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Abstract—The visible light communication (VLC) technology
has attracted much attention in the research of the sixth gener-
ation (6G) communication systems. In this paper, a novel three
dimensional (3D) space-time-frequency non-stationary geometry-
based stochastic model (GBSM) is proposed for indoor VLC
channels. The proposed VLC GBSM can capture unique indoor
VLC channel characteristics such as the space-time-frequency
non-stationarity caused by large light-emitting diode (LED)
arrays in indoor scenarios, long travelling paths, and large
bandwidths of visible light waves, respectively. In addition, the
proposed model can support special radiation patterns of LEDs,
3D translational and rotational motions of the optical receiver
(Rx), and can be applied to angle diversity receivers (ADRs).
Key channel properties are simulated and analyzed, including
the space-time-frequency correlation function (STFCF), received
power, root mean square (RMS) delay spread, and path loss
(PL). Simulation results verify the space-time-frequency non-
stationarity in indoor VLC channels. In addition, the influence
of light source radiation patterns, receiver rotations, and ADRs
on channel characteristics have been investigated. Finally, the
accuracy and practicality of the proposed model are validated by
comparing the simulation result of channel 3dB bandwidth with
the existing measurement data. The proposed channel model will
play a supporting role in the design of future 6G VLC systems.

Index Terms—o6G, visible light communications, GBSM, non-
stationarity, space-time-frequency correlation functions

I. INTRODUCTION

Facing the demand for huge traffic, huge connections,
and the need to solve the problem of radio frequency (RF)
saturation, the sixth generation (6G) wireless communication
systems will fully uitilize all spectrum resources including
sub-6 GHz, millimeter wave, terahertz, and optical wireless
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bands [1], [2]. The visible light communication (VLC) has
attracted ever-growing attention as a novel technology to
explore the visible light optical band to provide higher com-
munication data rate. In VLC systems, intensity modulation
with direct detection (IM/DD) is the most commonly used
modulation/demodulation technique [3]. The information is
modulated to the intensity of light emitted from the light-
emitting diode (LED) illuminator and demodulated by the
photodiode (PD). Up to now, VLC has been studied in mul-
tiple application scenarios, e.g., indoor [4], outdoor vehicle-
to-vehicle (V2V) [5], underground [6], underwater [7], [8],
reconfigurable intelligent surfaces (RIS) aided scenarios [9],
[10], etc. In addition, VLC is also used in areas such as indoor
positioning [11], [12]. Since most of the human activities occur
indoors, the indoor scenario is a promising VLC application
scenario. Because channel models are essential for the design
and evaluation of communication systems [13], accurate VLC
channel models with low complexity and good pervasiveness
are indispensable.

Propagation characteristics of VLC channels were studied in
the literature. It was reviewed in [14] that the VLC channels do
not suffer from small-scale fading and have negligible Doppler
effect. In real VLC systems, different practical LED sources
with special radiant patterns are used [15]. The wideband
nature of visible light waves were studied in [16], [17].
The power of incoherent light emitted from a white LED
illuminator is distributed over the visible light spectrum, i.e.,
380 nm — 780 nm. Therefore, the frequency non-stationarity
caused by large bandwidths needs to be considered in the
channel model. In indoor scenarios, the lighting system is
usually a large LED array consisting of multiple LED lamps
which can be used as multiple optical transmitters (Txs) [18],
[19]. To address the co-channel interference, a generalized
angle diversity receiver (ADR) structure is proposed in [20]
and used at the receiver (Rx) side to reduce the signal to
interference plus noise ratio (SINR). The Rx orientation and its
impact on indoor VLC channels were measured and studied in
[21]. The upper and lower bounds of VLC channel capacity
were analyzed in [22], [23]. In addition, it was reported in
[4] that reflections of optical signals on indoor materials are
mainly diffusive.

So far, many general standardized channel models for the
fifth generation (5G) and beyond 5G (B5G) communica-
tion systems have been proposed, e.g., 3GPP TR 38.901
channel model [24], QuaDRiGa channel model [25], IMT-
2020 channel model [26], BSGCM [27], etc. However, none
of these standardized channel models support characterizing
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VLC channels. In the past few years, a number of VLC
channel models were proposed for indoor VLC systems and
can be categorized as deterministic and stochastic channel
models. In [16], an extended indoor VLC channel model
based on the classical recursive infrared (IR) channel model
[28] was proposed. The extended recursive model considered
the wavelength-dependent white LED radiant power spectral
density (PSD) and spectral reflectance of different materials.
In [29], influences of three kinds of source radiation patterns
on optical wireless channels were investigated based on the
IR recursive model [28]. In [30], [31], ray tracing channel
models based on Zemax® [32] were proposed to model and
analyze the VLC channels in indoor scenarios. Both recursive
model and ray tracing model are typical accurate channel
models, but they are deterministic and lack of pervasive-
ness. The computational complexity of this kind of channel
models will increase greatly when simulating time-varying
channels. On the contrary, geometry-based stochastic models
(GBSMs) strike a good balance between accuracy, complexity,
and pervasiveness, and are widely used in the modeling
of wireless communication channels [33], [34]. In GBSMs,
the interaction between the transmitted signal and the com-
munication environment is abstracted by effective scatterers
which are described by geometrical relationships. In [35],
[36], regular shaped GBSMs (RS-GBSMs) were proposed for
indoor VLC channels. Some statistical properties like root
mean square (RMS) delay spread, Ricean factor, and temporal
autocorrelation function (ACF) were investigated. However,
these VLC RS-GBSMs are all purely geometric and based
on ideal assumptions that scatterers are distributed on two
dimensional (2D) regular shaped circles and ellipsoids, which
are far away from the real communication scenarios. What’s
more, all these GBSMs do not consider arbitrary orientations
of Rx and are limited to characterize VLC channels with the
ideal Lambertian radiation pattern. The wideband nature of
visible light waves emitted by white LEDs and non-stationarity
of indoor VLC channels are also neglected.

To the best of the authors’ knowledge, there is no stan-
dardized channel model or a comprehensive model which
can characterize all the properties of indoor VLC channels.
The GBSM is a good candidate for the 6G standardized
channel model due to its good tradeoff between accuracy,
complexity, and pervasiveness. A lot of standardized channel
models including SCM, WINNER, and IMT-Advanced are
semi-GBSMs that incorporate user-defined environment, net-
work layout, and antenna array parameters, as well as spatial
cluster and scatterer distributions. Compared to pure-GBSMs,
these semi-GBSMs are more accurate and scalable. However,
existing VLC GBSMs are all purely geometric. What’ more,
existing VLC GBSMs do not support three dimensional (3D)
translational and rotational motions, arbitrary LED radiation
patterns, space-time-frequency non-stationarity, and limited to
the single PD case. To fill the research gap, a novel GBSM
is proposed for indoor VLC systems in this paper. The major
contributions and novelties of this work can be summarized
as follows.

1) A novel 3D space-time non-stationary GBSM is pro-
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Fig. 1. A typical indoor VLC propagation scenario.

posed for indoor VLC channels. The proposed model
extends the existing 2D RS-GBSM into 3D semi-GBSM
which is more accurate. The novel GBSM can support
special radiation patterns of LEDs, 3D motion speeds of
clusters and Rx, arbitrary orientations or rotations of the
optical Rx, and can be applied to ADRs.

2) The non-stationarities of indoor VLC channels in the
spatial, time, and frequency domain caused by the large
LED array, continuous movement of the optical Rx, and
large bandwidths are considered and modeled by taking
the cluster evolution in the space domain, space- and
time-varying channel parameters, and the wavelength-
dependency of visible light waves into consideration.

3) Based on the proposed model, key statistical properties
such as the space-time-frequency correlation function
(STECF), received power, RMS delay spread, and path
loss (PL) are studied and analyzed. Influences of key
model parameters on channel statistical properties are in-
vestigated. The effects of special LED radiation patterns,
Rx rotations, and ADRs on the channel are explored
and discussed. Finally, the simulation result of channel
3dB bandwidth of the proposed model can fit well with
existing measurement data, showing the accuracy and
practicality of the model.

The remainder of this paper is organized as follows. In
Section II, a novel space-time-frequency non-stationary GBSM
for indoor MIMO VLC systems is described in detail. The
indoor VLC system model, channel impulse response (CIR),
and the generation of channel coefficient are introduced. In
Section III, key statistical properties of the model are investi-
gated. Section IV presents simulation results and discussions.
Finally, conclusions are drawn in Section V.

II. A NoOVEL 3D INDOOR VLC GBSM
A. System Model

Compared with traditional RF wireless indoor communica-
tion systems, the Tx and Rx of VLC systems are no longer RF
antennas but LED lamps and PDs, respectively. Fig. 1 shows a
typical indoor VLC propagation scenario with the line-of-sight
(LoS) and non-LoS (NLoS) paths. The propagation scenario
is a meeting room designed in SketchUp® [37]. In indoor
scenarios, the lighting system usually consists of multiple LED
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Fig. 2. A 3D non-stationary GBSM for indoor VLC systems.

lamps which support the illumination for the room. By means
of the VLC technology, these LED lamps can be used for both
illumination and communication. At the Rx side, a single PD
or an ADR [20], [38] consisting of multiple PDs can be set on
the mobile phone. In our work, we focus on a typical indoor
VLC scenario illustrated in Fig. 1. In reality, a LED lamp
consists of many LED chips. It is assumed that each LED lamp
consisting of multiple chips has a unified radiation pattern.
When the user moves or rotates the mobile phone, the Rx on
the mobile phone will move and rotate simultaneously. After
the optical signal carrying information is emitted from the
LED, it may reach the Rx directly or through some reflections.
It is worth noting that optical signals will reflect diffusely
on rough objects (e.g., plaster wall and wood floor) while
specular reflections can occur on some smooth objects (e.g.,
glass window). However, it has been reported in [4], [16] that
reflections of optical signals on most of indoor objects are
typically diffuse. In our work, it is assumed that optical signals
experience purely diffusive reflections on indoor materials.

In contrast to conventional RF-based communication sys-
tems, another feature of VLC systems is that IM/DD is the
most common modulation/demodulation technique for VLC
[3]. This is a necessity because light waves emitted by LEDs
are incoherent [39]. Since the intensity of an optical signal
is actually related to the optical power of the signal, the
transmitted signal x(¢) is the optical power signal [41]. For
a time-varying IM/DD-based VLC system, the relationship
between the transmitted optical power signal z(t) and the
received signal y(t) can be written as

y(t) = /_OO x(t — 7)h(t, 7)dT + n(t) (D

where h(t,7) is the response of the channel at time ¢ to an
impulse at time ¢ — 7 characterizing the time-varying optical
power loss, 7 denotes the delay, and n(t) is the noise.

In this paper, we focus on the modeling of h(¢,7) of in-
door VLC systems described above. Like several standardized
channel models for 5G communication systems, we consider
the semi-GBSM modeling approach. In the next section, we
will give a more detailed description of the proposed model.

B. Description of the GBSM

The proposed novel 3D GBSM is presented in Fig. 2 where
a uniform planar LED array is set at the Tx side and the
Rx can be a single PD or an ADR consisting of multiple
PDs optionally. We consider a generalized ADR proposed
in [20] which is particularly suitable for handheld terminals
[38]. The generalized ADR is composed of totally Npp PDs,
including a PD at the top and Npp — 1 inclined side PDs
uniformly distributed on a circumference. In our work, we
mainly consider the scenario where the ADR is installed on a
handheld terminal and the size of the ADR is typically small.
Therefore, the tiny distance difference between each PD in
the ADR is ignored in the proposed model, and elements in
the ADR are assumed to have the same location but different
orientations. For clarity, only two side PDs are illustrated in the
ADR case in Fig. 2. The elevation angle difference between the
normal vector of the top PD and those of side PDs is denoted
as Opp. There are M rows and M ; columns in the LED array
where the spacing between LED elements in a row and in a
column are 53; and 67, respectively. The LED element at the
1-th row and the j-th column is denoted as L;;. The azimuth
and elevation angles of the row (column) of the LED array are
denoted as B‘:C( H),A and 5‘:’;( H).EB> respectively. At the Rx side,
the normal vector of the single PD or the top PD of the ADR at
the initial time is denoted as ny with the azimuth and elevation
angles denoting as Bf and ﬁg, respectively. Since the Rx in a
VLC system has random orientations, the normal vector of the
Rx at time ¢ is denoted as ng(¢). It has been reported in [17]
that higher-order reflections make negligible contribution to
the total CIR. In the proposed model, the single-bounce (SB)
and double-bounce (DB) NLoS propagation are considered.
For the sake of simplicity, only the n-th path representing SB
components and the n+1-th path representing DB components
are illustrated in Fig. 2. The NLoS propagation is abstracted
by the cluster C;' at the Tx side and the cluster CZ at the
Rx side. Note that C# and CZ are the same cluster for SB
components. Totally, there are N,;(t) paths between L;; and
the Rx at time ¢. Within C’f / Z, there are M,, scatterers. In
indoor scenarios, the LED array acts as both an illuminator and
a communication device, so the Tx is static while clusters and
the Rx can be moving. The moving velocities of clusters (the
Rx) are assumed to be constant, with speed vcf /Z(R), azimuth
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TABLE 1
Definition of key parameters of the proposed model.
Parameter Definition
Lij The LED element at the i-th row and the j-th column
C;? Z, S;?,,nz The n-th cluster at the Tx/Rx side and the m-th scatterer in the n-th cluster
8T, 6% Spacing between LED elements in a row and in a column, respectively

65(H),A’ ﬁa(H),E

Azimuth and elevation angles of the row (column) of the LED array, respectively

BY. BE

Azimuth and elevation angles of the normal vector of the Rx at the initial time

BA(). BE()

Azimuth and elevation angles of the normal vector of the Rx at time ¢

CATZ

A/Z
WO/ (R gn (R) oCn'" ()

Speeds, travel azimuth angles, and travel elevation angles of C,’? /z (Rx), respectively

wﬁ, wg Rotation azimuth velocity and elevation velocity of the Rx, respectively
A AAoD (AA0A) and EAoD (EAoA) of the LoS path from L1y to the Rx at the initial time
d)lfl;fﬁ)L (), d)ij;'fg)L(t) AAoD (AAoA) and EAoD (EAoA) of the LoS path from L;; to the Rx at time ¢

5 my’ g my AAoD and EAoD of the m-th ray in C;? transmitted from L11 at the initial time

¢A My’ ¢E my

AAo0A and EAoA of the m-th ray in CZ impinging on the Rx at the initial time

¢U Amy, (t), ¢ij E,my (t)

AAoD and EAoD of the m-th ray in C; transmitted from L;; at time ¢

O o (8)s OF (1)

AAO0A and EAoA of the m-th ray in CZ impinging on the Rx at time ¢

dz;m d;gnn dﬁln Transmission distances L11-S/ , S/ -Sfln and Sfln-Rx at the initial time
dz; my () ds, (1), df (1) Transmission distances L ;- Smn SA -SZ. . and SZ_-Rx at time ¢

D, D;;(t)

Transmission distance L11-Rx at the initial time and distance L;;-Rx at time ¢

Nij(t), My

Number of paths between L;; and the Rx at time ¢ and number of scatterers within C;? 1z

22 (R)

A7(R)

travel angle ai“ ™) and elevation travel angle ag"
The rotation azimuth velocity and elevation velocity of the
Rx are denoted as wf and w¥, respectively. The azimuth
angle of departure (AAoD) and elevation angle of departure
(EAoD) of the m-th ray in C’;j‘ transmitted from L., are
denoted by ¢ ,, and ¢, , respectively. The azimuth angle
of arrival (AAoA) and elevation angle of arrival (EAoA) of
the m-th ray in the CZ impinging on the Rx are denoted by
d)ﬁ,mn and ¢§,mn’ respectively. Denoting the m-th scatterer

in CA/ 7 as Sﬂﬁz, then the transmission distances Lq1- SA
sS4 - (for DB case), and SZ -Rx are denoted by d7,

My~ mn 7
dfnw, and dR , respectively. Slm1larly, the angle parameters
and transmlsswn distance of the LoS path from L;; to the
Rx are denoted by qﬁg))’ ;, and D, respectively. Note that the
angle and distance parameters defined above are the values at
the initial time instance, all these parameters are modeled as
time-varying in the proposed model. Key parameters of the

proposed model are summarized in Table 1.

C. CIR

Compared with RF channels, one of the most notable
features of VLC channels is that there is no small-scale fading
in VLC channels undergoing multipath propagations [3], [14].
On the one hand, the wavelength of visible light signals
is extremely short, and the size of the receiver is usually
millions of square wavelengths. Therefore, the fast fading of
signals over several wavelengths will not occur. On the other
hand, the superposition of real-valued optical power signals
after multipath propagation will not cause the constructive
and destructive fast fading, but will lead to the slow fading
in the form of shadowing [3]. In indoor VLC channels, the
large-scale path loss PL, shadowing SH, and blockage effect
BL need to be taken into consideration. Note that BL is

typically determined and modeled by the blockage probability
as in [40].

Considering multiple LEDs as the Tx and an ADR con-
sisting of multiple PDs as the Rx, the complete channel
matrix is represented by H = [hijp . (6 7)1 o ar) x Mo
where hijp . (t,7) is the CIR of the sub-channel between
L;; and the p-th PD and Ar denotes the wavelength range
of the light source. The sub-channel impulse response is the
superposition of the LoS and NLoS components. Since only
NLoS components are related to the color of the light source,
the LoS and NLoS components can be written as

hijpone (6 7) = i, (67) + by 0, (8, 7). )

Due to the fact that transmitted signals in VLC channels are
real-valued optical power signals, the CIR equations of the
LoS and NLoS components of VLC channels can be expressed
as

2] p( ) 2] p( ) 5(T_T75,p(t)) 3)

(t) M,
hi\; p,)\T Z Z 13,0 AT My, (t) 0 (T - 7—1'1§,17,mn (t)) .
e (4)

Here Pz%p( ) ( 15,0, AT My, ( )) and 7 z]p( ) ( 1]pm ( )) are
the actual power loss and propagation delay of the LoS path
(the m-th ray in the n-th path) from L;; to the p-th PD,
respectively.

For the LoS component, the actual ray power is calculated
according to the LED radiation pattern as

. . Apcos ([, (t))
PL — Fz] ;1; t , Z; t . JsPs
b0 = By (Fhp20, 0540 (0) - =~
-G ( g,p,L(t)) T ( g,p,L(t)) 14 ( Z'I;'-,p-,L(t)) : o)

Here, F}; (1/;ZTJ B 1/~)ZT] 4) is the normalized radiation pattern of
L;; which is defined as the optical power per unit solid angle
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Fig. 3. The illustration of a) the GCS, LCS of Ly, and LCS of L;;, b) angles in the LCS of L;;.

(W/sr) emitted from the source with the total power of 1 W in
a given direction with elevation and azimuth angles of 1/33; B
and 1@7; 4> respectively. In (5), Ag is the area of the PD,
"Z)?;EL(t) and 1/35,A7L(t) are EAoD and AAoD of LoS path
from L;; to the optical Rx in the local coordinate system (LCS)
of L;; element, z/zgypyL(t) is the angle between the LoS path
and the normal of the p-th PD. G (v®), T(t), and V (1) are
the optical gain of lens, optical filter gain, and visible function
at Rx side, respectively. Note that ¢); , and ¢ 5, in this paper
represent angles in the LCS of each LED element. They need
to be transformed from the global coordinate system (GCS).
In the LCS of L;;, the x;j axis is defined as the normal of
Lij, and the y;;0z;; plane is defined as the plane where the
LED element is located. Fig. 3(a) gives an illustration of the
GCS (z,y, 2), the LCS (2,11, 211) of Li1, and the LCS
(35, Yij» 2i;) of Lij. The LCS of L;; and corresponding angles
are shown in Fig. 3(b). Transformation of angles from the GCS
to the LCS will be discussed in detail in the following sections.
In previous studies, existing VLC channel models usually
only consider the ideal Lambertian radiation pattern of LED
lamp. However, practical commercial LEDs have their own
specific radiation patterns. In the proposed model, the LED
elements can have any radiation pattern. Some mathematical
radiation pattern models for common LEDs can be found in
[15]. In other cases, the luminous intensity in unit of lumen per
unit solid angle (Im/sr) of a practical LED Lm(zﬁg E,zZJZT] 1)
can be measured and the actual radiation pattern can be
obtained by
_o - Lij (L o, T
By (07 07, ) = 200 Vi) ©)
where LER is the luminous efficacy of radiation in unit of
lumen per Watt (Im/W). Then the actual radiation pattern needs
to be normalized before it is applied to (5). For the ideal
Lambertian radiation pattern, it can be expressed as [43]

T T a+1 T T
E; (¢ij,anij,A) = o cos (Vy;. ) cos™ (Y55 4)  (7)
where o stands for the Lambertian radiation mode number.
Note that the coordinate system in this paper is different from

that in [43], so the equation of the Lambertian radiation pattern
is rewritten as (7) according to the angle transformation.

In VLC systems, the non-imaging concentrator with gain
G () and optical filter with gain T'(x)) are usually used
to enhance the system performance. The optical gain of
concentrator lens G (%) can be calculated as [41]

sin?(yR)? (8)

Gyt =
W) { 0, Y > Upy

where n;j,q denotes the lens refractive index and Wg,y is the
field of view (FoV) of the PD. If the VLC system is not
equipped with a concentrator nor an optical filter, then corre-
sponding optical gains are set as 1, i.e., G(¢®) = T'(yf) = 1.
At last, the visible function is defined making sure that only
rays within the PD’s FoV can be received, i.e.,

1, 0<9f < Upey

V(¢R) N { 07 Z/JR > l:[/F0V~

For SB NLoS components, the CIR is calculated as follows.
Firstly, each effective scatterer is considered as a Rx with an
effective area A,,, o¢. Then it is considered as an optical
source whose radiation pattern is described by how signals
will reflect off it. Consequently, the actual power of each SB
ray is given by

P'}}va7>\T ;Mn (t) - F’L j ( £7Evmn (t)’ ;:l;vAvmn (t)>

Amn ,eff COS (1#;“5]‘73;1” (t)>
X

(45, ()
SR Ag cos (#fm” (t>)
My (t)) (dﬁln(t))Q

X G (Ypim, () T (i, () V (¥'om, (1)

(10)
where z/??;Emw (t), ?;,A,mn (t) are the EAoD and AAoD of
the m-th ray in C? from L;; to Rx in the LCS of L;j,
wisj’fnn (t) (3 R(t)) is the AoA (AoD) of the wave impinging

on (reflecting off) the S;:{f, .. (t) is the angle between

the the m-th ray in C;? /z and the normal of the p-th PD,
T'ij ar,n denotes the effective reflectance of C’{;‘ /2 consid-
ering wavelength-dependent properties of the light source,

2
e 0 <Pf < Uppy

€))

X Fij,/\T,nR (
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R (¢5:R(t)) is the reflection model characterizing the reflect-
ing power of each ray from S,,,. Theoretically, the number
of rays in the cluster is infinite [44]. Considering the tradeoff
between accuracy and complexity, the number of rays in each
cluster M,, can be set as 50 or 100 [45].

Since the power of incoherent visible light emitted by a LED
illuminator is distributed over corresponding spectral range,
wavelength-dependent properties of VLC channels need to be
considered. In [16], an effective reflectance parameter con-
sidering wavelength-dependent radiant PSDs of white LEDs
and wavelength-dependent reflectance parameters of materials
over the white light spectrum is introduced. In the proposed
model, the parameter is generalized to support VLC systems
using LEDs of any color as the Tx and the effective reflectance
parameter of C’T’? /2 for L;;-PDs sub-channels is given by

A2
Fz‘j,AT,n=/A Qi (AN)pn(N)dA an

1

where ®;;()) is the normalized wavelength-dependent radi-
ant PSD of L;;, pn(A) denotes the wavelength-dependent
reflectance of C’{? / Z, Ar = [A1, Ag] is the wavelength range
of the LED. The wavelength-dependent data for ®;;(\) and
pn(A) of some common materials in indoor scenarios can be
found in [16], [17], [46]. The diffuse reflections are modeled
as [16]

R(

FR)) = %cos (V). (12)

For DB NLoS components, the CIR is calculated in a similar
way but it contains a part of power loss of the S;;‘Ln — Sfln
link. Due to the limited space, the detailed calculation of the
power of each DB ray is not shown here.

The delays of the LoS component and NLoS components

are determined by
7i5(t) = Dy;(t) [

(diTj,mn (t) + dﬁ%" (t)) /et SB case

(dz;-’mn (t)+d5, (t)+d5 (t)) /a, DB case.
(14)

(13)
Tipmn () =

Here, ¢; denotes the propagation speed of light.

The flow chart of the channel coefficient generation is
illustrated in Fig. 4. In the initialization stage, the scenario
and layout parameters are preset, then the birth-death process
matrix showing the visibility of LED elements to the clusters is
generated as will be introduced in Section II. D. Next, clusters
and scatterers are randomly generated and initialized based
on assumptions given in Section II. E. Then, the space- and
time-varying channel parameters can be updated according to
geometrical relationships which are shown in Section II. F.
Lastly, the birth-death process matrix is applied to the whole
channel matrix to set the contributions of unobservable links
as zero and the total channel coefficient can be obtained.

D. Cluster Evolution in the Space Domain

In indoor VLC systems, multiple LED lamps can be used
for communication. Although the total number of LED lamps
is small, different LED lamps with certain distances apart
may observe different clusters, resulting a birth-death behavior

Initialization

(.. . )
Initialize the clusters
and scatterers within

each cluster

( . )

Generate the birth-
death process matrix [
of clusters

Set the simulation
scenario and the
network layout

H <

Update parameters
of each sub-channel
at each time instant

& J

1

-
1 .
Obtain the total & Apply the birth- .

. 1| death process matrix
channel coefficient

to the channel matrix
. J

1

:

! . .

L Space-Time evolution

Fig. 4. Flow chart of the channel coefficient generation.

over the large uniform planar LED array. Based on the
cluster evolution on uniform linear array proposed in [27],
we consider the cluster evolution in the space domain in two
directions, i.e., the horizontal and vertical direction of LED
array. The birth-death process has two key parameters, i.e.,
the cluster birth rate A and the cluster death rate A\p. For the
benchmark LED element, the number of observable clusters
at the initial time is determined by N,y = Ap/Ap. For the
horizontal direction, the probability of a cluster remaining over
LED element spacing 07 is given as [27]

341 cos(Bh )

= (15)

PH,remain((Sz) = exp 7>\B .

where Df is the array correlation factor relevant to the specific
scenario. Similarly, the probability of a cluster surviving over
spacing & in the vertical direction is computed as

3y cos(BV, )

= (16)

PV,remain((Sg) = exp 7)\B .
The number of newly generated clusters is assumed to obey
Poisson distribution and the mean value is given as

AB

E(NNew,H(v)) = N L V) emain (55(\/))} :

In the initialization stage of channel coefficient generation,
the birth-death process matrix is generated randomly according
to the aforementioned assumptions. It is a 3D matrix sized
My x Mj X N total, sShowing the visibility of N, toa1 clusters
to each LED element. Firstly, the cluster evolution on the first
column (L1; — Ljy,1) in the horizontal direction is simulated
based on Li;. Then the evolution on each column in the
vertical direction is generated based on the first column. Note
that the total number of clusters N, ota1 is the sum of N
and the number of newly generated clusters. In the last step
of channel coefficient generation, the obtained birth-death
matrix is multiplied to the whole channel matrix. Thus, the
contributions of unobservable links are set as zero.

A7)

E. Initialization of Clusters and Scatterers

In the proposed model, clusters and scatterers are randomly
generated at the initial time, then channel parameters are
updated according to geometrical relationships. In the GCS,
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the initial location of a cluster is completely determined
by three parameters, i.e., AAoD/AAoA, EAoD/EAo0A, and
distance. The angle parameters are assumed to have wrapped
Gaussian distributions. For example, the angles of C'%* can be
obtained as

Oh.n =std[05 IVa , + b
Ghn =stdlgh YA, + 4, (19)

where Y7, Y1, « N(0,1), std[¢},](std[¢ ,]) and 65,
(¢4 ,) are standard deviation and mean value of EAoD
(AAoD), respectively. The distance from L;; to O denoted
as dl is assumed to be a non-negative random variable
with an exponential distribution. In the simulation, totally
N¢ total clusters at the Tx side are generated based on above
assumptions firstly, then the same process is used to generate
Netotal X (1 —ngp) clusters at the Rx side, where ngp is the
ratio of SB components in NLoS paths.

For the distribution of effective scatterers within clusters,
a general 3D ellipsoid Gaussian scattering distribution [27]
is applied to describe the scatterers. The probability density
function of scatterers’ coordinates relative to the center point
of a cluster [z/,/, 2']T is given as [27]

2 2 72

exp (~37 — 2 — 755)

(2m)3/20pgoAsoES

(18)

p(ay,2) = (20)
where opg, 0as, and ogg stand for the standard deviations
in three directions characterizing the delay spread, angular
spread, and elevation spread of the cluster. According to
transformation from LCS of the cluster to GCS, the cartesian

coordinates of scatterers within a cluster in GCS [z, y, 2]T can
be obtained as [27]
T Ccos (Q_SA) —sin (QZA) 0
y| = |sin @A) cos ((ZBA) 0
z 0 0 1
cos (¢g) 0 —sin(¢g) ¥ +d
0 1 0 Yy’ (21)
sin (g{)E) 0 cos @E) 2

where d, ¢4, and ¢ are the mean distance, azimuth angle,
and elevation angle of a cluster. For instance, when these
parameters are set as d = d, ¢p = ¢, ,,, and pa = ¢y .,
then scatterers around C’,f can be generated according to
aforementioned assumptions.

F. Space-Time Evolution of Channel Parameters

In order to obtain the CIR, space- and time-varying pa-
rameters that need to be calculated and updated can be
classified into three categories: 1) EAoDs and AAoDs of rays
in the LCS of each LED element, i.c., ¥/ ;1 (t), ¥} 4 (),
~iTj,E7mn (t), and zZiTj’Aan (t); 2) angles between rays and the
normal of effective scatterers (p-th PD), i.e., d’%ﬁm (t) and

SR(t) (wg,p,L(t) and o[t (t)); 3) transmission distances
of rays, i.e., D;;(t), diTj’m" (t), d5, (t), and d2 (t). Since the

Mp Mn

parameters are updated according to geometrical relationships,
we first update the corresponding coordinate and orientation
parameters. Then details of updating these three kinds of
parameters will be introduced in the rest of this section.

1) Update Time-varying Coordinates and Rx’s Orientation:
Considering movements of clusters and Rx, the cartesian
coordinates of Sﬂﬁ? and the optical Rx in GCS are updated,
ie.,

A/Z A/Z
CcOos ac” / cos ao”' !
E A
A)Z A)Z cAlz cAlZ . cAlZ
Sm/n (t) = Sm/n (to) +v7n - t cosag" sina,”
A)Z
<1 n
sin av,
(22)
cos aft cos off
Rpp(t) = Rep (to) + v -t | cosallsinaf (23)
<R
sin i

where Sﬁ/nz(to) (S;%Z(t)) and Rpp(to) (Rpp(t)) are coor-
dinates of S{;‘MZ and the Rx at the initial time £y (time %),
respectively. Note that S;?lé?(to) are consistent with [z, y, z]T
in (21) and Rpp(ty) = [D,0,0]T.

In addition to considering the translational motion, the
random 3D rotation of the optical Rx also needs to be taken
into account since angle parameters have a great impact on
the VLC channel. Taking the normal direction of the top
PD in the ADR as the zp axis and the plane perpendicular
to the zr axis as the zroygr plane, azimuth angles of the
p-th side PDs (1 < p < Npp — 1) can be calculated as
whp = 2]\(,’; _Dl_)f, the elevation angles of side PDs are the same
and denoted as VB, = /2 — 65 [20]. Then, the normal
vectors of side PDs in the LCS of the ADR can be expressed
as nppy = [cosyhp coswhp, cosvhp sinwgD,sinﬂyl@D}T. In
order to support the ADR as the Rx in the proposed model, the
orientation angles of PDs in the LCS (xg,yr,2r) (denoted
as LCSpp) need to be transformed into angles in the GCS
of the model. According to the geometrical relationship, the
transition matrix Mgcs—rcspp from the GCS to the LCSpp
can be given by (24) shown at the bottom of next page. Then,
the normal vectors of side PDs in the GCS can be calculated
as nhy = Maes—rcspp Mhp- Finally, the orientation angles
of side PDs in the GCS, i.e., B;EA and BIfE, can be obtained
by the transformation from Cartesian coordinates to spherical
coordinates. At time ¢, azimuth and elevation angles of the
normal of PDs are calculated as ﬂg;)E(t) = B(IZ_’)E +wh .t
and 3 ) \(t) = B{% | 4 +w} - 1, respectively.

2) Update Angles in the LCS of Each LED Element:
In order to calculate the radiant power in a given direction
of a specific ray, the angles of the ray in GCS need to be
transformed into angles in LCS of each LED element. For the
sake of simplicity, we denote the LCS in Ly; (L;;) as LCSq;
(LCS;;). The transformation process consists of three steps
which are shown in Fig. 5. The first step in this process is
to obtain coordinates of Sf}bn/Rx in LCSy1. According to the
geometrical relationship, the transition matrix Mgcs—Lcs,,

plore. Restrictions apply.
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[z [x11'y11'z11

[xl.]’ yl]’ l]]

Ly Vi Zi; Calculate the EAoD / AAoD
in the GCS in the LCS of Ly, in the LCS of L;; from Lyj to [x{;, yij, 21"

Rotauon
Transformation

Translation
Transformation

Coordlnates’
Transformation

Fig. 5. Flow chart of calculating angles in the LCS of L;;.

from GCS to LCSq; is given by (25) shown at the bottom of
this page. Then, coordinates in LLCS1; are calculated as

(11, U115 211) T = MGés_ros,, 159,27 (28)

where superscript {-}~! means the inverse of the matrix.
Next, coordinates in LCS;; can be obtained by translation
transformation from coordinates in LCSq4, i.e.,
[l‘;j’y;j’zz/ ]T [O? (j—l)ég,(z’—l)é;‘f[]T
(29)
Finally, the EAoD and AAoD of the ray in LCS1 ; is obtained
by transforming the cartesian coordinates [z’ T to
spherical coordinates.

By using the transformation process described above, the
space- and time-varying angles ¥, ;1 (t) and 1/)U aL(t) can
be obtained by substituting Rpp () into the process. Slmllarly,
by applying the transformation process to Sa (1), NZ:'; Em, (1)
and ¢” A.m,, (t) will be updated at every time instant.

3) Update Angles at Scatterers’ and Rx’ side: For LoS
components, the normalized transmitting vector of the LoS

path from L;; is given by

= [3;‘/11, ylllv Zil]T -

117 yzg’ z]]

where 0, = (j — 1)0% and 6%, = (i — 1)6%. Likewise,
the normalized transmitting vectors, propagation vector via
scatterers, and receiving vector of the m-th ray in the n-th
path can be determined as

SA (t) — Ly
T _ Om, )~ Ly
i 1) = 8 0 o] 2
SZ (1)~ SA_(1)
(1) = =2 S 33
rm () = 820 =84 (0] G3)
R Rpp(t) — SZ (1)
_ " 34
T ) = [Ron(0) — 82 (0] G4)

AlZ .
cA/Z of C’n/ 1S

. . . . AlZ
described with two key parameters, i.e., azimuth angle Bgn

At scatterers’ side, the equivalent normal n

and elevation angle ﬂg’?/z. Take the SB case as an example,
the equivalent normal of a cluster is defined as the normalized
perpendicular vector of LoS path (L11-Rx) through the center
of the cluster [47]. Depending on geometrical relationships, the
azimuth angle and elevation angle of n 4,7 are expressed as

ri;(t) = M. (30) (26) and (27), shown at the bottom of this page where dimp =
[Rep(t) — L]l dx cos( Eyn)cos( B.n)- On the basis of law of cosines, the
Here, the coordinates of L;; in GCS is given as AoAs of the ray impinging on the szn can be calculated as
5v cos(BY, ) cos(BY, 4) + 8y cos(BFy ) cos(BF 4) Uy, (8) = arccos (—xf; . (t) -ncy) (35)
Li = 5 s S . . . . .
J OV cos(BV, p) sin(By. 1) + 051 COb(ﬁ;I’E) sin(f,4) while the AoD of the ray reflecting off the S7 is given as
% Sln(ﬂV,E) + 0% sin(By i)
31 Uiy (t) = arccos (ngz -l (1)) (36)
cos BB sin fR  sin BB cos BB cos BE  cos BB cos B
Macs—Lespp = | —cos BB cos BE sin BE cos fEsin BE cos BB sin G (24)
0 — cos? BB sin BE
cos 5\;,13 sin 5‘7/1714 sin ,BIT{E — sin ﬂaE cos Bng sin ﬂ};,A cos B&E cos 5‘7/1714 cos 517;,15 cos ﬂ};,A
Mgcs—1cs,, = |[sin 56}3 cos ﬁ}'}E cos 5]7;714 — cos 53215 cos 56,,4 sin 517;,15 cos 5$E sin 5%5,,4 cos 5IEE sin 517;714 (25)
cos B;E cos BIQ;,E sin (BE’A — ﬁ;A) sin B\?E sin BIQ;,E
T T \ain(bT
cAlZ dn COS( E n) Sln(¢A n)
B," = mod |27 — arctan . . ,2m (26)
4 dimp — d}} cos(¢F; ,) cos(d )
A/z dT sin(¢L
A5 =mod | — arctan (@5.n) ,2m (27

\/ [dT cos(

Ban)l? o+ denp” —

2dE cos(¢F;,,)dimp cos(6 ,,)
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At the Rx’s side, the angles between rays and the normal of B. STFCF

the p-th PD are determined by

1;.pL(t) = arccos (npp (1), —14(1)) (37)
]Ijmn (t) = arccos (npp(t), —r5 (1)) . (38)
Finally, all of calculations above can be realized as
fOx y = arccos[cos(dp ) cos(ph) cos(dy — @)
+sin(¢) sin(¢)] (39)

where 0x vy is the angle between vector X and Y, ¢ (¢Y)
and ¢f§ (¢§) are azimuth angle and elevation angle of vector
X and Y, respectively.

4) Update Propagation Distances of Rays: The space-
and time-varying propagation distances of LoS rays can
be calculated as the norm of corresponding vectors, i.e.,
D;;(t) = |Rep(t) —L;;|l. In the same way, the propa-
gation distances of the m-th ray in Cj are given by
;i m, (8) = S5, (8) — Ly . di, () = [IS7, () = S, (D).

1],Mn,

and d, (t) = [Rpp(t) — S7 (1)]-

III. STATISTICAL PROPERTIES OF THE PROPOSED MODEL

A. Channel Transfer Function (CTF)

The space- and time-varying channel transfer function
Hijpr(t, f) is derived as the Fourier transform of corre-
sponding CIR w.r.t. 7, i.e.,

oo

Hijpa:(t, f) = / Rijpr (t,7)e 2™ 7dr, (40)

— 00

By substituting CIR equations of the LoS and NLoS compo-
nents, the CTF is further written as

; L
Hij,p,)\T (tv f) = Pilip (t)eijzﬂ-fTij (t)

The STFCF is defined as the correlation between
Hijpr(t, f) and HE \(t+ At f+ Af) and is expressed
as

Rijpij et Fi AL AS)

= E{Hyjporr (6 NVHE (AL F AN} @)

By substituting the equations of CIR into (44), the STFCF can
be further written as the superposition of correlation functions
of the LoS and NLoS components, i.e.,
t, f; At, Af) = RS .

1§,0,85,D,AT

(t, f; AL, Af)
+ RS (6 S5 ALAS) (45)

where the correlations of LoS and NLoS components can be
calculated as (42) and (43) shown at the bottom of this page,
respectively. In (43), Premain (95, ;) is the joint probability of
a cluster survives from L;; to L;; element. From STFCEF, the
temporal ACEF, spatial cross correlation function (CCF), and
frequency correlation function (FCF) can be easily obtained.
For instance, by setting ¢ = i j= 5, p=p,and Af =0, the
STFCF is reduced to the temporal ACEF, i.e.,

A (& i A = E{Hij o, (t, ) H 0, (E+ AL )}

(46)

Similarly, the spatial CCF can be obtained by setting At =0
and Af =0, ie.,

cor A (t, f) =E {Hij,P)\T (tv f)Hi 5 (t, f)} CH)

15,543, 5, AT iJ,D,AT
The FCF can be calculated by setting ¢ = ¢, j = j, p = p, and
At =0, ie.,

FCF

i5,D, AT (ta f; Af) =E {Hij7p7)\T (tv f) ;j,p,AT (tv f + Af)} .
(43)

Rijpii e (

C. Channel DC Gain and Received Power

For IM/DD-based VLC systems, the channel is an intensity-
in intensity-out channel. The channel DC gain is often used to
characterize the optical loss of VLC channel. The space- and
time-varying channel DC gain considering actual path loss can
be expressed as

Nij(t) M, H. — > .
o s i.par (£, 0) —/ Rijpar (t, T)dT
T D Pl m, (e 2T 0, oo
n=1 m=1 Nij(t) M,
@ = PL0 ¢ Y D0 P ) @9
n=1 m=1
° j2m (f | THOS (t+ AL — 7105 (1) | + A FTE0S (t+ At)
o (AL AS) = Ph o \(OPE | (t4 At ([ri53 ) ) 42)
Nij () Ni5(8) M, M,
NLoS . _ N N
e e (6 3 AL AS) = Promain(6:,65) X E ) 1 D Plpmana OP5 5 gt +AD)
n=1 n'=1 m=1m'=1
j27r<f[rf-’.L?il/ (t+At)—TNEeS) (t)}JrAffr%\lL?Sm, (t+At)>
.e JeBym J,P,Mn 3Py (43)
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Since the Rx of a VLC system demodulates the digital signals
by detecting the change of received power, the received power
is an important channel property. The time-varying received
power from L;; is generally defined as

Proijpar(t) = Prij - Hijp s (t,0)

where Pr;; is the transmitted power from L;;. Considering
multiple LED lamps in a large LED array, the total received
power of p-th PD is calculated as

(50)

Mp My

Prpar(t) =D Prijpar(t)-

i=1 j=1

(S

D. Channel 3dB Bandwidth

From the perspective of analysis in frequency domain, the
channel 3dB bandwidth is obtained as [14]

\Hijprg (t, f3a8)|° = 0.5[Hijpar (£,0) ] (52)

E. RMS Delay Spread

The RMS delay spread is of great significance to character-
ize the dispersion of propagation delay and is expressed as

250 (7 = pijprg.r (1) hijp g (t,7)dT

D»L" rms(t) = Rl
d.pAprms (1) fioo hijpap (t, T)dT

(53)
where the average delay is given as
Jooe ™ hijps (t7)dT
Joo Piipoar (8 T)dT

Hijp g, () = (54)

F PL

In VLC channels, large-scale fading due to PL is considered
as a prime characteristic. The PL of VLC channel in dB level
is given as

PL = 101og; o (Pr total/ PR total)

where Pr iota1 and Ppg tota1 are total transmitted and received
power of a VLC system at a given distance between Tx and
Rx, respectively.

(55)

IV. RESULTS AND DISCUSSIONS

The following section presents results and discussions of
key properties of the proposed VLC channel model. Unless
otherwise stated, parameters for simulation in this section are
set as follows. In the simulation, we consider a scenario where
the Rx (single PD) is pointing to the L1, at the initial time. The
LED array is a 4 x 4 array with elevation and azimuth angles
setting as 5£,A =, ,BITLE =n/2, BL, =7/2, ﬁ\;E =0
and LED spacings setting as %, = 6 = 1 m. The total
transmitted power of a LED lamp is set as Ppy =1 W [48].
The radiation patterns of LEDs are set as default Lambertian
patterns with o = 1. The parameters of the Rx are given as

Bp =m BE =0, Ag =1 cm? [17], Upoy = 85°
[17], and G(¥*) = T(¢*) = 1. The location parameters
of clusters are given as std| 2(5’)] = std] i(f)] = 40°,
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Fig. 6. Temporal ACFs at different time instants (sub-channel: L1:-
PD, v =0.5m/s, 0% =0,0% =7/2,0ps =0us =oms =1
m, Ag =80/m, A\p =4 /m, D& =10 m).

_g,n = J)En = d_ﬁn =0, gZ_)in = 7. The ratio of SB
components in NLoS paths is set as s = 0.9. The number of
effective scatterers within a cluster is set as M,, = 100 [45].
The effective area of a cluster is set as Acegr = 1 m?, and
the effective area of each scatterer is calculated as A,,, ¢ =
A¢ et /M,,. Considering a typical indoor scenario where Tx is
located at the ceiling and Rx is held by the user, the distance
from L1 to the Rx at the initial time is set as D = 2 m. The
effective reflectance parameters of clusters are calculated as
(11) and randomly generated with a given weight parameter
which is described in Appendix A in detail. The Txs are white
LEDs with the wavelength range in 380 nm — 780 nm.

A. STFCF

By setting p = p and ¢ = ¢, the STFCF can be reduced
to the temporal ACF, the comparison of temporal ACFs of
the sub-channel L11-PD at 0 s, 1 s, and 2 s is demonstrated
in Fig. 6. It can be seen that the temporal ACF is not only
related to time differences, but also associated to the time
instants. These findings indicate that the channel shows non-
stationarity in the time domain resulting from the time-varying
channel conditions. Moreover, the analytical results have a
good consistency with the simulated results, validating the
correctness of the derivations and simulations.

Fig. 7 shows spatial CCFs of the channel with ideal Lam-
bertian and LUXEON UB radiation patterns at different LED
elements. It can be clearly seen that different LED elements
correspond to different spatial correlations, showing the non-
stationarity of indoor VLC channels in the space domain.
In addition, LED radiation patterns can also affect channel
spatial CCFs. Since the Lambertian radiation pattern has a
larger beamwidth than the LUXEON UB radiation pattern,
more multipath components can be observed by adjacent LED
elements simultaneously, spatial correlations are enhanced
correspondingly. Besides, the consistency between analytical

plore. Restrictions apply.
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Fig. 8. FCFs with light sources of different colors (sub-channel: L:-
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results and simulation results reflects the validity of our
simulations and derivations.

Using light sources of different colors as the Tx, the FCFs
of C{* are compared in Fig. 8. The differences between FCFs
with light sources of different colors (wavelength ranges) show
the non-stationarity in the frequency domain.

B. Channel DC Gain & Received Power

Fig. 9 presents the comparison of channel DC gains of the
proposed model with the ray tracing results in [30]. It can
be seen that the proposed model can approximate well with
ray tracing results in the absence of accurate environmental
information, illustrating that the proposed model can obtain
good accuracy with lower complexity than the ray tracing
model. However, the difference between simulation results due

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5
Tx-Rx distance, D (m)

Fig. 9. Channel DC gains of the proposed channel model and the
ray tracing results in [30] (cps = ocas = 1.2 m, ogs =1 m,
Netotal = 25, Neys = 22, Acer = 5 m?, 0™ = 1 mfs, off =0,
ap=3D=3mt=0-"7s).

to the approximation error of Lambertian radiation pattern and
the real light source radiation pattern used in ray tracing can
still be observed.

The relationships between the total received power at the
initial time and Tx-Rx distance with different LED elements’
spacings are shown in Fig. 10(a). The path loss will be higher
when the Tx-Rx distance increases, thus the total received
power will become lower. The changing trend of the curves is
consistent with simulation results in [49] and [50]. Meanwhile,
it can be seen that the larger the LED elements’ spacing, the
lower the received power. This is because a larger spacing
corresponds to a larger propagation distance, and thus larger
path loss.

For the situation where the received power is time-varying,
Fig. 10(b) illustrates simulation results of Pg(t) with the
rotation of the Rx. Note that in the simulation, the Rx is
pointing to Lj; directly at the initial time. Therefore, the
received power becomes lower with time as the Rx rotates
away from the main lobe. What’s more, the comparison
of time-varying received powers with different field-of-view
angles W,y are presented in Fig. 10(b). It can be observed
that larger W,y will enhance the received power due to the
fact that the PD will receive more multipath components with
larger Ur,v. Moreover, the received power changes smoothly
over time with Ur,y = 90° while it has some abrupt changes
with Ug,y = 60/45°. This is because that when Ug,y is too
small, part of multipath components will suddenly disappear
in the FoV during the rotation of Rx.

C. RMS Delay Spread

Unlike most of existing VLC channel models, the proposed
channel model can support any special radiation pattern of
LED. In this work, we try to simulate and analyze VLC
channel properties under settings of four LED radiation pat-
terns as shown in Fig. 11 and Fig. 12. The ideal Lambertian
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radiation pattern obtained from (7) is presented in Fig. 11(a).
The other three kinds of radiation patterns illustrated in Fig. 11
can be found in [15]. Note that the radiation pattern mod-
els in [15] require corresponding angle transformations and
normalizations before substituting into our channel model for
simulation. As is shown in Fig. 11, the four radiation patterns
have special shapes and radiation distributions. From another
aspect, we can observe different beamwidths of these four
radiation patterns in Fig. 12. Fig. 13(a) shows the comparison
of cumulative distribution functions (CDFs) of RMS delay
spread of h})  _ (t,7) with the four LED radiation patterns.
It can be observed that LED radiation patterns will influence
the channel delay spread. When the LED lamp have larger

Fig. 12. 2D radiant patterns of four kinds of LEDs.

beamwidth, it will observe more multipath components, thus
making the channel delay spread larger. Due to the fact that
ideal Lambertian (o = 1) and the LUXEON lower bound (LB)
(XLamp and LUXEON upper bound (UB)) radiation patterns
have similar beamwidths, the differences of corresponding
delay spread results are relatively small. Since commercially
available LEDs usually have different special radiation pat-
terns, it is necessary to support special patterns in the channel
model.

Fig. 13(b) illustrates the CDFs of RMS delay spread of
different sub-channels in the ADR. An obvious difference
between the delay spread of the top PD sub-channel and those
of the side PDs can be seen from the curves, while CDFs of
delay spread of side PDs in the same ADR are almost the
same. The comparison of CDFs reveals that the top PD needs
to be separated from side PDs for corresponding processing
when designing VLC systems equipped with an ADR. In
addition, elevation angles of side PDs in the ADR also have
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sub-channels in the ADR (Npp = 3, Ur,y = 60°, Apg = 80
/m, Ap =4/m, D2 =10m, ¢t =0 s).

a significant impact on the channel.

D. PL

In terms of PL, simulation and fitting results of PLs with
different LED elements’ spacings are given in Fig. 14(a).
The samples are obtained through multiple simulations by
changing the distance between Li; and the Rx. We try to
fit the simulation samples with the CI reference distance PL
model PL(d) = PL(do) + 10vlog(d/dp), where dy is the
reference distance, v denotes the propagation coefficient. As
can be seen in Fig. 14(a), PLs of indoor VLC channels can
fit well with the CI reference distance model. The PL will be
larger with larger LED elements’ spacing which is consistent
with the trend in Fig. 10(a).
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Fig. 14. a) PLs with different spacings between LED elements, b)
The CDF of the deviation of the real PL of the sub-channel L1; —PD
with the CI model in dB level (cps = oas = ogs = 1 m,
Ap =80 /m, Ap =20/m, D2 =10m,t =0s).

The CDF of the deviation of the real PL with the CI
model (exactly the shadowing) is compared with the Gaussian
distribution in Fig. 14(b). As can be seen, the statistical
property of the shadowing in dB level fits well with the
Gaussian distribution, which means the shadowing will show a
lognormal distribution in the linear domain. This phenomenon
once again shows that the multipath superposition of real-
valued signals in VLC channels will cause the large-scale
shadowing fading.

E. Channel 3dB Bandwidth

In Fig. 15, the relationship between channel 3dB bandwidth
and FoV is simulated and compared with simulation result of
the 2D RS-GBSM in [36] and the measurement data in [51].
The channel measurement was conducted with a blue-light
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Fig. 15. Channel 3dB bandwidths with different FoVs of the proposed
model, the 2D VLC RS-GBSM in [36], and the measurement data in
[51] (A1 = A2 = 445 nm, std[¢pr,n] = 45°, std[pa,n] = 45.5°,
5 =7/12, ¢4, =7/3, Negotal = 10, M, =150, ops =
3422 m, oas =2.691m, ogs =3.719m, D = 2.6345 m).

(445 nm) single-input single-output (SISO) VLC system in
a typical indoor room. Corresponding model parameters are
set in accordance with the measurement campaign [51] and
the rest are chosen according to the estimation procedure
introduced in [52] by fitting with the measurement data in
light of the minimum mean square error criterion. It can be
clearly seen that the simulation result of the proposed 3D VLC
semi-GBSM is in good agreement with the measurement data,
showing that our model can well support this communication
scenario. Meanwhile, the 2D VLC RS-GBSM in [36] cannot
fit with measurement data well as it oversimplifies the prop-
agation environment and ignores the wavelength-dependency
of the VLC channel. More specifically, the 2D model cannot
characterize the influence of angles in 3D environment, and
based on the ideal purely geometric assumption which deviates
greatly from reality. It can be obviously seen that the proposed
model is more accurate and practical.

V. CONCLUSIONS

In this paper, a novel 3D space-time-frequency non-
stationary GBSM has been proposed for indoor MIMO VLC
systems. The proposed VLC GBSM can support 3D transi-
tional and rotational motions of the optical Rx, arbitrary LED
radiation patterns, and can be applied to ADRs. In addition,
the space-time evolution of the channel caused by the large
LED array and continuous movement of the Rx as well as
the wavelength-dependency of light waves have been taken
into consideration. Based on the proposed GBSM, several
key statistical properties have been investigated, i.e., STFCF,
channel DC gain, received power, channel 3dB bandwidth,
RMS delay spread, and PL. The angle parameters and distance
parameters have a great influence on VLC channels. Simu-
lation results have illustrated that our model can mimic the
non-stationarities of indoor VLC channels in spatial, time, and

frequency domains. Moreover, it has been demonstrated that
radiation pattern with wider beamwidth corresponds to larger
delay spread and higher spatial correlation. The difference in
channel characteristics of different PDs in the ADR needs to be
considered in the system design. The multipath superposition
of real-valued signals in VLC channels will cause large-scale
shadowing fadings. Finally, the fact that the proposed 3D
VLC semi-GBSM fits better with measurement data than the
existing 2D RS-GBSM has demonstrated the accuracy and
practicality of the proposed channel model. In our future work,
we will try to extend the proposed channel model to support
more VLC scenarios, e.g., outdoor V2V scenario, RIS-aided
VLC scenario, etc.

APPENDIX A
CALCULATION OF EFFECTIVE REFLECTANCE I';; x.,n IN (11)

Considering the wavelength-dependent property of VLC
channels, an effective reflectance parameter I';; x, , given
in (11) is introduced and applied into the proposed channel
model. To calculate I';; ., data of two critical parameters
are needed, i.e., the normalized wavelength-dependent radiant
PSD of LED ®,;(\) and the wavelength-dependent reflectance
of clusters p,,(\). In [16], [17], [46], we can find some data for
these parameters. Firstly, we obtain data samples from figures
of ®;;(\) and p,, () for several common indoor materials in
[16], [17], [46]. Then the built-in function trapz in MATLAB
is used to calculate the numerical integration. In addition,
®;;(A\) is normalized to 1 in our calculation to make sure
that [32 @;(A\)dA =1 and 0 < Ty ap0 < 1.

Although data of many common indoor materials are avail-
able in [16] and [17], we consider four kinds of materials
that most likely to reflect the visible light in indoor scenarios,
i.e., floor, pine wood (furniture), plaster (wall), and plate glass
(window). In the simulation, we preset a weight parameter to
assign the randomly generated I';; . to different clusters.
The weight parameters for these four materials are given as
0.3, 0.2, 0.4, and 0.1 to obtain the results in Section V except
Fig. 9 (with parameters 0.4, 0.2, 0.4, and 0, respectively).
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