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ARTICLE INFO ABSTRACT

Keywords: Light-fidelity (LiFi) is an emerging technology for high-speed short-range mobile communications. Inter-cell

LiFi interference (ICI) is an important issue that limits the system performance in an optical attocell network.

Inter-cell interfefe"‘fe Angle diversity receivers (ADRs) have been proposed to mitigate ICIL In this paper, the structure of pyramid

Interference mitigation receivers (PRs) and truncated pyramid receivers (TPRs) are studied. The coverage problems of PRs and TPRs

Angle diversity receiver 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].

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 ICIL. 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
scheme, ADRs are introduced to improve the performance of indoor
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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 N; 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]:

m+ 1 m
Hygs = 25D 4,7, (w)8(w) cos™ () cos(w)on, s )
where m is the Lambertian order, which is given as m = —1n(2)/

In(cos(@ /), and @, 2 denotes the half-power semi-angle of the LED; d
is the distance between the Tx and the Rx; A, denotes the physical area
of the PD; T,(y) represents the signal transmission gain of the optical
filter; The irradiance angle of the transmitter is denoted as ¢ and the
incidence angle of the receiving PD is denoted as y. Note that y can be

obtained by cos(y) = nlll’gl'ld , where d defines the distance vector between
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the Tx and the Rx. The dot product is denoted as (-) and ||d|| denotes the
Euclidean distance. Furthermore, npp, is the normal vector of the PD.
2

Mref

g(y) is the concentrator gain and g(y) = —<—, where n; represents

the internal refractive index of the concentrator and ¥, denotes the FOV
of the PD with concentrator. vy, g, represents the visibility factor and
is given by [32]:

0,
UTx,Rx = 1

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,..., Ng, with areas A, and reflective coefficients p,. 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 Hr, ;. The transmitter transfer vector, t, is
defined as t = (Hryy, Hryp, - Hryyp,)T, Where ()7 defines the
transpose of vectors. The second part of the diffuse link is the LOS
link from all the Ny surface elements to all the Ny surface elements.
The LOS DC channel gain between the surface elements k and the
surface element i is given as H, ;. To describe the LOS links between all
surfaces inside the room, the Ng X Ny room-intrinsic transfer matrix,
H, is defined by its elements [H],; = H,;. In order to include the
reflective coefficient p, of the surface elements, the N X Ng, reflectivity
matrix is defined as G, = diag(p;, py, - .- S PNg) [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 Hy ,. 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 = (H ., Hygy, - H Ng.Rx)- Therefore, the total diffuse
DC channel gain with infinite reflection can be calculated by the matrix
product [32]:

¢>rn/2ory >,
otherwise

(2)

Hggr =1"G,(1-HG,)™'t, 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 Nyg and N;, respectively. The set of
APs is denoted by A = {a | @ € [1, N ]}. The set of users is denoted
as U = {u | p € [1,Nygl}. The ADR is used as the Rx and the
set of PDs on an ADR is denoted as P = {p | p € [l, Nppl}, where
Npp 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
me {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 M, = {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 x on subcarrier
m can be obtained based on [9,31]:

Nep
(szl TPwapHa,\.;l,p

N N
2pat WA KENBL /M + X (o) (TP X2y Wy H o) /(M = 2)

Nep 2
(Zp:] TPlxwp Has,y,p)

2/(M ~2)

y}l,m =

4

Y N,
2,0 W KENg B (M = 2)/M + ¥ g\ (o) (TP 2,20 W, Hy )

where 7 is the optical-to-electrical conversion efficiency; P, is the
transmitted optical power of the AP; w), denotes the combining weight
of PD p; H, ., is the overall DC channel gain between the PD p of user
u and the serving AP a; « is the ratio of DC optical power to the square
root of electrical signal power; N, represents the noise power spectral
density of the additive white Gaussian noise and B, is the baseband
modulation bandwidth; H, , , is the overall DC channel gain between
the PD p of user y and the interfering LiFi AP o;. The serving AP a
for user yu 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 «, for user u can be expressed as:

Npp

a, = argmax Z |H,,,* (5)
a€A o

When the EGC scheme is adopted, the signals received by the PDs are

simply combined with equal weights, which can be described as:

w, =1, for any p e 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:

1, p=
“r = {O, ithelr)ivise, )
where p, can be obtained by:
~ (P Ho y.,)
B S NG BLM — /M + 2y ey jmy P Ho P

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

(8)

(TPleas,y,p)2
w0, = — o ©)
k*NoB (M — 2)/M + ZaiEA\(ns](TPIXHai,u,p)

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

B

—=log,(1+7y,,), mell,M/2-1]
Cum =1 - . (10)
0, otherwise

(XpD,p> YPD,p> ZPD,p)

2-1) 21 .
_ (xUE + rcos ]\Z’PR:, Yyg + rsin N(:PRZ, zUE), if 1 <p< Nppg
(Xug> YUE> ZUE) if p= Nypg
1)
Hence, the data rate of the uth UE can be obtained by ¢ = Zr =/12‘1 Come

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
(CPQ), 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
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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 Nypg and Npg. The structure of the
TPR with Npgr = 9 and the PR with Npy = 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 Nypg —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 (xyg, yyg. zyg) is the UE position,
denoted as pyg [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, wpp, and the
elevation angle of a PD, pp, [10]. When the UE is pointing vertically
upward, the TPR has one vertically orientated central PD and Nypg — 1
inclined side PDs with identical elevation angles Opy. In other words,
the elevation angle of the pth PD on a TPR can be expressed as:

Opp, if 1 <p < Nppg
GPD,vcrI,p = .

12)
0, if p= Nppg
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The azimuth angle of the pth PD is given by:

%, if 1 <p< Nppr
wPD,vert,p = TPR .

13)
0, if p= Nppg

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:

(Xpp,p> YPD,ps ZPD,p) =

2(p— 2(p—

(14
> YUE + rsin

(xUE + rcos , ZUE>~

PR
When the UE is vertically orientated, the elevation angle and the
azimuth angle of the pth PD are separately expressed as:

2(p— iz

CUPD,verl,p = NPR (15)

9PD,ven,p = Opp,
3.3. Random orientation model

The orientation of a UE has a great impact on the channel DC gain
according to (1). In [28], a model for the random orientation of mobile
devices based on experiments is proposed so that the system perfor-
mance of LiFi attocell networks can be evaluated more accurately. The
random orientation model can be described by two angles: the elevation
angle of a UE, 6, and the azimuth angle of a UE, wy. The geometrical
representation of fyg and wyg is manifested in Fig. 3. The probability
density function (PDF) of 6y can be modelled as the truncated Laplace
distribution and it can be simplified as [28]:

10uE—Hgl )
by

exp(— z
fo(Oup) = , 0<6< 7 (16)

2b, =
nyg = RoygROypINyE yere = [8in Oyg cos wyg, sin Oyg sin oy, cos Oul”
a7
where b, = 4 /ug /2. The mean and scale parameters are set as y, =
41.39° and o4 = 7.68° [28]. In addition, the PDF of the azimuth angle of
a UE, wyg, is modelled as a uniform distribution. It is assumed that the
UE is initially pointing vertically upward and nyg . = [0,0,1]". The
normal vector of the UE after rotation becomes ny. The rotation can
be simplified as rotating around the y-axis with 6y and then rotating

around z-axis with wyyg, which can be described by rotation matrices
R(6yg) and R(wyg) separately [34]. Thus, nyg 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:

Sin(Opp vert,p) COS(@pp vert,p)
Sin(ePD,verl,p) Sin(wPD,Vertsp) : 18

COS(ePD,vert,p)

nPD,vert,p =

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:

npp ,(Oyugs @ug) = R(@yp)ROUE)pD vert p
C| cos wyg cos Oy — C; sin wyg + sin Oyg cos wyg cos(Opp yert p)
=| Csinwyg cosyg + C, cos wyg + sin Oyg sin wyg cos(Opp yert p)

—C sin Oyg + cos Oy cos(HPquen’p)

19
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where C; =sin(@pp yery, ) COS(@pp yert, ) and C, =sin(0pp yery, ) SI@pp yer p)-
Based on (19), after the random rotation, the elevation angle of the pth
PD can be obtained as:

GPD,p = cos~! (—Cl sin Oyg + cos Oy cos QPD.ven,p), (20)

_, ¢ Cisinoyg cos Oyg + C, cos oy + sin Oy sin wyg osOpp,yer )
@pp, , = tan

C; cos yg cos Oy, — G, sinwyg + sin Oyg cos wyg coS(Opp yer )
21
and the azimuth angle of the pth PD can be expressed as (21). There-

fore, the incidence angle of the pth PD, y,, can be obtained based on

— cog—l(Mend
Opp,, and wpp , as y, = cos (W)'

3.5. Receiver bandwidth vs PD area

The bandwidth of a PD is affected by its physical area, A4,, and

the PD thickness, L,. The capacitance of the each PD is denoted as
A e

C = eoerL—p, where ¢, and ¢, are the permittivity of vacuum and

the relative ppermittivity of silicon, respectively. The load resistance is

defined as Ry, while the hole velocity is denoted as v,. Therefore, the
receiver bandwidth can be written as [35]:

1

r = ; L >
(ZERloadCr) + (m)

By solving % = 0, the optimum L, can be denoted as L
P

1/0.8867 Ryyqq€0€: ApUp-

3.6. Visibility of an ADR

B (22)

p.opt

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

0, w,,>%
Vg p(XuE, Yug, Ougs @ug, o) = o
1, otherwise, (23)
npp ,(Oyg: Wyg) - dg )
[l |l ’

where d, = (x, — xyg, ¥, — Yug» Z — Zug) is the distance vector between
the AP a 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]:

and v, , = arccos(

1’ ifZ(le.A ZpEP Ua,p ;é 0

0, otherwise.

Pv('Pc)=/ / / / V (xyE- yuE- Oue- @uE- ¥e)
xug 4 yug JOug Joug

1 1 1
—— — —— fp(Byp)d d doygd
Xor Yor Qs JoByp)dxygd yypdOygdwyg (25)

=/ / / / V (xugs Yug: Oug. @uE- o)
xug Y yug J Oue J oug XyeYurLug

So(Bup)d xygdyygdypdwyg

V (xyg, yuE Oug wug, ¥o) = (24)

It is assumed that both xyg and yyg 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
Xug, Yug and Qug are the range of xyg, yyg and wyg, respectively.
Hence, it can be obtained that Xyp = max(xyg) — min(xyg), Yyg =
max(yyg) — min(yyg) and Qug = max(wyg) — min(wyg).
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(a) Visible area of PDs on the ceiling

y

(7 ,a)PD)

(xuE ,yUE)

(Obp 0)

(b) Representation of the visible area on the xy-plane.

Fig. 4. Visible area of PDs.

4. The optimum field of view
4.1. Optimisation problem

In (1), the LOS channel gain H; g is a convex function of ¥, and
decreases monotonically. Hence, the smaller the ¥, the higher the
channel gain. However, when the ¥, 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:

argmax Hpog(¥,),
e (26)
subject to p,(¥,) = 1.
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The solution set of p,(¥,) = 1 is denoted as R and ¥, ,,;,, is the minimum
value in R. As H|g(¥,) is a monotonically decreasing function, the
maximum H) os(¥,) is achieved when ¥, = ¥, ,;,. Hence, the optimisa-
tion problem can be solved by finding the minimum value of ¥, ¥ i\,
which satisfies p, = 1. Based on (25), ¥, ;, 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 ¥, in-

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 6pp | = Opp, and wpp, | =0, is given by [10]:

(xcllipsc,la_z Xeenter)” N Veltipse,1 b—2 Yeenter) 1 @7

where

. R sin(2%,) _ V2hsin(®,) 28)
cos(2¥,) + cos(20pp)’ \/M’

and

o = h sin(20pp) ©29)

Xpp+ ———— = Yug.
UE™ Cos(2,) + cos(20pp) Yeenter = YUE

where £ 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
(xyg» yye) with an angle of wpp, ,, which can be represented as:

Xellipse,p — XUE Xellipse,1 — XUE
= Ryy(@pp,p) =
Yellipse,p — YUE Yellipse,] — YUE

) (30)
COswpp , —SIM®pp ) Xellipse,] — XUE
Sin Wpp, €OS wpp ) Yellipse,] — YUE
COSwpp,  —Ssinwpp,
sinwpp,  COSWpp ),
X Xelii - X X .
[ ellipse,p :| — |: ellipse,1 UE :| + |: UE :| , lf 1 < ) < NTPR
Yellipse,p Yellipse,] — YUE YUE
X i
|: circle :| , lfp - NTPR
Yeircle
(€3]

The TPR can be seen as the combination of a PR, where Npy =
Nrpr — 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
x2 o +y% = (htan'¥,)?.

circle circle

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, p.. d, denotes
the horizontal distance between p, and the UE. To ensure p, = 1, there
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A AP Visible area O Reference circle
O UE X Critical point — Outer boundary
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Sl
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(b) PR, Npr =6
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(c) TPR, Nypr =5 (d) TPR, Nqpr =7

Fig. 5. Coverage area of PRs and TPRs with different number of PDs.

< visible area of a PD ->| |<—visible area of a PD—>

ceilings

visible area of

visible area of
<— aside PD —>|

|“ PD *l <— aside PD —>|

(b) TPR

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 ¥, Which can be written as:

lptotal = qlc + @PD' (32)
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D (Vcaecaa)c)

Y
, "—:_'____,;;" x" o,
UE (0,0,0) x

Fig. 7. The geometrical representation of ¥, Opp, ¥,ya and d. in the spherical
coordinate system.

In terms of PRs, if Opp, > ¥, 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
Opp < ¥, 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 ¥, can be obtained as:

qjl

5Ucl ,min — ;tal . (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, Op, < 2%, is required to ensure there is
no gap between them. By substituting this constraint into (32), it can
be derived that:

qll

Pl ,min — ;ral . 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 r.; as
shown in Fig. 5. The horizontal distance between the UE and the ath

AP is denoted as dy, ,. When the UE is at the cell corner, 4, , = 72’ce11
for any « € A. With the decrease of ¥,, the outer boundary of the
visible area will decrease, which means d. will decrease. If d,, is smaller
than the horizontal distance from the AP to the cell corner, which is
grccn, 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, d, 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,

d

¢,min —

max (min(dh’a)> = ﬁrceu, subject to a € A. (35)

XUE-YUE \ @ 2

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 p, = 1, it is required that

d, > \/TE’ceu- Also, it can be seen from Fig. 5 that p. is always inside
the green reference circle, which has a radius of Atan(¥?,.,). Hence,
2
dc,min < dc < htan(q’tolal)! where dc,min = \/T>rcell'
Fig. 7 presents the geometrical relationship in a spherical coordinate
system. The coordinate of p. is represented as (r.,0..w.) and o, =

% | = for both PRs and TPRs. The geometrical relationships among
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positive AP
negative AP

6 8

positive AP
negative AP

6 8

(b) dsource > %

Fig. 8. Double source cell configuration.

dy,d, and ds, illustrated in Fig. 7, can be represented as:

d? = d} +r2 = 2d,yr, cos(¥,), (36)
d? = d? + d? — 2dyd, cos( 37

1 =d3Tde 3d. cos(@c), C)
d} =h*+d}, r2=h*+d>, dy=htan(Opp). (38)

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

Fydy),  ifdepn <d
qch,min = 2( CZ) c,mln. 2 (39)
FZ(dC,min)7 otherwise
where
Fy(d,) = ¥4y — tan™! ’ “0)
d.cos(@q) = [ + a2 sin(¥, )
and
h in(¥,,,
4,y = 0@ i) (41)

cos(Wyoal) + sin(w,)
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(3) Summary Based on (33), (34) and (39), the lower bound of ¥,
can be expressed as:

b4

c,min

= max(qjcl,min’ TcZ,min)- (42)

Therefore, the solution set R is ¥, ;, < ¥, < ¥y, For different
numbers of PDs on the PR, the optimum FOV is ¥, ,;, as the FOV gets

smaller, the higher the channel gain and received signal power.
5. Double source cell configuration

In the conventional SS cell configuration, each cell is equipped with
a single AP in the cell centre. The double source (DS) cell configuration
is proposed to further exploit the spatial diversity of the ADR in [36].
As demonstrated in Fig. 8, each LiFi AP consists of two sources which
transmit the same information signals but with opposite polarity. These
two sources are termed as the positive source and the negative source,
which transmit the time domain signal s,,,(f) and s,.,(f) respectively.
In a single optical cell, the received optical signal at a PD is denoted
as [36]:

SSUm(t) = SpOS(t)HpOS + Sneg(t)Hneg’ (43)

where H),, is the channel gain between the positive source and the PD;
H,, is the channel gain between the negative source and the PD. For a
fair comparison, the total transmitting power for the SS system and DS
system should be the same. Hence, the transmit power of each source
is halved when the DS configuration is applied and the received optical
power at the PD can be written as [36]:
P, P AH
0s Hnegl = T

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 H,
and H,., are both NLOS. Hence, the difference between H,, and H,,
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 x on
subcarrier m can be approximated by:

Py= SFIH, (44)

Npp P 2
(szl wyr 5+ 4H, ;. )

(45)

R — :
Z,,:PF wpzszOBL(M -2)/M

dc.min = max (mln(dh,a))
XUE-YUE \ &

ource \2 a2 -
V(s — ey () ifg <
= , subjectto a € A.

( rCTe" )2 + ( dw;rce )2’ otherwise

(46)
where 4H,, , , is the overall DC channel gain between the PD p of user
u and the serving AP a; in the DS system. As manifested in Fig. 8, d_ i,
will vary according to the distance between the positive and negative
sources, which can be represented as (46). Therefore, the lower bound
of ¥, 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 x 8 m x 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.

Table 1

Parameters lists.
Parameter Symbol Value
Transmitted optical power per AP P, 10 W
Modulated bandwidth for LED B 20 MHz
Physical are of the single PD receiver A, 1 cm?
FOV of the single PD receiver ¥, 60°
The total FOV of an ADR ol 60°
Half-intensity radiation angle D) 60°
PD responsivity T 0.5 A/W
Noise power spectral density Ny 1072! A2/Hz
Vertical distance between APs and UEs h 215 m
Wall reflectivity Puall 0.8
Ceiling reflectivity Peciling 0.8
Floor reflectivity Prloor 0.3
Refractive index o 1.5
Optical filter gain G 1
Permittivity of vacuum £ 8.854x 10712 F m™!
Relative permittivity of silicon £, 11.68
Hole velocity 0, 4.8x 10* 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, A, = NppA,, of the
ADRs should be the same. Hence, the physical area A, 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

50 T :
[J PR, vertical, anlytical
O PR, vertical, simulation
a5 x PR, random, simulation | |
[0 TPR, vertical, anlytical
=40 [ O TPR, vertical, simulation | |
- x  TPR, random, simulation
@)
A i
w 357 @ & 1
>
230t © 1
25 @ |
20 I I I

2 4 6 8 10 12 14 16
Number of PDs, Npp

Fig. 10. The relationship between ¥, ., and the number of PDs, Ny, on an ADR for
the SS system.

UEs at (6,6) degrades substantially when the orientation changes. In
Fig. 9(c), the optical power from the diffuse link occupies more than
40% of the total optical power when xyg = 1,yyg = 1. Nevertheless,
in Fig. 9(d), by changing the device orientation, there is no LOS signal
and only the signal from the diffuse links can be received. Therefore,
the device orientation has a great impact on the received single power
and thus cannot be ignored. In addition, both the LOS link and diffuse
link should be considered to analyse the performance of a multi-cell
visible light communication system. Fig. 9 demonstrates that when the
number of bounces is more than 5, the corresponding paths make a
minor contribution to the total optical power. Hence, to reduce the
computational complexity while maintaining high channel estimation
accuracy, a light reflection order of L = 5 and the orientation model
proposed 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
the lower bound of the FOV, ¥, 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 ¥, satisfying p, = 1
is W, mip- It can be seen that the analytical results exactly match the
simulation results. When Npp < 6, with the increase of Npp, ¥ i
decreases and the PR achieves smaller ¥, ;, than the TPR. With the
further increase of Npp, from 6 to 10, the lower bound of FOV, ¥, .,
for the PR becomes fixed due to (33) while the ¥, for the TPR still
decreases and is lower than the ¥, ;, for the PR. For Npp > 10, ¥ i,
does not change any more for TPR as well due to (34). It is noted
that the Monte-Carlo simulations are also performed for UEs with the
random orientation model proposed in [28] and the results are matched
with the analytical derivation for vertical-orientated UEs as well. It is
shown that the lower bound of FOV for TPR and PR are 20° and 30°,

respectively.

(2) MRC vs. SBC: The MRC scheme is known to achieve better
performance than the SBC scheme when there is no interference in
the system. However, this may not be true when the interference is
taken into consideration. To demonstrate the performance comparison
between the MRC and SBC scheme, the simulation is carried out for
different noise levels. In Fig. 11(a), the noise power spectrum density
level N, is 10720 A2/Hz. When Npp = 3, the level of interference is
slightly higher than the noise, and the MRC schemes achieves similar
average SINR as the SBC scheme. With the increase of Npp, the noise
level becomes higher than the interference level and the system gradu-
ally becomes noise dominated. It can be seen that in a noise-limited
system, MRC outperforms SBC in terms of average SINR. The noise
power spectrum density level N, is 1072 A?/Hz in Fig. 11(b). When
Npp < 6, the interference level is higher than the noise level and SBC
performs slightly better than MRC. However, the noise starts to rise
above the interference level with the further increase of Npp, and thus
MRC outperforms SBC. For a noise power spectrum density level of
10-22 A?/Hz, Fig. 11(c) depicts an interference-limited system and the
SBC scheme achieves a higher average SINR than the MRC scheme for
all values of Npp. In brief, when the system is interference dominated,
SBC is a better combining scheme. Otherwise, MRC outperforms SBC
when considering the average SINR.

(3) PR vs. TPR: Fig. 12 manifests how the number of PDs Npp
affects the system performance for both PR and TPR configurations. The
average SINR in Figs. 12(a) and 12(b) exhibit the same tendency. For
fair comparisons, it is assumed that the total physical area, A, = Npp A,
of the ADRs should be the same. Hence, the increase in Npp will lead
to the decrease in the physical area A, on each PD, which means less
received power. Nevertheless, when Np, increases from 3 to 6, the
average SINR for the PR and TPR both increase. The increase is caused
by the decrease in ¥, as displayed in Fig. 10, which leads to a
higher channel gain and compensates for the power loss due to the
decrease in A,. In terms of the PR, the further growth of Npp, leads to
the decline in the average SINR since ¥, ;, does not change any more.
In comparison, the average SINR for the TPR increases until Npp, =9 as
¥, min is still decreasing. When Npp, increases from 9 to 10 for the TPR,
¥, min decreases slightly from 21° to 20° as demonstrated in Fig. 10.
However, the power loss caused by the reduction in A, exceeds the
increase of received power gained from the small decrease in ¥, ;,,
and thus the average SINR drops. Considering Npp > 10, ¥, ., is fixed
and the average SINR declines as A, reduces. Hence, in terms of the
average SINR, the optimum values of Ny, are 6 and 9 for PR and
TPR, respectively. It can also be observed that the PR outperforms the
TPR with regard to both the average SINR and average data rate when

Npp < 6 since the PR has smaller ¥ ;.. On the other hand, when

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

Npp > 6, the TPR has smaller ¥, .., than the PR and hence achieves

better performance.

,min

(4) Receiver bandwidth vs. transmitter bandwidth: Based on (22), the
relationship between the receiver bandwidth, B,, and the number of
PDs, Npp, is manifested in Fig. 13. When Npp, increases from 3 to
15, the bandwidth increases from 150 MHz to around 350 MHz due
to the decrease in the physical area of each PD. The communication
bandwidth B; is the minimum value between the receiver bandwidth
and the transmitter bandwidth, which is denoted as B; = min(B,, B,).
The user data rate is determined by the SINR and the communication
bandwidth. When the transmitter bandwidth B, is 100 MHz, which
is less than B, for all values of Npp 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, N, = 102! A?/Hz).
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Fig. 13. Receiver bandwidth versus the number of PDs, Nypp,.

bandwidth is limited by the transmitter and thus B; = 100 MHz. As B,
does not vary according to Npp, the average data rate follows the same
trend as the average SINR in Fig. 12(a). By increasing the transmitter
bandwidth B, to 500 MHz, B, < B, for all Npp and the communication
bandwidth is limited by the receiver side. Hence, the communication
bandwidth B; = B,. In Fig. 12(b), with the increase of Ny, the average
SINR first increases and then decreases, which peaks at Npp = 6 and
Npp =9 for the PR and TPR, respectively. In contrast, when Npp, grows,

11

Optics Communications 574 (2025) 131125

50 !
- EF-PR-SS
E“\ L_\]\ - EF-TPR-SS
£ 45 - AN -©--PR-DS |]
™ \\ \\ —-©--TPR-DS
> 407 q
@) Q\ %\l\ \
E \ \\\ \\
S 35+ \ Vv
< VR
= Vv Ny
o [T
<2 30r o~ E—E—E’—-@-——-@-—E}—E——E— 1
8 \
2 \ \
S 25t L ]
\\ EL
\ N\
20 L <R
: : =& -B—e—e—a—a—a—
2 4 6 8 10 12 14 16

Number of PDs, Npp

Fig. 14. The relationship between ¥,

. min and the number of PDs, Np;, on an ADR for
the DS system.

32 10?

31
o 30 10"
= e
e 29 &
e .
& 28 100
- —6—SINR-PR-MRC 5
227 —#— SINR-PR-SBC <
5 —B—INR-PR
>
< 26 107!

25

D
24 . . . . . . 1072
4 6 8 10 12 14
Number of PDs, Npp
Fig. 15. The performance comparison between MRC and SBC in DS cells (PR,

N, =102 A?/Hz, B,=100 MHz).

the average data rate increases even when the SINR degrades, which
is due to the greater bandwidth. To sum up, the PR with Npp = 6
and TPR with Np, = 9 achieve the highest average data rate for
transmitter-bandwidth-limited systems whereas the average data rate
peaks at Npp = 15 in a receiver-bandwidth-limited system for both PR
and TPR.

6.4. Performance analysis for DS cells

(1) Lower bound of FOV: Fig. 14 demonstrates the change in the
minimum FOV against the number of PDs for the DS configuration. As
shown for the PR, with the increase in Ny, the lower bound of FOV
¥ min for the DS cells decreases and converges to 30° at Np, = 5, which
is earlier than the SS configuration. When Np, < 5, the ¥, ;, for the DS
configuration is lower than the counterpart in the SS configuration. In
terms of the TPR, the minimum FOV for DS converges to 20° at Npp, = 8
and has smaller ¥ ,;, than the SS when Npp < 9.

(2) MRC vs. SBC: Previously, in Fig. 11(c), we have shown the
performance comparison between the MRC and SBC for the SS system
with N, = 10722 A2/Hz. Due to the low level of noise power spectral
density, the system is mostly interference-limited and SBC outperforms
MRC for all given values of Npp. By adopting the DS configuration,

as 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,

Ny = 102! A2/Hz).

larger than 1 only when there are 3 or 4 PDs on the PR. Whereas
for Npp > 5, the noise plays a similar or more important role than
the interference. Therefore, compared with the SS system, for the same
level of noise power spectral density, the average INR of the DS system
degrades substantially. This indicates that the DS system can mitigate
interference. With regards to the average SINR, MRC and SBC have
similar performance when Npp, < 4 whereas MRC outperforms SBC for
Npp > 4. From the above analyses, it can be deducted that MRC is a
better combining scheme for the DS system with respect to the three
different levels of N, given previously in this study.

(3) PR vs. TPR: Fig. 16 illustrates the performance comparison
between PR and TPR configurations. With respect to the PR, when Npp,
rises from 3 to 5, the average SINR increases from 19.3 dB to 24 dB,
where the increment comes from the decline in ¥, ;,. For the same
reason, with regards to the TPR, the average SINR grows from 18.5 dB
to 27 dB when Npp increases from 4 to 7. The PR and TPR achieves
the peak at Npp = 5 and Npp = 7 respectively. For both PR and TPR
configurations, after the peak points, the average SINR drops due to the
reduction in the area A, of each PD, which leads to less physical power.
With regard to TPR, changing Npp, from 7 to 8 results in the decrease in
¥ min» Which leads to a channel gain boost. However, the gain cannot
compensate for the power loss stems that from the reduction in A,
and thus the system performance degrades. When Np, < 5, the PR
outperforms the TPR, otherwise, the TPR is a preferred structure. In
conclusion, the optimum number of PDs is 5 and 7 for PRs and TPRs,
respectively. In addition, the TPR with Npp = 7 outperforms the PR
with Npp =5 in terms of the average SINR.

(4) DS vs. SS: Fig. 17 demonstrates the performance comparison
between the DS system and the SS system with respect to different
levels of noise power spectrum density, N,. The typical value of N, for
a PD is 1072 A?/Hz, at which the DS system achieves a slightly higher
average SINR than the SS system for both PRs and TPRs. By reducing
the noise power spectrum density level to 10722 A2/Hz, the system
becomes interference-limited. With the aid of the DS configuration, the
ADR can suppress the signal power from interfering APs by attenuating
the NLOS path. Hence, when N, = 10722 A?/Hz, the average SINR
of DS cells is 7 dB and 5 dB higher than the average SINR of SS
cells for PRs and TPRs, respectively. For a noise spectrum density
level of 10720 A?/Hz, the system becomes noise limited, in which the
DS could not improve system performance by reducing the power of
interference signal. In addition, the received power is halved when the
DS configuration is applied, and thus the SS outperforms the DS in
terms of the average SINR.
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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 co}l,D =0 is illustrated in Fig. 7a.
The point O represents the location of the UE, pyg, and OE represents
the normal vector of the PD. The intersection point of the normal vector
with the ceiling is E. The coordinate of E is denoted as (x,, y. z.) and
points A, B, C, D, F are denoted in the same way. Points A and B are the
vertices of the ellipse. Points C and D are the co-vertices of the ellipse.
The centre point of the ellipse is denoted as F. The angle between each
of the four vectors, OA, OB, OC, OD with OE is 7. The length of the
semi-major and semi-minor axes of the ellipse are represented by a and
b separately. The length of semi-major axes a is denoted as:

_|AB| _ hsin2¥,)
=T cos(2¥,) + cos(20pp)
As A, B, E, F and O are on the same xz-plane, y, =y, =y.=y; = Yyg-
As A, B, C,D, E and F are on the ceiling, z, =z, =z.=z4=2; = z, = zZp,
where z,p is the height of the AP. As C and D are on the same yz-plane
with F, the coordinates x of these points are represented by:

(47)

X, = Xq = X¢ = xyg + (a — htan(¥, — Opp))

hsin(20pp) (48)
=xgpt+ ——————.
cos(2¥,) + cos(260pp)

From Fig. 7, we know that x, = htan(@pp) + xyg. Based on the
parameters above, we have OE = (htan(6pp), 0, h) and
_ hsin(20pp) . _ _OE-0C :
oC = (m, b, h) Since COS(TC) = m, b can be obtained

as:
2h sin(¥,
po —V2hsin®o 49)

1/cos(2¥,) + cos(20pp) '

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

(xellipse - xf)z (yellipse - yf)2

+ =
b2

The visible area of pth PD can be obtained by rotating the visible area

of the 1-st PD around the line (x = xyg, y = yyg) with an angle of wpp, .

L. (50)

a2

Appendix B. Proof of (39)

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

\/h? +d? cos(¥,)

cos(@pp) (51)

—d, cosw, tan(@pp) = h —

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

- fl(dc)
Opp = F,(d,) = ril e 52
b = Fi(do) =tan % G0 2
where
f1(de) = /B2 + d2 cos(Pyoy) — h,
1 total (53)

fo(d,) = d, cos(w,) — 1/ h% + dc2 sin(¥;otal)-

The function F, has one zero at z; =

htan(¥,,,) and one pole at
hsin(Pyoral)

P = . The derivative of F;(d,) is given by:
V cos2(#ga)—sin® (@)
oF, h? cos(w,) cos(Poa) — hy/h% + d2 cos(w,) + hd, sin(Pyy,)) 5
od, ) ) :
¢ (f1d) + f5(d )/ h? + d?

By calculating the d, satisfying ‘;% = 0, the two roots are denoted as:
c

_ hcos(w,) sin(¥iy1a1) _ hcos(w,) sin(Pq1) (55)
T cosW o) — Sin(@,)” P cos(Piora) + Sin(@)”
When sin(w,) < cos(Ppa), it can be proven that
2
0<dgy <z =htan(¥,qy) < d; and z, <p;. In addition, 12 < o,

c
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Therefore, for d. € (0, htan(¥,y,)], F; has a local maximum at d,.
When sin(w,) > cos(Pya)> P; and d,; do not have real value. It can
also be proved that 0 < d, < z; and % < 0. Similarly, for
d. € (0, htan(¥y,)], there is a local maximum at d,. In summary, the
upper bound of F is thus given by:

Fidy),  ifd,py, <deo

= C,min. = (56)
Fy(d. ). otherwise.

According to (32), ¥, is given by:

1,max

Tc = FZ(dc) = 'Ptolal - Fl (dc) (57)
Hence, the lower bound of F, is denoted as:
F,(dy,), if dg in < d,
. min = 2( c2) C,mm. c2 (58)
Fy(d; i), otherwise.
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