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Abstract

Visible light positioning (VLP) is an emerging and promising technology in the indoor positioning system
(IPS) landscape that provides centimeter-level accuracy at a low cost. However, it needs to be more
thoroughly investigated, particularly in industrial environments where the presence of metal imposes
a significant multipath effect and degrades the VLP accuracy. The absence of literature studies that
evaluate VLP in the presence of multipath prompts us to conduct our own set of experiments. The main
goal of this paper is to provide insight regarding the spatial extent to which the positioning performance
is noticeably affected. Moreover, the effects of shadowing as well as reflections are considered, with the
term Non-Line-of-Sight (NLoS) referring to both effects. The experimental results demonstrate that the
increase in received light intensity due to reflections depends on the relative location of the light-emitting
diode (LED), the photodiode (PD), and the reflecting surface. For the investigated configuration, it is
observed that the localization error can be impacted up to 1.5m from a metal closet, with a pronounced
specular component. Finally, it is experimentally confirmed that NLoS effects are rather deterministic,
which allows them to be modeled.
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1. Introduction

The indoor location market value is expected to reach $50.2 billion by 2027 [1] with applications
such as discovery, emergency support, and disaster management; business intelligence solutions;
information management (e.g., social networks, sports, games, etc.); mapping, navigation, and
tracking [1,2]. At the heart of a location-based service (LBS) is a (real-time) location system
(RTLS) that accurately and reliably determines the location of a user or an object. Several radio
frequency (RF)-based technologies, including radio-frequency identification (RFID), wireless
local area network (WLAN), ZigBee, Bluetooth Low Energy (BLE), Ultra-Wideband (UWB),
and Ultrasound, have been proposed for indoor positioning system (IPS) [1]. However, they
face constraints such as the requirement for costly and dedicated infrastructure, the impact of
multipath effects, and, an RF spectrum crunch [2].
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Visible Light Positioning (VLP), which uses light-emitting diode (LED) light signals, is an
emerging technology for the next generation of low-cost indoor positioning systems (IPSs).
It has the potential to address some of the limitations of RF-based localization technologies,
such as high cost in either use or installation, electromagnetic (EM) interference, privacy
violations, and the problem of an increasingly crowded RF spectrum [2]. However, despite
the promising advantages of VLP, it is still in its infancy, and several aspects have not been
sufficiently researched. VLP, for example, has yet to be studied in an industrial environment
with considerable multipath. The dynamically varying industrial or warehouse setting does
not present an easy environment for VLP. It requires systems that remain reliable and fully
operational even in the presence of positioning-disruptive factors, such as obstructions that
provide shadowing or multipath [3].

Research on the evaluation of VLP in the presence of multipath are scarcely found. Xu et al.
[4] suggested a three-dimensional positioning technique for indoor visible light communication
(VLC) systems that takes into account multipath reflections and concluded that the positioning
error is roughly a linear function of the reflection coefficient. In [5], and [6], a VLC-based IPS
based on orthogonal frequency division multiplexing (OFDM) is developed to reduce multipath
effects and deliver high data rate transmission. Gu et al.[7] proposed a calibration technique
to mitigate the influence of multipath reflections. A multipath reflections assessment for an
indoor VLP system investigated in [8] concluded that extending the coverage area of the LEDs
with an appropriate layout design can reduce the average positioning error.

In this paper, we will investigate experimentally the influence of multipath reflections caused
by the presence of a closet and storage racks on VLP performance. In what follows, we provide
a description of the measurement configuration and introduce the experimental scenarios in
Section 2. In Section 3, the propagation model and localization approach for our case study will
be presented. Section 4, discusses the performance of VLP in NLoS environments based on the
obtained results. Finally, conclusions and future works are discussed in Section 5.

2. Experimental Set-up

2.1. Materials and Configuration
2.1.1. Lab Environment

To evaluate VLP system’s positioning accuracy, a 4m x 4m x 5m lab was used, whose outskirts
are covered with black cloths to minimise external light and uncontrolled reflections. Fig.1
shows the lab and its features. Its inside houses a height-adjustable platform of cable trays,
from which various configurations of LED transmitters can be suspended. Below, the wooden
floor is strategically perforated to form a uniform square grid with a 0.5 m spacing. The holes’
purpose is to accommodate the measuring platform.

2.1.2. LED Transmitter Hardware

Various LED transmitter configurations are at one’s disposal. In this work, with reproducibility
in mind, most often a combination of commercial components is used. The COB LEDs used in
the experiments are of the Bridgelux BXRE-50C3001-D-24 type, having a Lambertian radiation
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Figure 1: Photographs of the realized VLP lab inside (a), height-adjustable LED mounting system (b),
and outside view with LED mounting system (c).

pattern. Experiments are also performed with linear LEDs not having non-Lambertian radiation
patterns, namely ETAP’s E4010/LED1IN060D LEDs. Additionally, both of the employed LED
types are intensity modulated to transmit 50% duty cycle square waves with frequencies f.; =
2i=1fy. (i =1,2,..,N). fo is set to 500 Hz to exceed the flicker threshold [11].

Table 1
TX and RX configurations in experiments

Name of Transmitter (Tx) Receiver (RX)
Experiment LED’s Type\Driver DAQ: Ns|[-] PD’s Type/
\Installing Height /Fs[kHz] Gain
Right Corner BXRE-50C3001-D-24
\LTM8005 Demo Board 5120/256 PDA36A2/40dB
Rack
\4m
BXRE-50C3001-D-24
Centre Rack \LTM8005 Demo Board 5120/256 PDA100A2/40dB
\4m
Closet with BXRE-50C3001-D-24
COBs \3m 1500/75 PDA36A2/30dB
Closet with E4010/LED1N060D 1500/75 PDA36A2/40dB
LED armatures \4m

2.1.3. Receiving Hardware

To ensure scientific reproducibility, the default receiver resorts to commercially available devices.
It couples a Thorlabs amplified photodetector module with tunable gain, namely the PDA36A2
or PDA100A2 with an active area of Ap = 13 mm? and Ap = 75.4 mm?, respectively, to a
National Instruments USB-6212 for data acquisition (DAQ). The optical receiver under test is
fitted on top of a 2D slider system consisting of motor-Driven Velmex’ BiSlides® (See Fig.2
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Figure 2: Visualisation of (a) the LED and obstacle distribution in the measurement environment, (b)
the slider system part of the measurement setup, and of (c) the metallic closet.
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Figure 3: Photographs of the storage racks’ (a) front and (b)-(d) backside. The latter keeps (b) the whole
rack, (c) the left half, and (d) the right half in view, respectively.

(b)). This measurement system covers a 1m by 1m zone with a predefined (here mostly 2.5 cm)
granularity and a submillimetre accuracy. By sequentially displacing it, for which the alignment
is ensured by the holes in the floor, the complete 4m x 4m receiver plane can be traversed. A
MATLAB® (or Python) backend is responsible for addressing the sliders, the sensor read-out,
and the data manipulation.

2.2. Experimental Scenarios

To investigate the NLoS influence on the VLP performance, we used both a greige-green
lacquered metallic closet and storage racks with carton boxes as typical obstacles in our ex-
perimental measurements, depicted in Fig.2 (c) and Fig.3 (a-d), respectively. To induce more
homogeneous reflections, the closet is turned with its backside to the positioning area (See Fig.2
(c)). The arrangement of each experiment is shown in Table.1.

3. Propagation Model and Localization

3.1. Channel Model

As the area is confined by black cloths, we assume the receiving photodiode (PD) will receive
light either along the Line-of-Sight (LoS) path or along a first-order reflection off the closet
or rack. Fig.4 shows how the optical light channel is usually modeled in the case of NLoS



Figure 4: A visualization of the quantities that make up the optical channel model.

contributions [2],[9]. The power Pr; received at the PD is calculated according to the channel
model used in [10]:

. dA
PR,i = Ptvi ) <h((:f)LoS + Z hngLZ;S) (1)
dA
where P, ; is the emitted optical power by the LED i, hg)L os represents the channel gain along
the direct link, and hg’ d??)s is the channel gain via the first-order reflections on the obstacle’s

surface element dA. In addition to hg), hgi)L og» and h(i’ﬁé)os can be characterized as follows

[2],9].[10]: ’

h) =M - (RPW%,M) : hg)Los + ZRP( i wp) - hgtﬁri)os) (2
A
i A
hﬁ,)Los = Re(di,vi) - dig 3)
i,dA cos(0))dA - A
hé, NLB;S = Rp(d;, i) - W - L(0;, x:) (4)

where Rg(¢;, ;) is the radiation pattern of the LED, which is axially symmetric in the case of
a Lambertian emitter and for order m, reduces to mQ—J;l cos™(¢), with ¢ the angle of irradiance
(see Fig.4) [9]. Moreover, d; is the distance between the PD receiver and LED 4, X; is the
angle enclosed by the specular ray vector and the vector between the PD’s and the reflective
element’s location, the responsivity Rp(1);,w;) models the PD receiver’s angular dependency,
~; denotes the azimuthal irradiance angle at the LED for the LoS, Ap, is the effective area of the
PD and finally ¢; and 6; symbolise the elevation angle of the irradiance at the LED for the LoS

component and during reflection, respectively [2],[11]. Notice that L(6;, x;) marks the reflected



radiation pattern, and it is typically governed by Phong’s model consisting of both diffuse and
specular parts [12]. It should be noted that the NLoS components are the same LoS variables
with the symbol prime '. The PD generates photocurrent contributions Ipp ; in response to
incident light and the measured Pr ; values are linked to Ipp ; using the nominal responsivity

}/2;3 of the photodiode as follows [11]:

I .
Py = —22L (5)
M- Rp

where M is defined as a gain mismatch factor. It accounts for the wavelength A\ mismatch
between transmitter and receiver [11].

3.2. Localization Measurement Set-up

For localization and measuring Ipp ;, the LED i’s photocurrent magnitude-based RSS (received
signal strength) values, we installed the PDA36A2 or PDA100A2 on top of the 2D slider system.
Moreover, 15 Ipp ; values are averaged per measurement location to minimize the noise impact.
For demultiplexing the contributions of the different LEDs, we employed the Fast Fourier
Transform (FFT)-based demodulation as presented in [11]. Next, after deriving the set of RSS
values, we used model-based fingerprinting (MBF) for localization, only accounting for the
LoS contribution, which means that MBF depends on a propagation model that only assumes
LoS propagation without considering any reflections [9]. Notice that the model is based on a
propagation model, and not on actually measuring/fingerprinting the area experimentally. The
estimated location in the utilized approach is the location having the lowest sum of squared
differences between measured and modeled received powers. Finally, positioning error is defined
as the 2D Euclidean distance between the estimated and actual ground truth locations.

4. Experimental Results and Discussion

4.1. Uniform Closet

Fig.5 depicts the 4 LEDs’ Ipp ; planar distributions, obtained with the PDA36A2 in the presence
of the closet. From Fig.5 (a)-(d), it is clear that due to light’s particle/ray (dual) nature NLOS
effects are much more deterministic, and hence predictable for VLP than for sub-GHz radio
frequency signals. Shadowing locally effectuates a large Ipp ; reduction. In Fig.6 (a), it is
visualised by the cluster of points with an Ipp ; that is smaller than what it would be in LoS
conditions. With light the Ipp ; magnitude originating from diffraction is limited. It effectuates
that in the shadow areas Ipp ; nears the noise floor. Moreover, multipath’s /pp ; enlarging
contribution (i) depends on the relative positioning of the LED and the closet through the
irradiance angle during reflection 6;, (ii) is spatially confined to around a 1.5m vicinity of
the closet, and (iii) exhibits a pronounced specular component. Furthermore, differentiating
LED 2 and 3’s d; — Ipp; curves of Fig.6 (a)/(b) shows both that the Ipp ; of the LEDs closer
to the obstacle are relatively larger affected, and that the multipath contribution can be of
significant magnitude. From a trilateration point-of-view, the obstacle-induced /pp ; surplus
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Figure 5: Distribution of Ipp ; for (a) LED 1, (b) LED 2, (c) LED 3 and (d) LED 4 (Fig.2(a)) in the presence
of the matte metallic closet’s backside. In each plot, the black marker represents the considered LED’s
location.

entails an underestimating of the inter-LED-PD distance. This underestimation, and d; — Ipp ;’s
noninvertiblility in general, will impede highly-accurate localisation around the obstacle.

Fig.7 quantifies the spatial extent of the impact of closet-induced multipath on the 2D posi-
tioning performance. The NLoS influence mainly manifests locally around the obstacle, and
specifically around the specular reflection vector of each of the LEDs. Expectedly, positioning
outliers are found in the regions of Ipp ; surplus. These do not exceed the 1m error bound.
Moreover, all in all, MBF copes well when a single LoS link obstruction occurs. The errors in the
left top and bottom corners are mainly the result of the P, ; (the radiant flux of LED ¢) calibration
of LEDs 2 and 4, which did not correct their NLoS contribution. Typically, this F; ; calibration
would be performed beforehand and in controlled circumstances. Finally, Fig.8 demonstrates
that the obstacle-induced NLoS is also dependent on the LED fixture’s nature. It shows the
Ipp o and Ipp 4 distribution in the presence of ETAP’s E4010/LED1N060D. Similarly, as for the
COB LED case, a strong RSS reduction due to shadowing is observed, as well as an increased
RSS due to closet-induced specular reflections. Notice that, due to practical constraints, we
were unable to measure right up to the closet, leaving some space. This is especially visible in
Fig.8, and we should not interpret it as shadows.
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Figure 6: A representation of (a) LED 2’s and (b) LED 3’s d; — Ipp; data in graph format in the
experiment closet with COBs.
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Figure 7: The spatial distribution of MBF’s positioning error in the closet configuration with LED
armatures. The LED locations are represented in red.

Additionally, we employed the Rician K-factor (K) to visualize the NLoS contribution in
our experiment. K, is defined as the ratio between the LoS power (Pf,s), determined via an
identical measurement without a closet, and the power in all other scattered paths (Pyr05),
determined as the power in the closet scenario minus the power in the without-closet scenario,
K, = 10log1 ( PI;szs)(dB ) [13]. Notice that as this approach for determining the LoS and
NLoS contributions is only valid when the received power in the no-closet scenario is smaller
than or equal to the received power in the closet scenario, we here exclude the areas that are
shadowed by the closet. The grey areas in Fig.9, therefore, indicate the shadowed areas (as
well as the areas right next to the closet where measurements were practically impossible).
Figs.9 (a) and (b) show K, for LED2 (top right LED) and LED4 (bottom right LED), respectively.
From both figures, K, generally drops when moving away from the LED. In Figs.9 (a) and (b),
zones C indicates that further away from the LEDs, the NLoS contribution falls within the noise
floor, while the LoS contribution decreases with distance. The highlighted areas of A and B,
on the other hand, illustrate that there has been a sharp drop in the K, because of the larger
contributions of NLOS due to the closet.
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Figure 8: The Ipp ; distribution for (a) LED 2 and (b) LED 4, when employing the non-Lambertian
E4010/LED1N060D LEDs (Experiment closet with LED armatures).
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Figure 9: K, in the presence of (a) LED 2 and (b) LED 4. The LED location is indicated in red.

4.2. Storage Rack

To provide insight into the expected NLoS extent encountered during industrial deployments,
Fig.3’s imaged storage rack features in two configurations. Fig.10 shows the Ipp ; found when
the storage rack is located at the outside of the positioning zone, while Fig.11 does so for a
scenario in which the storage rack is located in between the LED arrangement. Fig.10 and
Fig.11 display the more complex multipath and obstruction nature of the storage rack. It is a
consequence of the heterogeneity of the storage rack (and its contents). The narrow, highly-
reflective metal structures introduce very directive /pp ; contributions, as can be remarked from
Fig.10 (c) and (e) for instance. Luckily, the associated influence on the positioning is spatially
confined as well. The accuracy diminishing effect of the first storage rack configuration is treated
by Almadani et al. in [3]. The more irregular shadowing pattern is particularly discernible
around the tangent of the LED and the far storage rack corner that is in view. There, one of two
neighbouring grid points can be shadowed, while the other features in LoS. For example, when
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Figure 10: Ipp ; distribution of (a)-(d) LEDs 1-4 (in order) for the first storage rack configuration (top
corner right). ds — Ipp 3 is depicted in (e).

the points are located more towards the negative y-coordinates than the storage rack is, the
former’s light is blocked by, while the latter’s propagates between, the metallic structures. A
final remark constitutes that to guarantee a sufficient amount of LoS links in the presence of
closely spaced rows of tall storage racks, the exact location and shape of obstacles are needed
for VLP with a fine granularity, which for RF is not the case for example [2]. In addition, Fig.
12 (a) and (b) show besides the LoS (upper cluster) and the shadow (lower cluster) characteristic,
also grid points whose main contributions are of diffracted (and thus attenuated) light. To sum
up, the NLoS influence of VLP should be much more predictable and spatially-confined than is
the case for RF-based IPS. This would mean that well-characterised and fixed obstacles could be
accounted for, e.g. by incorporating it in MBF’s propagation map. This approach requires an
accurate representation model of the real-life propagation. The aptitude of propagation model,
in conjunction with Phong reflections, in describing VLP reflections is still to be proven [2].
Unfortunately, most industrial environments being dynamically-varying, sporting a mobile and
heterogeneous obstacle distribution, renders such an approach difficult to realise in practice.
Importantly, on the basis of these experiments, in industrial deployments with sparse obstacles,
mostly local positioning outliers are expected. Moreover, these outliers would then be confined
to the area near the obstacles, which is one that is frequently avoided with vehicular assets.
For example, for safety reasons, if possible, an Automated Guided Vehicle (AGV) will not be
required to drive past a storage rack with a significant velocity, without having at least a 20 cm
margin [2].
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Figure 11: Ipp ; distribution of (a)-(d) LEDs 1-4 (in order) for the second storage rack configuration
(top near to centre). A measurement error occurred at the figures’ bottom near the centre.
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Figure 12: A representation of the d; — Ipp; line graph of LED2 and LED3, respectively, in the
experiment centre rack.

5. Conclusion

This paper conducts an experimental investigation into the accuracy of VLP in environments
with induced obstacles, such as metallic closet and storage racks. Two VLP’s accuracy degrada-
tion factors, including multipath and shadowing, are considered, which are both collectively



referred to as NLoS impacts. The experimental results demonstrate that the obstacle-induced
NLoS influences (i) are much more deterministic and therefore predictable for VLP than for the
sub-GHz radio frequency (RF) signals, (ii) are vastly dependent on the local deployment of the
LED transmitters and the location of the obstacles through the irradiance angle during reflection,
(iii) are spatially confined to around a 1.5m vicinity of the obstacles because of attenuation due
to high path loss, and finally (iv) are dependent on the nature of the LED fixture. Future work
could include experimental modelling of the NLoS contributions and incorporating these into
MBF-based localization approaches to mitigate NLoS-induced positioning errors.
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