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ABSTRACT The integration of visible light communications (VLC) in future generation of wireless
communications leads to consider the deployment of multiple access points (APs) transmitting in the optical
domain. Since each optical AP generates a small and confined coverage footprint, scenarios comprising
multiple optical APs are subject to intercell interference. In this context, angle diversity receivers (ADRs)
composed of multiple photodiodes pointing to distinct orientations each, have been proposed for mitigating
the interference and blocking effects. The design of ADRs typically assumes that the field-of-view (FoV)
generated by each photodiode does not overlap with the FoV of all other photodiodes. In this work,
we propose the derivation of the theoretical expressions of the probability distribution function (PDF) and
the cumulative distribution function (CDF) of the signal-to-interference plus noise ratio (SINR) in multicell
scenarios for ADRs in which the FoV generated by each photodiode may overlap with the FoV of the other
photodiodes. Several geometrical conditions are proposed in order to derive the statistical characterization
of photodiode combining schemes such as select best combining (SBC), equal gain combining (EGC) and
maximum ratio combining (MRC). It is shown that the derived closed-form expressions obtain a similar
performance as the results obtained through Monte Carlo simulations. Moreover, the SINR enhancement
due to the use of the proposed ADR in comparison with single photodiode receivers is highlighted.

INDEX TERMS Interference management, visible light communications, signal-to-interference plus noise
ratio (SINR), angle diversity receiver (ADR).

I. INTRODUCTION
Visible light communication (VLC) is a promising technol-
ogy for the next generation of wireless communications,
including the evolution to 6G [1]. Compared to traditional
communication technologies, VLC offers several advantages,
such as a wide and unregulated bandwidth, low-latency or
improved security due to the small and confined coverage
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footprint generated by each optical access point (AP).
Moreover, VLC is useful for unloading the overwhelmed
radio-frequency (RF) spectrum by moving part of the indoor
data traffic to the optical domain. During the last decade,
several potential applications such as positioning, sensing
or vehicular and underwater communications have been
proposed based on VLC [2], [3], [4].

Integrating optical APs into cellular networks lead to
several advantages such as increasing the network capacity
and coverage while providing satisfactory illumination. The
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optical APs are indeed considered as active element of
the heterogeneous cellular networks, usually referred to
as attocells. However, the deployment of multiple optical
APs may lead to intercell interference at cell edge of
the coverage footprint generated by each optical AP. It is
worth noticing that frequency reuse (FR), widely applied in
cellular networks, may not be applied to VLC because of
the limited coverage footprint of each optical AP. That is,
FR would perform frequency switching every few meters,
which results challenging to implement in practice [5]. On the
other hand, advanced interference management techniques
such as transmit precoding schemes (TPC), e.g., linear zero
forcing (ZF) [6], which require indeed additional resources
for RF systems for estimating the channel state information
(CSI), result even more complex in VLC systems. The
small-scale effects that generate a rich scattering environment
in RF systems do not affect to VLC, which may generate
highly correlated channel responses [7], [8]. Besides, VLC
is inherently based on frequency division duplex (FDD).
Therefore, achieving CSI requires the transmission of pilots
and feed the estimated channel back to the transmitters via
uplink.

Angle diversity receivers (ADRs) have been proposed for
uncorrelating the channel responses in VLC enabling to
achieve high data rate, mitigating the blocking effects or
enhancing the coverage footprint generated by the optical
APs [9], [10]. Basically, an ADR is composed of multiple
photodiodes following an angular diversity arrangement as
it is shown in Fig. 1. In [11], two arrangements named
pyramidal and hemispherical ADRs are proposed. The design
of the ADRs can be improved considering the use of
lenses such as compound parabolic concentrators (CPCs)
as proposed in [12]. Then, ADRs have been proposed
for managing the intercell interference at the receiver side
in several VLC applications such as vehicular [13] or
underground mining [14], [15]. Key findings from exper-
imental investigations of vehicular VLC using ADRs are
presented in [13] and [16]. The hemidodecahedron structure
was proposed in [14] to mitigate intercell interference and
enhancing the achievable rate. Subsequently, the hemido-
decahedron structure was introduced in underground mining
VLC systems to estimate the optimal angle of incidence and
orientation of the receiver [17].
At this point, it is possible to differentiate between

overlapping and non-overlapping field of view (FoV) ADRs
as it is shown in Fig. 1. In this sense, non-overlapping
ADRs have been a common approach for theoretical analysis
of the SINR since it allows us to discriminate the signal
received in a single photodiode from the whole set of
photodiodes that compose the receiver. Based on this non-
overlapping approach, the statistical distribution of the SINR
assuming a simple receiver architecture in which a single
photodiode is pointing perpendicularly to the ceiling is
derived in [18]. In [19], the probability density function
(PDF) and the cumulative distribution function (CDF)

FIGURE 1. ADR architectures for non-overlapping and overlapping FoVs.

achieved by ADRs under photodiode combining schemes are
derived. However, this work assumes a very narrow FoV for
each photodiode that compose the ADR so that a unique
photodiode receives a line-of-sight (LoS) contribution while
managing the interference in the remaining photodiodes as
a non-LoS (NLoS) contribution. This approach leads to a
straightforward derivation of the PDF and CDF of the SINR
by simply applying closed-form expressions of the cosine of
the irradiance and incidence angles and the change of variable
method afterwards.

However, non-overlapping ADRs may not result suitable
from a practical perspective due to both the dimensional
constraints of the VLC devices and the application of
multiple-input multiple-output (MIMO) signal processing.
In [20], the orientation of hand-held devices is statistically
analyzed for ensuring a LoS contribution. Based on this work,
an ADR providing signal detection in each of the six faces
of the device is required to satisfy this condition. However,
solving this issue following a non-overlapping approach
may lead to an impractical solution due to the dimensional
constraints of common receivers such as hand-held devices
as depicted in Fig. 2. For instance, to achieve an optical
gain of 33 for a FoV equal to 10◦ the length and collection
area of the CPC are equal to 28.7 mm and 0.58 cm2,
respectively. Furthermore, receiving a LoS and uncorrelated
contribution at multiple photodiodes, i.e., following an
overlapping FoV ADR approach, results useful to apply
MIMO signal processing processing [11], [21]. In such a way,
the concept of constrained-FoV-ADR, inwhich the FoV angle
is optimized so that the ADR generates a maximum of Nr
LoS signal from Nt LEDs forming a Nr ×Nt MIMO system,
is proposed in [22].
In this work, we propose an alternative analysis of the

ADRs in which the FoV of multiple photodiodes may
overlap as illustrated in Fig. 1(b). Specifically, the statistical
characterization of the SINR in the coverage footprint of
each optical AP is derived and analyzed through Monte
Carlo simulations. That is, this work faces the derivation
of the PDF and CDF of the SINR in VLC indoor systems
considering the implementation of overlapping FoV ADRs
in practical devices. In this sense, the combination schemes
select best combining (SBC), equal gain combining (EGC),
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FIGURE 2. Deployment of an ADR in a hand-held device. The use of very
narrow FoV photodiodes, e.g., 10◦ based on CPCs, may lead to an
impractical implementation.

and maximum ratio combining (MRC) for the multiple
photodiodes that compose the ADR are considered. The main
contributions of this work can be summarized as follows:

1) ADRs in which the FoVs of the photodiodes overlap
among them are considered. The geometrical analysis
carried out shows that this approach ensures a wide
FoV while providing at least a very directive LoS
contribution, in which the assumption cos(ψ) = 1− ϵ,
where ψ represents the angle of incidence of at least
one photodiode of the ADR and ϵ is a very small
positive value, can be assumed.

2) The PDF and CDF of the SINR in a multicell scenario
for the proposed ADR architecture are derived. Notice
that in contrast to previous works, it is necessary
to consider that more than one LoS contribution is
received in the areas of the coverage footprint subject to
intercell interference. In this sense, several geometrical
conditions are proposed for obtaining closed-form
expressions of the statistical characterization.

3) Simulation results show that the approach based on
dividing the coverage footprint into two scenarios; cell
center and edge where the intercell interference is
mainly given the NLoS and LoS components, respec-
tively, results appropriate. Moreover, the theoretical
closed-form expressions of the statistical distribution
of the SINR matches with the analytical results. The
derived statistical characterization allows us to analyze
the role of the number of photodiodes in the proposed
ADR and the impact of the radiation semi-angle in
a multicell VLC scenario. Furthermore, a discussion
about implementing a real-world testing and some
experimental results are also shown with the aim of
validating the considered approach.

The proposed approach and the derived equations result
useful for the design of VLC networks since they provide a
tool, the statistical distribution of the SINR for overlapping
FoV ADRs, as a function of the geometry of the scenario
and the characteristics of the receiver. That is, they allow

us to determine the impact of the deployment of optical
APs (height, coverage radius, radiation semi-angle, etc.)
as well as the number of photodiodes that compose the
ADR on the SINR distribution for different schemes such
as SBC or MRC. For instance, internet of things (IoT)
services typically demand uniform SINR distributions and
devices with a low complexity, i.e., composed of a single
transimpedance amplifier and low computational capacity,
which would correspond to a SBC scheme. On the other
hand, the MRC scheme applied to receivers equipped with
multiple photodiodes and some computational complexity is
preferable for services demanding high-data rates. Further-
more, exploiting the knowledge associated with the statistical
characterization of the SINR is also useful for predicting the
behaviour of the datasets feeding the artificial intelligence
algorithms [23], which may lead to a reduction of the need for
obtaining additional measurements devoted to generate new
and more realistic datasets.

The remainder of this paper is organized as follows.
In Section II, the system model is presented, modeling the
ADR architecture and both the LoS and NLoS contributions
of the optical channel. For illustrative purposes, the SINR
distribution for the single photodiode architecture is briefly
described in Section III. In Section IV, the combining
schemes for multiple photodiodes receiver architectures are
presented. The statistical characterization of the SINR for
the proposed ADR architecture, in which the FoVs of the
photodiodes overlap among them, is derived in Section V.
Section VI presents some simulation and experimental
results. Finally, Section VII provides concluding remarks.

II. SYSTEM MODEL
We consider a VLC network composed of L, l = {1, . . . ,L},
optical APs that provide illumination and data transmission to
K , k = {1, . . . ,K }, users equipped with an ADR each. The
ADR of each user is composed of NPD, i = {1, . . . ,NPD},
photodiodes. Each user receives data from a single optical AP,
while managing the interference from all other transmitters as
noise. The transmitted signal from optical AP l is denoted
by xl . Then, the signal received from optical AP l by the
photodiode i of a generic user is given by

yi = Hl,i xl +
L∑

l′=1,l′ ̸=l

Hl′,i xl′ + n0, (1)

where Hl,i is the channel between optical AP l and
photodiode i, and Hl′,i is channel between the interfering
optical AP l ′ ̸= l, which transmits the signal xl′ , and
n0 represents the real valued additive white Gaussian noise
with zero mean and variance σ 2

n = σ 2
shot + σ 2

thermal where
σ 2
shot is the shot noise variance and σ

2
thermal is the thermal noise

variance [24].

A. ARCHITECTURE OF THE ANGLE DIVERSITY RECEIVERS
For the sake of simplicity, we consider both the single
photodiode (single-PD) and pyramidal ADR architectures.
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FIGURE 3. Composition of hemidodecahedral and N-tiers ADRs based on
the pyramidal arrangement.

For single-PD, we assume that each user is equipped with a
photodiode that points perpendicularly to the ceiling.

In this study, we focus on the pyramidal arrangement
since it is one of the most common ADR structures. The
pyramidal configuration is assumed because of the following
two reasons; i) for the sake of clarity and replication of the
obtained results and ii) it is a basic configuration that allows
us to extend the derived statistical characterization to other
more complex configurations. In this sense, notice that other
photodiode arrangements such as hemidodecahedral [14],
[15] or N -tiers ADRs [12] can be composed based on the
pyramidal configuration as can be seen in Fig 3.
The pyramidal arrangement is composed of NPD photodi-

odes allocated in each of the faces of a pyramid as can be seen
in Fig. 4. Thus, the orientation vector of photodiode i of user
k in can be written as

n̂k (i) = [sin (θk) cos (αk) , sin (θk) sin (αk) , cos (θk)], (2)

where the elevation and azimuthal angles are denoted by θk
and αk , respectively. Notice that the orientation vector of the
single-PD architecture is simply given by n̂k = [0, 0, 1].
Moreover, it is assumed that the optical APs are pointing to
perpendicularly to the floor, i.e., the orientation vector of each
optical AP is given by n̂l = [0, 0,−1]. Then, the irradiance
and incidence angles of each photodiode can be determined
by

ϕlk = arccos
(

n̂l · vlk
∥ n̂l ∥∥ vlk ∥

)
, (3)

FIGURE 4. Pyramid ADR with four faces, the figure shows the both
elevation and azimuthal θk and αk respectively. Also it shows the angles
irradiance and incident ϕlk and ψlk (i ) respectively.

and

ψlk (i) = arccos
(

vlk · n̂k (i)
∥ vlk ∥∥ n̂k (i) ∥

)
, (4)

where ϕlk and ψlk (i) are the angles of irradiance1 and
incidence between the optical AP l and user k , respectively.
The vector between the AP l and the user k is denoted by
vlk , whereas n̂l is the pointing vector of the optical AP l
as it is shown in Fig. 4. For the pyramidal architecture, all
the photodiodes are subject to the same elevation angle θk
while the azimuthal angle is uniformly distributed so that
αk (i) =

2(i−1)π
NPD−1 , i = {1, . . . ,NPD}.

The described ADR approach can be easily implemented
in practical devices. It is worth noticing that the pyramidal,
or any other photodiode arrangement, does not involve to
construct a pyramid, it refers exclusively to the orientation
of the photodiodes along the receiver. Focusing on hand-held
devices already manufactured, the integration of the photo-
diodes following an angular diversity arrangement can be
implemented in bumpers or cellphone cases. On the other
hand, the integration of ADRs can be carried out along the
six faces of the new hand-held devices. Focusing on industrial
applications, the ADR structures can be easily implemented
in helmets as proposed in [22] using available tools, such
as 3D printers. Furthermore, the integration of ADRs in
vehicles can be carried out taking advantage of the structure
of the vehicles, integrating the photodiodes and lenses within
elements such as the head or back lights lamps or behind the
windshield [3]. At this point, it is worth remarking that the
proposed overlapping ADR approach relaxes the dimensional
requirements in comparison with non-overlapping ADRs
subject to photodiodes characterized by a narrow FoV, which
may require CPCs structures (see Fig. 2).

B. PROPAGATION MODEL IN VLC
For indoor VLC, the signal propagation comprises two
components, the line-of-sight (LoS) channel given by the
direct link between optical AP and user, and the non-LoS
(NLoS) channel generated by the reflections of the optical

1Since the distance between photodiodes of each ADR is much smaller
than the distance between optical AP and user, the same irradiance angle can
be assumed for all the photodiodes of user k .
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FIGURE 5. Propagation Model for LoS and NLoS signals considering the
two regions R I and R II.

signal on walls, floor and ceiling. The resulting optical
channel is given by the sum of both components

H = HLoS + HNLoS, (5)

where HLoS and HNLoS is the LoS and NLoS contributions,
respectively.

1) LOS CHANNEL
The LoS component follows the Lambertian model, in which
the optical channel is defined as DC gain [24]. Omitting the
transmitter, receiver and photodiode indexes for the sake of
simplicity, the LoS component is given by

HLoS =


(m+ 1)Aτ

2πd2
cosm(ϕ)Ts(ψ) cos(ψ) 0 ≤ ψ ≤ 9

0 elsewhere ,

(6)

where A and τ are the detection area and responsivity of the
photodiode, respectively, d is the distance from the optical
AP to the user, ϕ is the angle of irradiance, ψ is the angle of
incidence and 9 is the receiver FoV. The gain of the optical
filter plus concentrator is referred to as Ts(ψ). Moreover,
in (6), m is the order of Lambertian emission defined by
transmitter semi-angle at half power ϕ1/2, which is given by

m = −
ln 2

ln cos
(
ϕ1/2

) . (7)

2) NLOS CHANNEL
The simplified NLoS propagation model for VLC attocells
proposed in [19] is considered in this work. This model was
validated in [25]. It is basically based on the second-order
reflections between points A, B, C, and D as it is shown in
Fig. 5. According to [19], this model can be divided into two
parts; part 1 (A → B → C) and part 2 (C → D).

In part 1 (A → B → C), the optical signals are transmitted
from the light source to point B, and then, they are reflected

back to point C. For the considered path, the optical power
density can be estimated by

I0 =
Ptξfloorξceiling(m+ 1)(n+ 1)

2πh2(m+ n+ 4)
, (8)

where ξfloor and ξceiling are the reflection coefficients from
the floor and ceiling given by 0.2 and 0.8, respectively [26].
Pt, h represent the transmitted power and height, whereas n
the refractive index. Besides, an attenuation factor denoted by
λ is introduced so that the resulting power density is

Iv = I0
(

2h
√
v2 + 4h2

)λ
, (9)

where v is the horizontal distance from an arbitrary point to
point A and λ is attenuation factor to reduce the differences
between the conventional and the simplified model [19].

In part 2 (C → D), the optical signals are reflected from
the ceiling to the user. Notice that not all reflected signals
are received by the photodiodes of each user, since narrow
FoV potentially rejects the interfering signals. If the distance
between the interfering optical AP and the desired optical
AP is

√
3R cell, where R cell is the cell radius, the NLoS

component can be calculated by

INLoS(9 single) = NAP

[∫ h tan(9 single)

0
Iv2πr ′H (r ′) dr ′

]2
,

(10)

where NAP is the number of neighbouring optical APs. This
procedure is illustrated in Fig. 6 for NAP = 4. Then, after
integrating all the NLoS components,

INLoS(9 single) = NAP [IvATs(ψ)g(ψ)(
cosm+1(9 single) − 1

)]2 ∣∣∣∣
v=

√
3R cell

, (11)

where9 single is the FoV of the single-PD receiver. It is worth
noticing from this equation that INLoS(9 single) is directly
affected by FoV.

According to the second-reflection model, the NLoS
component is mainly received in the inner cell of the
neighbouring optical APs even for wide FoVs as occurs for
ADRs (see Fig. 5). This assumption has been considered in
previous works such as [19] and [27]. It is worth remarking
that other reflection models are available in the state of
the art, e.g., [14], [22]. In this sense, the second-order
model is assumed for comparison purposes with works such
as [19]. On the other hand, other models can be applied
straightforwardly.

III. SINR FOR SINGLE-PD RECEIVER
This section is devoted to presenting the statistical distribu-
tion of the SINR for single-PD architecture for illustrative
purposes. It follows a similar approach as in [19]. In this
sense, the narrow FoV of each photodiode that compose the
ADR can reject not only the intercell interference but also the
first order reflection from wall, particularly for users located
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FIGURE 6. Simplified NLoS model part 2 with four interfering optical APs,
optical signals reflected from the ceiling.

FIGURE 7. Division of the attocell network into scenario I and scenario II.

around the cell center. Therefore, the coverage footprint can
be divided into high and low SINR regions. This approach
has been widely considered in cellular networks based on
both RF and optical transmission. Specifically, in [28] and
[29], it is demonstrated that the intercell interference can
be considered negligible so that the distortion sources are
mainly given by noise and other effects such as the NLoS
contributions. On the other hand, users at the cell edges are
limited by intercell interference making the effects of noise
and other sources of distortion negligible. That is, the VLC
network is limited by intercell interference in the cell edges
while the inner cell is mainly subject to noise and other
distortion effects such as the NLoS contribution as it is shown
in Fig. 7(b). It is worth remarking that these assumptions have

been widely employed for proposing fractional FR (FFR)
in small cell networks, e.g., [28] and [29], which recall
that require additional frequency bands as well as frequency
switching every few meters when applied to VLC networks.

In the following, the coverage footprint of each optical AP
is divided into two scenarios; scenario I where the intercell
interference is mainly given by the diffuse component so
that the LoS contribution of the interference can be treated
as noise and scenario II, which corresponds to the attocell
edge, where the intercell interference is mainly given by
the LoS contribution, and therefore, considering the NLoS
contribution negligible. The relation that defines both regions
can be approximated to R II ≈ 0.91Rcell as proposed in [19].
In the following, the PDF and the CDF in each of these
scenarios are calculated.

1) SCENARIO I (0 ≤ R ≤ RI)
In this scenario, the users are uniformly distributed in
an area around the cell center. It is assumed that the
interference is mainly generated by the NLoS component
while the intercell interference from the LoS component can
be considered negligible. Then, the interference follows the
model described in subsection II-B2. The coverage area of
scenario I is defined by a radius r ≤ RI, where RI is the
bound that defines this region. Thus, the PDF of the radius
that defines scenario I is given by,

fI(r) =
2r

R2I
, (0 ≤ r ≤ RI). (12)

For the single-PD architecture, the distance and cosine
of the irradiance and incidence angles can be determined
straightforwardly as d = (r2 + h2)1/2, cos(ϕ) = h/(r2 +

h2)1/2, and cos(ψ) = h/(r2 + h2)1/2. By substituting these
parameters in (6), the channel gain of single-PD architecture
can be written as

H (r, 9single) =
C(m+ 1)h(m+1)

(r2 + h2)
m+3
2

, (13)

where recall that h is the height from optical AP to users and
C is given by

C =
1
2π

AτTs(ψ)g(ψ). (14)

It is worth remarking that, the channel gain obtained in (13) is
only valid for the single-PD architecture. Notice that the same
derivation cannot be considered for ADRs since the photo-
diodes follow a specific orientation. Considering the NLoS
interference as the main contribution of signal distortion, the
noise can be negligible. Then, the SINR of the single-PD
architecture is given by

γ (r) =
(PtH (r, 9single))2

INLoS(9single) + σ 2
n

≈
(PtH (r, 9single))2

INLoS(9single)
. (15)

Applying the change of variable method, the PDF function of
the SINR can be calculated as

fγ (γ ) =

∣∣∣∣ ∂∂γ u−1(γ )

∣∣∣∣ · f I (u−1(γ )
)
, (16)
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where u−1 is the inverse function of u. The PDF of the SINR
for single-PD in the region (r ≤ R I) can be expressed by

f I(γ ) =


h2

(m+ 3)R2I
γ

1
m+3
0 γ−

m+4
m+3 γ I ≤ γ ≤ γ 0

0 otherwise,
(17)

where γ 0, and γ I are the maximum and minimum SINR at
the cell center, r = 0, and at the edge of the region, r = R I,
respectively, which are given by

γ 0 =

(
P tH (0, 9single)

)2
INLoS(9single)

, (18)

γ I =

(
P tH (R I, 9single)

)2
INLoS(9single)

. (19)

Then, by integrating (17), the CDF of SINR in scenario I can
be derived as

F I(γ ) =


0 γ < γ I

h2

R2I
γ

1
m+3
0

(
γ

−
1

m+3
I − γ−

1
m+3

)
γ I ≤ γ ≤ γ 0

1 γ > γ 0.

(20)

2) SCENARIO II (R I ≤ R ≤ R II)
In this scenario, the users are located in the edge of the
attocell where the main contribution of the interference is
given by the LoS component. Then, the contribution of the
NLoS component can be considered negligible. The scenario
II is defined by the bounds RI < r ≤ RII, where RII defines
the limit of the coverage footprint generated by the optical AP
as it is shown in Fig. 7(a). Then, the PDF of the radius that
defines scenario II is given by

f II(r) =
2r

R2II − R2I
, (R I ≤ r ≤ R II). (21)

Since the interference from the NLoS component is negligi-
ble, the SINR exclusively consider the intercell interference
received from the LoS contributions. Then, the SINR in this
scenario can be approximated as proposed in [19],

γ (r) ≈

(
h2 + r̃2l′

h2 + (
√
3Rcell − r)2

)−(m+3)

, (22)

where r̃l′ =
√
3Rcell − (R I + R II)/2. Then, by applying

the change-of-variable method, the PDF of the SINR in this
scenario is

f II(γ ) =


h2 + r̃2l′

(m+ 3)(R2II − R2I)
γ−

m+2
m+3 1 ≤ γ ≤ γ ′

I

0 otherwise,
(23)

After integrating the PDF, the CDF of SINR is given by

F II(γ ) =


0 γ < 1
h2 + r̃2l′
R2II − R2I

(
−1 + γ

1
m+3

)
1 ≤ γ ≤ γ ′

I

1 γ > γ ′

I,

(24)

where γ ′

I represents the SINR in the boundary region at
r = R I, and it can be calculated by

γ ′

I =

(
h2 + r̃2l′

h2 + (
√
3Rcell − R I)2

)−(m+3)

. (25)

3) OVERALL THEORETICAL SINR (0 ≤ R ≤ R II)
To determine the overall performance for single-PD architec-
ture, the derivation of the PDF of SINR for both scenarios
must be combined. The PDF function of r in the entire
coverage footprint of optical AP is given by

f O(r) =
2r

R2II
, (0 ≤ r ≤ R II). (26)

The two SINR scenarios can be also defined as high-SINR
and low-SINR regions. In the high-SINR region, which is
associated to scenario I, users equipped with a narrow FoV
photodiode can effectively reject the LoS component of
the interference from neighboring cells, leaving only NLoS
interference, and therefore, achieving high SINRs. On the
other hand, in the low-SINR region, which is associated
to scenario II, the users receive the LoS component of the
intercell interference. It is worth noting that the transition
from high to low SINR regions is very sharp due to the
FoV-limited optical receiver, which creates a cut-off effect.

So, according to [19], the overall PDF and CDF of the
SINR can be written as

f O(γ ) =



R2II − R2I
R2II

f II(γ ) 1 ≤ γ ≤ γ ′

I

R2I
R2II

f I(γ ) γ I ≤ γ ≤ γ 0

0 otherwise.

(27)

F O(γ ) =
R2I
R2II

F I(γ ) +
R2II − R2I
R2II

F II(γ ), (28)

where f O(γ ), F O(γ ) are the overall PDF and CDF of the
SINR for the single-PD over whole region.

IV. COMBINING ADR SCHEMES IN VLC
This work is focused on exploiting the concept of ADRs in
attocell optical networks. The main idea behind the ADRs is
to maximize the SINR of the users. In this section, we present
a brief review of the photodiode combining schemes that can
be applied exploiting the concept of ADR. Furthermore, it is
assumed that each user is connected to the optical AP that
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provides the strongest signal. That is,

ld = argmax
l

{NPD∑
i=1

|Hl,i|2
}
, (29)

where ld is the index of the desired AP.
In the following, the SBC, EGC and MRC photodiode

combination schemes are described in detail [19].

A. SELECT BEST COMBINING (SBC)
For SBC scheme, the photodiode of the ADR that maximizes
the SINR from the set of possible photodiodes is selected.
Then, the optical link is given by the desired AP and the
selected photodiode. Mathematically, the selection of AP and
photodiodes for SBC can be formulated as

{ld ,PDs} = argmax
l,i

{
γ(l,i)

}
, (30)

where ld is the desired optical AP and PDs is the selected PD.
Then, the SINR between the AP l and PD i is given by

γ(l,i) =

(
PtH(l,i)

)2
L∑

l′=1,l′ ̸=l

(
PtH(l′,i)

)2
+ σ 2

n

. (31)

B. EQUAL GAIN COMBINING (EGC)
In contrast to SBC, for EGC all the photodiodes of the
ADR are selected and the received signal is multiplied by
an equal weight for all of them. Notice that, the sum of
the optical power received by photodiodes that compose the
ADR is much higher than the optical power received by SBC.
However, receiving the optimal signal from all the possible
orientation of the ADR involves a interference level much
greater that for SBC, which rejects the interference from the
non-selected photodiodes.

γ(l,k) =

(
NPD∑
i=1

PtH(l,i)

)2

L∑
l′=1,l′ ̸=l

(
Pt
∑NPD

i=1 H(l′,i)

)2
+ NPDσ 2

n

. (32)

C. MAXIMUM RATIO COMBINING (MRC)
For the MRC scheme, different weights are assigned to
each of the photodiodes of the ADR in order to maximize
the SINR. Then, it can exploit the signal received by each
photodiodes while minimizing, or even canceling, the effect
of the photodiodes subject to strong levels of interference.
Therefore, MRC achieves a higher SINR compared to SBC
and EGC schemes. However, notice that it requires CSI to
calculate the weights that maximize the SINR. Specifically,

the SINR achieved by the MRC scheme can be written as

γ(l,k) =

(
NPD∑
i=1

Ptw(l,i)H(l,i)

)2

∑L
l′=1,l′ ̸=l

(
Pt

NPD∑
i=1

w(l,i)H(l′,i)

)2

+
∑NPD

i=1 w
2
(l,i)σ

2
n

,

(33)

where the weights are denoted by w(l,i) and they can be
determined as

w(l,i) =

(
PtH(l,i)

)2∑L
l′=1,l′ ̸=l

(
PtH(l′,i)

)2
+ σ 2

n

. (34)

Remark 1: Notice that there exist more complex schemes
such as optimum combining (OPC) [30] or transmit precod-
ing schemes based on maximizing the signal space [21] that
exploit the channel correlation matrix generated by the ADRs
subject to obtaining global CSI. Analyzing these schemes
requires to consider issues such as pilot transmission, channel
estimation and updating, etc. For the sake of simplicity, this
work is focused on the described schemes, SBC, EGC and
MRC since they provide an intuitive overview of the impact
of overlapping FoV ADRs in VLC, which can be extended to
other more complex transmission schemes.

V. SINR FOR ANGLE DIVERSITY RECEIVERS
The statistical characterization of single-PD architecture
described above can be derived straightforwardly based on
the closed-form of the channel obtained in (13). However,
this methodology cannot be applied to ADRs since the cosine
of the incidence angle depends on the orientation of each
photodiode as well as the radius and height that define
the location of the user. In the following, we derive the
statistical characterization of the SINR for SBC, EGC and
MRC for ADRs composed by overlapping FoV photodiodes.
For the sake of simplicity, we assume that the ADRs follow a
pyramidal arrangement. The extension to other arrangements
can be obtained straightforwardly.

In this section, a similar approach based on dividing
the coverage footprint into scenario I and II is assumed.
In the inner cell (scenario I) the intercell interference can
be considered negligible, which may result more noticeable
due to the angular diversity provided by the ADR, so that
the sources of distortion are given by the noise and the
NLoS contribution according to the second-order reflection
model [19]. In scenario II the users are mainly limited by
intercell interference, which results much greater that other
sources of distortion such as noise or interference from
reflections. In [25], it is demonstrated that even for the wide
FoV generated by ADRs the first-order reflection can be
rejected (see Fig. 5) while the second-order reflection is
received in the inner cell of neighbouring cells (scenario I).
In contrast to previous works such as [19], in the following
we assume an overlapping FoVs ADR so that multiple
photododiodes may receive LoS contributions. Notice that
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a closed-form of the incidence angle (see (13)) cannot be
obtained, which hampers the derivation of the PDF and
CDF applying the change of variable method described in
Section III (see (16)).

A. SINR FOR SBC SCHEME
As previously discussed, SBC selects a single photodiode
while rejecting the signal (or interference) from all other
photodiodes. Therefore, increasing the number of photodi-
odes that compose the ADR, i.e., each with a narrow FoV,
leads to improving the efficiency of the interference rejection.
In other words, for ADRs equipped with a large number of
photodiodes, there exists at least a photodiode with a similar
orientation as the vector between user and optical AP of
interest, which provides an incidence angle close to zero,
almost surely. Therefore, the following assumption can be
formulated,
Assumption 1: For an ADR composed of enough photodi-

odes,

∃ i ∈ {1, . . . ,NP} : cos(ψl,i) = (1 − ϵ) ≈ 1, (35)

where ψl,i is the incidence angle between optical AP l and
photodiode i of the user of interest and ϵ is a value small
enough to satisfy the condition cos(ψl,i) ≈ 1.
In order to validate the proposed assumption, we analyze

the cosine of the incidence angle of the selected photodiode
for SBC as the number of photodiodes of the ADR increases
through Monte Carlo simulations in an attocell with a radius
Rcell = 3 m in Fig. 8. It can be seen that the condition ϵ ≤

0.1 is achieved for ADRs equipped with NPD = 4 or more
photodiodes. Besides, increasing the number of photodiodes
to a reasonable value, e.g., NPD = 8, obtains a condition
ϵ ≤ 0.05 for an elevation angle equal to 30◦ in the proposed
pyramidal arrangement. To fully characterize the impact of
the incidence angle in ADRs, the CDF of these parameters
is depicted in Fig. 9 for a pyramidal ADR with an elevation
angle equal to 30◦ and NPD = 6 photodiodes. It can be seen
that the cosine of the incidence angle takes value above 0.9
(ϵ = 0.1) in approximately 94% of the cases.

Similarly to the methodology employed in Section III for
single-PD architecture, the coverage footprint of each optical
AP is divided into scenario I and II, in which the intercell
interference are mainly generate because of the NLoS and
LoS components, respectively.

1) SCENARIO I (0 ≤ R ≤ R I)
For scenario I, the interference is mainly given by the NLoS
component. Then, the SINR obtained by SBC is given by

γ (r)SBC =
(PtH (r, 9ADR))2

INLoS(9ADR) + σ 2
n

≈
(PtH (r, 9ADR))2

INLoS(9ADR)
, (36)

where INLoS(9ADR) is the interference from the NLoS
contribution received by the selected photodiode and
H (r, 9ADR) is the channel for the selected photodiode.

FIGURE 8. The incident of angle cos(ψl ) with respects to the number of
the PDs at different elevation angles.

FIGURE 9. The CDF of the incident of angle cos(ψl ), with elevation
angle = 30o.

FIGURE 10. Scenario I and II for SBC, the desired and the interfering
signals. Hl is the desired signal, Hl ′ is the interfering LoS signal and INLoS
is NLoS interference.

Applying (35), this channel can be written as

H (r, 9ADR) =
C(m+ 1)hm

(r2 + h2)
m+2
2

. (37)
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Then, using the change of variable method, the PDF of the
SINR is given in (38), as shown at the bottom of the next
page, where γ 0.SBC is the maximum SINR, which is obtained
for r = 0, i.e.,

γ0.SBC =

(
P tH (0, 9ADR)

)2
INLoS(9ADR)

, (39)

and γI.SBC is the minimum SINR corresponding to r = R I,

γI.SBC =

(
P tH (R I, 9ADR)

)2
INLoS(9ADR)

. (40)

Integrating the PDF equation, the CDF of the SINR for
scenario I is given in equation (41), as shown at the bottom
of the next page.

2) SCENARIO II (R I ≤ R ≤ R II)
In this scenario, the signal and interfering contributions
correspond to the LoS components denoted by Hl(r) and
Hl′ (r), respectively. Similarly to scenario I, it is assumed
that the selected photodiode of the ADR satisfies the
condition (35) for the selected optical AP that provides
the signal link. For the interfering link, the contribution is
bounded to the attocell edge, in which the interference in
maximized, given by the point r̃l′ =

√
3R cell/2.

Assumption 2: Around scenario II, the irradiance angles of
the optical APs satisfy the condition ϕl ≈ ϕl′ , where ϕl and
ϕl′ are the irradiance angles of the intended and interfering
optical APs, respectively. Since according to assumption 1 the
orientation of the selected photodiode is perpendicular to the
desired optical AP, the incident angle of the interfering link is
given byψl′ ≈ 2ϕl′ as it is shown in Fig. 10. This assumption
is validated throughMonte Carlo simulations in Fig. 11. It can
be seen that the cosine of the incidence angle is bounded by
the values obtained using the proposed assumption.

Applying, this geometrical assumption, the SINR in this
scenario can be approximated as

γ (r)SBC ≈
(h2 + r̃2l′ )

m+4

(h2 + r2)m+2(h2 − r̃2l′ )
2
. (42)

Then, the PDF of SINR for this scenario can be derived.
After some mathematical rearrangement, the PDF is given
in (43), as shown at the bottom of page 12, where γ ′

I.SBC is
the SINR at the boundary region at r = R I,

γ ′

I.SBC =
(h2 + r̃2l′ )

m+4

(h2 + R2I)
m+2(h2 − r̃2l′ )

2
, (44)

and γII.SBC is the SINR for r = R II given by

γII.SBC =
(h2 + r̃2l′ )

m+4

(h2 + R2II)
m+2(h2 − r̃2l′ )

2
. (45)

Then, by integrating the PDF, the CDF of the SINR is given
in (46), as shown at the bottom of page 12.

3) OVERALL THEORETICAL SINR (0 ≤ R ≤ R II)
The overall performance of SINR for SBC scheme is derived
from the scenario I and II based on the overall PDF of r in
(see (26)). So, the overall PDF of the SINR is given by

f O(γ )SBC =



R2II − R2I
R2II

f II(γ )SBC γII.SBC ≤ γ ≤ γ ′

I.SBC

R2I
R2II

f I(γ )SBC γI.SBC ≤ γ ≤ γ0.SBC

0 otherwise,

(47)

Applying (41) and (46), the overall CDF of the SINR for SBC
scheme is given by

F O(γ )SBC =
R2I
R2II

F I(γ )SBC +
R2II − R2I
R2II

F II(γ )SBC. (48)

B. SINR FOR EGC SCHEME
For the EGC scheme, the signal and interference are received
by all the photodiodes that compose the ADR. Then, each
photodiode is characterized by a distinct incidence angle.

1) SCENARIO I (0 ≤ R ≤ R I)
First, we characterize the incidence angle for all the
photodiodes that compose the ADR. Omitting the photodiode
index for the sake of simplicity, the incidence angle of a
generic photodiode for optical AP l can be written as

cos (ψl) =
1
dl

[(xl − x) cos(α) sin(θ)

+(yl − y) sin(α) sin(θ) + (zl − z) cos(θ)] .

(49)
(a)
=

1
dl

[r cos(βl) cos(α) sin(θ)

+ r sin(βl) sin(α) sin(θ)+h cos(θ )] . (50)

where dl is the distance to optical AP l, [xl, yl, zl] is the
position of the optical AP, and [x, y, z] is the position of the
user. Recall that α and θ are the azimuthal and elevation
angles of the photodiode, respectively. The step (a) introduces
the parameter βl defined as the angle in the (x-y) plane
between the optical AP and the user. Assuming that the
condition (35) is satisfied, i.e., cos(ψl) = 1, it can be
checked that βl = 0, where l is the optical AP of interest.
Additionally, the elevation angle θ is equal to the angle of
irradiance on that face as illustrated in Fig. 10. Then, cos(θ) =

h/
√
(h2 + r2) and sin(θ ) = r/

√
(h2 + r2). Subsequently, the

incident angles of the other photodiodes can be calculated
based on their azimuthal angle and the incident angle of the
first photodiode. Thus, the incidentψl,i of the i-th photodiode
can be determined as

cos(ψl,i) =
1

d2l
(r2 cos(αi) + h2), (51)

where αi = 2(i− 1)π/NPD.
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FIGURE 11. Cosine of incident angle of the interfering link ψl ′ ≈ 2ϕl ′ in
scenario 2 (R1 < r < R2).

Therefore, the channel gainHl,i(r, 9 ADR) from the optical
AP l to the i-th photodiode for the EGC scheme can be written
as

Hl,i(r, 9 ADR) =
C(m+ 1) cosm(ϕ) cos(ψl,i)

d2l
. (52)

For the sake of an easy explanation, let us introduce the
following expression for the cosine of the incidence angle,

cos(ψl,i) =
Ql,i
d2l

=
r̃2l,I cos(αi) + h2

d2l
, (53)

where Ql,i = r̃2l,I cos(αi) + h2, and r̃l,I = R I/2. Then, the
channel gain Hl,i(r, 9 ADR) of the i-th photodiode can be
written as

Hl,i(r, 9ADR) =
C(m+ 1)hmQl,i

(r2 + h2)
m+2
2

. (54)

Then, the SINR for scenario I in EGC scheme is

γ (r)EGC =

(
Pt

NPD∑
i=1

Hl,i(r, 9ADR)

)2

NPD∑
i=1

INLoS
i (9ADR) + σ 2

n

≈

(
Pt

NPD∑
i=1

Hl,i(r, 9ADR)

)2

NPD∑
i=1

INLoS
i (9ADR)

. (55)

Therefore, applying the change of variable method and
after some mathematical rearrangement the PDF of SINR for
EGC in scenario I is given in (56), as shown at the bottom
of the next page, where γ0.EGC is the maximum SINR, which
occurs at r = 0, i.e.,

γ0.EGC =

(
P t

NPD∑
i=1

Hl,i(0, 9 ADR)
)2

NPD∑
i=1

INLoS
i (9 ADR)

, (57)

and γI.EGC is the minimum SINR for r = R I, which is given
by

γI.EGC =

(
P t

NPD∑
i=1

Hl,i(R I, 9 ADR)
)2

NPD∑
i=1

INLoS
i (9ADR)

. (58)

Then, integrating the PDF derived in (56), the CDF of SINR
for scenario I is given in (59), as shown at the bottom of the
next page.

2) SCENARIO II (R I ≤ R ≤ R II)
In this case, the interference is mainly given by the LoS
component. Similarly to scenario I, the elevation angle
satisfies the following conditions cos(θ) = h/

√
(h2 + r2) and

sin(θ ) = r/
√
(h2 + r2). However, for this scenario notice that

βl′ is not zero in order to differentiate ψl,i and ψl′,i, l ′ ̸= l.

f I(γ )SBC =


h2

(m+ 2)R2I
(γ0.SBC)

1
m+2 γ−

m+3
m+2 γI.SBC ≤ γ ≤ γ0.SBC

0 otherwise
(38)

F I(γ )SBC =


0 γ < γI.SBC

h2

R2I
γ

1
m+2
0.SBC

(
γ

−
1

m+2
I.SBC − γ−

1
m+2

)
γI.SBC ≤ γ ≤ γ0.SBC

1 γ > γ0.SBC

(41)
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Then, the angle of incidence for the interfering optical APs,
l ′ ̸= l, and the i-th photodiode can be written as

cos(ψl′,i) =
1

d2l
(r2 cos(βl′ − αi) + h2). (60)

Applying these geometrical derivations, the SINR for EGC in
scenario II corresponds to

γ (r)EGC ≈

(
NPD∑
i=1

Hl,i(r, 9 ADR)

)2

(
NPD∑
i=1

Hl′,i(r̃l′,II , 9 ADR)

)2

=

(
NPD∑
i=1

Ql,i

)2

(r̃2l′,II + h2)4+m(
NPD∑
i=1

Ql′,i

)2 (
r2 + h2

)4+m , (61)

where Hl,i(r, 9ADR) is channel between the desired optical
AP l and the photodiode i,Hl′,i(r̃l′,II , 9 ADR) is the interfering
LoS channel between optical AP l ′ and the photodiode i.
Moreover, in (61), Ql,i = r̃2l′,II cos(αi) + h2, and Ql′,i =

r̃2l′,II cos(βl′ − αi) + h2.
Following the methodology employed in the previous

scenario, the PDF of SINR in scenario II is given in (64), as
shown at the bottom of the next page, whereγ ′

I.EGC and γII.EGC
represent the maximum and minimum SINR in the region at

r = R I and r = R II, respectively. That is,

γ ′

I.EGC =

(
NPD∑
i=1

Ql,i

)2

(r̃2l′,II + h2)4+m(
NPD∑
i=1

Ql′,i

)2

(R2I + h2)4+m

, (62)

and

γII.EGC =

(
NPD∑
i=1

Ql,i

)2

(r̃2l′,II + h2)4+m(
NPD∑
i=1

Ql′,i

)2

(R2II + h2)4+m

. (63)

Then, integrating the PDF, the CDF of SINR in scenario II
can be written as in (65), as shown at the bottom of the next
page.

3) OVERALL THEORETICAL SINR (0 ≤ R ≤ R II)
Assuming that the users are uniformly distributed in the entire
coverage footprint (see (26)), the overall PDF and CDF of
SINR for EGC scheme can be written as

f O(γ )EGC

=



R2II − R2I
R2II

f II(γ )EGC γII.EGC ≤ γ ≤ γ ′

I.EGC

R2I
R2II

f I(γ )EGC γI.EGC ≤ γ ≤ γ0.EGC

0 otherwise,

(66)

f II(γ )SBC =


(h2 + r̃2l′ )

m+4
m+2

(m+ 2)(h2 − r̃2l′ )
2

m+2 (R2II − R2I)
γ−

m+3
m+2 γ II.SBC ≤ γ ≤ γ ′

I.SBC

0 otherwise

(43)

F II(γ )SBC =


0 γ < γII,SBC

(h2 + r̃2l′ )
m+4
m+2

(h2 − r̃2l′ )
2

m+2 (R2II − R2I)
(γ

−
1

m+2
II.EGC − γ−

1
m+2 ) γII.SBC ≤ γ ≤ γ ′

I.SBC

1 γ > γ ′

I.SBC

(46)

f I(γ )EGC =


h2

(m+ 4)R2I
(γ0.EGC)

1
m+4 γ−

m+5
m+4 γI.EGC ≤ γ ≤ γ0.EGC

0 otherwise
(56)

F I(γ )EGC =


0 γ < γI.EGC

h2

R2I
γ

1
m+4
0.EGC

(
γ

−
1

m+4
I.EGC − γ−

1
m+4

)
γ I.EGC ≤ γ ≤ γ 0.EGC

1 γ > γ0.EGC

(59)
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F O(γ )EGC

=
R2I
R2II

F I(γ )EGC +
R2II − R2I
R2II

F II(γ )EGC. (67)

C. SINR FOR MRC SCHEME
For MRC scheme, a similar approach as for EGC is
considered. However, MRC applies a specific weight to each
of the photodiodes that compose the ADR to maximize the
SINR.

1) SCENARIO I (0 ≤ R ≤ R I)
It is worth recalling that in this case the main source of
interference comes from the NLoS component. Therefore,
the channel between optical AP l and photodiode i is equal
to (54). Then, the resulting SINR in scenario I is given by

γ (r)MRC =

(
Pt

NPD∑
i=1

wiHl,i(r, 9ADR)

)2

NPD∑
i=1

w2
i I

NLoS
i (9ADR)+

NPD∑
i=1

w2
i σ

2
n

≈

(
Pt

NPD∑
i=1

wiHl,i(r, 9ADR)

)2

NPD∑
i=1

w2
i I

NLoS
i (9ADR)

(68)

where

wi =

(
PtHi(r̃l,I , 9ADR)

)2
INLoS
i (9ADR) + σ 2

n
. (69)

Following the same methodology as the derivation for EGC,
the PDF and CDF for MRC scheme are the same as in (56)
and (59), respectively, by simply substituting γ (r) EGC for
γ (r)MRC and considering γ0.MRC and γI.MRC as the SINR for
MRC at r = 0 and r = RI , respectively.

2) SCENARIO II (R I ≤ R ≤ R II)
For scenario II, the contribution of the LoS channel follows
the same geometrical analysis as derived for EGC. Taking
into consideration the impact of the weights of MRC, the
resulting SINR in scenario II can be written as

γ (r)MRC ≈

(
NPD∑
i=1

wiHl,i(r, 9ADR)

)2

(
∑NPD

i=1 wiHl′,i(r̃l′,II , 9ADR))2

=

(
NPD∑
i=1

wiQl,i)2(r̃2l′,II + h2)4+m(∑NPD
i=1 wiQl′,i

)2
(r2 + h2)4+m

, (70)

where the coefficients Ql,i and Ql′,i are as detailed in (61)
for the EGC scheme and the weights of the MRC scheme are
given by

wi =
(PtHl,i(r̃l′,I , 9ADR))2

(PtHl′,i(r̃l′,II , 9ADR))2 + σ 2
n
. (71)

Similarly to previous schemes, applying the change of
variable method and after some mathematical rearrangement,
the PDF of SINR is given in (72), as shown at the bottom of
the next page, where γ ′

I.MRC and γII.MRC are the maximum
and minimum values of the SINR in the region, which occurs
at r = R I and r = R II, respectively, i.e.,

γ ′

I.MRC =

(
NPD∑
i=1

wiQl,i

)2 (
r̃2l′,II + h2

)4+m
(
NPD∑
i=1

wiQl′,i

)2 (
R2I + h2

)4+m , (73)

f II(γ )EGC =


1

(m+ 4)(R2II − R2I)



(
NPD∑
i=1

Ql,i

)2 (
r̃2l′,II + h2

)4+m
(
NPD∑
i=1

Ql′,i

)2



1
m+4

γ
−(m+5)
m+4 γII.EGC ≤ γ ≤ γ ′

I.EGC

0 otherwise

(64)

F II(γ )EGC =



0 γ < γII,EGC

1

(R2II − R2I)



(
NPD∑
i=1

Ql,i

)2 (
r̃2l′,II + h2

)4+m
(
NPD∑
i=1

Ql′,i

)2



1
m+4 (

γ
−

1
m+4

II.EGC − γ−
1

m+4

)
γII.EGC ≤ γ ≤ γ ′

I.EGC

1 γ > γ ′

I.EGC

(65)
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γII.MRC =

(
NPD∑
i=1

wiQl,i

)2 (
r̃2l′,II + h2

)4+m
(
NPD∑
i=1

wiQl′,i

)2

(R2II + h2)4+m

. (74)

Then, by integrating the PDF, the CDF of SINR in scenario
II is given in (75), as shown at the bottom of the next page.

3) OVERALL THEORETICAL SINR (0 ≤ R ≤ R II)
Finally, the overall theoretical PDF andCDF of SINR inMRC
scheme is given by

f O(γ )MRC

=



R2II − R2I
R2II

f II(γ )MRC γII.MRC ≤ γ ≤ γ ′

I.MRC

R2I
R2II

f I(γ )MRC γI.MRC ≤ γ ≤ γ0.MRC

0 otherwise,

(76)

F O(γ )MRC

=
R2I
R2II

F I(γ )MRC +
R2II − R2I
R2II

F II(γ )MRC. (77)

It is worth remarking that the performance of the SINR
for MRC in scenario I is expected to be similar as for
EGC. This is because the weights of MRC depend on
the NLoS interference, which remains the same for all
photodiodes in the ADR. However, in scenario II, the weight
of each photodiodes aims at maximizing the resulting SINR.
As a result, it is expected that MRC outperforms EGC
considerably in scenario II.

VI. SIMULATION RESULTS
Monte Carlo simulations are performed to discuss the
accuracy of the theoretical derivation obtained in previous
sections. For the sake of simplicity and facilitating the
analysis, a scenario comprising two attocells is assumed. For
single-PD architecture, the FoV is set to 33◦. Two ADR
configurations are analyzed comprising 4 and 12 photodiodes
with a FoV equal to 28◦ and 23◦, respectively. The
resulting noise is calculated for a modulation bandwidth
of 20 MHz assuming a noise spectral efficiency equal to
10−21A/Hz [19]. Notice that the modulation bandwidth may
comprise values from hundreds of KHz for mass-market
commercial LEDs [31] to hundreds of MHz for some specific

TABLE 1. Simulation parameters.

communications-oriented micro LEDs [32], [33]. All other
simulation parameters are listed in Table. 1
First, the achievable user rate calculated as log2 (1+SINR)

for both single-PD and ADR assuming SBC is depicted in
Fig. 12 with the aim of validating the approach based on
dividing the coverage footprint into scenario I and scenario II.
Specifically, a simulation is carried out assuming two optical
APs located at r = 0 and r = 2.6 m. Moreover, the
condition (35) or any other approximation in Section V is
not considered. As expected, the user rate takes a maximum
value at r = 0 and r = 2.6 m, which is denoted
by Rmax. The region of scenario I comprises a range in
which the rate Rmax decreases to Rmax√

2
approximately. Then,

it can be seen that the user rate abruptly decreases to values
below 4 bits/sec/Hz because of the influence of the intercell
interference. Therefore, we can conclude that the proposed
approach based on dividing the coverage footprint of the
optical AP into scenario I and II is appropriate.

With the aim of analyzing the performance enhancement
introduced by the use of ADRs, the CDF of the SINR for both
architectures single-PD and ADR assuming the SBC scheme
are depicted in Fig. 13. It can be seen that the simulation
results match with the theoretical derivations assuming some
slight variations. Notice that there exists a gap about 5 dB
between the single-PD and SBC, while in scenario II, the
gap is around 3.5 dB. This difference can be attributed to
the ability of SBC to select the photodiode that provides
the highest channel gain with minimal interference from
interference. It’s worth noting that the numerical results
for a single-PD and SBC in scenario II match with the
theoretical results, although there is a very slight variation in
the theoretical SINR for SBC in scenario II.

The CDFs of SINR for single-PD and ADR architectures
assuming SBC, EGC, and MRC schemes are depicted in
Fig. 14. The difference between the values obtained through

f II(γ )MRC =


1

(m+ 4)(R2II − R2I)



(
NPD∑
i=1

wiQl,i

)2 (
r̃2l′,II + h2

)4+m
(
NPD∑
i=1

wiQl′,i

)2



1
m+4

γ
−(m+5)
m+4 γII.MRC ≤ γ ≤ γ ′

I.MRC

0 otherwise

(72)
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FIGURE 12. The overall user’s rate for single PD and SBC schemes with
respects to radius r , optical APs located at r = 0 and r = 2.6.

FIGURE 13. The overall CDF of SINR includes scenario I and II for
single-PD and SBC, pyramid ADR with four faces.

simulations and the derived closed-form expressions is
highlighted for MRC. Notice that the approximation errors
generated by the considered assumptions are below 1 dB,
i.e., they barely affect to the accuracy of the obtained
results. Interestingly, both MRC and EGC achieve a similar
performance in scenario I since the interference is mainly
given by the NLoS component, which results similar in the
whole set of photodiodes that compose the ADR. On the other

FIGURE 14. The overall CDF performance of SINR in SBC, EGC, and MRC
schemes. Pyramid ADR used with four faces.

hand, in scenario II,MRC achieves better results than all other
schemes since the LoS contributions of the interference are
managed through the weights (see (71)) in order to maximize
the SINR. It can be also seen that single-PD and EGC obtain
a similar performance in scenario II. Notice that for EGC, the
ADR can be interpreted as a single photodiode that receives
contributions from a very wide FoV. The SBC achieves
indeed greater performance than EGC in scenario II because
of the interference suppression given by selecting a unique
photodiode from the set that compose the ADR.

In Fig. 15, the CDFs for ADRs composed of a larger
number of photodiodes, specifically 12 photodiodes instead
of 4, are depicted. As occurs for ADRs with 4 photodiodes
(see Fig. 14), it can be seen that the closed-form expressions
obtains values close to the simulation results. First, notice
that the achieved SINR improves in comparison with the
obtained for ADRs composed of 4 photodiodes (see Fig. 14).
Moreover, in scenario II, the MRC outperforms all other
schemes, which is more noticeable in scenario II. For MRC,
the achievable SINR improves about 10 dB in comparison
with the obtained for ADRs composed of four photodiodes.
Moreover, it can be seen that there exists a gap of 20 dB
and 18 dB between the SINR obtained by MRC and, EGC
and SBC, respectively. It is worth noticing that a similar
performance is achieved for EGC in scenario II as number
of photodiodes that compose the ADRs increases because

F II(γ )MRC =



0 γ < γII,MRC

1

(R2II − R2I)



(
NPD∑
i=1

wiQl,i

)2 (
r̃2l′,II + h2

)4+m
(
NPD∑
i=1

wiQl′,i

)2



1
m+4 (

γ
−

1
m+4

II.MRC − γ−
1

m+4

)
γII.MRC ≤ γ ≤ γ ′

I.MRC

1 γ > γ ′

I.MRC

(75)
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FIGURE 15. The overall CDF performance of SINR in SBC, EGC, and MRC
schemes. Pyramid ADR used with 12 faces.

FIGURE 16. The overall CDF performance of SINR in SBC, EGC, and MRC
schemes using narrow semi-angle ϕ1/2 = 15o. Pyramid ADR used with
12 faces.

it simply generates a wider area of reception, which leads
to increasing the intercell interference. For SBC, the SINR
enhancement is clear in scenario I, but it slightly improves
the SINR in scenario II.

In Fig. 16, the distribution of the SINR for narrow trans-
mission semi-angles, specifically ϕ1/2 = 15◦, is analyzed.
That is, the light intensity is more concentrated in the center
of the coverage footprint while reducing the region subject
to high levels of intercell interference. In this case, it can
be seen that greater approximation errors below 3 dB due
the considered assumptions appear in comparison with the
previous simulations for wider semi-angles. It can be seen
that the SINR increases in both scenario I and II. For instance,
the maximum SINR achieved in scenario II for this case is
equal to 40 dB, in contrast to the 26 dB obtained in Fig. 15.
Besides, it is worth noting that the slope of the SINR increases

TABLE 2. Average SINR [dB] for scenarios I and II.

for all the schemes due to the narrow beams generated by each
optical AP.

A. INSIGHTS FROM THE OBTAINED RESULTS
The results obtained by the derived equations and through
Monte Carlo simulations validate the approach based on
dividing the coverage footprint into scenarios I and II.
The average SINR obtained in each of these scenarios is
summarized in Table 2 with the aim of providing insights as
well as issues to be solved in future works.

Although high SINR values can be obtained in the
inner of the coverage footprint (scenario I), which improve
considerably using EGC or MRC, the SINR is still penalized
at cell edge because of intercell interference. For instance,
assuming EGC or MRC, a SINR enhancement about 17.1 dB
and 32.67 dB occurs in scenario I for NPD = 4 and NPD =

12 photodiodes, respectively. On the other hand, SBC or EGC
are considerably penalized in scenario II achieving low SINR,
while MRC obtains a SINR increase of 12.7 dB and 22.1 dB
for NPD = 4 and NPD = 12 photodiodes, respectively.
Therefore, recalling that for non-overlapping FoV ADRs the
intended signal is mainly received by a single photodiode, the
signal and interference diversity provided by the proposed
overlapping FoV ADRs allows us to achieve satisfactory
SINR values for MRC.

Focusing on scenario II, for the SBC scheme, the
improvement of the average SINR in comparison with SPD
is about 5 dB for both NPD = 4 and NPD = 12 photodiodes.
That is, the users are still subject to intercell interference.
Interestingly, EGC is even more penalized than SBC since
the receiver is subject to both intended signal and interference
from a wide FoV obtained by selecting all the photodiodes
of the ADR. In this sense, notice that MRC obtains greater
SINR than both SBC and EGC. Specifically, an average SINR
equal to 14.5 dB and 23.95 dB is obtained in scenario II
for NPD = 4 and NPD = 12 photodiodes, respectively.
That is, managing the intercell interference still requires
some complex signal processing based on CSI as occurs for
MRC. Although the SINR obtained by MRC in scenario
II outperforms EGC or SBC, it is worth remarking that
there still exists a considerable gap between the SINR in
scenarios I and II.
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The discussion of the results described above motivates the
use of a central unit for managing the transmission strategy
depending of the position of the optical APs and the users.
For instance, users located within the cell center (scenario I)
obtain high SINR, which increase using overlapping FoV
ADRs considering simple signal processing such as SBC or
EGC. However, with the aim of avoiding complex signal
processing based on calculating weights, which requires
additional signalling for providing CSI, interference manage-
ment can be potentially applied. Considering time division
multiple access (TDMA) for the sake of simplicity, the
intercell interference in scenario II can be avoided assigning
an orthogonal time slot to each user at the cost of penalizing
the achievable degrees of freedom, i.e., the user rate would
be multiplied by the percentage of time allocated to that user.
On the other hand, it is worth noticing that this topological
approach requires obtaining knowledge about the position
of the users and determining if they are limited by intercell
interference or not. Furthermore, more complex interference
management based on precoding techniques such as ZF can
be applied, increasing the amount of signaling to provide CSI
at the transmitter side.

It can be also seen that reducing the radiation semi-angle
generates small and more confined coverage footprints.
Therefore, high SINR can be achieved within a region while
reducing the intercell interference out of that region, which
motivates a user-centric approach [8]. Notice that user-centric
schemes require a central unit and more accurate knowledge
of the position of the users than the topological interfer-
ence management based on orthogonal resource allocation
suggested above. Therefore, we can conclude that obtaining
knowledge about the position of the users may improve
considerably the SINR without the need for CSI, which
motivate the development of simultaneous transmission and
positioning schemes for VLC.

B. REAL-WORLD TESTING: DISCUSSION AND RESULTS
This subsection is devoted to provide a methodology to
implement a real-world testing of the statistical characteris-
tics of the SINR for overlapping FoV ADRs. After that, some
experimental results are presented and discussed and further
research lines are considered.

First, notice that a statistical analysis requires a large
number of samples to obtain accurate results. To do that,
we propose the implementation of an actuation rod in which
two servomotors modify the longitudinal dimension and
the azimuthal angle of the photodetector as it is shown
in Fig. 17. That is, the longitudinal variable, modified by
servomotor A, moves the receiver from the intended to the
interfering optical APs while servomotor B allows us to
measure the received power for different azimuthal angles
subject to a fixed elevation angle, i.e., similarly to a pyramidal
arrangement. The electronic architecture of the optical AP
and receiver are based on the schemes proposed in [34]. Thus,
a known pattern is transmitted as a reference (pilot) signal to

FIGURE 17. Measurement set-up based on an actuation rod and two
servomotors. Servomotor A varies the longitudinal dimension along the
rod and servomotor B modifies the azimuthal angle among a set of values
subject to a fixed elevation angle similarly to a pyramidal arrangement.

FIGURE 18. Optical AP employed in the testbed.

estimate the channel at the receiver and stored it in a dataset
afterwards. The optical APs are based on the LED CLU038-
1208 of Citizen, whose electrical dynamic behaviour, i.e.,
the modulation bandwidth, is fully characterized in [31].
The receiver corresponds to the photodetector ThorLabs
PDA100A2 [35].

After a brief measurement campaign following the scheme
described in Fig. 17 in a laboratory of Universidad Carlos III
de Madrid, the obtained dataset generates a CDF as depicted
in Fig. 19. Specifically, servomotor B considers steps
comprising 45◦ in the azimuthal range (360◦) and a fixed
elevation angle equal to 30◦. The signals from the intended
and interfering optical APs are received independently, and
the resulting SINR is calculated afterwards assuming a SBC
scheme. First, it can be seen that the approach based on
dividing the coverage footprint into scenarios I and II is
satisfied in a real-world testing. Interestingly, scenario II
occupies a larger region of SINR than scenario I since
the optical AP is equipped with a non-uniform lens than
concentrate the signal in the longitudinal axis as can be seen
in Fig. 18.

We can conclude that the obtained preliminary results
validate the approach considered in this work. However,
further investigations considering multiple APs, i.e., different
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FIGURE 19. Experimental CDF obtained in the considered set-up.

LEDs that may be equipped with a set of concentrator
lenses, set-up configurations or propagation environments
are required for a complete characterization of the SINR
in a real-world testing. It is worth noticing that this
characterization would generate a very large dataset of
realistic measurements, which could be extended considering
additional parameters such as level of illumination, presence
of blocking, or the environment characteristics, e.g., office,
residential, industrial, etc., that can be useful to determine
the impact of realistic datasets in comparison with synthetic
datasets for feeding artificial intelligence algorithms.

VII. CONCLUSION
In this work, we analyze the statistical distribution of the
SINR assuming ADRs composed of photodiodes whose FoV
overlap among them in VLC networks. The derivation of the
statistical distributions subject to this ADR architecture is
obtained considering assumptions that allow us to approxi-
mate the sum of the cosine of the incidence angles of the
proposed ADR. The proposed approach is also validated
through an experimental testbed. Specifically, the statistical
distribution of the SINR is derived for the SBC, EGC, and
MRC schemes. Assuming a wide FoV of the photodiodes
that compose the ADR, an error below 1 dB between Monte
Carlo simulations and the derived closed-form expressions
is obtained. This error is lower than 3 dB for photodiodes
with a narrow FoV, e.g., 15◦. Our findings indicate that MRC
outperforms all other schemes, particularly in regions with
high levels of intercell interference. This SINR improvement
is greater than 10 dB in the considered scenarios and may
increase assuming a greater number of photodiodes per ADR
or reducing the semi-angle of the optical APs.
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