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Departmento de Teorı́a de la Señal y Comunicaciones, Universidad Carlos III de Madrid, Leganés 28911, Spain

CORRESPONDING AUTHOR: A. L. BARRIOS (alelopez@pa.uc3m.es)

This work was supported in part by the Project SOFIA-AIR funded by MCIN/AEI/10.13039/501100011033/ERDF, UE, under Grant PID2023-147305OB-C31; in
part by the Project HOLIFI6G funded by MICIU/AEI/10.13039/501100011033/FEDER, UE, under Grant PID2024-156038OA-I00; and in part by TUCAN6-CM,
funded by CM (ORDEN 5696/2024) under Grant TEC-2024/COM460. The work of Borja Genovés Guzmán was supported by the Ramón y Cajal Grant funded
by MICIU/AEI/10.13039/501100011033 and FSE+ under Grant RYC2022-036053-I. The work of Máximo Morales-Céspedes was supported by the Ramón y
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ABSTRACT Retroreflective visible light communications (R-VLC) have been recently proposed for
providing ultra-low power positioning and communications in the framework of the Internet of Things.
Specifically, devices equipped with a corner-cube retroreflector send optical signal back to the source of
light through a parallel path, where the photodetector (PD) is co-located. To obtain positioning through
trilateration methods, previous works consider a large separation among PDs so that they provide at least
three linearly independent channel responses. In this work, we propose a R-VLC system based on the
deployment of PDs following an angular diversity arrangement onto the source plane. This approach
achieves two goals; i) it enables trilateration-based positioning for small sources of light by implementing
a single angle diversity receiver (ADR) and following a centralized structure and ii) it improves the footprint
and precision of positioning accuracy, i.e., the area in which positioning is accurate, compared to traditional
approaches. Simulation results show that the proposed scheme increases the positioning area 60%, ensuring
a positioning accuracy of 1 cm. Moreover, it is also shown that positioning performance can be improved
increasing the number of PDs and carefully selecting them to avoid correlated channel responses.

INDEX TERMS Visible light communication, angle diversity receiver, photodetector design, field-of-view.

I. INTRODUCTION

V ISIBLE light communication (VLC) has emerged as
a complementary technology to traditional radiofre-

quency (RF) technologies. While RF systems suffer from a
congested spectrum, optical wavelengths are still untapped,
offering a pervasive deployment of light-emitting diodes
(LEDs) that can be exploited to provide a networked system
[1]. The small and confined coverage footprint generated
by each optical cell allows for large resource reuse, pro-
vides robustness against interference, and creates a grid of
transmitters that leads to a smooth fair connectivity. In this
sense, VLC can contribute greatly to traditional RF systems
by enabling high-precision positioning in indoor scenarios
[2], [3].

VLC systems are typically formulated from a downlink
perspective, while the uplink design is still an open issue.
Some works have considered traditional RF to perform as

uplink in VLC systems, e.g., WiFi [4] and cellular networks
[5]. However, the power consumption of these technologies is
large [6], which prevents them from operating on the Internet
of Things (IoT) networks. Recently, passive transmitters
have been considered to enable low-power uplink for energy
constrained IoT systems, getting rid of power-hungry active
elements.

Traditional RF backscatter modulates the signals around
the propagation environment by means of changing some
of the receiver characteristics. For instance, an antenna can
absorb and reflect such signal by modulating the matching
impedance of the antenna in the IoT device. As a con-
sequence, it is possible to get rid of any elements such
as the synthesizer, which allows to save energy or even
operating battery-free [7]. However, RF backscatter presents
some limitations; i) the IoT device must be placed close to
the carrier wave generator, which does not typically occur
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FIGURE 1. Elements that perform as reflectors in optical backscatter.

in practical scenarios and ii) it may prove inefficient in
terms of spectral efficiency since the transmitted bandwidth
is duplicated, which may also lead to interference.

To solve these issues and leverage the pervasive deploy-
ment of light sources, optical backscatter has recently been
proposed to provide both positioning and communications.
Basically, the light that impinges onto the reflecting mate-
rial is modulated by means of amplitude changes or light
deviation. Three main elements can perform as reflectors
as shown in Fig. 1. Corner cube retroreflectors (CCRs) [8]
and retroreflective sheeting [9], [10] [11], both based on
reflecting the light back in the same direction as it is received,
and mirrors, which allow us to reconfigure the direction of
the light [12], [13]. The two first elements rely on liquid
crystal (LC) shutters for modulating the light by allowing
or blocking the retroreflected channel, while mirrors manage
the incidence light applying tilting mechanisms that redirects
it to the desired destination.

Mirror-based VLC requires knowledge about the position
of the receiver to which the light must be forwarded. At
this point, note that the retroreflectors generate a beam in
the same direction as the incidence beam transmitted from
the source of light. Therefore, retroreflective VLC (R-VLC)
simply requires users located within the coverage footprint
generated by each source of light. Retroreflective sheeting,
e.g., the retroreflectors widely used in road safety, achieves a
poor performance because they are subject to high scattering
effects leading to a weak retroreflected beam. Differently,
CCRs concentrate more light into the point where the source
is located, achieving larger signal received power. In [14],
the performance of multiple retroreflectors is experimentally
compared, and it confirms that the CCRs obtain better com-
munication performance than other retroreflective structures.

In this context, few prior works have considered CCRs to
exploit the retroreflected optical channel for both commu-
nications and positioning. In [15] and [16], the closed-form
expressions for the retroreflected channel model, assuming
that the receiver of the retroreflected signal is much smaller
than the CCR, are derived following a geometrical analysis.
After that, these works analyze the obtained channel model
for positioning applications achieving an accuracy below
1 cm. Lately, the potential of this approach has been shown in

real applications such as localization in mining environments
[17]. These works are basically based on implementing an
LC shutter to modulate the reflected optical signal. Then,
each retroreflector generates an uplink channel in which a
tag is transmitted. In this sense, the uplink interference due
to transmission of different can be modeled similarly as a
downlink VLC system. Therefore, well known techniques
such as orthogonal resource allocation [18], non-orthogonal
multiple access (NOMA) [19], precoding schemes [20], [21]
or adding optical rotatory dispersor [15] can be potentially
applied to avoid or minimize the impact of the interference.

Focusing on the positioning performance, notice that
at least three linearly independent channel responses are
required to compose a trilateration equation system. However,
the signals received by close PDs pointing to the same
direction can be extremely correlated because of the lack
of small propagation effects in the optical domain. To avoid
the correlation among PDs, the state-of-the-art positioning
systems based on R-VLC propose the deployment of an
arrangement of PDs sufficiently separated onto the source
of light, e.g., [8] and [16]. As a consequence, this approach
is limited to large source lights, e.g., large LED panels, to
receive the backscattered optical signals.

To solve this issue, we propose the use of angle diversity
receivers (ADRs). ADRs based on deploying multiple PDs
following an angular arrangement have been traditionally
proposed for improving the communication performance in
optical MIMO systems by reducing the correlation among
channel responses of adjacent users [22], [23]. In this work,
beyond communications enhancement, we exploit the angu-
lar diversity offered by ADRs to improve the accuracy of
positioning and enable positioning using small LEDs. It is
worth remarking that exploiting the angle diversity of a large
amount of PDs may lead to complex receivers. In such a way,
the concept of reconfigurable photodetector, in which the set
of PDs is connected to a single or a limited number of signal
processing chains through a selector, is proposed to relax the
receiver complexity in [24].

In this work, we propose a novel approach for provid-
ing both positioning and communications in R-VLC that
combines the use of CCR in the user devices and ADRs
deployed onto the light source plane of LED fixtures. The
CCR enhances the ability to detect and locate users by
reflecting light back to its source, while the ADR allows
the system to sense the reflected light from multiple angles,
improving positioning accuracy and reducing the required
size of the light source. This model can be extended to
perform as a dual-purpose system, enabling simultaneous
data communication and positioning, making it an ideal
solution for a wide range of IoT applications. The main
contributions of this work can be summarized as follows:

1) The effective retroreflected area (ERA) that determines
the optical power that is retroreflected by the CCR and,
then, captured by the PDs deployed onto the source of
light, is derived considering that they follow an angular
diversity arrangement.
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2) A decentralized ADR approach is proposed to mini-
mize the shadow generated by the PDs in the optical
beam received and retroreflected by the CCR. The
geometrical constraints of this approach are derived.
After that, theoretical and simulated ERA values are
computed to validate the proposed scheme based on
retroreflection to ADRs.

3) Once the ERA and power received by each PD of the
ADR are determined, the positioning methodology is
formulated. The exceed of degrees of freedom due to
the angular diversity provided by the ADR enables to
derive PD selection methods. Interestingly, it is shown
that for ADRs composed of a large number of PDs,
maximizing the channel variation subject to a power
threshold achieves better results than selecting PDs
providing the strongest received signal because of the
correlation among close PDs.

Simulation results show that the proposed scheme enables
a good positioning accuracy, even when deployed in small
LEDs, avoiding the need for large LED panels. Moreover,
assuming the same number of PDs as in the non-angular
approach, the proposed scheme based on angular diversity
increases the positioning footprint area by 60%. It is also
shown that increasing the number of PDs requires managing
the channel correlation to increase the positioning perfor-
mance. Since the proposed approach enables the use of ADRs
for communication purposes, the inherent enhancement of
the communication rate because of exploiting the angular
diversity is also briefly analyzed.

The remainder of this paper is organized as follows. In
Section II the R-VLC system model is presented. Section III
presents the impact of ADR in the signal retroreflected by the
CCR. The methodology for obtaining positioning is presented
in Section IV. Specifically, two methods named highest-
power and highest-variation are derived. The communications
performance is briefly presented in Section V. Simulation
results are presented in Section VI. Finally, Section VII
provides concluding remarks.

II. SYSTEM MODEL
We consider an indoor VLC system where a single light
source based on LED panel technology illuminates the room
in which K, k = {1, . . .,K}, users are located. The spatial
dimensions of the room are modeled as a 3D Cartesian
coordinates

�
x y z

�
system as described in Fig. 2. The LED is

pointing perpendicularly to the floor according to the unitary
vector n̂ =

�
0 0 −1

�
. Besides, on the surface of the LED

panel, an ADR composed of I, i = {1, . . ., I}, PDs is integrated
for which the PD i is characterized by the normal pointing
vector denoted by vi and position vector qi. The distance
between the center of the LED panel and the user k is given
by dk = ‖uk − r‖, where uk is the position vector containing
the coordinates of the user k, i.e., uk =

�
dx dy dz

�
and r is

the position vector of the LED. Each user is equipped with
a CCR, so that the optical signal that falls on the user is
returned to the source following the same propagation path.

FIGURE 2. Indoor R-VLC scenario based on CCR.

FIGURE 3. Geometry of the optical retroreflection based on CCR.

Notice that this approach transforms the user into a passive
target. As a consequence, the retroreflected rays of light
can be detected by the PDs deployed along the LED panel
following an angular diversity arrangement for subsequent
signal processing.

The geometry of the CCR is characterized by its length,
recession length, and diameter of the front facet, denoted by
LCC, LSCC, and DCC, respectively. The shape of the retrore-
flector face is called the input aperture, while the outline of
the retroreflected beam is referred to as the output aperture.
The composition of a CCR is described in Fig. 3. The shape
and dimension of the CCR determine the input and output
aperture regions, which correspond to the regions formed by
all the light rays that enter and the reflected rays, respectively.
Moreover, their intersection generates the ERA on the CCR
plane. Based on the geometrical derivation from previous
studies [8], [16], the output apertures offsets because of both
CCR and recession lengths are given by

D = 2LCC tan(Φ) (1)
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and
Ds = 2LSCC tan(Φ), (2)

respectively, where Φ represents the refraction angle, which
is determined by the refraction index of the material of the
CCR denoted by η and the angle of incidence of the light
striking it denoted by θCCR. Then, according to Snell’s law,

Φ = arcsin
�
η1 sin θCCR

η2

�
, (3)

where η1 and η2 are the refractive index of the media on either
side of the interface. It is worth remarking that the equations
described above characterize the retroreflection of the light at
the CCR and, ultimately, they determine the resulting ERA.

This work adopts the retroreflected signal model proposed
in [8] and [16]. Specifically, the signal retroreflected from
user k and received at PD i deployed at the source of light
is

yik = ρiβhik x + zi, (4)

where ρi represents the responsivity of the PD, β ∈ [0, 1] is
the reflecting loss factor, hik is the channel between the PD i
deployed on the source of light and the signal retroreflected
by the CCR of user k, and zi is the additive white Gaussian
noise (AWGN). Unlike prior works, we cannot consider the
light source as a single point because we assume the deploy-
ment of a realistic LED panel with dimensions comparable to
the size of the room. To characterize the optical propagation
from an LED panel, it is assumed that the source of light is
composed of J, j = {1, . . ., J}, points uniformly distributed
transmitting the same optical power each. Moreover, the ratio
of the ERA employing a CCR is denoted by ε ∈ [0, 1].
Following this approach, the channel between the transmitted
and the received signal at PD i coming from the CCR at user
k can be written as

hik

=

8̂̂<̂
:̂
ε

J

JX
j=1

Ai(m + 1)

2π
�
d jk + dki

�2 cosm �θ jk
�

cos (φki) φki ≤ ψi

0 φki > ψi

(5)

where Ai is the effective area of PD i, m is the Lambertian
emission index, d jk is the distance from the point of light j
to the CCR of user k, and dki is the distance from user k to
PD i of the ADR deployed on the LED panel. Moreover, in
(5), ψi is the field-of-view (FoV) of the PD, and the radiation
and incidence angles are denoted by θ jk and φki, respectively.
The Lambertian emission order is defined as m = −1

log2

�
cos θ 1

2

� ,

where θ 1
2

is the transmitter semi-angle at half-power. We
assume circular PDs with an area Ai = π

4 D2
PD, where DPD

represents the diameter of the PD.
This proposal can be easily scaled to a multi-LED architec-

ture producing a single-input multiple-output (SIMO) system
in the uplink, where the signal is received by PDs co-located
with multiple light sources from which the light is emitted

and that impinges onto the user device. This would increase
reliability of the system and a better positioning accuracy. For
simplicity, we focus on a single light source architecture.

III. IMPACT OF ADRS IN THE RETROREFLECTIVE AREA
The ERA corresponds to the area of the LED panel whose
transmitted light is retroreflected by the CCR and collected by
the set of PDs deployed on the light source plane as described
in Fig. 3. In [16], the authors determine the ERA as a function
of input and output apertures because of the incidence angle
and the recession of the CCR assuming that the front face
of the retroreflector is much larger than the PD area. This
approach is extended in [8] for the cases in which the area
of PDs is larger than or similar to the aperture of the front
face of the retroreflector. However, both works assume that
the PDs on the light source plane are pointing perpendicularly
downwards to the floor.

At this point, notice that solving a linear equation system
or determining the position from the signals received at
multiple PDs depends on how different are the channel
responses to obtain these signals. For instance, if two loca-
tions are subject to the same or very similar channel, it results
more difficult to distinguish both than if they correspond
to different or dissimilar channel responses. To measure the
similarity between channel responses, we propose to calculate
the correlation between the channel of two positions as [23]
and [25]. Specifically, considering the set of vector pairs�
hp,hq

�
, p, q = 1, . . .,N : p , q, assuming that each pair

(p, q) is counted only once, where N is the number of
possible vector combinations considering a specific number
of PDs (typically 3 for determining the position), the channel
correlation coefficient is defined as

ΓΣ

=
1
N

NX
n=1

hp · hqq�
hp · hp

� �
hq · hq

�„ ƒ‚ …
γ(hp,hq)

,∀p, q ∈ {1, . . .,K} , p , q,

(6)

where, in this case, γ
�
hp,hq

�
corresponds to the correlation

coefficient between two positions p and q. That is, the
correlation coefficient in (6) measures the similarity between
channel responses of two positions for all possible PDs
combinations.

For illustrative purposes, let us consider an scenario com-
posed of 2 PDs separated a distance S PD between them and
subject to an elevation angle γ as depicted in Fig. 4(a).
User 1 is in a fixed position at the center of the one-
dimensional scenario, while user 2 is in a movable position
along the scenario. The correlation coefficient between the
channel of both positions is depicted in Fig. 4(b) considering
exclusively the separation between PDs and also the angular
diversity given by an elevation equal to 10◦ and 45◦. For a
short distance between PDs, it can be seen that the channel
responses between both positions are highly correlated in
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FIGURE 4. Toy example for evaluating the correlation between channel responses
at adjacent positions.

the entire distance range. In fact, considering angle diversity
by adding an elevation angle of only 10◦ leads to similar
results. In this sense, an elevation angle of 45◦ reduces the
correlation significantly in comparison with the non-angular
approach. On the other hand, for a distance between PDs
equal to 50 cm, it can be seen that the correlation coefficient
decreases. For S PD = 50 cm, it is also shown that combining
both approaches; distance separation and angle diversity,
leads to a considerable reduction of the correlation.

Previous positioning R-VLC works are based on managing
the similarity among channel responses by only separating
the PDs following a non-angular approach, e.g., [8] and [16].
Notice that this constraint involves the following issues:

• In contrast to RF propagation, optical signal is not sub-
ject to small scale effects. Besides, previous works for
positioning in R-VLC do not consider angular diversity,
while the PDs are separated a specific distance among
them. As a consequence, the signal received at adjacent
points can be extremely correlated. As described in
Fig. 4a, a considerable distance among PDs is required
to avoid high correlation among their channel responses.
Therefore, previous positioning schemes may not be
applied for small sources of light such as small LED
panels.

• The output aperture offsets because of the structure of
the CCR lead to a coverage footprint in which the
R-VLC system provides accurate positioning. Consid-
ering PDs pointing downwards to the floor, i.e., without
angular diversity, a fixed, small and confined positioning
footprint is generated.

FIGURE 5. Architecture of the centralized pyramidal ADR.

For simplicity, a pyramidal arrangement is proposed for the
ADR design. Specifically, we assume an odd number of PDs
so that the first value of index i corresponds to a PD pointing
perpendicularly to the floor. That is, v1 =

�
0 0 −1

�
. Then,

denoting the elevation and azimuthal angles by γ ∈
�
0, π2

�
and δ ∈ [0, 2π), respectively, the pointing vector of PD i is
given by

vi =
�
sin (γi) cos (δi) sin (γi) sin (δi) − cos (γi)

�
, (7)

where, for the pyramidal arrangement,

δi =
(i − 1)2π

I − 1
, i = 2, . . ., I (8)

and
γi = γpyr, i = 2, . . ., I, (9)

where γpyr is the elevation of the facets of the pyramid. It is
worth remarking that other arrangements, e.g., hemispherical
or multi-tier, can be considered and their application is
straightforward. Notice also that the pyramidal configuration
does not involve the construction of pyramidal structure. That
is, the PDs can be distributed satisfying (8) and (9) along the
LED panel. Moreover, it is assumed that each PD occupies
the inscribed circle of each facet of the pyramidal structure,
i.e., the circle tangential to the sides of the facet. Therefore,
the distance from the center point of the pyramid vertex to the
center point of one of its facets is denoted by RPD = DPD

2 as
described in Fig. 5. This value is computed as RPD = Lbottom

2 sin π
I−1

,
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where Lbottom is the side of the polygon that truncates the
pyramid.

At this point, the concept of ERA described in previous
works still results valid for ADR configurations deployed
onto the light source plane.1 However, for the proposed
approach, the ERA directly depends on the structure of
the ADR. Specifically, the following two approaches are
considered.

A. CENTRALIZED ADR CONFIGURATION
Traditionally, the concept of ADR is based on a compact
structure in which the set of PDs are deployed on a geo-
metrical composition. It is assumed that the light does not
pass through this structure. Let us consider a truncated
pyramid model and circular PDs as described in Fig. 5.
The PD i = 1, which points downwards to the floor,
fits in the shape of a regular polygon, as highlighted in
green in Fig. 5, with apothem abottom = DPD

2 . Therefore, the
circle that passes through all the vertices of the polygon is
given by a diameter Dbottom = Lbottom

sin( π
I−1 ) . Since the side of a

regular polygon can be written as a function of the apothem
as Lbottom = 2 abottom tan

�
π

I−1

�
, where abottom denotes the

apothem, the radius of the circumcircle of the bottom face of
the ADR is R = DPD

2 cos( π
I−1 ) . Then, considering 2 opposite facets

of the pyramid, the circle that circumvents the top base of
the pyramid is given by a diameter equal to

DADR = DPD

 
1

2 cos
�

π
I−1

� + 2 cos(γ)

!
. (10)

Therefore, the ERA can be approximated2 similarly as in [8]
considering the area occupied by the ADR as a single PD.
For this case, the ratio between the ERA and its maximum
is a weight factor on the retroreflected channel given by

ε =
AERA

AERAmax

=
2ξ2

�
cos−1

�
∆D
ξ

�
−

∆D
ξ

sin
�

cos−1
�

∆D
ξ

���
− π

4 D2
ADR

πξ2 − π
4 D2

ADR
(11)

where ∆D = D + DS and ξ = DCC + DPD
2 .

B. DECENTRALIZED ADR CONFIGURATION
At this point, recall that the ERA corresponds to the area
retroreflected by the CCR, which, after that, is collected by
the PDs. As a consequence, for the centralized configuration,

1The area of a PD can be considered negligible in comparison with the
illumination area of an LED panel. For instance, the area of a common
PD such as BPW21 corresponds to the 0.095% of the illumination area
for an LED with 10 cm diameter. Considering an ADR with 5 PDs and
an elevation angle of 40◦, the ADR would occupy less than 0.5% of the
illumination area. This percentage of occupied area would be even smaller
for larger LED panels.

2The error because of considering the area of a regular polygon as a circle
is given by R2 �π − 1

2 n sin
� 2π

n

��
, where R and n are the circumradius and

sides of the polygon, respectively. This error tends to zero as the number of
sides increases.

FIGURE 6. Architecture of the decentralized pyramidal ADR.

it can be seen that the signal retroreflected along the aperture
of the CCR is not only blocked by the corresponding PD,
but also by the adjacent PDs that compose the centralized
ADR, which may penalize the total amount of the retrore-
flected signal. At this point, we propose a decentralized
ADR structure in which the distance among PDs satisfies
a minimum distance ensuring that the ERAs received at any
two different PDs do not overlap between them. Notice that
each PD occupies its projection onto the light source plane.
According to [8], the diameter of the light emitting surface
that contributes to the retroreflection is DPD + 2DCC, i.e.,
the diameter of AERAmax . Therefore, to maximize the ERA
generated around the set of PDs that compose the ADR, the
minimum separation among them must satisfy the following
condition

S PD >
DPD + 2DCC

2
. (12)

The proposed approach allows obtaining a greater amount
of retroreflected light in each PD than the centralized ADR
configuration since only a single PD may block the light that
is retroreflected by the CCR. The area occupied by each PD
along the light source area is reduced because of the elevation
angle, as can be seen in Fig. 6. Applying the Monge method,
the projection of a circular PD with area Ai onto the light
source plane corresponds to an ellipse with area Ai cos γ.
Therefore, the ratio between the maximum and the obtained
ERA for PD i can be written as

εi

=
2ξ2

�
cos−1

�
∆D
ξ

�
−

∆D
ξ

sin
�

cos−1
�

∆D
ξ

���
−Ai cos (γ)

πξ2−Ai cos (γ)
.

(13)

For the sake of clarity, let us define Aillum = π
�DPD+2DCC

2

�2

as the area surrounding the PDs that contributes to retrore-
flection and ALED as the total area required for the LED. For
illustrative purposes, the ERA, which is the region comprised
of the J points of light that contribute to the retroreflection, is
depicted in Fig. 7 for an ADR composed of 5 PDs satisfying
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FIGURE 7. Illustration of an ADR, whose PDs are separated, avoiding falling in the
region of light that contributes to the retroreflection of the neighboring PD I = 5.

FIGURE 8. Percentage of the optical power generating ERA. 40 × 40 cm LED panel
I = 5, DCC = 5 cm, LCC = 3.57 cm, LCC = 0.63 cm, DPD = 1 cm.

(12). Specifically, Fig. 7(a) illustrates the points assuming
that the user is located in the center of the footprint, i.e., just
below the LED panel. It can be seen that all the PDs generate
a circular ERA around them. On the other hand, in Fig. 7(b),
the user is located at the position x = 1.465 m, y = 1.465 m,
and the furthest points of light disappeared, meaning that they
do not contribute to the retroreflection in their corresponding
PDs.

Notice that the decentralized configuration aims to increase
the amount of retroreflected signal by avoiding the presence
of adjacent PDs that compose the centralized ADR configu-
ration. For instance, the white circle in the center of the ERA
regions depicted in Fig. 7 corresponds to the area occupied
by each PD in the decentralized configuration, whereas a
larger white circle would appear for the centralized ADR
configuration. For illustrative purposes, the percentage of
the illumination area that is retroreflected and captured by
the ADR is analyzed for both configurations in Fig. 8. It
can be seen that the decentralized configuration increases
the percentage of power employed for retroreflection as
the elevation angle increases. Specifically, for an elevation
angle of 20◦ the percentage of power contributing to ERA
is 5.89% and 7.36% for the centralized and decentralized
configurations, respectively. This difference increases with
larger PD areas or smaller LED panels.

FIGURE 9. Comparison between the theoretical ERA and the simulated ERA given a
rotation of the PD, ‚ = 30◦. DCC = 5 cm, LCC = 3.57 cm, LCC = 0.63 cm, DPD = 1 cm.

The proposed ERA model is validated using the ray
tracing packing available in Matlab [26]. Therefore, the
ERA obtained through ray-tracing, which involves a high
computational cost, can be compared with the proposed
theoretical ERA in (13) for the case based on exploiting the
angular diversity. The comparison between both simulation-
based and theoretical ERA, and the relative error calculated
as |ERAsimulated−ERAtheory |

ERAsimulated
are depicted in Fig. 9 as a function of the

displacement between the center of the positioning footprint
and the position of the user equipped with a CCR. It can
be seen that both simulated and theoretical ERA follow the
same shape, and the relative error is less than 10% for a
displacement below 0.8 m. Notice that the error becomes
greater for larger displacement values because ERAsimulated
requires a massive amount of simulated symbols for an
accurate result.

IV. R-VLC POSITIONING BASED ON ADRS
The positioning system is composed of a single source of
light deployed in the center of the scenario. For the sake of an
easy explanation, it is assumed that interference among other
sources of light or users can be avoided, e.g., considering
orthogonal resource allocation schemes, so that the signal
received by the PDs of the ADR is only subject to noise.
The user is located in a random and unknown position and
the total optical power transmitted by the LED is denoted by
PΣ. Then, the power received from the retroreflected signal
at PD i of the ADR can be written as

Pi = ρβPthi + zi, (14)

where Pt is the transmitted optical power in the area of
illumination that falls on the CCR and it is retroreflected
to the source of light, which is denoted by Aillum. There-
fore, Pt = PΣAillum

ALED
. Besides, in (14), zi ∼ N(0, σ2

i ), where
σ2

i = σ2
n + σ2

interf corresponds to the variance because of
the noise and the interference effects that are not completely
avoided and, therefore, treated as noise, denoted by σn and
σinterf , respectively. Specifically, σ2

n is defined as the sum
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of the variance of both the thermal and shot noise [27],
σ2

n = σ2
shot + σ2

thermal. The thermal noise variance is

σ2
thermal =

4kTk

RL
B, (15)

where B is the modulation bandwidth, k = 1.38 × 10−23J/K
is Boltzmann’s constant, Tk is the absolute temperature in
Kelvin, and RL is the load resistance. On the other hand, the
shot noise is given by,

σ2
shot = 2qρiPnB (16)

where q is the electron charge, and Pn is the average
background noise power. Note that some points of the light
sources are blocked by the PD itself, so the received power
is computed considering only the points of light without
obstruction.

For the proposed 3D scenario, we briefly describe the
geometry of the propagation path. The radiance angles from
the point j of the source of light to the user and from the
retroreflected light to any PD of the ADR can be determined
as θ j = arccos dz

d j
. Recall that dz is the height between the

point of light and the user, and d j is the Euclidean distance
from the point of light to the user as shown in Fig. 2.
Furthermore, the incidence angle at PD i in the ADR is
determined by its normalized pointing vector denoted by vi.
Then, the incidence angle is given by φi = arccos

�
(u−qi)·vi

di‖vi‖

�
.

To reduce computational complexity, we approximate all
distances d j as di. Therefore, in the processing stage, instead
of estimating J distances per PD, it estimates only one per
PD. Moreover, considering that the received power is coming
from an unknown position, at the processing stage, the system
cannot determine which specific points of light contributed to
the retroreflection. Consequently, for estimating ε we use (10)
and (13) for the centralized and decentralized configuration,
respectively.

The geometrical analysis described above allows us to
relate the received power at each PD of the ADR with
the position of the user. Let’s define û = [d̂x, d̂y, d̂z] as
the estimated position vector. After some mathematical rear-
rangement, the predicted received power at PD i in the ADR
can be expressed as

P̂i=βρPtC
�

1
‖û−qi‖

�2� d̂z

‖û−qi‖

�m�
(û−qi)·vi

‖û − qi‖‖vi‖

�
ε̂, (17)

where C = (m+1)Ai
8π . Assuming that the geometrical parameters

of the CCR are known at the processing stage, (17) presents
three unknowns; d̂x, d̂y, and d̂z, which can be computed by
knowing the received signal power of at least three PDs of the
ADR. Notice that ADRs composed of PDs with very narrow
FoVs, i.e., non-overlapping ADRs, may lead to increase the
probability of not receiving a useful signal from at least
three of them, while enabling to manage the interference only
exploiting the angular diversity [24]. Therefore, the greater
the overlap of the FoVs of the PDs, the higher the probability
of finding an accurate estimated position. Note that while
traditional trilateration systems use a fourth reference signal

to correct timing errors and ensure precise 3D positioning,
calculating a 3D position is mathematically possible with
only three signals. The intersection of 3 spheres results in
two possible points in space, one above and another below
the ceiling. We select the latter which is the most reasonable.

At this point, recall that the goal of the proposed scheme
is to estimate the position of the user based on the received
power. The position is calculated solving the optimization
problem given by minimizing the sum of the squared errors
derived from equations (14) and (17). That is,

ûopt = arg min
û

X
i

fi(û)2, (18)

where
fi(û) = Pi − P̂i. (19)

The MATLAB fsolve solver is used to find the estimated
position vector. Specifically, the Levenberg-Marquardt (LM)
algorithm is applied to solve it, an iterative method frequently
used in the literature on positioning in wireless communica-
tion [28], [29], [30]. By carefully selecting the initial values,
the algorithm converges to a global minimum.

A. EXPLOITING THE ANGULAR DIVERSITY THROUGH
PD SELECTION
As the ADR contains more than three PDs, we develop two
methods to determine which PDs are selected to estimate the
user position.

1) HIGHEST-POWER METHOD
The proposed ADR approach may lead to a large number of
PDs receiving the signal retroreflected by the CCR. Specifi-
cally, the set of PDs that receive useful signals above a power
threshold are grouped in a vector p = {Pi ≥ pth, i = 1, . . ., I}.
Then, the straightforward method is based on selecting the
three PDs that receive the highest power. However, notice
that this method may select the closest PDs in the ADR,
which can be subject to high correlation responses. As
a consequence, solving the positioning problem (see (18))
can be penalized because of the correlation among channel
responses.

2) HIGHEST-VARIATION METHOD
To avoid selecting the three closest PDs of the ADR, a
method based on selecting the channel response that provides
the highest variation is proposed. First, the vector p is
calculated to ensure channel responses above a threshold pth.
After that, the combination of three PDs from vector p that
obtains the highest coefficient of variation denoted by CV is
selected. It is worth noticing that CV is a statistical metric
used to analyze the dispersion within a single dataset [31].
Specifically, for the considered problem, it is defined as

CV =
std(Pcomb)

mean(Pcomb)
, (20)

where Pcomb represents the vector containing a given combi-
nation of three power values. For configurations containing
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multiple PDs, this approach ensures the selection of those
with the least correlated channel responses. It reduces con-
flicts within the optimization problem that could arise from
having highly similar power values and PD parameters.

The selected values of power with their corresponding PD
parameters are used by the solver to estimate the position,
as described previously in Section IV. Once the solver finds
the estimated position of the user, the localization error is
computed as

∆u = ‖u − ûopt‖, (21)

which represents the absolute error measuring the Euclidean
distance between the exact and the estimated position.

V. COMMUNICATION
An orthogonal approach between communication and posi-
tioning is assumed, e.g., time division multiplexing (TDM)
performing uplink communication and positioning in differ-
ent time slots. For enabling data transmission, an LC shutter
is placed over the CCR acting as a modulator, which blocks
or allows passing the reflected light by the CCR. Then, the
PDs contained in the ADR receive the reflected signal and
decode it for communication or positioning purposes. Conse-
quently, the signal received at PD i because of transmission
of user k is given by (4), recalling that transmission power
and noise are detailed at the beginning of Section IV.

The concept of ADR can be inherently exploited for com-
munication purposes. At this point, notice that this work is
focused on positioning performance. Then, basic application
of ADRs for communications will be analyzed. Specifically,
the select best combining schemes (SBC) simply selects the
PD that receives the strongest channel from user k. In this
case, the spectral efficiency3 is given by

SESBC,k ≤
1
2

log2

0@1 +
e

2π
h2

SBC,kPtPK
k′=1
k′,k

h2
SBC,k′Pt + σ2

1A , (22)

where hSBC,k is the channel at the PD selected for receiving
the signal from user k. On the other hand, the equal gain
combining (EGC) scheme selects all the PDs that compose
the ADR for receiving the communication signal. Therefore,
the spectral efficiency can be written as

SEEGC,k ≤
1
2

log2

0@1 +
e

2π

PI
i=1 h2

ikPtPK
k′=1
k′,k

PI
i=1 h2

ik′Pt + σ2

1A . (23)

It is worth remarking that other schemes such as maximum
ratio combining, optimum combining, or non orthogonal
multiple access [19], [33] can be applied exploiting the
concept of angular diversity.

Since this work considers the positioning footprint as the
area in which the position of the users can be precisely
determined, the average area spectral efficiency (AASE)

3Unlike RF systems, optical intensity modulation and direct detection
(IM/DD) data transmission cannot be bounded by the Shannon capacity.
Then, we followed up with the tighter bound proposed in [32].

is proposed for analyzing the communication performance.
Specifically, it is calculated as,

AASE ≤
1

Nu

PNu
p=1 SEp

Ac
, (24)

where Nu is the total number of instances of positions in
which the scenario is divided, SEp is the spectral efficiency
of the communication scheme in position p, and Ac is the
obtained positioning footprint, i.e., the area in which the
positioning error is below a specific threshold.

VI. SIMULATION RESULTS
In this section, the performance of the proposed methods
for positioning and communications is analyzed. The sce-
nario corresponds to a square room whose dimensions are
4 m × 4 m × 3 m. The user is located in a random position
among the X-Y plane and maintains a fixed position dz = 1 m
from the floor. The optical transmitter is a 40 × 40 cm
LED panel providing an optical power equal to PΣ = 20 W
and it is assumed that the power is uniformly transmitted
along the J = 3200 points that compose the LED panel.
For a fair comparison of the simulation results, the same
LED panel is assumed for both non-angular and angular
approaches (centralized and decentralized configurations).
The FoV of the PDs deployed along the LED panel is
characterized by a wide FoV to guarantee overlapping among
them, i.e., multiple PDs may receive the retroreflected signal.
Specifically, we consider a FoV equal to 70◦. All other
parameters are listed in Table 1. Note that a high absolute
temperature value of 370 K is considered in the PD due to
the significant heat produced by a high-power LED during
its operation. Moreover, we consider that the positioning
footprint is defined as the area around the center of the
scenario in which the positioning error is below 0.1 m.
Focusing on the angular diversity arrangements deployed on
the LED panel, the following configurations are considered
• Non-angular. The set of I PDs are pointing perpendicu-

lar downwards and the distance among PDs is S PD. This
configuration is denoted by Non − angular (I, S PD), and
it is considered as our baseline scheme [8].

• Angular. The set of I PDs are distributed following an
angular diversity arrangement characterized by an eleva-
tion angle γ. The distance among PDs is given by S PD.
Moreover, the cases of centralized and decentralized
schemes described in Fig. 5 and Fig. 6, respectively, are
specifically considered. This configuration is denoted by
Angular (I, S PD, γ).

A. BASELINE SCHEME VS. PROPOSED ANGULAR
SCHEMES
The positioning accuracy for the baseline scheme [8] and the
proposed solution for an elevation angle equal to γ = 40◦

is depicted in Fig. 10. In this case, 5 PDs are deployed
ensuring a separation distance of 20 cm among them. For
the method based on selecting the PDs that receive the
highest power, it can be seen that the footprint in which
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FIGURE 10. Heatmap of the positioning error for I = 5 PDs and a distance between PDs equal to 20 cm. Non-angular approach and angular ‚ = 40◦.

accurate positioning is achieved increases by exploiting the
angular diversity. Specifically, the diameter of the footprint
is increased by 21%, from a diameter of 2.8 m to 3.4 m, in
the proposed scenario. On the other hand, for the highest
variation method, it can be seen in Fig. 10(b) that this
positioning footprint slightly increases by 12%. Furthermore,
for both schemes, notice that some small areas (dots) in
which the positioning error results high may appear. This
is because of the correlation among the channel responses of
the PDs.

To complete the comparison between the baseline and
the proposed angular scheme, the mean positioning error is
depicted in Fig. 13 as a function of the separation distance
between PDs. For the non-angular approach, the positioning
error decreases as the separation between PDs increases for
values up to 20 cm. This is because separation among PDs
is required to avoid high correlation of channel responses
between neighboring positions. However, when the distance
between PDs exceeds 30 cm, some PDs may not receive a
useful signal, rendering the system incapable of resolving
the position accurately. From now on, a non-angular con-
figuration considering a separation distance between PDs
equal to 20 cm is adopted as the baseline for compari-
son purposes. For the proposed angular approach, a lower
positioning error is obtained within the range of 5 cm to

30 cm. Beyond this range, the angular approach is also
subject to a lack of useful signals for resolving the posi-
tioning system. The proposed angular approach may solve
this issue considering ADRs composed of a larger number of
PDs.

The arrangement of PDs proposed to obtain the positioning
footprints described in Fig. 10 requires large LED panels to
exploit spatial diversity by maintaining a sufficient separation
distance between the PDs. In Fig. 11 the positioning error
is depicted to ensure the minimum distance among PDs in
a centralized structure as described in Fig. 5. That is, by
exploiting angular diversity alone (the distance between PDs
can be considered negligible) the proposed centralized ADR
can be integrated in a compact form, without the need for
LED panels. In this case, the non-angular approach is subject
to a poor accuracy and the positioning footprint comprises
few centimeters. This effect is due to the correlation among
the channel response of the PDs, i.e., all the PDs receive
almost the same power. In contrast, exploiting the angular
diversity leads to a considerable enhancement of the posi-
tioning coverage footprint. By selecting the PDs that receive
the highest power, the positioning radius is about 3.65 m.
Moreover, it can be seen that the positioning is degraded at
the edge of this area. Although a similar positioning footprint
is obtained for the highest variation method, it can be seen
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FIGURE 11. Heatmap of the positioning error for I = 5 PDs and a minimum distance among PDs (centralized structure). Non-angular approach and angular ‚ = 40◦.

FIGURE 12. Heatmap of the positioning error for I = {5,11,21} PDs and a distance between PDs equal to the minimum among them. Angular deployment ‚ = 40◦.
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FIGURE 13. Separation between PDs vs. mean error in the positioning error.

FIGURE 14. Longitudinal value of the positioning error in x axis at y = 2 m for the
heatmaps shown in Fig. 12.

TABLE 1. Simulation parameters.

that the positioning is degraded in some specific areas of the
scenario.

Focusing on angular diversity arrangements, the impact of
the number of PDs is analyzed in Fig. 12. The distance among
PDs is the minimum that ensures that no one falls into the
ERA of other PDs following the decentralized ADR structure.
Considering an ADR equipped with 5 PDs, it can be seen in
Fig. 11(c) that the accuracy using the highest power method
is penalized at the edge of positioning footprint. Then, other
configurations composed of a larger number of PDs can be
assumed with the aim of improving the accuracy. However,
for a large number of PDs, the highest-power method likely
selects neighboring PDs, which lead to correlated channel
responses. It can be seen that indeed the diameter of the

FIGURE 15. Average error vs. elevation angle for I = 5 PDs.

positioning footprint is reduced from 3.65 m to 3.1 m and
2.55 m for 11 and 21 PDs, respectively, for the highest-
power method, seen in Fig. 12(b) and Fig. 12(c). Moreover,
notice that some area is subject to a poor accuracy solving
the positioning optimization problem due to the correlation
among channel response. This issue can be potentially solved
applying the highest-variation method. In this case, notice
that the diameter of the positioning footprint is maintained
as the number of PDs increases while removing the points
where a poor accuracy is obtained (see Fig. 12(d), Fig. 12(e)
and Fig. 12(f)). However, this method is subject to a lower
accuracy than the highest power method in the inner cell.

The longitudinal section of the positioning error for y =

2 m in the heatmaps described in Fig. 12 are plotted in
Fig. 14. It is worth remarking that positioning errors above
0.1 m for the previous heatmaps is given by the lack of
three or more useful retroreflected signal at the ADR or
the high correlation among them. The diameter of the posi-
tioning footprint can be easily determined, which values are
summarized in Table. 2. Moreover, the impact of correlated
responses at the inner cell for the highest-variation method
can be also noticed.

When comparing both proposed angular structures, we
observe the following results. The average error in the
positioning footprint is analyzed in Fig. 15 as a function of
the elevation angle assuming 5 PDs and both configurations;
a separation between PDs equal to 20 cm and the minimum
distance among them. It can be seen that lower average error
is obtained for elevation angles between 20◦ and 60◦. From
now on, an elevation angle equal to 40◦ and a decentralized
ADR is assumed, unless otherwise is specified. As expected,
the average error increases when the elevation angle is zero,
i.e., there is not angular diversity. Interestingly, the average
error is much greater for non-angular diversity if the distance
between PDs corresponds to the minimum since the channel
responses are more correlated than assuming a distance
between PDs of 20 cm.

B. PROPOSED MIXED HIGHEST -POWER AND
-VARIATION POSITIONING METHODS
The results described above show a trade-off between the
highest-power and highest-variation methods. At this point,
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TABLE 2. Diameter of the positioning, footprint.

TABLE 3. Area spectral efficiency in bits/sec/Hz/m2.

Algorithm 1 Pseudo-Code for Subroutine for Selecting the
Received Power for Processing

we propose a CV threshold to define a criterion for applying a
specific method. This procedure is described in Algorithm 1.
The first step is to select the PDs that receive a useful signal
above a threshold. This threshold, denoted by Pth, is selected
according to the noise power. Specifically, a threshold twice
the noise level is assumed to ensure that P contains useful
signal retroreflected from the CCR. Additionally, the CV
calculated as in (20) of the selected power values P, is
compared with a threshold denoted by CVth. If the variability
coefficient of P is below this threshold, highest-power method
is chosen. On the other hand, if the variability of P is higher
than the threshold, highest-variation method is chosen. The
range of the threshold for the coefficient of variation goes
from 0 to 1, and it is established based on the properties
of this metric documented in the literature [31]. As extreme
examples, the highest-variation method is always applied if
CVth = 0 while the highest-power method corresponds to
CVth = 1.

The impact of the CV threshold in both the average error
within the positioning footprint and the area of this footprint
are analyzed in Fig. 16 for different ADR configurations. As
can be seen in Fig. 16(a), there is not a single optimum value
of CV threshold, while the values between 0.35 and 0.65
should be avoided, specially, for arrangements composed of
a large number of PDs. Furthermore, an average error below
5 cm can be seen within the positioning footprint for all the
configurations. However, they have a direct impact on the
area of the positioning footprint. In Fig. 16(b), it can be seen

FIGURE 16. Analysis of the average error and area of the positioning footprint for
the proposed mixed method.

that exploiting the angular diversity leads to a considerable
enhancement of area in which accurate position is obtained.
Specifically, the positioning footprint increases from 7.82 m2

to 10.05 m2, 10.65 m2 and 10.91 m2 for 5, 11 and 21 PDs,
respectively. It is worth noticing that the 5 PDs configuration
improves the area by 28.5% exploiting diversity, while this
improvement corresponds to 36.2% and 39.5% for increasing
the number of PDs from 11 to 21.

According to the results obtained, a threshold CVth =

0.32 is selected to calculate the positioning error for the
considered angular configurations. For the sake of an easy
explanation, we focus on the I = 21 PDs case, in which
the difference between highest-power and highest-variation
methods is more noticeable. Moreover, the error is evaluated
for the elevation angles 40◦ and 60◦ in Fig. 17. First, it can
be seen that the mixed method solves the reduction of the
positioning area of highest-power method (see Fig. 12(c)).
In this case, the sensing positioning diameter is equal to
3.65 m for both elevation angles of 40◦ and 60◦, respectively.
Although uniform positioning is obtained for an elevation
equal to 40◦, with an average error equal to 1.26 cm, the
angular diversity is more noticeable for an elevation angle
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FIGURE 17. Heatmap of the positioning error for the proposed mixed method. I = 21
PDs and a distance between PDs equal to the minimum among. Angular deployment
‚ = {40◦ ,60◦}.

FIGURE 18. CDF of the normalized positioning error for a 5 PDs configuration.

of 60◦. Specifically, lower positioning error can be achieved
for this case. However, there exist some points around the
inner cell where the error is high, greater than 1 m indeed,
because of the lack of enough received signals with a high
correlation among them.

To conclude the study of the positioning performance, the
configuration composed on I = 5 PDs is analyzed considering
the normalized position error, which is defined as the average
error divided by the diameter of the positioning footprint,
which is summarized in Table 2. The cumulative distribution
function (CDF) of this parameter is plotted in Fig. 18. First,
it can be seen that the baseline scheme non-exploiting the
angular diversity is subject to higher normalized position

FIGURE 19. Mean positioning error vs. level of noise.

error than angular solutions. Specifically, an error greater
than 5 cm is obtained in 60% of the positions. Moreover,
extremely high error occurs in about 20% of the positions,
greater than 1 m, which are not plotted in Fig. 18 for the
sake of clarity. Focusing on the positioning performance
obtained by the angular diversity approach, it can be seen
that the highest-power and highest-variation methods achieve
a normalized position error about 2 cm and 1 cm for 90% of
the locations. Then, it can be seen that, properly combining
both methods, the lack of accuracy in some specific locations
can be solved, which lead to accurate positioning in 99% of
the locations within the footprint.

The mean positioning error across the footprint for a wide
range of noise levels is depicted in Fig. 19. Note that the noise
comprises not only thermal and shot noise, but also not man-
aged interference resulting from effects such as multi-path or
uplink interference, which is treated as noise. It can be seen
that the positioning error barely increases for noise standard
deviations between σ = 10−11 and σ = 10−9, indicating the
system is not limited by noise. However, the error increases
slightly to mean values of 0.2 m and 0.1 m for the non-
angular and angular approaches, respectively, at σ = 10−8.
Beyond this value, the noise level becomes comparable to
the retroreflected signal, leading to high positioning errors.
In such cases, interference management techniques, such as
frequency division multiplexing based on color filtering [15]
or non-orthogonal multiple access [19], could be applied to
maintain positioning accuracy.

C. ANALYSIS OF COMMUNICATION RESULTS
In the following, we analyze the impact of deploying ADRs
on the LED panel for uplink data transmission. To char-
acterize the impact of exploiting the angular diversity, we
consider a two users scenario, in which user 1 is located
in the center of the cell, i.e., just below the LED panel,
and a user 2 moving in a longitudinal manner along the
scenarios. It can be seen in Fig. 20(a) that user 1 is limited
by interference when user 2 is close to the inner cell. That is,
the signal transmitted by both users is received in the same
PDs of the ADR, leading to intra-user interference. Notice
that interference management schemes such as orthogonal
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FIGURE 20. Spectral efficiency of a two-users scenarios. User 1 is located in a fixed
position in the cell center while user 2 moves in a longitudinal manner along the
scenario.

multiple access or non-orthogonal multiple access (NOMA)
could be applied in this area. On the other hand, the rate of
user 1 rapidly increases as user 2 moves out the inner cell.
The impact of angular diversity in the uplink transmission is
more noticeable for user 2 as shown in Fig. 20(b). First,
it can be seen that EGC may increase the FoV of the
receiver, but it does not manage the interference. On the
other hand, SBC exploits the angular diversity, leading to
higher spectral efficiency for user 2. At this point, it is worth
noticing that other more complex ADR configurations such as
hemispherical or multi-tier ADRs may improve the spectral
efficiency.

Finally, the AASE is summarized in Table 3 for SBC
and EGC schemes considering different ADR configurations.
Notice that exploiting the angular diversity not only improves
the size and accuracy of the positioning footprint but also
increases the AASE within this footprint. Interestingly, it
can be seen that a considerable enhancement of the AASE
is obtained by exploiting the angular diversity for 5 PDs,
i.e., the AASE increases by 17.8% and 13.8% for SBC and
EGC, respectively. However, this enhancement is lower with
the addition of more PDs. Specifically, increasing the number
of PDs from 5 to 21, leads to an increase in the AASE of
2.9% and 1.07% for SBC and EGC, respectively. That is,
greater rate enhancement is achieved by introducing angular
diversity from a non-angular approach than increasing the
number of PDs.

VII. CONCLUSION
In this work, angular diversity is proposed for passive posi-
tioning optical system based on retroreflecting the transmitted

signal using CCRs. Typically, a large distance among PDs
was assumed to avoid the correlation among the channel
responses between close PDs, which limits positioning tech-
niques to be used with large LED panels. By exploiting the
angular diversity, this paper showed that accurate positioning
can be achieved even for short separation distances among
PDs, enabling the use of the proposed positioning scheme in
small LEDs. Moreover, the error in positioning accuracy and,
specially, the area in which this positioning is accurate are
improved for the proposed scheme. It is demonstrated that
defining a criterion for selecting PDs to perform positioning
algorithms is required to avoid correlated channel responses
as the number of PDs increases.

In a real-world system, the practicality of the proposed
system is feasible as it consists of embedding several PDs
in the LED panel, which may be implemented by lighting
source manufacturers. Besides, as our proposal offers a good
positioning performance with small PD separations, it enables
its integration in realistic LED panels of a few cm2, unlike
the state of the art that requires large LED panels, whose size
may not always be practical. Regarding the user device, we
showed that commercial off-the-shelf CCRs can be used as
we considered traditional CCR characteristics. Its geometry
may influence the positioning and communication perfor-
mance but, comparatively, our PD arrangement offers a better
performance than the state of the art. This theoretical and
simulation-based study opens the door to future experimental
research that exploits the visible light for positioning and
passive communication.
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