higher accuracy of the NTR field.

2) Provide Better Access to Lower Layer Information to
the Upper Layers: To fine tune the positioning information, as
described in this paper, additional information on the CFR and
the SNR needs to be conveyed from the lower layers of the chips
to the upper layers where the positioning information can be
computed. In particular, the positioning algorithm needs access
to the complex-valued channel frequency response (CFR). In the
current chipsets implementation, this information exists since
it is necessary for the correct decoding of the payload of the
physical frames and to perform an accurate estimation of the
channel (and therefore to compute the bitloading to be used by
the OFDM engine). However, this information is generally not
accessible to the upper layers. In next generation chipsets, a
new API has to be developed to provide such information on
the CFR and also to the upper layers. This evolution implies
a change in the product but not necessarily a change in the
ITU-T recommendation. The exact information to be exchanged
between the physical layer and the upper layer is still to be
defined and depends on the exact algorithms to be utilized.

VII. CONCLUSIONS

We demonstrated an indoor positioning system for networked
optical wireless communications denoted as LiFi. The proposed
positioning system is based on time-of-flight measurements
between multiple optical front-ends deployed at the ceiling and
a mobile device moving inside the overlapping coverage area.
The advanced positioning algorithm leverages already existing
algorithms (frame synchronization, channel estimation) that pre-
viously designed for the communication capability of LiFi being
available when following the ITU-T recommendation G.9991.
We have demonstrated that the advanced positioning algorithm
can reach precision below 1 cm with realistic optical frontends
when using a 3D positioning algorithm to determine the receiver
coordinates. In the experimental setup of 1 m× 1 m× 2 m, the
mean 3D distance errors of x-axis and y-axis and z-axis are less
than 8 cm at the edges, with lower values between the optical
frontends. The application of this technique requires strict syn-
chronization between the optical frontends in the LiFi infrastruc-
ture which can best be realized using a distributed multiple-input
multiple-output (D-MIMO) architecture. The distances to all
frontends can be simultaneously estimated by using orthogonal
pilot sequences which can be added to G.9991 as additional
channel estimation symbols. Implementation in current genera-
tion G.9991 chipsets limit the precision due to previous design
choices. In future generations of G.9991 chipsets, the described
positioning technique can be realised using well-understood
communication technologies with reasonable effort.
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