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ABSTRACT

The effect of field of view (FOV) angle on the positioning performance in a
visible light positioning (VLP) system utilizing light-emitting diodes (LEDs)
is examined. Due to its simplicity and low cost, the received signal strength
indication (RSSI) technique with trilateration is used for distance
measurement. Since being robust to noise sources, the optical code division
multiple access (CDMA) is preferred for broadcasting the unique
identification and location information of each LED at the same time. LEDs
are deployed on the ceiling of a highly reflective room with the aim of
providing homogenous and suitable lighting. The varying angle of FOV -
30° up to 88° with 2° increments - is considered in the photodetector (PD) to
obtain the effect of FOV on six different VLP scenarios with respect to the
number of LEDs. All scenarios have the non-line of sight (NLOS) channel
models up to three reflections. Simulation results show that increasing the
number of transmitters (Txs) decreases the distance error sensitivity to the
changes in the FOV angle. Consequently, indoor scenarios with increased
Txs allow the use of low FOV angles. Acceptable distance errors are
obtained even in harsh conditions, i.e., near the corner of the room.

Keywords: Visible Light Positioning, Field of View Angle, Received Signal
Strength Indication, Non-Line of Sight Channel Model.
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BiR RSSI TABANLI GORUNUR ISIK KONUM BELIRLEME
SISTEMI UZERINE FOV ACISININ ETKIiSI

Oz

Bu ¢calismada, 151k yayan diyot (LED) kullanan bir goriiniir 151k konum
belirleme (VLP) sisteminde fotodedektor goriis alani (FOV) agisinin
konumlandirma  performansi iizerindeki etkisi incelenmistir. Kolay
uygulanabilir ve diisiik maliyetli olusu sebebiyle mesafe olgiimii icin
trilaterasyon ile birlikte, aliman sinyal siddeti gdstergesi teknigi
kullanilmistir. Her bir LED’in kimlik ve konum bilgisini es zamanli yaymak
icin optik kod bélmeli ¢oklu erisim teknigi, giiriiltii kaynaklarina dayanikl
oldugundan tercih edilmistir. Homojen ve yeterli aydinlatma saglamak
amacwyla LED’ler yiiksek yansiticiliga sahip bir odanin tavanina
verlestirilmistir. Goriis agisimin etkisini elde etmek iizere alti farkli VLP
senaryosunda 30°’den 88°’ye kadar 2°’lik artislarla fotodedektoriin FOV
acisindaki degisim dikkate alinmistir. Her bir senaryo ii¢ yansimaya kadar
agtk goriis gerektirmeyen kanal modeline sahiptir. Simiilasyon sonuglart
gostermektedir ki verici sayisini artirmak, FOV agisindaki degisikliklere
karsit mesafe hatast duyarliligint azaltir. Sonug olarak, artirilmis vericilere
sahip i¢ mekan senaryolar, diigiik FOV ag¢ilarimin kullanilmasina izin verir.
Oda késesi gibi zorlu kosullarda dahi kabul edilebilir mesafe hatalar: elde
edilebilir.

Anahtar Kelimeler: Goriiniir Isik Konum Belirleme, Goriis Alant Agist,
Alman Sinyal Glcl Gostergesi, Acitk Goriis Gerektirmeyen Kanal Modeli.
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1. INTRODUCTION

Accurate estimation of a user location is crucial for navigation-based
services. In challenging contexts such as indoors, the Global Positioning
System (GPS) is inaccurate due to satellites' attenuated and discontinued
signals (Zhuang et al., 2018). To overcome this drawback, positioning
systems, particularly for indoor environments, utilize indoor wireless signals
such as wireless fidelity (Wi-Fi) (Zhuang, Syed et al., 2016), Bluetooth
(Hossain & Soh, 2007; Zhuang, Yang et al., 2016), and radio frequency
identification (RFID) (Ruiz et al., 2012). These systems, however, have
lower positioning accuracy and higher costs (Do & Yoo, 2016; Hassan et
al., 2015). Besides, radio frequency (RF) solutions have harmful effects on
specific equipment with lower electromagnetic immunity, such as Magnetic
Resonance Imaging scanners in health care facilities (Do & Yoo, 2016;
Khan, 2017).

The ever-increasing energy demands of the world enable the transition to
solid-state lighting (SSL). Energy-efficient LEDs are critical components of
this transition. In addition to energy efficiency, LEDs have many key
features such as high bandwidth, a long lifetime with reliable lighting, and
cost-efficiency. These advantages make LEDs simultaneously used for
illumination and indoor positioning (Hann et al., 2010; Lou et al., 2012).
Consequently, VLP systems based on LEDs have become extremely
popular. Moreover, the VLP system with LEDs obtained more accurate
results (0.1-0.35 m positioning error) compared to Wi-Fi (1-7 m), Bluetooth
(2-5 m), and RFID (<2 m) (Hassan et al., 2015).

Major positioning algorithms with trilateration rely on time or signal
strength measurement. Such measurements are obtained via the so-called
time of arrival (TOA), time difference of arrival (TDOA), and RSSI
techniques. TOA, the absolute arrival time of a wireless signal from the Tx
to the receiver (Rx), is a powerful technique. However, it requires precisely
synchronized Txs and Rxs. An additional timestamp, causing an increase in
the complexity, must be added to the transmitting signal (Hui et al., 2007;
Zekavat & Buehrer, 2019). TDOA addresses TOA by overcoming the
necessity of synchronization between the Txs and the Rxs. But, in TDOA,
synchronization is still needed among the Txs to ensure minimum

- 208 -



The Effect of FOV Angle on a RSSI-Based Visible Light Positioning System

positioning error (Zhuang et al., 2018). Compared to the techniques
mentioned above, the RSSI-based distance measurement using the
trilateration algorithm is a promising candidate because of being simple and
cost-efficient. Received signal values are easily obtained through a single
PD so that there is no need for additional devices. Unlike TOA and TDOA,
the performance of RSSI measurements does not strongly depend on the
availability of line-of-sight (LOS) channels (Zekavat & Buehrer, 2019).
Besides, the trilateration algorithm does not require prior information of an
indoor environment as fingerprinting, which is also a positioning algorithm
based on the RSSI technique (Guowei et al., 2013; Yiu et al., 2016). Though
using the RSSI with trilateration algorithm has attracted much attention, it is
generally applied with LOS channels (Kim et al., 2013; Yang et al., 2013; Li
et al., 2014; Zhang, Chowdhury et al., 2014). Consequently, research using
different channel models, such as those involving NLOS components, is still
needed. This study aims to relate the significant advantages of the RSSI-
based trilateration positioning algorithm for an NLOS channel model.

The luminous flux emitted from LEDs diffuses in certain directions and
reflects from walls, the ceiling, and objects in a room. Though the specular-
type light reflections may occur from a shiny object such as a mirror, most
reflections are generally diffuse type, which can be modeled well with a
Lambertian radiation pattern (Gfeller & Bapst, 1979; Barry, 1994; Kahn et
al., 1995). These reflected components of light, briefly NLOS components,
significantly contribute to the received signal strength at the PD. In
(Mohammed & Elkarim, 2015), the contribution of NLOS components up to
three reflections is explored. The localization error distribution for the PD
positions in the whole room is obtained for LOS and NLOS cases. In the
study (Gu et al., 2016), the effect of multipath reflections on the positioning
accuracy is investigated for particularly selected locations. In addition,
calibration approaches for selecting LED signals and decreasing the distance
between the LEDs are discussed to increase the positioning accuracy. Based
on the calibration approach of (Gu et al., 2016), in the work (Tang et al.,
2017), the selection of the four strongest LED signals, including multipath
reflections, is made by a hybrid algorithm. Then, a weighted centroid
algorithm is proposed to detect improved positions. An RSSI-based VLP
system with NLOS contributions is studied in (Mousa et al., 2018), where
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the system's performance is tested for the case of noisy and noiseless
channels. The authors of (Mousa et al., 2018) reported a positioning
accuracy of less than 10 cm at a signal-to-noise ratio (SNR) value of more
than 12 dB. In the study (Celik, 2019), with the motivation to increase the
overall system performance of RSSI-based VLP, homogeneous illumination
is aimed to maximize the individual SNR of each LED. Consequently, the
effect of LED deployment is studied to fulfill the aim. Increasing the
number of LEDs resulted implicitly in a decreased mean square error (MSE)
of distance (Celik, 2019). Nevertheless, most of these studies were
conducted under the assumption of a fixed FOV angle of the PD though it is
one of the essential features of a VLP system. A switching estimated
receiver position scheme is proposed by (Sertthin et al., 2009), where the
experiments were performed for three different types of FOV receivers.
Each receiver has a constant FOV angle: 25°, 17.5°, and 10°. In the study,
however, the distance error performance is analyzed with respect to the tilt
angle of a 6-axes geomagnetic and gravity acceleration sensor that increases
the complexity of the system. Besides, a two-dimensional positioning error
of 29.8 cm was reported for the FOV angle of 10° as the best case. A two-
phase hybrid algorithm additional to the conventional triangulation is
proposed by (Prince & Little, 2012), where the FOV angle as a function of
the receiver’s azimuth and elevation orientation is discussed. Course-phase
algorithm is tested for FOV angles to detect poor or numerically ill-defined
locations. Observations showed that a course estimation could not be made
for some orientation configurations when FOV ¢ [70° 110°]. The most
accurate position estimation is provided for the FOV angle of 90° since the
receiver could not detect enough light for a smaller FOV angle to make a
positioning estimation. Distributions of received power, SNR, and BER are
given by (Sendani & Ghahramani, 2017) for three different FOV angles:
30°, 60°, and 90°. Although the authors did not precisely mention the
number of transmitters in the system, according to Figure 1 of the study,
only four Txs in a single indoor scenario were considered. Besides, the
authors did not discuss the positioning accuracy of the system, which was
examined only in the framework of visible light communication (VLC). In
the study of (Seguel et al., 2019), FOV analysis is given for imaging
receivers to test the proposed algorithm according to the parameter changes
of the detector. The authors reported that FOV angles have low impact on
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the proposed algorithm, which is an expectable fact since four PDs are used
to form an imaging receiver. Additionally, the effect of multipath reflections
iIs not considered in the studies of (Sertthin et al., 2009; Sendani &
Ghahramani, 2017; Seguel et al., 2019).

To accurately estimate a position on the PD plane using the trilateration
algorithm, at least three LEDs with known locations are required from the
LOS model of the channel in the VLP system (Xu et al., 2017). Therefore,
NLOS contributions in the RSSIs degrade the localization performance of
the VLP. Choosing a small FOV angle in the PD seems to be an easy
solution to minimize these contributions. However, it is not too realistic for
an indoor environment. Since the vertical distance between the PD plane
and the ceiling is constant, the minimum FOV angle of the PD depends on
the distances between the Tx points. These distances vary according to the
number of Txs used in the indoor scenario, so does FOV. This fact is the
primary motivation of our study as we investigate the effect of FOV angle
via considering various numbers of indoor scenarios on the performance of
RSSI-based VLP system.

2. SYSTEM OVERVIEW

We consider a generalized indoor environment of cubic space, which we
will refer to as a room for the rest of the study. Figure 1 illustrates a typical
prototype of the system model, where several Txs are deployed on the
ceiling for illumination. We assume that the Txs are 0.5 m below the ceiling
plane, and a PD is placed anywhere in the room at 0.85 m in height above
the ground plane. These assumptions are the same as in the studies
(Mohammed & Elkarim, 2015; Celik, 2019). Each Tx in Figure 1 transmits
a unique global identification (ID) code in addition to its local coordinates
with respect to the room’s origin. The major challenge in the VLP system is
to determine the PD’s local position from Txs’ location coordinates. Once
the PD’s position is determined, the PD may send its local position to a
server. The origin of the room in the local coordinate has a known latitude,
longitude, and altitude in the global coordinate. Thus, the server transforms
the PD position into a global coordinate.

Each Tx in the room needs a processor for encoding global IDs and local
coordinates into bit sequences. Then, a driver circuit switches the LEDs in a
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Tx into an on-off state based on a particular modulation scheme. A
frequently used method for modulation is the On-Off Keying (OOK). Bit
sequences modulate the intensity of the light emitted from each LED. That
is why the technique is called intensity modulation (IM). Since there are
multiple Txs in the room, a multiplexing protocol is required to distinguish
the different signals of each Tx. In this study, as the multiplexing technique,
we use the optical CDMA (Lausnay et al., 2015; Lausnay et al., 2014),
which can easily be implemented by the OOK modulation and the Walsh
codes. Unlike RF communication systems employing complex-valued
bipolar signals, VLC (Celik & Colak, 2020) systems require unipolar real-
valued signals when modulating light. A DC bias signal and a turn-off-
voltage are added to the bipolar CDMA signal to obtain a unipolar one at
the Tx side. The resulting electrical signal is used by the driver circuit
switching the LEDs. At the Rx side, we consider the direct detection of the
optical carrier belonging to the incoherent light source simply the LEDs.
Thus, the baseband VLC channel model, used in this study, is given by
(Kahn et al., 1995; Komine et al., 2009; Zhou et al., 2012)

y(®) = x(t) @ h(t) + n(d), @)

where y(t) is the output photocurrent, x(t) is the non-negative optical input
power, h(t) is the channel’s impulse response, and the symbol “®” stands
for the convolution. In Eq.(1), n(t) corresponds to the signal-independent
additive Gaussian noise. There are two types of noise mainly affecting the
PD current. One is the shot noise caused by the incident optical power,
which includes the desired signal and the background light already present
in the VLP environment. Although the background light components in the
Rx can be reduced by optical filtering, it still causes shot noise. The second
is the thermal noise due to the increasing temperature of the PD during its
working process. Thus, in this study, we model the noise, n(t), as a signal-
independent, zero-mean Gaussian random variable whose variance is 62 =
N, /2 per dimension. The time-average transmitted optical power which is
emitted from each LED in the i*" Tx can be written as

1 (T
PO = = j x(b) dt, (2)
c J0
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where T, is the chip period of the optical CDMA signal. When the optical
CDMA signal reaches Rx, the DC component of the photocurrent is first
filtered out so that the orthogonality between the CDMA codes is preserved.
Next, correlation with known code sequences is performed. After decoding
the CDMA signal, the received signal strength is measured and sent as input
to the positioning estimator.
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Figure 1. Indoor geometry for N, = 5.

In this study, we have adopted six different VLP scenarios from (Celik,
2019) with respect to the number of Txs, N, to examine the FOV effect
which is not discussed in (Celik, 2019). In each scenario, it is assumed that
transmitters are deployed on the ceiling, thereby obtaining the maximum
individual SNR from each Tx. The deployment of N, transmitters also
ensures illumination with a non-flicking effect. These are strong reasons to
adopt the indoor scenarios of the study (Celik, 2019). The coordinates for
varying number of Txs are given in Table 1. According to (Qiu et al., 2018),
the VLC-CDMA system using OOK has an SNR value of 20 dB when the
bit error ratio (BER) almost reaches 10~ for bipolar-to-unipolar codes with
16 users. As stated by (Qiu et al., 2018), these results are sufficient enough
to acquire reliable VLC with CDMA based OOK modulation. Since the
study (Celik, 2019) reported a minimum SNR value of 45 dB for its VLP
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scenarios, and this value is much better than the one in (Qiu et al., 2018), we
conclude that the multiple access interference (MAI) is prevented
thoroughly in our study.

Table 1. x-y positions of Txs.

N, | x-y positions (m)

4 | {1.25-1.25; 1.25-3.75; 3.75-1.25; 3.75-3.75}

5 | {1.03-1.03; 3.96-1.03; 2.50-2.50; 1.03-3.96; 3.96-3.96}
{0.85-0.85; 4.14-0.85; 2.50-1.29; 1.29-2.50; 3.70-2.50; 2.50-3.70;

8 0.85-4.14; 4.14-4.14}

9 {0.83-0.83; 2.50-0.83; 4.16-0.83; 0.83-2.50; 2.50-2.50; 4.16-2.50;
0.83-4.16; 2.50-4.16; 4.16-4.16}

12 {0.70-0.70; 3.10-0.70; 1.90-1.46; 4.29-1.46; 0.70-2.12; 3.10-2.12;

1.90-2.87; 4.29-2.87; 0.70-3.54; 3.10-3.54; 1.90-4.29; 4.29-4.29}

{0.62-0.62; 1.87-0.62; 3.12-0.62; 4.37-0.62; 0.62-1.87; 1.87-1.87,
16 | 3.12-1.87; 4.37-1.87; 0.62-3.12; 1.87-3.12; 3.12-3.12; 4.37-3.12;
0.62-4.37; 1.87-4.37; 3.12-4.37; 4.37-4.37}

3. METHODOLOGY

3.1. Optical Received Power

In the channel model, we consider the LOS and the NLOS link with three
reflections for varying numbers of Txs, particularly, N, =4, 5, 8, 9, 12, and
16. The relating channel gain coefficient for the VLC link between the it"
Tx and the single Rx is given by h;, having two components as follows

k
h; = hioS _I_Z hiVLOS(n), (3)

n=1

where n counts the number of reflections; n = {1, 2, ..., k}, particularly, k =
3 as we consider three reflections. Since a Lambertian pattern of radiation
models the diffuse-type reflections well, h¥%5 is written by (Barry, 1994)
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hioS = %cosm(al) cos(f;) rect (%), 4)
where m represents the order of the Lambertian radiation pattern and is
related to the semi-angle at half illuminance of the LED. A is the PD’s
effective area. The link distance between the i** Tx and the PD is given by
d;. While the argument a; measures the angle of emergence from the Tx’s
plane normal to the link between the it* Tx and the PD, 3; measures the
angle of incidence from the PD’s plane normal. Since the ceiling and the PD
planes are parallel, «; is equal to g; for the LOS link. The FOV denotes the

PD’s field of view angle. Finally, the rectangular function, rect()f)—"v),

equals 1 when the absolute value of its argument is lesser or equal to 1,
otherwise it is 0.

As noted in the previous section, most reflections of the visible light rays
are generally of the diffuse type as room surfaces are rough compared to the
wavelength of visible light. Therefore, it is assumed that the room surfaces
consist of numerous differential areas, each of which acts as a transmitter
that emits light rays independent of the angle of incidence. Each differential
transmitter has a Lambertian radiation pattern then, the NLOS channel gain
coefficient from the i®" Tx with k reflections is as follows (Lee et al., 2011)

®) _ ;@ k+D [
NLOS 1 2 k+1 i
h’i = Li Ll' Ll' rect <W) , (5)
where
@ _(m+Ddd &
o= cos™ a;” )cos(B; ),
= DA 09) o)
dA
2
LE ) = Fcosm(afz)) cos(ﬁi(z))pi(z), (6)
i(2)
LR+ _ dA Cosm(a§k+1)) Cos(ﬁgk+1))pgk+1)_
' 7Tdiz(k+1) ' ' '
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In Eq.(6), dA is the differential area of the reflecting surface. The parameter
d;(q) represents the link distance between the i*" Tx and the first differential
surface, whereas d; 1) denotes the distance after the k" reflection to the

PD. The argument ai(l) measures the angle of emergence from the it"* Tx

plane normal to the link up to the first differential surface. Similarly, ,Bi(l)
measures the angle of incidence to the first differential reflecting surface.

The arguments al.(k“) and ﬁl.(k“) represent the emergence and the incidence

angles after the k' reflections from the i*" Tx, respectively. The parameter

pl-(kﬂ) is the reflection coefficient indicating the proportion of diffusive

reflection of the k" reflecting surface (Gfeller & Bapst, 1979).

In a multipath channel, the power delay profile (PDP) represents the
intensity of the received signal as a function of time delay. According to the
PDP analysis, if the correlation bandwidth of the channel is much larger
than the bandwidth of the signal, inter-symbol interference (ISI) is not an
issue through the channel. In (Celik, 2019), the PDP analysis of the channel
is examined for some of the indoor scenarios adopted in our study. The
analysis showed that the ISI effect could be completely ignored for the
indoor scenarios under study. In other words, the intensity of light emitted
from Txs in a symbol period is received within the same period. Hence, the
optical channel consists of the light intensity collected in a symbol period
regardless of time. This fact is another strong reason for adopting the
channel models in the study (Celik, 2019). Therefore, without loss of
significance, we may assume that the optical filter gain, Ts(5), and the
optical concentrator gain, G(5), are equal to 1. Finally, the optical received
power can be written as follows (Komine et al., 2009)

N¢
P? = Z P? h;, ()
i=1

where P? is the optical power emitted from each LED in the i®" Tx and

equals 0.45vW. To ensure a fair comparison between the indoor scenarios
with respect to the number of Txs, N;, we keep the total optical power

constant, which is P2, = 324 VW, by arranging different numbers of LEDs
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in each indoor scenario. Table 2 shows the number of LEDS, Njgp,
contained in the Txs, and the optical power of each Tx, Py, .

Table 2. Tx Parameters.

Ne | Nup | PP(YW) | PR(VW) | PPy (VW)
1 180 81

5 144 64.8

8 90 405

: o0 0.45 = 324

12 60 27

16 45 20.25

3.2. RSSI-Based Trilateration Algorithm

This subsection examines the trilateration positioning algorithm based on
the RSSI technique. Once the PD has received the transmitted data, the
signals from different Txs are separated through the CDMA decoder thanks
to the orthogonality of the codes. The PD determines the locations of the
Txs, and also measures the electrical power of the received signal from each
Tx. The trilateration algorithm (Gu et al., 2014) generally uses at least four
link distances between the Txs and the PD to determine the exact location of
the PD in three-dimensional (3D) space. Since the link and the vertical
distances are not available for an unknown PD location, an iteration
algorithm is applied to provide the 3D coordinates of the PD. By estimating
the height of the PD to the final estimation, the link distance is calculated,
from which the horizontal distance between the Txs and the PD is
determined. If the PD is mobile in a known plane, see Figure 1, then, three
Txs with known location data are sufficient for the algorithm to adequately
determine the PD’s position.

A PD which is a direct-detection (DD) receiver has the square-law nature
(Barry, 1994). This means that its output electric power is proportional to
the square of the input optical power. Hence, the electrical power received
from the i*" Tx is written as follows

o = (PPhR)?, (8)
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where R is the responsivity of the PD. For the LOS link, the angles «; and
B in Eq.(4) are equal to each other so we can write the following relation

(m+1)

cos™D () = <%> 9)
i

in terms of the link distance, d;, and the vertical distance between the Tx

and the PD planes, where d,, = 1.65 m. After substituting Eq.(9) and Eq.(4)

into Eq.(8), we get the link distance between the it* Tx and the PD as

follows

2
@m0 (RP? (m + DA d™Y) (10)

di =
42 pe (i)

Once the link distance is calculated via Eq.(10), at least three horizontal
distances between the it"* Tx and the PD can easily be determined. These
horizontal distances can be expressed as (Gu et al., 2014)

df = (g — %)% + Wy — ¥1)* + (Zrx — 21)%,
d% = (xRx - xz)z + (ny - yz)z + (ZRx - Zz)z' (ll)
d3 = (Xpx — %3)% + Wrx — ¥3)? + (Zpy — 23)%

Here, (Xzx Yrx» Zrx) 1S the coordinates of the PD in 3D space, whereas the
other coordinates at the right-hand sides of Eq.(11) belong to the three Txs.
The last terms for the z —coordinates of Eq. (11) are all the same since the
PD is mobile in the plane with a known altitude. Therefore, subtracting the
second and the third equations from the first of Eq.(11) yields the following
matrix (Kim et al., 2013)

B = Ax, (12)

where

1ldf —df +x5 +y; —x7 —yf
2 df—d2+x§+y§—x12—y12'
_ [xz—x1 3’1] _ xRx]

X3 — X1 — ViV YRl

(13)
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Eq.(12) can be solved using the linear least square method that is x =
(ATA)"*ATB (Reichenbach et al., 2006).

The received signal strength is sensitive to the indoor environment;
therefore, neglecting noise in a VLP system has unrealistic consequences
that should be avoided. As stated in the previous section, we model the
noise parameter as the signal-independent additive Gaussian noise with a
variance of o2. The variance is equal to the noise power as its mean value is
zero. In (Celik, 2019), the noise power of the system model is calculated as
2.5 X 10712 W by using the noise parameters of (Zhang, Duan et al., 2014).
Another essential parameter for determining the performance of a VLP
system is the signal-to-noise ratio (SNR). The electrical SNR for the i®" Tx
in terms of o2 is given as follows

SNR; = 0} (14)

According to (Mohammed & Elkarim, 2015), in the case of the LOS link,
the highest received signal power is obtained just under the Txs, where only
N, = 4 is studied whose locations are the same as ours, see Table 1. The
main factor controlling the localization accuracy is the SNR since the
minimum localization error, 0.18 mm, is obtained where the best SNR
value is recorded. As the Rx moves to the room corners, the received power
gradually decreases. The minimum SNR value is obtained at the corner;
consequently, the worst localization error is recorded as 14.06 cm. For the
overall link, which consists of LOS and NLOS components, a dramatic
increase in the received power near the walls is observed due to their high
reflectivity. The reflections have a minor effect at the room center; hence,
the SNR is at its maximum value, whereas the localization error is minimal,
6 cm. However, the latter localization error is far worse than that of the
LOS link. From this fact, we can conclude that although we have to consider
the NLOS contribution for a realistic model of a VLP system, the
contribution must be reduced. In this study, the following section with novel
results discusses the role of FOV in reducing the negative effect of NLOS
contribution on the positioning accuracy.
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4. SIMULATIONS

This section presents the simulation results for the distance error
performance with respect to the FOV angle. Table 3 summarizes the
simulation parameters for the considered VLP system.

Table 3. Simulation parameters.

Elevation of the LEDs -90°
Azimuth of the LEDs 0°
Semi-angle at half power (®,,,) | 60°
Lambertian order (m) 1
Elevation of the PD 90°
Azimuth of the PD 0°
Responsivity (R) 0.4 A/NW
Area of the PD (4) 0.0001 m?
Wall reflectivity coefficient (p,,) | 0.8
Ceiling reflectivity coefficient (p.) | 0.5

Floor reflectivity coefficient (p;) | 0.3

Area of differential elements (d4) | 0.04 m?

In the simulations, we select three typical PD positions to analyze the effect
of the FOV angle on the distance error performance of the VLP system. The
first location is near the center of the room, the other is near the wall edge,
and the third location is near the corner of the room, which is the severest
case considering the multipath reflections. Figure 2 shows the distance error
versus the FOV angle when the PD is located near the center of the room. It
can be seen from Figure 2 that for the indoor scenario with N, = 12, the
best performance is obtained for the FOV angles from 32° up to 88°. If a
generalization is made from the figure, we can say that the distance error
performance improves with the increasing number of Txs, so that the
sensitivity of the distance error to the FOV angle decreases. The exceptions
to this generalization are the indoor scenarios for N, = 5, and 9 due to the
LED deployment that takes into account the illumination issues, see (Celik,
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2019). For those cases, the distance error increases significantly due to the
increase in the FOV angle. Another important extraction from Figure 2 is
that an increase in the number of Txs allows lower FOV angles since at least
three Txs must be in the range of the PD due to the trilateration algorithm.
This fact also results in reduced reflected signals and improved distance
error performance.
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Figure 2. Distance error with respect to the FOV angle for the PD position near
the center of the room.

Figure 3 demonstrates the distance error performance when the PD is near
the left wall edge, chosen intentionally to take severe reflections from one
wall. For the left wall, we refer to a typical room geometry in which the left
wall is between the wall with an entrance to the room and the wall having
windows. The indoor scenarios for N, =5, 12, and 16 achieve the
minimum distance error with low sensitivity to the changes in the FOV
angle. The general idea that the distance error performance increases with
the increasing number of Txs, extracted from Figure 2, is also valid for
Figure 3 except for N, =5. For this case, with the aim of uniform
illumination, Tx: 3, located at the center of the ceiling plane, pushes the
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illuminance of the other four toward the corners, see Figure 1. Thus, the
reflections going through the PD weaken for this indoor scenario. Another
remarkable situation is that the distance error sensitivity to the FOV angle is
very high for N, = 8. When we compare the ordinates of Figure 2 and
Figure 3, the distance error gets worse for Figure 3 due to the PD location
near the wall edge, which causes severe reflections.
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Figure 3. Distance error with respect to the FOV angle for the PD position near
the left wall of the room.

In Figure 4, we show the distance error versus the FOV angle for the PD
location near the corner of the room, chosen as the severest case due to
intense reflections from the four walls. Compared to others, the scenarios
with N, = 12 and 16 achieve minimum distance errors for all available
FOV angles. Besides, the distance error sensitivity to the FOV angle
increases noticeably for these cases. As expected, when we compare the
ordinates of Figures 2, 3, and 4, the distance error is the worst for Figure 4.
However, it is still possible to achieve satisfactory error performances, i.e.,
0.049 m, using an increased number of Txs and low FOV angles, i.e., 40°.
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Figure 4. Distance error with respect to FOV in the position close to the corner of
the room for different indoor scenarios.

5. CONCLUSION

In this study, we have investigated the effect of the FOV angle of a planar
PD for an RSSI-based VLP system. We have also considered illumination
constraints in the system model. Positioning errors are evaluated according
to the number of Txs, particularly N, = 4,5,8,9,12, and 16 at varying FOV
angles from 30° to 88" with 2° increments. Simulation results have
demonstrated that increasing the number of Txs decreases the distance error
sensitivity to the changes in the FOV angle. Consequently, indoor scenarios
with increased transmitters allow the use of low FOV angles. Besides,
acceptable distance errors are obtained even in harsh conditions, i.e., near
the corner of the room.
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