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A B S T R A C T

Light-fidelity (LiFi) is an emerging technology for high-speed short-range mobile communications. Inter-cell
interference (ICI) is an important issue that limits the system performance in an optical attocell network.
Angle diversity receivers (ADRs) have been proposed to mitigate ICI. In this paper, the structure of pyramid
receivers (PRs) and truncated pyramid receivers (TPRs) are studied. The coverage problems of PRs and TPRs
are defined and investigated, and the lower bound of field of view (FOV) for each PD is given analytically. It
is shown that the lower bound of FOV for TPR and PR are 20◦ and 30◦, respectively. The impact of random
device orientation and diffuse link signal propagation are taken into consideration. The performances of PRs
and TPRs are compared, and optimised ADR structures are proposed by jointly considering the impact of tilt
angle, FOV, and the number of PDs. For a transmitter-bandwidth limited system, the optimal PD values are
6 for PR and 9 for TPR, whereas, for a receiver-bandwidth limited system, the optimal PD value is 15. In
addition, the double source (DS) cell system, where each LiFi AP consists of two sources transmitting the
same information signals but with opposite polarity, is proved to outperform the single source cell (SS) system
in interference limited or noise-plus-interference limited scenario. However, the SS cell system outperforms
the DS cell system in a noise-limited scenario.
1. Introduction

With the increasing demand for wireless data, the radio frequency
(RF) spectrum is becoming a limited resource, prompting the explo-
ration of alternative technologies like Light-Fidelity (LiFi). LiFi is a
bi-directional, high-speed wireless communication technology that uses
light emitting diodes (LEDs) and photodiodes (PDs) for data transmis-
sion through intensity modulation (IM) and direct detection (DD). It
offers enhanced security, vast bandwidth, and can be integrated with
existing LED lighting to create a LiFi attocell network, which operates
alongside wireless networks without RF interference. These advantages
make LiFi a promising focus for future research and development [1].
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By improving the spatial reuse of the spectrum resources, cellular
networks can achieve a higher area spectral efficiency. In comparison
with RF femtocell networks, LiFi attocell networks use smaller cell
sizes as the light beams from LEDs are intrinsically narrow [2]. Thus,
with the densely deployed optical access points (APs), the LiFi attocell
network can achieve a better bandwidth reuse and a higher area
spectral efficiency. However, similar to other cellular systems, inter-cell
interference (ICI) in LiFi attocell networks limits the system perfor-
mance. This is because the signal transmitted to a user will interfere
with other users who are receiving signals from the same frequency
resource. Particularly, cell-edge users suffer from severe ICI. Despite the
dense deployment of APs, due to ICI, LiFi may not provide a uniform
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coverage concerning data rate. Interference coordination mechanisms
have been extensively investigated for visible light communication
(VLC) systems [3–6]. The commonly used technique is static resource
partitioning [7]. By separating any two cells that reuse the same
frequency resource with a minimum reuse distance, ICI is effectively
mitigated. However, there is a significant loss in spectral efficiency.
A combined wavelength division and code division multiple access
scheme was proposed in [3]. Although this approach enhances the
system bandwidth, it requires separate filters for each colour band and
thus creates additional cost. In [4], the fractional frequency reuse (FFR)
technique is proposed to mitigate ICI. The FFR scheme is a cost-effective
approach to provide improvements both in cell-edge user performance
and average spectral efficiency, but a low user-density will decrease
the average spectral efficiency significantly. Joint transmission (JT)
has been proven to improve signal quality for cell-edge users [5]. The
downside of the JT systems is the extra signalling overhead. More-
over, the space division multiple access (SDMA) scheme using angle
diversity transmitters proposed in [6] can mitigate ICI by generating
concentrated beams to users at different locations.

The angle diversity reception, first proposed in [8], allows the
receiver to achieve a wide field of view (FOV) and high optical gain
simultaneously. An angle diversity receiver (ADR) is composed of mul-
tiple narrow-FOV PDs facing in different directions. In [9–24], the ADR
is used to address the issue of ICI as well as frequency reuse in LiFi
cellular systems, and different signal combining schemes are investi-
gated. In [12,13], a constrained FOV ADR (CFOV-ADR) is proposed
to mitigate ICI. A geometrical model and mathematical analysis for
CFOV-ADR are presented in [12], demonstrating that implementing
CFOV-ADR can significantly increase the overall capacity of the VLC
downlink channel by allowing each transmitter in the network to use
the entire optical spectrum. By optimising the photodiode’s FOV angle,
line-of-sight (LOS) ICI can be completely eliminated, and inter-symbol
interference (ISI) can be significantly reduced, with the optimal FOV
angle range calculated for a typical indoor scenario [13]. In 2020,
an ADR receiver with four branches is considered to enhance the
data rate of non-orthogonal multiple access (NOMA) system [14]. The
ADR is also utilised for the uplink multi-user (MU) light communica-
tion systems in [15,16]. An optimal fair resource allocation (OFRA)
scheme is proposed to mitigate both inter-symbol and inter-user inter-
ference in uplink multi-user VLC networks. The scheme aims to improve
the fairness among the users in terms of their received signal-to-
interference-plus-noise-ratios (SINRs) by implementing the ADR [15].
In 2021, the ADR structure is proposed to optimise the uniformity
of the received optical power distribution in an VLC system [17].
Simulation results show that the inclination angles and the number of
side detectors would affect the variance and average of the received
optical power, and the variance would decrease with the increase of
the number of side detectors. In 2022, Milton analyses and compares
the use and benefits of several combining schemes to create diversity
at the optical receiver in a multi-cell indoor VLC system. The results
indicates that the ADR implemented with the maximum-ratio com-
bining (MRC) scheme outperforms the other schemes, such as equal
gain combining (EGC) and selection best combining (SBC), in terms of
SINR and User Data Rate [18]. In 2024, Al-Sakkaf derives theoretical
expressions for the probability distribution function (PDF) and cumu-
lative distribution function (CDF) of the SINR in multicell scenarios
for ADRs, where the FOV generated by each PD may overlap with
those of other PDs [20]. Recently, leveraging the advantages of off-axis
FOV and freeform optics, a modified and compact-size ADR, known
as the freeform diversity receiver (FDR), is first proposed in [21].
It is demonstrated that 120.5 dB average SINR can be attained over
the communication floor. A further study of the FDR is conducted
under conditions of light path blockage, considering multiple users with
random mobility within a hybrid LiFi/WiFi network (HLWNet) [22].
Due to the lower channel correlation achieved from the angle diversity
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massive multiple-input multiple-output (MIMO)-VLC systems, and the
pyramid receivers (PRs) are proposed [25]. The generalised structure
of truncated pyramid receivers (TPRs) are given in [26] to reduce
the SINR fluctuation. In 2019, the work in [23] investigates the per-
formance of two different MIMO modulation schemes – generalised
spatial modulation (GSM) and spatial multiplexing (SMP) – for an VLC
system using vertical and angular detectors. The results show that
ADRs provide better bit error rate (BER) performance than vertical
detectors. In 2021, Vipul proposed a MIMO-VLC system using an ADR
with repetition coding at the transmitter and various receiver diversity
schemes – MRC, EGC, and SBC – to enhance performance. The study
derived closed-form expressions for the average error probability under
imperfect channel state information (CSI) and found that increasing
signal-to-noise-ratio (SNR) does not sufficiently mitigate the effects
of high channel estimation errors [24]. In 2023, the ADR is used to
propose a MIMO-VLC system employing 𝐿-pulse position modulation
(𝐿-PPM) [27].

Although many studies have been conducted on ADR in LiFi sys-
tems, the optimal ADR structure that simultaneously considers the
impact of tilt angle, FOV, and the number of PDs has not yet been
determined. As a result, the optimal configurations for ADRs are not
provided, and the potential performance gains are not fully realised.
Moreover, most of the systems are assumed to be interference limited
instead of noise limited, which is not always true as the ADR can
mitigate most of ICI with noise being the dominated part.

In addition, to obtain a more accurate evaluation of the system per-
formance, the following three factors must be taken into consideration:
(1) User Device Orientation Most of the studies on ADRs assume that
the receiving device is pointed vertically upward. However, it has been
shown in our previous works that the random orientation of mobile
devices can significantly affect the direct current (DC) channel gain
and thus the system performance [28,29]. Therefore, the random ori-
entation of the user equipment (UE) needs to be considered. A random
device orientation model has been proposed in [28]. This model will
be applied in this study to evaluate the system more accurately.

(2) Diffuse Link Signal Propagation The non-line-of-sight (NLOS)
link is neglected in most LiFi and VLC studies and only the LOS
channel is considered [2,3,7,30]. In [31], it is shown that the LOS
link is the dominate link and the effect of the reflected signal can
be neglected. However, the UE is assumed to be positioned vertically
upward, which is not realistic for mobile devices. In our study, we
consider the effect of reflection when random device orientation is
applied and the results show that the diffuse link cannot be ignored. A
microscopic frequency-domain method for the simulation of the indoor
VLC channel is presented in [32]. A closed form for the transfer func-
tion that contains all reflection orders is formulated. The method can
be extended to multi-spot transmission without a significant increase in
the computational complexity. Therefore, in this study, we will use the
frequency-domain method to simulate the impact of the diffuse link.

(3) Noise Power Spectral Density The noise power spectral density
of the PD has a huge impact on the analyses of system performance.
For different levels of noise power spectral density, the system could
be noise-limited, interference-limited or noise-plus-interference limited,
which could affect the choices of the signal combining schemes and the
cell configurations.

The main contributions of this paper are summarised as follows:

• The coverage area of ADRs is defined to differentiate from the
coverage area of APs. Analytical expressions for the coverage area
of both PRs and TPRs are given.

• Based on the constraint set by the coverage area of ADRs, the
lower bound of FOV of PDs on an ADR is given for the single
source (SS) system. The performances of PRs and TPRs are com-
pared, and optimised ADR structures that simultaneously consider
the impact of tilt angle, FOV, and the number of PDs are proposed
to fully exploit the potential performance gains of ADRs. Addi-
tionally, the joint effect of receiver and transmitter bandwidth on

the average data rate is analysed.
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Fig. 1. System model.

• The performance comparison between the SBC and MRC are given
regarding different levels of noise power spectral density. It is the
first time shown that under certain circumstances, the SBC can
outperform the MRC.

• The double source (DS) cell system is considered to further mit-
igate the NLOS interference. The lower bound of FOV of PDs on
an ADR is derived and the optimised ADR structures are proposed
for the DS system.

• By comparing the average SINR between the DS system and the SS
system under different levels of noise power spectral density, we
present that, in a noise-dominated scenario, the SS system should
be applied, otherwise, the DS system is preferred.

The rest of this paper is organised as follows. The system model is
introduced in Section 2. The generalised structures of ADRs are given in
Section 3. Section 4 presents the optimum FOV for PRs and TPRs. The
concepts of the optical double-source cell are proposed in Section 5. The
simulation results and discussions are presented in Section 6. Finally,
conclusions are drawn in Section 7.

2. System model

As shown in Fig. 1, an indoor LiFi network is considered in this
study, where 𝑁L LiFi APs are deployed in the ceiling. On the re-
ceiver side, the ADR is utilised to collect the transmitted signal. In the
following, the LiFi system model is described in details.

2.1. Light propagation model

In indoor optical communications, the signal propagation consists
of two components: the LOS link and the diffuse link.

2.1.1. LOS link
It is typically assumed that the LED follows the Lambertian radiation

pattern and the LOS DC channel gain between the transmitter (Tx) and
receiver (Rx) is given by [1,8]:

𝐻LOS =
(𝑚 + 1)
2𝜋𝑑2

𝐴p𝑇𝑠(𝜓)𝑔(𝜓) cos𝑚(𝜙) cos(𝜓)𝑣Tx,Rx, (1)

where 𝑚 is the Lambertian order, which is given as 𝑚 = − ln(2)∕
ln(cos(𝛷1∕2)), and 𝛷1∕2 denotes the half-power semi-angle of the LED; 𝑑
is the distance between the Tx and the Rx; 𝐴p denotes the physical area
of the PD; 𝑇𝑠(𝜓) represents the signal transmission gain of the optical
filter; The irradiance angle of the transmitter is denoted as 𝜙 and the
incidence angle of the receiving PD is denoted as 𝜓 . Note that 𝜓 can be
obtained by cos(𝜓) = 𝐧PD⋅𝐝 , where 𝐝 defines the distance vector between
‖𝐝‖
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the Tx and the Rx. The dot product is denoted as (⋅) and ‖𝐝‖ denotes the
Euclidean distance. Furthermore, 𝐧PD is the normal vector of the PD.
𝑔(𝜓) is the concentrator gain and 𝑔(𝜓) =

𝑛2ref
sin2(𝛹c)

, where 𝑛ref represents
the internal refractive index of the concentrator and 𝛹c denotes the FOV
of the PD with concentrator. 𝑣Tx,Rx represents the visibility factor and
is given by [32]:

𝑣Tx,Rx =
{

0, 𝜙 > 𝜋∕2 or 𝜓 > 𝛹c
1 otherwise . (2)

2.1.2. NLOS link
The diffuse link is due to the reflection from the walls. As mentioned

earlier, the frequency-domain method in [32] is used to obtain the
diffuse link DC channel gain. We assume that all the wall surfaces are
purely diffuse Lambertian reflectors with 𝑚 = 1. All of the surfaces
are divided into a number of small surface elements numbered by
𝑘 = 1,… , 𝑁E, with areas 𝐴𝑘 and reflective coefficients 𝜌𝑘. To calculate
the diffuse link DC channel gain, the propagation of light is divided into
the following three parts. The first part of the diffuse link propagation is
the light path between the Tx and all the reflective surface elements of
the room. The LOS DC channel gain between the Tx and the surface
element 𝑘 is defined as 𝐻Tx,𝑘. The transmitter transfer vector, 𝐭, is
defined as 𝐭 = (𝐻Tx,1, 𝐻Tx,2, ... 𝐻Tx,𝑁E

)T, where (⋅)𝑇 defines the
transpose of vectors. The second part of the diffuse link is the LOS
link from all the 𝑁E surface elements to all the 𝑁E surface elements.
The LOS DC channel gain between the surface elements 𝑘 and the
surface element 𝑖 is given as 𝐻𝑘,𝑖. To describe the LOS links between all
surfaces inside the room, the 𝑁E × 𝑁E room-intrinsic transfer matrix,
𝐇, is defined by its elements [𝐇]𝑘,𝑖 = 𝐻𝑘,𝑖. In order to include the
reflective coefficient 𝜌𝑘 of the surface elements, the 𝑁E×𝑁E reflectivity
matrix is defined as 𝐆𝜌 = diag(𝜌1, 𝜌2,… , 𝜌𝑁E

) [32]. In the third part
of the diffuse link, the light propagates from all the surfaces of the
room to the Rx. Similarly, we denote the LOS DC channel gain between
the surface element 𝑘 and the Rx as 𝐻𝑘,Rx. The LOS DC channel gain
between all the reflective elements of the room and the receiver are
grouped to give the receiver transfer vector 𝐫 which is defined by its
transpose 𝐫T = (𝐻1,Rx, 𝐻2,Rx, ... 𝐻𝑁E ,Rx). Therefore, the total diffuse
DC channel gain with infinite reflection can be calculated by the matrix
product [32]:

𝐻dif f = 𝐫T𝐆𝜌(𝐈 −𝐇𝐆𝜌)−1𝐭, (3)

where 𝐈 denotes the unity matrix.

2.2. Signal combining schemes for ADR

An indoor LiFi network is studied and it is assumed that the total
number of UE and LiFi APs are 𝑁UE and 𝑁L, respectively. The set of
APs is denoted by  = {𝛼 ∣ 𝛼 ∈ [1, 𝑁L]}. The set of users is denoted
as  = {𝜇 ∣ 𝜇 ∈ [1, 𝑁UE]}. The ADR is used as the Rx and the
set of PDs on an ADR is denoted as  = {𝑝 ∣ 𝑝 ∈ [1, 𝑁PD]}, where
𝑁PD denotes the total number of PDs on the ADR. As one of the most
commonly used optical orthogonal frequency division multiplexing (O-
OFDM) schemes, the direct current biased optical OFDM (DCO)-OFDM
is used in this study as it is spectrum efficient [33]. The number of
OFDM subcarriers is denoted as 𝑀 , where 𝑀 is an even and positive
integer, and the sequence number of OFDM subcarriers is denoted by
𝑚 ∈ {0, 1,… ,𝑀 −1}. Two constraints should be satisfied to ensure real
and positive signals: (i) 𝑋(0) = 𝑋(𝑀∕2) = 0, and (ii) the Hermitian
symmetry constraint, i.e., 𝑋(𝑚) = 𝑋∗(𝑀 − 𝑚), for 𝑚 ≠ 0, where (⋅)∗

denotes the complex conjugate operator [31]. Therefore, the effective
subcarrier set bearing information data is defined as e = {𝑚|𝑚 ∈
[1,𝑀∕2 − 1], 𝑚 ∈ N}, where N is the set of natural numbers.

For an ADR, multiple PDs are receiving signals simultaneously.
Thus, attention should be paid to the selection of the signal combining
schemes. There are different combining schemes such as equal gain
combining (EGC), SBC and MRC. An important metric to evaluate the
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link quality and capacity is the SINR. The SINR of user 𝜇 on subcarrier
𝑚 can be obtained based on [9,31]:

𝛾𝜇,𝑚 =
(
∑𝑁PD
𝑝=1 𝜏𝑃tx𝑤𝑝𝐻𝛼s ,𝜇,𝑝)

2∕(𝑀 − 2)
∑𝑁PD
𝑝=1 𝑤𝑝

2𝜅2𝑁0𝐵L∕𝑀 +
∑

𝛼i∈⧵{𝛼s}
(𝜏𝑃tx

∑𝑁PD
𝑝=1 𝑤𝑝𝐻𝛼i ,𝜇,𝑝)

2∕(𝑀 − 2)

=
(
∑𝑁PD
𝑝=1 𝜏𝑃tx𝑤𝑝𝐻𝛼s ,𝜇,𝑝)

2

∑𝑁PD
𝑝=1 𝑤𝑝

2𝜅2𝑁0𝐵L(𝑀 − 2)∕𝑀 +
∑

𝛼i∈⧵{𝛼s}
(𝜏𝑃tx

∑𝑁PD
𝑝=1 𝑤𝑝𝐻𝛼i ,𝜇,𝑝)

2

, (4)

where 𝜏 is the optical-to-electrical conversion efficiency; 𝑃tx is the
transmitted optical power of the AP; 𝑤𝑝 denotes the combining weight
of PD 𝑝; 𝐻𝛼s ,𝜇,𝑝 is the overall DC channel gain between the PD 𝑝 of user
𝜇 and the serving AP 𝛼s; 𝜅 is the ratio of DC optical power to the square
root of electrical signal power; 𝑁0 represents the noise power spectral
density of the additive white Gaussian noise and 𝐵L is the baseband
modulation bandwidth; 𝐻𝛼i ,𝜇,𝑝 is the overall DC channel gain between
the PD 𝑝 of user 𝜇 and the interfering LiFi AP 𝛼i. The serving AP 𝑎s
for user 𝜇 is selected based on the signal strength strategy (SSS) where
the UEs are connected to the APs providing the best received signal
strength. Hence, the serving AP 𝛼s for user 𝜇 can be expressed as:

𝛼s = arg max
𝛼∈

𝑁PD
∑

𝑝=1
|𝐻𝛼,𝜇,𝑝|

2. (5)

When the EGC scheme is adopted, the signals received by the PDs are
simply combined with equal weights, which can be described as:

𝑤𝑝 = 1, for any 𝑝 ∈  . (6)

In terms of the SBC scheme, a switch circuit is required to output
the information from the PD with the highest SINR. Hence, the weight
of each PD is given as:

𝑤𝑝 =

{

1, 𝑝 = 𝑝s
0, otherwise,

(7)

where 𝑝s can be obtained by:

𝑝s = arg max
𝑝∈

(𝜏𝑃tx𝐻𝛼s ,𝜇,𝑝)
2

𝜅2𝑁0𝐵L(𝑀 − 2)∕𝑀 +
∑

𝛼i∈⧵{𝛼s}(𝜏𝑃tx𝐻𝛼i ,𝜇,𝑝)
2
. (8)

On the subject of the MRC schemes, the weight for each PD is denoted
as [9]:

𝑤𝑝 =
(𝜏𝑃tx𝐻𝛼s ,𝜇,𝑝)

2

𝜅2𝑁0𝐵L(𝑀 − 2)∕𝑀 +
∑

𝛼i∈⧵{𝛼s}(𝜏𝑃tx𝐻𝛼i ,𝜇,𝑝)
2
. (9)

Based on the Shannon capacity, assuming electrical signals after optical
to electrical conversion, the data rate of the 𝜇th UE on subcarrier 𝑚 can
be expressed:

𝜁𝜇,𝑚 =

⎧

⎪

⎨

⎪

⎩

𝐵L
𝑀 log2(1 + 𝛾𝜇,𝑚), 𝑚 ∈ [1,𝑀∕2 − 1]

0, otherwise
. (10)

(𝑥PD,𝑝, 𝑦PD,𝑝, 𝑧PD,𝑝)

=

⎧

⎪

⎨

⎪

⎩

(

𝑥UE + 𝑟 cos 2(𝑝−1)𝜋
𝑁TPR−1

, 𝑦UE + 𝑟 sin 2(𝑝−1)𝜋
𝑁TPR−1

, 𝑧UE
)

, if 1 ≤ 𝑝 < 𝑁TPR

(𝑥UE, 𝑦UE, 𝑧UE), if 𝑝 = 𝑁TPR

(11)

Hence, the data rate of the 𝜇th UE can be obtained by 𝜁𝜇=
∑𝑀∕2−1
𝑚=1 𝜁𝜇,𝑚.

3. ADR structure

The ADR is composed of multiple PDs facing in different directions.
By using a PD in conjunction with a compound parabolic concentrator
(CPC), a narrow FOV and high optical gain can be achieved [8]. How-
ever, the narrow FOV is achieved at the expense of the longer length of
the CPC. Therefore, the number of PDs on the ADR should be limited
4 
Fig. 2. ADR structures.

due to the size limitation on the mobile devices and smartphones. In
this study, the TPR [26] and the PR [25] are considered as they are
both suitable for hand-held devices. The number of PDs on the TPR
and PR are separately denoted as 𝑁TPR and 𝑁PR. The structure of the
TPR with 𝑁TPR = 9 and the PR with 𝑁PR = 8 are presented in Figs. 2(a)
and 2(b), respectively. The ADR designs are analysed in the following
parts.

3.1. TPR design

The TPR is composed of a central PD and a ring of 𝑁TPR −1 equally
separated side PDs. The side PDs are arranged uniformly in a circle of
radius 𝑟 on the horizontal plane. Thus, the coordinate of the 𝑝th PD on
a TPR is represented as (11), where (𝑥UE, 𝑦UE, 𝑧UE) is the UE position,
denoted as 𝐩UE [11]. As the distance between the AP and the UE is
much larger than 𝑟, the distances between the AP and all PDs on a
TPR are approximately the same. The normal vector of each PD can
be described by two angles: the azimuth angle of a PD, 𝜔PD, and the
elevation angle of a PD, 𝜃PD [10]. When the UE is pointing vertically
upward, the TPR has one vertically orientated central PD and 𝑁TPR −1
inclined side PDs with identical elevation angles 𝛩PD. In other words,
the elevation angle of the 𝑝th PD on a TPR can be expressed as:

𝜃PD,vert,𝑝 =

{

𝛩PD, if 1 ≤ 𝑝 < 𝑁TPR . (12)

0, if 𝑝 = 𝑁TPR
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The azimuth angle of the 𝑝th PD is given by:

𝜔PD,vert,𝑝 =

{ 2(𝑝−1)𝜋
𝑁TPR−1

, if 1 ≤ 𝑝 < 𝑁TPR

0, if 𝑝 = 𝑁TPR
. (13)

3.2. PR design

The PR can be regarded as a TPR without the central PD. Therefore,
the coordinate of the 𝑝th PD on a PR is given by:

(𝑥PD,𝑝, 𝑦PD,𝑝, 𝑧PD,𝑝) =

𝑥UE + 𝑟 cos
2(𝑝 − 1)𝜋
𝑁PR

, 𝑦UE + 𝑟 sin
2(𝑝 − 1)𝜋
𝑁PR

, 𝑧UE
)

.
(14)

hen the UE is vertically orientated, the elevation angle and the
zimuth angle of the 𝑝th PD are separately expressed as:

PD,vert,𝑝 = 𝛩PD, 𝜔PD,vert,𝑝 =
2(𝑝 − 1)𝜋
𝑁PR

. (15)

.3. Random orientation model

The orientation of a UE has a great impact on the channel DC gain
ccording to (1). In [28], a model for the random orientation of mobile
evices based on experiments is proposed so that the system perfor-
ance of LiFi attocell networks can be evaluated more accurately. The

andom orientation model can be described by two angles: the elevation
ngle of a UE, 𝜃UE, and the azimuth angle of a UE, 𝜔UE. The geometrical
epresentation of 𝜃UE and 𝜔UE is manifested in Fig. 3. The probability
ensity function (PDF) of 𝜃UE can be modelled as the truncated Laplace
istribution and it can be simplified as [28]:

𝜃(𝜃UE) ≅
exp(− |𝜃UE−𝜇𝜃 |

𝑏𝜃
)

2𝑏𝜃
, 0 ≤ 𝜃 ≤ 𝜋

2
, (16)

𝐧UE = 𝐑𝜔UE𝐑(𝜃UE)𝐧UE,vert = [sin 𝜃UE cos𝜔UE, sin 𝜃UE sin𝜔UE, cos 𝜃UE]T

(17)

where 𝑏𝜃 =
√

𝜎2𝜃∕2. The mean and scale parameters are set as 𝜇𝜃 =
41.39◦ and 𝜎𝜃 = 7.68◦ [28]. In addition, the PDF of the azimuth angle of
a UE, 𝜔UE, is modelled as a uniform distribution. It is assumed that the
UE is initially pointing vertically upward and 𝐧UE,vert = [0, 0, 1]T. The
normal vector of the UE after rotation becomes 𝐧UE. The rotation can
be simplified as rotating around the y-axis with 𝜃UE and then rotating
around z-axis with 𝜔UE, which can be described by rotation matrices
𝐑(𝜃UE) and 𝐑(𝜔UE) separately [34]. Thus, 𝐧UE is given by (17).

3.4. Normal vector of the ADR

When the UE is pointing vertically upward, for both PRs and TPRs,
the normal vector of the 𝑝th PD is obtained as:

𝐧PD,vert,𝑝 =
⎡

⎢

⎢

⎢

⎣

sin(𝜃PD,vert,𝑝) cos(𝜔PD,vert,𝑝)

sin(𝜃PD,vert,𝑝) sin(𝜔PD,vert,𝑝)

cos(𝜃PD,vert,𝑝)

⎤

⎥

⎥

⎥

⎦

. (18)

However, the normal vector of the UE will change due to the random
rotation. The random orientation model is described in Section 3.3.
Thus, the normal vector of the 𝑝th PD after the random rotation is
obtained by:

𝐧PD,𝑝(𝜃UE, 𝜔UE) = 𝐑(𝜔UE)𝐑(𝜃UE)𝐧PD,vert,𝑝

=

⎡

⎢

⎢

⎢

⎣

𝐶1 cos𝜔UE cos 𝜃UE − 𝐶2 sin𝜔UE + sin 𝜃UE cos𝜔UE cos(𝜃PD,vert,𝑝)

𝐶1 sin𝜔UE cos 𝜃UE + 𝐶2 cos𝜔UE + sin 𝜃UE sin𝜔UE cos(𝜃PD,vert,𝑝)

−𝐶1 sin 𝜃UE + cos 𝜃UE cos(𝜃PD,vert,𝑝)

⎤

⎥

⎥

⎥

⎦

,

(19)
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where 𝐶1=sin(𝜃PD,vert,𝑝) cos(𝜔PD,vert,𝑝) and 𝐶2=sin(𝜃PD,vert,𝑝) sin(𝜔PD,vert,𝑝).
ased on (19), after the random rotation, the elevation angle of the 𝑝th
D can be obtained as:

PD,𝑝 = cos−1
(

−𝐶1 sin 𝜃UE + cos 𝜃UE cos 𝜃PD,vert,𝑝
)

, (20)

PD,𝑝 = tan−1
( 𝐶1 sin𝜔UE cos 𝜃UE + 𝐶2 cos𝜔UE + sin 𝜃UE sin𝜔UE cos(𝜃PD,vert,𝑝)
𝐶1 cos𝜔UE cos 𝜃UE − 𝐶2 sin𝜔UE + sin 𝜃UE cos𝜔UE cos(𝜃PD,vert,𝑝)

)

(21)

and the azimuth angle of the 𝑝th PD can be expressed as (21). There-
fore, the incidence angle of the 𝑝th PD, 𝜓𝑝, can be obtained based on
𝜃PD,𝑝 and 𝜔PD,𝑝 as 𝜓𝑝 = cos−1( 𝐧PD⋅𝐝

‖𝐝‖ ).

3.5. Receiver bandwidth vs PD area

The bandwidth of a PD is affected by its physical area, 𝐴p, and
the PD thickness, 𝐿p. The capacitance of the each PD is denoted as
𝐶r = 𝜀0𝜀r

𝐴p
𝐿p

, where 𝜀0 and 𝜀r are the permittivity of vacuum and
he relative permittivity of silicon, respectively. The load resistance is
efined as 𝑅load while the hole velocity is denoted as 𝑣p. Therefore, the
eceiver bandwidth can be written as [35]:

r =
1

√

(2𝜋𝑅load𝐶r )2 +
( 𝐿p
0.443𝑣p

)2
. (22)

By solving 𝜕𝐵r
𝜕𝐿p

= 0, the optimum 𝐿p can be denoted as 𝐿p,opt =
√

0.886𝜋𝑅load𝜀0𝜀r𝐴p𝑣p.

.6. Visibility of an ADR

The visibility of an ADR was first defined in [10]. An AP is visible to
PD when the AP is within the FOV of the PD. Hence, at the location
UE and the orientation (𝜃UE, 𝜔UE), the visibility factor between the 𝑝th
D on the ADR and the 𝛼th AP can be expressed as:

𝛼,𝑝(𝑥UE, 𝑦UE, 𝜃UE, 𝜔UE, 𝛹c) =

{

0, 𝜓𝛼,𝑝 > 𝛹c

1, otherwise,

nd 𝜓𝛼,𝑝 = arccos
(𝐧PD,𝑝(𝜃UE, 𝜔UE) ⋅ 𝐝𝛼

‖𝐝𝛼‖

)

,

(23)

where 𝐝𝛼 = (𝑥𝛼 − 𝑥UE, 𝑦𝛼 − 𝑦UE, 𝑧𝛼 − 𝑧UE) is the distance vector between
the AP 𝛼 and the UE. The dot product is denoted as (⋅) and ‖ ⋅ ‖ is the
norm operator. In terms of ADR, an AP is visible to an ADR if and only
if the AP is visible to at least one of the PDs on the ADR. Hence, for
a given UE position and orientation, the visibility of the ADR can be
written as [10]:

𝑉 (𝑥UE, 𝑦UE, 𝜃UE, 𝜔UE, 𝛹c) =

⎧

⎪

⎨

⎪

⎩

1, if∑𝛼∈
∑

𝑝∈ 𝑣𝛼,𝑝 ≠ 0

0, otherwise.
(24)

𝑝v(𝛹c) = ∫𝑥UE ∫𝑦UE ∫𝜃UE ∫𝜔UE
𝑉 (𝑥UE, 𝑦UE, 𝜃UE, 𝜔UE, 𝛹c)

1
𝑋UE

1
𝑌UE

1
𝛺UE

𝑓𝜃(𝜃UE)𝑑𝑥UE𝑑𝑦UE𝑑𝜃UE𝑑𝜔UE

= ∫𝑥UE ∫𝑦UE ∫𝜃UE ∫𝜔UE

𝑉 (𝑥UE, 𝑦UE, 𝜃UE, 𝜔UE, 𝛹c)
𝑋UE𝑌UE𝛺UE

𝑓𝜃(𝜃UE)𝑑𝑥UE𝑑𝑦UE𝑑𝜃UE𝑑𝜔UE

(25)

It is assumed that both 𝑥UE and 𝑦UE follow a uniform distribution.
The probability of visibility of an ADR is defined as the probability
that there is at least one AP within the visible area of the ADR for all
UE positions and orientations, and it can be expressed as (25), where
𝑋UE, 𝑌UE and 𝛺UE are the range of 𝑥UE, 𝑦UE and 𝜔UE, respectively.
Hence, it can be obtained that 𝑋UE = max(𝑥UE) − min(𝑥UE), 𝑌UE =
max(𝑦 ) − min(𝑦 ) and 𝛺 = max(𝜔 ) − min(𝜔 ).
UE UE UE UE UE
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Fig. 3. Representation of random UE orientation.

Fig. 4. Visible area of PDs.

4. The optimum field of view

4.1. Optimisation problem

In (1), the LOS channel gain 𝐻LOS is a convex function of 𝛹c and
decreases monotonically. Hence, the smaller the 𝛹c, the higher the
channel gain. However, when the 𝛹c of the PD is too small, there is a
high chance that no APs are visible to the ADR and the LOS link cannot
be constructed. Thus, there is a trade off between the LOS channel gain
and visibility. The optimisation problem is formulated as maximising
the LOS channel gain based on the constraint that the ADR should
provide visibility for all UE locations. Thus, the optimisation function
is written as:

arg max
𝛹c

𝐻LOS(𝛹c),
(26)
subject to 𝑝v(𝛹c) = 1.

6 
The solution set of 𝑝v(𝛹c) = 1 is denoted as R and 𝛹c,min is the minimum
value in R. As 𝐻LOS(𝛹c) is a monotonically decreasing function, the
maximum 𝐻LOS(𝛹c) is achieved when 𝛹c = 𝛹c,min. Hence, the optimisa-
tion problem can be solved by finding the minimum value of 𝛹c, 𝛹c,min,
which satisfies 𝑝v = 1. Based on (25), 𝛹c,min cannot be solved in a closed
form. Therefore, in the following parts, we will study the ADRs’ visible
area on the ceilings to solve the solution set R and find a closed form
for 𝛹c,min.

4.2. Coverage area of ADR on the ceiling

The coverage area of a PR for a vertical-orientated UE is studied
in [10]. Fig. 4(a) demonstrates that the visible area of the PD mounted
on the PR is an ellipse on the ceiling. Hence, the visible area of the 1-st
PD, where 𝜃PD,1 = 𝛩PD and 𝜔PD,1 = 0, is given by [10]:

(𝑥ellipse,1 − 𝑥center )2

𝑎2
+

(𝑦ellipse,1 − 𝑦center )2

𝑏2
= 1, (27)

where

𝑎 =
ℎ sin(2𝛹c)

cos(2𝛹c) + cos(2𝛩PD)
, 𝑏 =

√

2ℎ sin(𝛹c)
√

cos(2𝛹c) + cos(2𝛩PD)
, (28)

and

𝑥center = 𝑥UE +
ℎ sin(2𝛩PD)

cos(2𝛹c) + cos(2𝛩PD)
, 𝑦center = 𝑦UE, (29)

where ℎ is the vertical distance between the AP and UE. The detailed
proof is given in Appendix A. Fig. 4(b) depicts that the shape of the
visible area of the 𝑝th PD can be obtained by rotating the 1-st PD around
(𝑥UE, 𝑦UE) with an angle of 𝜔PD,𝑝, which can be represented as:
[

𝑥ellipse,𝑝 − 𝑥UE
𝑦ellipse,𝑝 − 𝑦UE

]

= 𝑅𝑥𝑦(𝜔PD,𝑝)

[

𝑥ellipse,1 − 𝑥UE
𝑦ellipse,1 − 𝑦UE

]

=

[

cos𝜔PD,𝑝 − sin𝜔PD,𝑝

sin𝜔PD,𝑝 cos𝜔PD,𝑝

][

𝑥ellipse,1 − 𝑥UE
𝑦ellipse,1 − 𝑦UE

]

.

(30)

[

𝑥ellipse,𝑝
𝑦ellipse,𝑝

]

=

⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

[

cos𝜔PD,𝑝 − sin𝜔PD,𝑝

sin𝜔PD,𝑝 cos𝜔PD,𝑝

]

[

𝑥ellipse,1 − 𝑥UE
𝑦ellipse,1 − 𝑦UE

]

+

[

𝑥UE
𝑦UE

]

, if 1 ≤ 𝑝 < 𝑁TPR

[

𝑥circle
𝑦circle

]

, if 𝑝 = 𝑁TPR

(31)

The TPR can be seen as the combination of a PR, where 𝑁PR =
𝑁TPR − 1, and a central PD. When the UE is facing vertically upward,
the visible area of the central PD is a circle. Therefore, the shape
of the visible area of the 𝑝th PD on a TPR is given by (31), where
𝑥2circle + 𝑦

2
circle = (ℎ tan𝛹c)2.

4.3. Lower bound of FOV

For a fixed UE location, the ADR has the smallest coverage area on
the ceiling when vertically orientated. In other words, we will investi-
gate the worst condition, i.e. the situation that an ADR is positioned
vertically upward which provides the smallest coverage area on the
ceiling. Under other orientation scenarios, the coverage area is larger.
Based on (30) and (31), Fig. 5 illustrates the visible area of 4 different
types of ADRs when the UE is at the cell corner, that is to say, the
cross-point of four LiFi cells. The blue curve is the outer boundary
of the visible area. On the outer boundary, the points that have the
shortest distance to the UE are defined as critical points, 𝐩c. 𝑑c denotes
the horizontal distance between 𝐩 and the UE. To ensure 𝑝 = 1, there
c v
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Fig. 5. Coverage area of PRs and TPRs with different number of PDs.

Fig. 6. Visible area of ADR in 𝑥𝑧-plane.

are two constraints and the detailed explanation of these constraints
are given as follows.

(1) Constraint 𝐼 : The central area above the ADR should be visible to
the ADR. As shown in Fig. 6(a), the total FOV of an ADR is represented
as 𝛹total, which can be written as:

𝛹 = 𝛹 + 𝛩 . (32)
total c PD

7 
Fig. 7. The geometrical representation of 𝛹c, 𝛩PD, 𝛹total and 𝑑c in the spherical
coordinate system.

In terms of PRs, if 𝛩PD ≥ 𝛹c, then the central part is not covered by the
visible area of the ADR as manifested in Fig. 6(a). If the UE is in the
cell centre, then no APs will be visible to the ADR. Hence, the condition
𝛩PD ≤ 𝛹c should be satisfied so that the area directly above the UE is
covered by the visible area of the ADR. Based on this constraint and
(32), the lower bound of 𝛹c can be obtained as:

𝛹c1,min =
𝛹total
2

. (33)

With respect to the TPR, the area directly above the UE is covered by
the central PD orientating vertically upwards as illustrated in Fig. 6(b).
The concern should be the central coverage gap between the central PD
and the side PDs. Therefore, 𝛩PD ≤ 2𝛹c is required to ensure there is
no gap between them. By substituting this constraint into (32), it can
be derived that:

𝛹c1,min =
𝛹total
3

. (34)

(2) Constraint 𝐼𝐼 : The outer boundary of the visible area should
be large enough. The side length of a square cell is denoted as 𝑟cell as
shown in Fig. 5. The horizontal distance between the UE and the 𝛼th
AP is denoted as 𝑑h,𝛼 . When the UE is at the cell corner, 𝑑h,𝛼 =

√

2
2 𝑟cell

for any 𝛼 ∈ . With the decrease of 𝛹c, the outer boundary of the
visible area will decrease, which means 𝑑c will decrease. If 𝑑c is smaller
than the horizontal distance from the AP to the cell corner, which is
√

2
2 𝑟cell, there will be no APs within the visible area of the ADR for cell-

corner users. Therefore, to ensure that at least one AP is visible to the
cell-corner UE, 𝑑c should be larger than the horizontal distance from
the AP to the cell corner. By moving towards any direction, due to the
symmetry, the cell-corner UE will get closer to at least one AP. In other
words,

𝑑c,min = max
𝑥UE ,𝑦UE

(

min
𝛼

(

𝑑h,𝛼
)

)

=

√

2
2
𝑟cell, subject to 𝛼 ∈ . (35)

That is to say, if there is at least one AP inside the outer boundary of
the visible area for the cell-corner UE, then, when the UE moves to
other locations, the AP will still be inside the outer boundary of the
visible area. Hence, to meet the condition 𝑝v = 1, it is required that
𝑑c ≥

√

2
2 𝑟cell. Also, it can be seen from Fig. 5 that 𝐩c is always inside

the green reference circle, which has a radius of ℎ tan(𝛹total). Hence,
𝑑c,min ≤ 𝑑c ≤ ℎ tan(𝛹total), where 𝑑c,min =

√

2
2 𝑟cell.

Fig. 7 presents the geometrical relationship in a spherical coordinate
system. The coordinate of 𝐩c is represented as (𝑟c, 𝜃c, 𝜔c) and 𝜔c =
𝜔PD,𝑝

| for both PRs and TPRs. The geometrical relationships among
2 𝑝=2
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Fig. 8. Double source cell configuration.

𝑑1, 𝑑2 and 𝑑3, illustrated in Fig. 7, can be represented as:

𝑑21 = 𝑑22 + 𝑟2c − 2𝑑2𝑟c cos(𝛹c), (36)

2
1 = 𝑑23 + 𝑑2c − 2𝑑3𝑑c cos(𝜔c), (37)

2
2 = ℎ2 + 𝑑23 , 𝑟2c = ℎ2 + 𝑑2c , 𝑑3 = ℎ tan(𝛩PD). (38)

ccording to (37), (36) and (38), the lower bound of 𝛹c set by Con-
traint II is derived in Appendix B and is represented as:

c2,min =

{

𝐹2(𝑑c2), if 𝑑c,min ≤ 𝑑c2
𝐹2(𝑑c,min), otherwise

, (39)

here

2(𝑑c) = 𝛹total − tan−1

√

ℎ2 + 𝑑2c cos(𝛹total) − ℎ

𝑑c cos(𝜔c) −
√

ℎ2 + 𝑑2c sin(𝛹total)
, (40)

and

𝑑c2 =
ℎ cos(𝜔c) sin(𝛹total)
cos(𝛹total) + sin(𝜔c)

. (41)
8 
(3) Summary Based on (33), (34) and (39), the lower bound of 𝛹c
can be expressed as:

𝛹c,min = max(𝛹c1,min, 𝛹c2,min). (42)

Therefore, the solution set R is 𝛹c,min ≤ 𝛹c ≤ 𝛹total. For different
numbers of PDs on the PR, the optimum FOV is 𝛹c,min as the FOV gets
maller, the higher the channel gain and received signal power.

. Double source cell configuration

In the conventional SS cell configuration, each cell is equipped with
single AP in the cell centre. The double source (DS) cell configuration

s proposed to further exploit the spatial diversity of the ADR in [36].
s demonstrated in Fig. 8, each LiFi AP consists of two sources which

ransmit the same information signals but with opposite polarity. These
wo sources are termed as the positive source and the negative source,
hich transmit the time domain signal 𝑠pos(𝑡) and 𝑠neg(𝑡) respectively.

n a single optical cell, the received optical signal at a PD is denoted
s [36]:

sum(𝑡) = 𝑠pos(𝑡)𝐻pos + 𝑠neg(𝑡)𝐻neg, (43)

here 𝐻pos is the channel gain between the positive source and the PD;
neg is the channel gain between the negative source and the PD. For a

air comparison, the total transmitting power for the SS system and DS
ystem should be the same. Hence, the transmit power of each source
s halved when the DS configuration is applied and the received optical
ower at the PD can be written as [36]:

rx =
𝑃tx
2

|𝐻pos −𝐻neg| =
𝑃tx𝛥𝐻

2
. (44)

Generally, the receiver is closer to the desired AP than the in-
terfering AP. For the desired AP, due to the narrow FOV of ADRs,
one PD can hardly receive LOS signals from both the positive source
and negative source simultaneously, and only one appears as the LOS
channel gain. In respect of the interfering AP, the channel gains 𝐻pos
and 𝐻neg are both NLOS. Hence, the difference between 𝐻pos and 𝐻neg
is small and the interference is attenuated accordingly. Therefore, the
double source cell configuration can suppress the signal power from
interfering APs [36]. As the LOS interference can be mitigated by the
narrow FOV of the ADR and the NLOS interference can be mitigated
due to the adoption of the DS configuration, the SINR of user 𝜇 on
subcarrier 𝑚 can be approximated by:

𝛾̃𝜇,𝑚 ≈
(
∑𝑁PD
𝑝=1 𝑤𝑝𝜏

𝑃tx
2 𝛥𝐻𝛼s ,𝜇,𝑝)

2

∑𝑁PD
𝑝=1 𝑤𝑝

2𝜅2𝑁0𝐵L(𝑀 − 2)∕𝑀
, (45)

𝑑c,min = max
𝑥UE ,𝑦UE

(

min
𝛼

(

𝑑h,𝛼
)

)

=

⎧

⎪

⎨

⎪

⎩

√

( 𝑟cell
2

− 𝑑source
2

)2 +
( 𝑟cell

2

)2, if 𝑑source ≤
𝑟cell
2

√

( 𝑟cell
2

)2 +
( 𝑑source

2

)2, otherwise
, subject to 𝛼 ∈ .

(46)

where 𝛥𝐻𝛼s ,𝜇,𝑝 is the overall DC channel gain between the PD 𝑝 of user
𝜇 and the serving AP 𝑎s in the DS system. As manifested in Fig. 8, 𝑑c,min
will vary according to the distance between the positive and negative
sources, which can be represented as (46). Therefore, the lower bound
of 𝛹c for the double source cell system can be calculated based on
(39)–(42).

6. Results and discussions

6.1. Simulation setups

As shown in Fig. 5, an 8 m × 8 m × 3 m indoor office scenario is
considered in this study, where 4 LiFi APs are deployed following a
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Fig. 9. Comparisons among received optical power for LOS link, LOS + diffuse link up to order 𝐿 and infinite reflections in 2 different positions with different orientations.
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Table 1
Parameters lists.

Parameter Symbol Value

Transmitted optical power per AP 𝑃tx 10 W
Modulated bandwidth for LED 𝐵 20 MHz
Physical are of the single PD receiver 𝐴p 1 cm2

FOV of the single PD receiver 𝛹c 60◦

The total FOV of an ADR 𝛹total 60◦

Half-intensity radiation angle 𝛷1∕2 60◦

PD responsivity 𝜏 0.5 A/W
Noise power spectral density 𝑁0 10−21 A2/Hz
Vertical distance between APs and UEs ℎ 2.15 m
Wall reflectivity 𝜌wall 0.8
Ceiling reflectivity 𝜌ceiling 0.8
Floor reflectivity 𝜌f loor 0.3
Refractive index 𝑛ref 1.5
Optical filter gain 𝐺 1
Permittivity of vacuum 𝜀0 8.854 × 10−12 F m−1

Relative permittivity of silicon 𝜀r 11.68
Hole velocity 𝑣p 4.8 × 104 m∕s

square topology. All of the users are uniformly distributed in the room
and move randomly following the random waypoint model [28]. To
make a fair comparison, the total physical area, 𝐴t = 𝑁PD𝐴p, of the
ADRs should be the same. Hence, the physical area 𝐴p on each PD
decreases when the number of PDs increases. The other parameters
used in the simulations are listed in Table 1.

6.2. Importance of reflection and orientation

Fig. 9 shows the received optical power in two different locations
with different orientations. The room setup and the SS deployment
is as shown in Fig. 6 and a single PD receiver with a FOV of 60◦ is
used. The received optical power from the LOS and NLOS link can be
calculated based on (1) and (3), respectively. The ratio of the received
optical power from the LOS signal link to the total received optical
power is represented as 𝑝 . In Figs. 9(a) and 9(b), the 𝑝 of cell-centre
los los

9 
Fig. 10. The relationship between 𝛹c,min and the number of PDs, 𝑁PD, on an ADR for
he SS system.

Es at (6,6) degrades substantially when the orientation changes. In
ig. 9(c), the optical power from the diffuse link occupies more than
0% of the total optical power when 𝑥UE = 1, 𝑦UE = 1. Nevertheless,
n Fig. 9(d), by changing the device orientation, there is no LOS signal
nd only the signal from the diffuse links can be received. Therefore,
he device orientation has a great impact on the received single power
nd thus cannot be ignored. In addition, both the LOS link and diffuse
ink should be considered to analyse the performance of a multi-cell
isible light communication system. Fig. 9 demonstrates that when the
umber of bounces is more than 5, the corresponding paths make a
inor contribution to the total optical power. Hence, to reduce the

omputational complexity while maintaining high channel estimation
ccuracy, a light reflection order of 𝐿 = 5 and the orientation model
roposed in [28] are considered for the following simulations.
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6.3. Performance analysis for SS cells

(1) Lower bound of FOV : Fig. 10 manifests the relationship between
he lower bound of the FOV, 𝛹c,min, and the number of PDs. The

analytical results are calculated based on the lower bound given in (42).
The Monte–Carlo simulations for UEs with a vertical orientation can be
carried out based on (25), and the lowest value of 𝛹c satisfying 𝑝v = 1
s 𝛹c,min. It can be seen that the analytical results exactly match the
imulation results. When 𝑁PD ≤ 6, with the increase of 𝑁PD, 𝛹c,min
ecreases and the PR achieves smaller 𝛹c,min than the TPR. With the
urther increase of 𝑁PD from 6 to 10, the lower bound of FOV, 𝛹c,min,
or the PR becomes fixed due to (33) while the 𝛹c,min for the TPR still
ecreases and is lower than the 𝛹c,min for the PR. For 𝑁PD > 10, 𝛹c,min
oes not change any more for TPR as well due to (34). It is noted
hat the Monte–Carlo simulations are also performed for UEs with the
andom orientation model proposed in [28] and the results are matched
ith the analytical derivation for vertical-orientated UEs as well. It is

hown that the lower bound of FOV for TPR and PR are 20◦ and 30◦,
espectively.

(2) MRC vs. SBC: The MRC scheme is known to achieve better
erformance than the SBC scheme when there is no interference in
he system. However, this may not be true when the interference is
aken into consideration. To demonstrate the performance comparison
etween the MRC and SBC scheme, the simulation is carried out for
ifferent noise levels. In Fig. 11(a), the noise power spectrum density
evel 𝑁0 is 10−20 A2/Hz. When 𝑁PD = 3, the level of interference is
lightly higher than the noise, and the MRC schemes achieves similar
verage SINR as the SBC scheme. With the increase of 𝑁PD, the noise
evel becomes higher than the interference level and the system gradu-
lly becomes noise dominated. It can be seen that in a noise-limited
ystem, MRC outperforms SBC in terms of average SINR. The noise
ower spectrum density level 𝑁0 is 10−21 A2/Hz in Fig. 11(b). When
PD ≤ 6, the interference level is higher than the noise level and SBC
erforms slightly better than MRC. However, the noise starts to rise
bove the interference level with the further increase of 𝑁PD and thus
RC outperforms SBC. For a noise power spectrum density level of

0−22 A2/Hz, Fig. 11(c) depicts an interference-limited system and the
BC scheme achieves a higher average SINR than the MRC scheme for
ll values of 𝑁PD. In brief, when the system is interference dominated,
BC is a better combining scheme. Otherwise, MRC outperforms SBC
hen considering the average SINR.

(3) PR vs. TPR: Fig. 12 manifests how the number of PDs 𝑁PD
ffects the system performance for both PR and TPR configurations. The
verage SINR in Figs. 12(a) and 12(b) exhibit the same tendency. For
air comparisons, it is assumed that the total physical area, 𝐴t = 𝑁PD𝐴p,
f the ADRs should be the same. Hence, the increase in 𝑁PD will lead
o the decrease in the physical area 𝐴p on each PD, which means less
eceived power. Nevertheless, when 𝑁PD increases from 3 to 6, the
verage SINR for the PR and TPR both increase. The increase is caused
y the decrease in 𝛹c,min as displayed in Fig. 10, which leads to a
igher channel gain and compensates for the power loss due to the
ecrease in 𝐴p. In terms of the PR, the further growth of 𝑁PD leads to
he decline in the average SINR since 𝛹c,min does not change any more.
n comparison, the average SINR for the TPR increases until 𝑁PD = 9 as
c,min is still decreasing. When 𝑁PD increases from 9 to 10 for the TPR,
c,min decreases slightly from 21◦ to 20◦ as demonstrated in Fig. 10.
owever, the power loss caused by the reduction in 𝐴p exceeds the

ncrease of received power gained from the small decrease in 𝛹c,min,
nd thus the average SINR drops. Considering 𝑁PD ≥ 10, 𝛹c,min is fixed
nd the average SINR declines as 𝐴p reduces. Hence, in terms of the
verage SINR, the optimum values of 𝑁PD are 6 and 9 for PR and
PR, respectively. It can also be observed that the PR outperforms the
PR with regard to both the average SINR and average data rate when

PD ≤ 6 since the PR has smaller 𝛹c,min. On the other hand, when i

10 
Fig. 11. The performance comparison between MRC and SBC for the SS (PR, 𝐵t=100
MHz).

𝑁PD > 6, the TPR has smaller 𝛹c,min than the PR and hence achieves
etter performance.

(4) Receiver bandwidth vs. transmitter bandwidth: Based on (22), the
elationship between the receiver bandwidth, 𝐵r , and the number of
Ds, 𝑁PD, is manifested in Fig. 13. When 𝑁PD increases from 3 to
5, the bandwidth increases from 150 MHz to around 350 MHz due
o the decrease in the physical area of each PD. The communication
andwidth 𝐵L is the minimum value between the receiver bandwidth
nd the transmitter bandwidth, which is denoted as 𝐵L = min(𝐵r , 𝐵t ).
he user data rate is determined by the SINR and the communication
andwidth. When the transmitter bandwidth 𝐵t is 100 MHz, which

s less than 𝐵r for all values of 𝑁PD in Fig. 13, the communication
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Fig. 12. The performance comparison between PR and TPR configurations considering
different transmitter bandwidth in the SS system (MRC, 𝑁0 = 10−21 A2/Hz).

Fig. 13. Receiver bandwidth versus the number of PDs, 𝑁PD.

andwidth is limited by the transmitter and thus 𝐵L = 100 MHz. As 𝐵L
oes not vary according to 𝑁PD, the average data rate follows the same
rend as the average SINR in Fig. 12(a). By increasing the transmitter
andwidth 𝐵t to 500 MHz, 𝐵r ≤ 𝐵t for all 𝑁PD and the communication
andwidth is limited by the receiver side. Hence, the communication
andwidth 𝐵L = 𝐵r . In Fig. 12(b), with the increase of 𝑁PD, the average
INR first increases and then decreases, which peaks at 𝑁PD = 6 and
PD = 9 for the PR and TPR, respectively. In contrast, when 𝑁PD grows,
a

11 
Fig. 14. The relationship between 𝛹c,min and the number of PDs, 𝑁PD, on an ADR for
he DS system.

Fig. 15. The performance comparison between MRC and SBC in DS cells (PR,
𝑁0 = 10−22 A2/Hz, 𝐵t=100 MHz).

he average data rate increases even when the SINR degrades, which
s due to the greater bandwidth. To sum up, the PR with 𝑁PD = 6
nd TPR with 𝑁PD = 9 achieve the highest average data rate for
ransmitter-bandwidth-limited systems whereas the average data rate
eaks at 𝑁PD = 15 in a receiver-bandwidth-limited system for both PR
nd TPR.

.4. Performance analysis for DS cells

(1) Lower bound of FOV : Fig. 14 demonstrates the change in the
inimum FOV against the number of PDs for the DS configuration. As

hown for the PR, with the increase in 𝑁PD, the lower bound of FOV
c,min for the DS cells decreases and converges to 30◦ at 𝑁PD = 5, which

s earlier than the SS configuration. When 𝑁PD ≤ 5, the 𝛹c,min for the DS
onfiguration is lower than the counterpart in the SS configuration. In
erms of the TPR, the minimum FOV for DS converges to 20◦ at 𝑁PD = 8
nd has smaller 𝛹c,min than the SS when 𝑁PD ≤ 9.

(2) MRC vs. SBC: Previously, in Fig. 11(c), we have shown the
erformance comparison between the MRC and SBC for the SS system
ith 𝑁0 = 10−22 A2/Hz. Due to the low level of noise power spectral
ensity, the system is mostly interference-limited and SBC outperforms
RC for all given values of 𝑁PD. By adopting the DS configuration,

s shown in Fig. 15, the average interference to noise ratio (INR) is
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Fig. 16. The performance comparison between PRs and TPRs in DS cells (MRC,
𝑁0 = 10−21 A2/Hz).

arger than 1 only when there are 3 or 4 PDs on the PR. Whereas
or 𝑁PD ≥ 5, the noise plays a similar or more important role than
he interference. Therefore, compared with the SS system, for the same
evel of noise power spectral density, the average INR of the DS system
egrades substantially. This indicates that the DS system can mitigate
nterference. With regards to the average SINR, MRC and SBC have
imilar performance when 𝑁PD ≤ 4 whereas MRC outperforms SBC for
PD > 4. From the above analyses, it can be deducted that MRC is a

etter combining scheme for the DS system with respect to the three
ifferent levels of 𝑁0 given previously in this study.

(3) PR vs. TPR: Fig. 16 illustrates the performance comparison
etween PR and TPR configurations. With respect to the PR, when 𝑁PD
ises from 3 to 5, the average SINR increases from 19.3 dB to 24 dB,
here the increment comes from the decline in 𝛹c,min. For the same

eason, with regards to the TPR, the average SINR grows from 18.5 dB
o 27 dB when 𝑁PD increases from 4 to 7. The PR and TPR achieves
he peak at 𝑁PD = 5 and 𝑁PD = 7 respectively. For both PR and TPR
onfigurations, after the peak points, the average SINR drops due to the
eduction in the area 𝐴p of each PD, which leads to less physical power.
ith regard to TPR, changing 𝑁PD from 7 to 8 results in the decrease in
c,min, which leads to a channel gain boost. However, the gain cannot
ompensate for the power loss stems that from the reduction in 𝐴p
nd thus the system performance degrades. When 𝑁PD ≤ 5, the PR
utperforms the TPR, otherwise, the TPR is a preferred structure. In
onclusion, the optimum number of PDs is 5 and 7 for PRs and TPRs,
espectively. In addition, the TPR with 𝑁PD = 7 outperforms the PR
ith 𝑁PD = 5 in terms of the average SINR.

(4) DS vs. SS: Fig. 17 demonstrates the performance comparison
etween the DS system and the SS system with respect to different
evels of noise power spectrum density, 𝑁0. The typical value of 𝑁0 for
PD is 10−21 A2/Hz, at which the DS system achieves a slightly higher

verage SINR than the SS system for both PRs and TPRs. By reducing
he noise power spectrum density level to 10−22 A2/Hz, the system
ecomes interference-limited. With the aid of the DS configuration, the
DR can suppress the signal power from interfering APs by attenuating

he NLOS path. Hence, when 𝑁0 = 10−22 A2/Hz, the average SINR
f DS cells is 7 dB and 5 dB higher than the average SINR of SS
ells for PRs and TPRs, respectively. For a noise spectrum density
evel of 10−20 A2/Hz, the system becomes noise limited, in which the
S could not improve system performance by reducing the power of

nterference signal. In addition, the received power is halved when the
S configuration is applied, and thus the SS outperforms the DS in
erms of the average SINR.

12 
Fig. 17. The performance comparison between the DS and SS systems.

7. Conclusions

This paper investigates the ICI mitigation in LiFi networks using
ADRs. The impact of the diffuse link considering random UE orientation
is studied and it is shown that both LOS and diffuse links have an
important influence on the system performance. The performance of
different ADR structures are compared and the optimised ADR structure
is proposed for the considered scenario, where the method can be
extended to other scenarios easily. By studying systems with differ-
ent levels of noise power spectrum density, we showed that when
the system is noise-limited, MRC outperforms SBC, otherwise, SBC
is the preferred combining scheme. In an interference-limited system
or noise-plus-interference limited system, the adoption of the DS cell
configuration can further mitigate the NLOS interference and thus
improve the system performance. However, the limitation of the DS cell
is that the transmit power is equally split to the positive and negative
sources, which degrades the performance of the noise-limited system.
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Appendix A. Proof of (27)

The visible area of the 1-st PD with 𝜔1
PD = 0 is illustrated in Fig. 7a.

The point O represents the location of the UE, 𝐩UE, and 𝐎𝐄 represents
he normal vector of the PD. The intersection point of the normal vector
ith the ceiling is 𝐄. The coordinate of 𝐄 is denoted as (𝑥e, 𝑦e, 𝑧e) and
oints 𝐀, 𝐁, 𝐂, 𝐃, 𝐅 are denoted in the same way. Points 𝐀 and 𝐁 are the
ertices of the ellipse. Points 𝐂 and 𝐃 are the co-vertices of the ellipse.
he centre point of the ellipse is denoted as 𝐅. The angle between each
f the four vectors, 𝐎𝐀, 𝐎𝐁, 𝐎𝐂, 𝐎𝐃 with 𝐎𝐄 is 𝛹c. The length of the
emi-major and semi-minor axes of the ellipse are represented by 𝑎 and
separately. The length of semi-major axes 𝑎 is denoted as:

=
|𝐀𝐁|
2

=
ℎ sin(2𝛹c)

cos(2𝛹c) + cos(2𝛩PD)
. (47)

As 𝐀, 𝐁, 𝐄, 𝐅 and 𝐎 are on the same 𝑥𝑧-plane, 𝑦a=𝑦b=𝑦e=𝑦f = 𝑦UE.
s 𝐀, 𝐁, 𝐂, 𝐃, 𝐄 and 𝐅 are on the ceiling, 𝑧a=𝑧b=𝑧c=𝑧d=𝑧f = 𝑧e = 𝑧AP,
here 𝑧AP is the height of the AP. As 𝐂 and 𝐃 are on the same 𝑦𝑧-plane
ith 𝐅, the coordinates 𝑥 of these points are represented by:

c = 𝑥d = 𝑥f = 𝑥UE + (𝑎 − ℎ tan(𝛹c − 𝛩PD))

= 𝑥UE +
ℎ sin(2𝛩PD)

cos(2𝛹c) + cos(2𝛩PD)
.

(48)

rom Fig. 7, we know that 𝑥e = ℎ tan(𝛩PD) + 𝑥UE. Based on the
arameters above, we have 𝐎𝐄 = (ℎ tan(𝜃PD), 0, ℎ) and

𝐎𝐂 = ( ℎ sin(2𝛩PD)
cos(2𝛹c)+cos(2𝛩PD)

, 𝑏, ℎ). Since cos(𝛹c) =
𝐎𝐄⋅𝐎𝐂
|𝐎𝐄∥𝐎𝐂| , 𝑏 can be obtained

as:

𝑏 =

√

2ℎ sin(𝛹c)
√

cos(2𝛹c) + cos(2𝛩PD)
. (49)

Consequently, the equation of the ellipse is thus given by:

(𝑥ellipse − 𝑥f )2

𝑎2
+

(𝑦ellipse − 𝑦f )2

𝑏2
= 1. (50)

The visible area of 𝑝th PD can be obtained by rotating the visible area
of the 1-st PD around the line (𝑥 = 𝑥UE, 𝑦 = 𝑦UE) with an angle of 𝜔PD,𝑝.

Appendix B. Proof of (39)

Substituting (37) and (38) into (36), we can get:

−𝑑c cos𝜔c tan(𝛩PD) = ℎ −

√

ℎ2 + 𝑑2c cos(𝛹c)

cos(𝛩PD)
. (51)

Substituting (32) into (51), the elevation angle of each PD, 𝛩PD, on PRs
s derived as:

PD = 𝐹1(𝑑c) = tan−1
𝑓1(𝑑c)
𝑓2(𝑑c)

, (52)

here

1(𝑑c) =
√

ℎ2 + 𝑑2c cos(𝛹total) − ℎ,

2(𝑑c) = 𝑑c cos(𝜔c) −
√

ℎ2 + 𝑑2c sin(𝛹total).
(53)

The function 𝐹1 has one zero at 𝑧1 = ℎ tan(𝛹total) and one pole at
𝑝1 =

ℎ sin(𝛹total)
√

cos2(𝛹total)−sin2(𝜔c)
. The derivative of 𝐹1(𝑑c) is given by:

𝜕𝐹1
𝜕𝑑c

= −
ℎ2 cos(𝜔c) cos(𝛹total) − ℎ

√

ℎ2 + 𝑑2c cos(𝜔c) + ℎ𝑑c sin(𝛹total)

(𝑓 2
1 (𝑑c) + 𝑓

2
2 (𝑑c))

√

ℎ2 + 𝑑2c
. (54)

y calculating the 𝑑c satisfying 𝜕𝐹1
𝜕𝑑c

= 0, the two roots are denoted as:

𝑑c1 =
ℎ cos(𝜔c) sin(𝛹total)
cos(𝛹total) − sin(𝜔c)

, 𝑑c2 =
ℎ cos(𝜔c) sin(𝛹total)
cos(𝛹total) + sin(𝜔c)

. (55)

hen sin(𝜔c) < cos(𝛹total), it can be proven that
<𝑑 <𝑧 =ℎ tan(𝛹 ) < 𝑑 and 𝑧 ≤ 𝑝 . In addition, 𝜕2𝐹1(𝑑c2) < 0.
c2 1 total c1 1 1 𝜕2𝑑c

13 
herefore, for 𝑑c ∈ (0, ℎ tan(𝛹total)], 𝐹1 has a local maximum at 𝑑c2.
hen sin(𝜔c) ≥ cos(𝛹total), 𝑝1 and 𝑑c1 do not have real value. It can

lso be proved that 0 < 𝑑c2 < 𝑧1 and 𝜕2𝐹1(𝑑c2)
𝜕2𝑑c

< 0. Similarly, for
c ∈ (0, ℎ tan(𝛹total)], there is a local maximum at 𝑑c2. In summary, the
pper bound of 𝐹1 is thus given by:

1,max =

{

𝐹1(𝑑c2), if 𝑑c,min ≤ 𝑑c2
𝐹1(𝑑c,min), otherwise.

(56)

ccording to (32), 𝛹c is given by:

c = 𝐹2(𝑑c) = 𝛹total − 𝐹1(𝑑c). (57)

ence, the lower bound of 𝐹2 is denoted as:

2,min =

{

𝐹2(𝑑c2), if 𝑑c,min ≤ 𝑑c2
𝐹2(𝑑c,min), otherwise.

(58)
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