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Abstract: Visible light communication (VLC) is one of the candidate technologies for the sixth
generation (6G) networks. The path loss model is particularly important for link budget estimation
and network planning in VLC. Due to the wideband nature and the extremely poor diffraction
capacity of light, the path loss of the VLC channel is susceptible to wavelength dependence and
blockage effect. In this paper, we propose a novel path loss model which can characterize the impact
of wavelength dependence combined with mobile human blockage for both the single-LED (light
emitting diode) and the multi-LED scenario. When there is no blockage in the channel, the multi-
wavelength path loss under free space propagation is modeled with a small standard deviation of
0.262 in the single-LED scenario and a small root mean square error of 0.009 in the multi-LED scenario
which indicates the high accuracy of the model. When considering the mobile human blockage, the
blockage probability (BP) is modeled with full consideration of realistic human mobility and human
body shadowing. The results indicate that the BP in single-LED scenario can reach 0.08, while the BP
in multi-LED scenario is 0.022. This demonstrates that the distributed deployment of transmitters
can effectively reduce the occurrence of the blockage state in VLC.

Keywords: VLC; path loss; human blockage; mobile; wavelength dependence

1. Introduction

With the commercialization of the fifth-generation (5G) networks, the exploration of
the sixth-generation (6G) mobile communication system has been carried out [1,2]. Given
that the dearth of spectrum in the conventional radio frequency (RF) bands coupled with
increasing wireless traffic, industry and academia are inclined to consider employing visible
light communication (VLC) as one of the candidate technologies for the next generation
of wireless access networks. VLC is a high-speed communication technology that uses an
unauthorized spectrum ranging from 400 to 800 THz, which can provide a huge communi-
cation capacity. Moreover, VLC can use the light emitting diode (LED) to realize lighting
and communication functions simultaneously [3], which can be used to fulfill the high
capacity demand in indoor scenarios where the maximum data usage occurs [4]. At the
same time, the dual-use of LED makes the VLC close to the “zero energy consumption”
communication of light source which can help to achieve the goals of “carbon peaking”
and “carbon neutralization”. Therefore, VLC can be used as a supplement to the existing
RF system and can become one of the key technologies supporting 6G.

In the designing and optimizing of VLC systems, since channel properties determine
the performance limit of wireless communication systems, VLC channel modeling is
regarded as a foundational step. Also, the visible light channel model can be used to
evaluate the performance of VLC technologies [5]. Notably, in the VLC channel, because
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the wavelength of visible light signals is extremely short, and the size of the receiver is
usually millions of square wavelengths, the small-scale fading of signals over several
wavelengths will not occur [6]. And, it is the path loss that dominates VLC performance
that has critical importance in accurately estimating the link budget and the capacity of
the VLC channel [7,8]. Therefore, an accurate path loss model plays a decisive role in VLC
system design, performance evaluation, and testing.

Due to the propagation nature of light, the path loss of the VLC channel is suscep-
tible to wavelength dependence and blockage effect [9,10]. Firstly, the path loss shows
a dependence on the visible light signal wavelength due to the inherently wideband
(380–780 nm) of the light source in VLC. The variation of signal wavelength will lead to
a significant change in the reflection coefficient of the reflecting material, thus changing
the propagation characteristics of the VLC channel. According to Friis free space path loss
formula, the higher the signal frequency, that is, the lower wavelength, the greater the
path loss is. And, it has been verified by measurements that there is an increase of 2.26 dB
between the path loss under 405 nm and that under 625 nm at the transceiver distance of
10 m [11].

What’s more, in wireless transmission, path loss is susceptible to human blockage
due to the human body obstructing the line-of-sight (LoS) component and it is particularly
severe for VLC systems [12]. Taking an example of the millimeter wave signal, there will
appear four states when encountering blockage: falling, blocking, rising, and returning to
the unblocked state. In the process of falling and rising, the signal intensity remains high
for a certain period, which can maintain communication between transceivers. However, it
should be highlighted that for VLC, the wavelength of light is only a few hundred nanome-
ters, and it is almost impossible for light to bypass the macro blockages by diffraction [13].
Once encountering blockage during propagation, the signal intensity will rapidly fluctuate
on a large scale and fall to an extremely small level without the process of rising and falling.
Consequently, the receiving position can hardly receive any signal once blockage occurs,
reducing the stability of the VLC system [12]. Therefore, it is eminent to propose a path
loss model which can characterize the wavelength dependence properties and the human
blockage effect for VLC.

In following, we will give a review of the research on path loss which takes into
account the wavelength dependence and the human blockage for the visible light channel.

1.1. Literature Review

Looking from the existing literature, there are many studies that pay attention to path
loss in indoor scenarios for VLC. For instance, the channel path losses for various receiving
positions in indoor environments was presented in [14]. An optical ray-tracing approach
for minimizing path loss in a variable link was discussed in [15]. The distance (CI) model
of VLC was derived in [16]. The impact of transceiver characteristics on path loss was
studied in [17]. However, in these studies, wavelength dependence and human blockage
were not considered.

Furthermore, some works investigate the impact of wavelength dependence on path
loss without considering the human blockage effect. In [11], a measurement campaign
was conducted and a wavelength-dependent path loss model was proposed based on
the measurement data. In [9,18], the path loss was investigated with consideration of
the radiant power spectral density (PSD) of white LED and the wavelength-dependent
spectral reflection coefficient in obtaining the channel impulses response (CIR). Based on
the derived CIR, in [9], a path loss model was proposed in the form of the close-in (CI)
model which is a distance-dependent function. In [18], the path loss was modeled as a
logarithmic function of two parameters by curve fitting. The influence of material reflection
characteristics on path loss was explored and the model parameters were given under two
kinds of specific reflection materials. However, in these works, the wavelength dependence
is integrated within the proposed model and the relationship between the wavelength and
the path loss has not been reflected.
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Moreover, the path loss is investigated with the presence of human blockage without
considering the wavelength dependence. In [19], it was conducted a measurement cam-
paign with realistic human blockage during office hours in an office scenario. In [20], a
solution framework was proposed to enhance the communication performance in a realistic
indoor environment where blockage from both the static objects and mobile human persons
exists. In [21], a measurement campaign was conducted to study path loss with a human
body staying in a fixed position. However, in a realistic application scenario, the human is
usually moving and the path loss with the static human blockage can not reflect the link
instability induced by human mobility. Also, in [21], there is no proposed model to describe
the impact of human blockage on path loss. To involve human mobility in the investigation,
path loss with human blockage was studied based on a human moving trajectory. In [22],
the human moving trajectory was generated by a random trajectory generator algorithm
in which step direction angle and step length are chosen uniformly. In [18], the human
moving trajectory was a fixed route next to the wall and furniture. And, in [18,22], the
path loss with mobile human blockage was both modeled as a random variable with the
log-normal distribution. However, in these works, the human moving trajectory which
dominates the variation in the channel states does not exhibit the characteristics of realistic
human walking behavior, thereby reducing the accuracy of the path loss model.

In a word, the research on path loss that considers the impact of wavelength depen-
dence and the human blockage has been done in some literature. However, due to the lack
of a realistic human moving trajectory, the existing path loss model can not accurately reflect
the effect of mobile human blockage. Furthermore, to the best of the authors’ knowledge,
there is no standardized channel model or a comprehensive model which can characterize
the impact of both the wavelength dependence and the mobile human blockage on path
loss for indoor VLC channels.

1.2. Contribution of This Paper

In order to address the limitations of the existing works and hence offer an accurate
tool for proper characterization of the path loss for indoor VLC channels, we have carried
out the following contributions herein paper:

• A novel path loss model is proposed which contains the multi-wavelength path loss
under free space propagation and the blockage probability (BP) caused by the mobile
human blockage. To the authors’ knowledge, this is the first path loss model that con-
siders the impact of wavelength dependence combined with mobile human blockage.

• The wavelength dependence of path loss is investigated in both the single-LED and the
multi-LED scenarios. The multi-wavelength path loss under free space propagation is
modeled to describe the path loss in the non-blockage state. The small RMSE of the
derived parameters shows that our proposed models have the goodness of fit to the
simulated data.

• The impact of mobile human blockage on path loss is studied in both the single-LED
and the multi-LED scenarios. The BP is modeled based on a realistic human moving
trajectory and a geometry-based human body shadowing calculation method. A
human moving trajectory generating algorithm is established which is capable of
producing trajectories with realistic human walking behavior in the indoor scenario.

1.3. Paper Organization

The rest of this paper is organized as follows. In Section 2, the path loss model with
human blockage is described in detail. In Section 3, the multi-wavelength path loss models
under free space propagation in both the single-LED scenario and the multi-LED scenario
are given. In Section 4, the BP modeling in both the single-LED scenario and the multi-LED
scenario are presented. Finally, conclusions are drawn in Section 5.
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2. Multi-Wavelength Path Loss Model with Human Blockage

This section will show the multi-wavelength Path Loss Model with Human Blockage
in both the single-LED scenario and the multi-LED scenario. Firstly, the VLC channel
model which is used to obtain the path loss under free space propagation is presented.
Secondly, the path loss models in the single-LED scenario and the multi-LED scenario
which contain the multi-wavelength path loss under free space propagation and the BP are
presented respectively.

2.1. VLC Channel Model

A VLC system consists of three parts: the transmitter, the receiver, and the visible light
channel. At present, light-emitting diode (LED) and photodiode (PD) are the commonly
used transmitter and receiver, respectively. As for the description of the visible light
channel, the recursive model is used due to its advantages of high accuracy.

Generally, LED adopts the Lambert radiation pattern [23], and the radiant intensity at
each direction angle is [24]

R(ϕ) = [
(m + 1)

2π
]cosm(ϕ), (1)

where ϕ is the angle of irradiance which is commonly denoted as the angle of departure.
m is the mode number of the radiation lobe, which expresses the directivity of the source
beam and it is related to the LED semi-angle at half-power ϕ1/2 as

m =
−ln2

ln[cos(ϕ1/2)]
. (2)

A mode of m = 1 corresponds to a traditional Lambertian source.
Light is emitted from the LED and transmitted through the visible light channel. Due

to the multi-path effect, the light from the LED source S will reach the receiver R through
multiple different paths. For the LoS component, the channel impulse response (CIR) can
be calculated according to the LED radiation pattern as [25]

h0(t) ≈ Adet
D2 R(ϕ)cos(θ)rect(

θ

φc
)δ(t− D

c
), (3)

where θ is the angle of arrival. φc is the width of the field of vision (FoV) of the PD. D is the
distance between the LED and the PD. Adet is the area of the PD. The received power of the
LoS link is [26]

PLOS = PT

∫ ∞

0
h0(t)dt, (4)

where PT is the average transmitted power of LED.
For the non-line-of-sight (NLoS) component, the CIR can be calculated by utilizing

the recursive model. In the recursive method, the NLoS process is treated as multiple LoS
process. For example, the first reflection path can be regarded as two LoS processes. Firstly,
each effective scatterer is divided into small reflecting elements with a total number of n.
Each reflecting element is considered as both the receiver of the first LoS (εR

i ) with an effec-
tive area ∆A and a position of si, and the transmitter of the second LoS (εS

i ) whose radiation
pattern is described by the transmitter radiation pattern. By using convolution operation
to connect between these two processes, the CIR of the first reflection can be obtained.
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Through multiple recursive operations, k-th reflection can be obtained. Consequently, the
CIR of the rays experiencing k-th reflection can be expressed as [25]

hk(t; S, R) ≈
n

∑
i=1

ρεr
i
h0(t; S, εR

i )⊗ h(k−1)(t; εS
i , R)

=
(m + 1)

2π

n

∑
i=1

cosm(φ)cos(θ)
D2 × rect(

2φc

π
)

× h(k−1)(t− D
c

; si, R)∆A,

(5)

Here, ρ(λ) denotes the wavelength-dependent reflection coefficient of the reflecting element.
In an indoor scenario, the typical scatterer, i.e., walls, are made of plaster materials. The
wavelength-dependent reflection coefficient of plaster material is illustrated in Figure 1. It
is observed that there is a significant increase in the reflection coefficient with the increasing
signal wavelength which leads to the wavelength dependence of the visible light channel.
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Figure 1. Reflection coefficient of plaster material.

Theoretically, the number of reflections is infinite for visible light signals. In previ-
ous studies, it is reported that the contribution from the second-order reflection is about
0.7 dB [27] and this is in good agreement with the result outlined in [28]. It is about a 2%
decrease in the received power, which is not significant from the practical systems point of
view. Therefore, in this paper, considering the tradeoff between accuracy and complexity,
we calculated the first reflection path for the NLoS component. The power of the NLoS
component can be calculated as

PNLOS = PT

∫ ∞

0
h1(t)dt. (6)

At the receiver, the non-imaging concentrator with gain g(φ) and optical filter with
gain T(φ) are usually used to enhance the system performance. The gain of the concentrator
g(φ) can be given by

g(φ) =

{
n2

sin2φc
0 ≤ φ ≤ φc

0 φ > φc
, (7)

where n denotes the refractive index of the lens at the PD. If the VLC system is not equipped
with a concentrator nor an optical filter, then the corresponding optical gains can be set as
1, that is, g(φ) = T(φ) = 1. Therefore, the received power can be calculated by

PR = (PLOS + PNLOS)× g(φ)× T(φ). (8)
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Here, PR indicates the optical power reaching the receiver after channel transmission which
is the superposition of the LoS and NLoS components.

If there is no blockage for all the rays, then the path loss can be obtained by

PL[dB] = 10log(
PT
PR

). (9)

2.2. Multi-Wavelength Path Loss with Human Blockage in Single-LED Scenario

In this subsection, we analyze and model the path loss in the single-LED scenario with
the presence of human blockage. When there is a person exists in the environment, the
visible light signal in some specific directions will be cut off by the human body resulting
in a shadowing area on the receiving plane. The shadowing area is the communication
blind area which destroys the full coverage of VLC, as illustrated in Figure 2. In mobile
VLC systems, the human body will move along a trajectory, and the position of the human
body will vary with time. The shadowing area caused by human blockage will change
accordingly. For a receiving position, there will be two states, i.e., in the shadowing area
with the blockage state and in the unshadowed area with the free space propagation state.
The percentage of time that it is in the shadowing area is the BP. Therefore, to characterize
the two-state properties in the single-LED scenario, the conventional distance-dependent
path loss model should be modified into the statistical model with two cases. That is, under
the BP, the receiving positions can hardly receive any optical signal from the transmitter.
While under the other probability, i.e., 1-BP, the path loss is consistent with that under the
free space propagation.

v

Shadowing area

r

θ

X

Y

Figure 2. Human blockage in the single-LED scenario.

To describe the two-state properties, the multi-wavelength path loss model with
human blockage in the single-LED scenario is proposed in the form of a piecewise function

PLsingle(d, λ) =

{
PL
′
single(d, λ), 1− psingle

Blockage, psingle
(10)

Here, PL
′
single(d, λ) indicates the path loss model of the free space propagation to describe

the path loss in the unshaded area. In PL
′
single(d, λ), the Alpha-Beta-Gamma (ABG) model is

utilized to simultaneously reflect the wavelength dependence and the distance dependence
of path loss. The ABG model can be expressed as

PL
′
single(d, λ) = 10αlog10(

d
d0

) + β + 10γlog10(
λ

1 nm
) + Xσ, (11)

where d0 is the received-power reference point (It is set to 1 m in this paper), α and γ are the
distance and wavelength dependence on path loss, respectively. β is the optimized offset in
path loss. Xσ is a zero-mean Gaussian variable with a standard deviation σ representing
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the shadowing. In this ABG model, we can see that path loss varies with the wavelength
and the spatial distance.

psingle indicates the BP caused by the human blockage in the single-LED scenario. It is
a statistical characteristic of the blockage performance in the time domain which indicates
the percentage of the time that a receiving position is in the shadowing area. It is worth
noting that there are many factors that will influence the distribution of the shadowing area.
Firstly, the shape of the human body affects the location distribution of the shadowing area.
The increase in human figures will lead to an extension of the shadowing area. Secondly,
the human moving trajectory determines the time distribution of a specific shadowing
area. To accurately reflect the blockage performance of a mobile VLC system, both the
human body shadowing calculation and the human moving trajectory generation should
be consistent with that in the realistic application scenario.

2.3. Multi-Wavelength Path Loss with Human Blockage in Multi-LED Scenario

To meet the lighting requirements, multiple LEDs are usually used for lighting simul-
taneously, which enables multi-LED communication in VLC systems. In this subsection,
we discuss path loss with the presence of human blockages in the multi-LED scenario.

The use of multiple LEDs also increases the complexity of the blockage conditions. In
the single-LED scenario, the path loss with human blockage shows the two-states prop-
erties, while in the multi-LED scenario, signals from different transmitters form different
shadowing areas on the receiving plane and thus, result in two-state for each transmit-
ter. For a receiving position, it may receive optical signals from some transmitters, and
optical signals from other transmitters will be blocked. The number of blockage condi-
tions depends on the number of transmitters. According to the principle of permutation
and combination, when the number of LEDs is N, the number of blockage conditions is
C0

N + C1
N + · · ·+ CN

N . Therefore, at each receiving position, the possible case for path loss
is also C0

N + C1
N + · · ·+ CN

N .
Taking N = 3 as an example, for the receiving position in the 3-LED scenario, there are

8 cases of blockage conditions, as illustrated in Figure 3. Different from the situation in the
single-LED scenario that, once the blockage happens the receiving positions can not receive
any optical signal from the transmitter, in the multi-LED scenario, only under the blockage
condition where all the signals from the three LEDs are cut off, the receiving position will
be in a complete blockage state. While under the other seven cases of blockage conditions,
which can be classified into three categories, i.e., no blockage, blockage for one LED, and
blockage for two LEDs, the signal can be partially or totally received.

p11

p13

p12

p21

p23

p3

LED 1 LED 2 LED 3

Blockage for 

one LED

Blockage for 

two LEDs

Complete blockage

Figure 3. Human blockage in the 3-LED scenario (This figure represents typical human blockage
conditions in the 3-LED scenario. If there is a change in the human body position, the blockage
conditions will change accordingly).
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Therefore, the multi-wavelength path loss model with human blockage in the 3-LED
scenario is proposed in the form of a piecewise function with 8 cases, which is given by

PLmulti(d1, d2, d3; λ1, λ2, λ3) =



PL
′
multi(d1, d2, d3; λ1, λ2, λ3), p0

PL
′
multi(d2, d3; λ2, λ3), p11

PL
′
multi(d1, d3; λ1, λ3), p12

PL
′
multi(d1, d2; λ1, λ2), p13

PL
′
multi(d3; λ3), p21

PL
′
multi(d2; λ2), p22

PL
′
multi(d3; λ3), p23
Blockage, p3

(12)

Here, the path loss for the 8 cases of blockage conditions can be derived by utilizing the
multi-wavelength path loss model of free space propagation in the multi-LED scenario. For
instance, the cases in which only the signal from LED1 is blocked can be regarded as the
free space propagation of the signal from LED2 and LED3. The path loss of other cases can
be derived in a similar way.

Moreover, the probability that the 8 cases of blockage conditions occur can be described
by the BP. p0 is the non-blockage probability that all the signals from the three transmitters
are received. p1N is the BP that signals from LEDN are blocked and the signals from the
other LEDs are received. p2N is the BP that signals from LEDN are received and the signals
from the other LEDs are blocked. p3 is the complete blockage probability that the signals
from three LEDs are all blocked.

Therefore, in the path loss model with mobile human blockage, the value of the path
loss for each blockage condition can be characterized by the multi-wavelength path loss
model of the free space propagation, and the occurrence probability of each blockage
condition can be described by the BP. In the next section, we conduct the multi-wavelength
path loss analysis and modeling under free space propagation.

3. Multi-Wavelength Path Loss Analysis and Modeling under Free Space Propagation

This section will show path loss analysis and modeling under free space propagation
with consideration of wavelength dependence. Firstly, the multi-wavelength path loss
model in the single-LED scenario is proposed in the form of the ABG model. Secondly,
the multi-wavelength path loss model in the multi-LED scenario is derived based on the
proposed ABG model in the single-LED scenario. In our simulated scenario, the size of
the indoor scenario is set as that of a typical conference: 5 m × 5 m × 3 m. The LED is all
placed vertically downward in the center of the ceiling and the receiver is placed vertically
upward on the floor in a uniform distribution. The other parameter configurations of the
VLC system are shown in Table 1.

Table 1. The VLC system setup.

Parameter Value

Scenario size 5 m × 5 m × 3 m
LED Power in the single-LED scenario 1 W

LED Power in the 3-LED scenario 0.33 W
Semi-angle at half power 60◦

Mode number 1
Coating material Plaster

Reflection coefficient Wavelength-dependent
Length of reflecting elements 0.1 m

Field of vision 85◦

Physical area of PD 1 cm2

Transmission coefficient of the optical filter 1
Refractive index of len at PD 1
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3.1. Multi-Wavelength Path Loss Model of Free Space Propagation in Single-LED Scenario

Based on the VLC channel model in Section 2, the multi-wavelength path loss of the
free space propagation in the single-LED scenario is obtained, as shown in Figure 4. Firstly,
we investigate the effect of transceiver distance on path loss. It can be observed that the
path loss increase along with the increasing transceiver distance. For instance, the path loss
is 54.42 dB at d = 3 m and increases to 61.45 dB at d = 4.60 m. This is mainly because the
channel direct current gain for the LoS component is significantly affected by the square of
propagation distance with a nonlinear inverse correlation. Therefore, as the receiver moves
away from the transmitter, a large path loss occurs. This positive relationship between
the transceiver distance and the path loss coincides with the conclusion obtained from the
measurements in [29].

Meanwhile, we investigate the effect of signal wavelength on path loss. It is found that
the path loss increase with the increase in signal wavelength. The extra-wide wavelength
range of visible light signal from 380 nm to 780 nm can cause a difference of 1.74 dB on the
path loss at d = 4.60 m. This can be attributed to the NLoS component of the visible light
channel. During reflection, the increase of the light wavelength usually leads to a nonlinear
increase in the reflection coefficients of the plaster materials. Therefore, the path loss at a
smaller light wavelength suffers more severe decay than that at a larger light wavelength.

Furthermore, we use the ABG model to fit our simulated results. The simulated path
loss and the ABG model are plotted in Figure 4. The derived parameters are α = 3.953,
β = 35.840, γ = −0.007, σ = 0.262. σ has a small value, which shows that the fitted ABG
model is in good agreement with the simulation data.

Figure 4. Muti-wavelength path loss model for the single-LED scenario.

3.2. Multi-wavelength Path Loss Model of Free Space Propagation in Multi-LED Scenario

According to the theoretical definition, path loss is related to the power of the transmit-
ted signal and the power of the received signal. In the multi-LED scenario, the transmitted
power is the sum of the power of the three LEDs which is a pre-known value. The received
power can be regarded as the superposition of received power from every single LED.
Therefore, the path loss in the multi-LED scenario can be obtained by

PL[dB] = 10log(
PT1 + · · ·+ PTN
PR1 + · · ·+ PRN

). (13)

According to the (9), the received power from a single LED can be expressed by

PRN =
PTN

10
PL
′
single(dN ,λN )

10

, (14)
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where PLsingle is the proposed ABG model in the single-LED scenario. dN indicates the
distance from the receiver to LEDN . λN and PTN indicates the wavelength and the power
of LEDN , respectively. By substituting (14) to (13), the path loss in the multi-LED scenario
can be derived as

PL
′
multi(d1, . . . , dN ; λ1, . . . , λN)

= 10log10(
PT1 + · · ·+ PTN

PT1

10
PL
′
single(d1,λ1)

10

+ · · ·+ PTN

10
PL
′
single(dN ,λN )

10

). (15)

Due to the utilization of the ABG model, the proposed path loss model in the multi-LED
scenario takes into consideration the wavelength dependence and the distance dependence.
Moreover, the relationship between path loss and the deployment of multiple LEDs is
included through the application of all the transceiver distances. Also, the proposed model
is applicable to scenarios with various transceiver deployments.

The path loss of a 3-LED scenario with typical deployment is obtained using both the
simulation method and the proposed model by fixing the wavelength at 455 nm. In the
indoor scenario, the transmitters are uniformly arranged on the X-axis of the room with a
spacing of 1.5 m which is illustrated in Figure 5.

Y

X

LED 1 LED 2 LED 3

1.5 m 1.5 m 

2.5 m 

2.5 m 

2.5 m 2.5 m 

Figure 5. LED layout for the 3-LED scenario.

The simulated path loss and the path loss derived from the proposed model are shown
in Figure 6. It is found that the path loss shows an obvious correlation with the transmitter
deployment. In the scenario with the LED arranged on the X-axis of the indoor scenario,
the path loss is also axisymmetric about the room. At the direction of the Y-axis, the path
loss on both sides of the X-axis is 56.44 dB for receiving positions with the same distance of
3.16 m from the X-axis. Moreover, the path loss has an increasing trend with the increase of
the distance between the receiving position and the X-axis. For example, at the direction of
the Y-axis, the increasing distance of 0.91 m can lead to an increase of 4 dB for path loss.
And, both the axisymmetric feature and the increasing trend reflect the rationality of the
relationship between path loss and transmitter deployment in the multi-LED scenario.

To verify the accuracy of the proposed model, root mean square error (RMSE) is
calculated by

RMSE =

√√√√ 1
NUM

NUM

∑
i=1

(PLsim − PLmod)2, (16)
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where NUM is the number of simulated data. PLsim and PLmod indicate the simulated data
and the data from the proposed model, respectively. The RMSE is 0.0094 indicating that the
proposed model is in good agreement with the simulated data.

Figure 6. Path loss for the 3-LED scenario with λ = 455 nm.

4. Blockage Probability Analysis and Modeling

In this section, we present human blockage characterization with consideration of
human mobility and human body shadowing and conduct the BP modeling in both the
single-LED scenario and the multi-LED scenario. Firstly, the human moving trajectory
is generated to derive the time allocation and position information of the human body.
Secondly, the human body shadowing calculation method is used to determine the extent
of the human shadowing area for a specific human position. Then, the human shadowing
area is calculated for each human position in the moving trajectory. Finally, for each
receiving position, the BP is obtained by calculating the percentage of time that it is in the
shadowing area.

4.1. Human Moving Trajectory Generating

In this subsection, we present a human moving trajectory generating algorithm to
characterize realistic human walking behavior. In order not to lose authenticity, the semi-
Markov renewal process and the Lévy-walk are used to describe human mobility. In a
semi-Markov renewal process, a human moving trajectory can be divided into two states:
the moving state before reaching a position and the sojourn state at the position. The two
states can be used alternately to generate the human moving trajectory in a continuous
time period.

In the moving state, three steps need to be performed. Firstly, select the next destina-
tion according to the step length and orientation. Secondly, calculate the duration of the
moving state based on the step length and the moving speed. Thirdly, select the moving
route from the current position to the next destination.

The step length indicates the radial distance between the next destination and the
current position. According to [13], the step length is subject to truncated heavy-tailed
distribution such as the Pareto distribution, which can be expressed by

p(r) =
ξ × (rmin)

ξ × r−(ξ+1)

1− (rmin/rmax)ξ
, (17)

in which p(r) is the PDF of the step length r. ξ is a positive parameter. rmin and rmax
are the minimum and maximum step lengths related to the distance of elements in the
destination set. Human movements share similar patterns on any scale since the key
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statistical characteristics of re-scaled individual trajectories are identical. Hence, this
truncated heavy-tail distribution contributes prominently to the indoor trajectories.

The orientation is the direction of the next destination in the local coordinate system
(LCS) of the current position. The random orientation of a mobile terminal can be modeled
by a polar angle and an azimuth angle. In this paper, we assume that the human body
maintains upright while walking, thus the polar angle is stationary at 0 degrees. Accord-
ing to [30], the azimuth angle can be regarded as a random variable subject to uniform
distribution between 0 and 360 degrees.

After the selection of the next destination, the human body moves in a straight line
from the current position to the next destination. Generally, for the human body moving
indoors, the maximum and minimum walking speed is 2.1 m/s [31] and 1 m/s, respectively.
The walking speed can be regarded as evenly distributed between the maximum speed
and the minimum speed.

When p(r) is a heavy-tailed function, the mobility specified by φ(tm|r) is a Lévy-walk,
which is a kind of continuous-time random walk that has the joint space-time probability
density function (PDF) [13]:

Φ(r, tm) = φ(tm|r)p(r), (18)

where tm is the duration of the moving state can be obtained by dividing the step length by
the moving speed. Due to the uniform distribution of moving speed, the duration of the
moving state also follows a uniform distribution under the condition that the step length
has been obtained. φ(tm|r) is the conditional probability density that step length r takes tm
time in movement. In the general movement, the bounded Lévy-walk plays the decisive
role in each transition [32].

After reaching the next destination, the sojourn state starts. Within a certain sojourn
time, the human body remains stationary in the current position. From [32], the sojourn
time is also subjected to a truncated Pareto distribution as

p(ts) =
η × (ts,min)

η × t−(η+1)
s

1− (ts,min/ts,max)η , (19)

in which ts denotes the sojourn time. η corresponds to the positive parameter. ts,min and
ts,max are the minimum and the maximum sojourn times at the current location, respectively.
By continually iterate between the sojourn state and the next moving state, the human
moving trajectory for a continuous period of time can be obtained.

The detailed human moving trajectory generating procedure is summarized in the
Algorithm 1. The parameter settings in our simulation are shown in Table 2.

Table 2. The trajectory generation setup.

Parameter Value

Human height 1.71 m [33]
Human weight 0.30 m [34]

Number of generated steps 20,000
Time resolution 1 s

The maximum speed 2.1 m/s
The minimum speed 1 m/s

The maximum sojourn time 2 s
The minimum sojourn time 1 s

Positive parameter ξ 0.5 [13]
Positive parameter η 1 [13]
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Algorithm 1 Human Moving Trajectory Generator

1: Initialize the room layout, the resident;
2: Initialize N as the number of runs;
3: Initialize P for recording the positions;
4: Choose a random position P(t = 0) = (x, y);
5: tbeg ← 1; tend ← 1;
6: tcul ← 0;
7: for i = 2 : N do
8: Generate r ∼ Pareto(ξ, rmin, rmax);
9: Generate tm ∼ random(r/vmax, r/vmin);

10: Generate θ ∼ random(0, 360);
11: tcul ← tcul + tm;
12: tend ← tcul/∆t;
13: for j = tbeg : tend do

14: x ← x + j∆t−tcul−tm
tm

rcos(θ);

15: y← y + j∆t−tcul−tm
tm

rsin(θ);
16: P(t = j∆t) = (x, y);
17: end for
18: tbeg ← tend + 1;
19: Generate ts ∼ Pareto(η, ts,min, ts,max);
20: tcul ← tcul + ts;
21: tend ← tcul/∆t;
22: for j = tbeg : tend do
23: P(t = j∆t) = P(t = (j− 1)∆t);
24: end for
25: tbeg ← tend + 1;
26: end for
27: return P;

4.2. Human Body Shadowing Calculation Method

There are three factors related to the human body shadowing area: the shape of the
human body, the transmitter position, and the human body position. Once these three
factors are determined, according to a relative geometrical relationship, the extent and
position of the human body shadowing can be derived. Next in this section, the human
body is modeled first, and then the shadowing area is calculated based on the geometry-
based method.

In this paper, the human body is modeled as a cylinder with height and radius denoted
by H and R, respectively [35]. The position of the human body is PH(xH , yH , 0). The posi-
tion of the transmitter and the receiver is PL = (xL, yL, zL) and PR = (xR, yR, 0), respectively.
These position coordinates are their values in the global coordinate system (GCS).

There are two key parameters that determine the extent of the shadowing area: angle
range and radius distance. When the horizontal distance between the human body and the
transmitter is less than R, the angle range of the shadow is 360 degrees in the LCS of the
transmitter, and the shape of the shadow is circular or oval, as shown in Figure 7.

For a specific shadow angle in the LCS of PL within the angle range, its corresponding
radial length is (0, dup). dup is the distance between PL and point E which is the maximum
radial length of the shadow. If the distance between a receiving position and the transmitter
is less than dup, the receiving position is in the shadowing area which is in a blockage state.
dup can be expressed as

dup = (1 +
H

zL − H
)
√
(xQ)2 + (yQ)2, (20)

where zL is the height of the indoor scenario. Point Q represents the intersection point of
the radial distance and the human cylinder on the two-dimensional plane. xQ and yQ are
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the abscissa and ordinate of point Q. The calculation methods of the position coordinates
of point Q will be introduced later.

LED

Z

Y

X

PH

PL

E

Q

dup

PL

H

R

PH

Figure 7. 3-D model of the oval human body shadowing.

When the horizontal distance between the human body and the transmitter is greater
than R, the angle range is (θlow, θup). The shape of the shadow is a part of a fan, as shown
in Figure 8.

Z

Y

X

LED
PL

zL

H

R

E

θup

PH

PLA

B

θ1

θ0

PH

QN

QF

Figure 8. 3-D model of the fan human body shadowing.

θlow and θup are the minimum and maximum coverage angle of the shadow which can
be calculated according to the quadrant where PH is located in the LCS of PL, as shown in
Table 3. θ0 can be expressed as

θ0 = arcsin(
R
dl
), (21)

where dl is the horizontal distance between PL and PH . θ1 is the angle of the line from PL to
PH in the LCS of PL, which can be expressed as

θ1 = arctan(
xH − xL
yH − yL

). (22)

Table 3. The calculation formula of θlow and θup.

Quadrant θlow θup

1 90− θ1 − θ0 90− θ1 + θ0
2 90 + θ1 − θ0 90 + θ1 − θ0
3 270− θ1 − θ0 270− θ1 + θ0
4 270 + θ1 − θ0 270 + θ1 + θ0
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Under this circumstance, the range of radial distance is (dlow, dup). dlow is the lower
limit of the shadow range on every shadow angle. dlow and dup can be calculated by [34]

dup = (1 +
H

zL − H
)
√
(xQF)2 + (yQF)2, (23)

dlow =
√
(xQN)2 + (yQN)2. (24)

xQF and yQF are the abscissa and ordinate of point QF, xQN and yQN are the abscissa and
ordinate of point QN . If the distance between the transceiver is greater than dlow and less
than dup, the receiver is located in the shadowing area.

The coordinate value of point Q, point QN , and point QF can be calculated by the
binary system of equations [35]{

(xQ − xH)
2 + (yQ − yH)

2 = r2

yQ = KxQ
, (25)

where K is the slope of the line between the receiver and the origin in the LCS of PL. By
solving the binary system of equations, we can get two groups of solutions{

xQ1 = xH+yHK
1+K2 + H1

yQ1 = KxQ1
, (26)

and {
xQ2 = xH+yHK

1+K2 − H1

yQ2 = KxQ2
. (27)

The expression of H1 can be given by

H1 =

√
[2(xH − xL) + 2(yH − yL)K)2]− 4(1 + K2)[(xH − xL)2 + (yH − yL)2 − R2]

2(1 + K2)
. (28)

For the case where the horizontal distance between the human body and the transmit-
ter is less than R, if the receiver is in the first quadrant or the fourth quadrant in the LCS of
PL, then xQ = xQ1. If the receiver is in the second quadrant or the third quadrant in the
LCS of PL, then xQ = xQ2. For the case where the horizontal distance between the human
body and the transmitter is greater than R, xQF equals the larger absolute value of xQ1 and
xQ2. xQN equals the smaller absolute value of xQ1 and xQ2.

4.3. Blockage Probability Model in Single-LED Scenario

Based on the human moving trajectory generating algorithm and the human body
shadowing calculation method, the BP can be obtained by calculating the percentage of
time that the receiving position is in the shadowing area. The BP in the single-LED scenario
is depicted in Figure 9.

It is founded that, on the whole, the BP increases along with the increasing transceiver
distance d. For example, in the diagonal direction of the room, the BP is 0.016 at d = 3 m
and increases to 0.066 at d = 4.22 m with a difference of 6.15 dB. And in the positive X-
axis direction, the BP is 0.016 at d = 3 m and increases to 0.037 at d = 3.9 m which has a
difference of 3.64 dB. This is mainly because the human body shadowing is always toward
the outward direction of the human body with respect to the transmitter, thus the receiving
position with a larger transceiver distance will have a greater probability to be blocked.

Furthermore, the BP of the receiving positions with the same transceiver distance is
not exactly the same and has a considerable fluctuation. For example, for the receiving
positions where the transceiver distance is 4.6 m, the BP fluctuates in the range from 0.02
to 0.06. What’s more, there are some specific directions where the lower bound of the
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fluctuated BP appears. It can be observed that the BP is generally lower in the direction of
the symmetry axis of the room, i.e., the X-axis and the Y-axis. For instance, for the receiving
positions at a transceiver distance of 3.84 m, the BP in the diagonal direction is 0.063.
While for the receiving positions at the same transceiver distance in the X-axis direction,
the BP decreases to 0.010 which is 7.99 dB lower than that in the diagonal direction. It
is obvious that the distribution of BP has a tight connection with the relative position in
the environment.

Figure 9. Blockage probability for the single-LED scenario.

Based on the analysis, it is found that the BP in the single-LED scenario is related to
three parameters: the transceiver distance, the distance to the X-axis, and the distance to
the Y-axis. Also, the transceiver distance can be expressed by the two other parameters as

d =
√

d2
X + d2

Y − 2lz2, (29)

where dX and dY denote the three-dimensional distance between the receiving position
and the X-axis and the Y-axis, respectively. lz is the fixed vertical distance between the
transceiver. Therefore, the BP can be modeled as a two-dimensional function related to dX
and dY:

psingle = f (dX , dY), (30)

where
f (dX , dY) =a2 + b2

√
d2

X − lz2 + c2

√
d2

Y − lz2

+ d2

√
d2

X + d2
Y − 2lz2,

(31)

The derived parameters of the mean value are a2 = 0.035, b2 = 0.040, c2 = 0.029,
d2 = − 0.039. The RMSE is 0.006 indicating that our proposed model has the goodness of
fit to the simulated data.

4.4. Blockage Probability Model in Multi-LED Scenario

In this subsection, we discussed the modeling of multiple BPs in the multi-LED
scenario. To obtain the BP in the multi-LED scenario, the human body shadowing modeling
should be conducted for every single LED. In the 3-LED scenario, for every human position
in the moving trajectory, three shadowing areas with different shapes and positions exist
at the same time. And the eight blockage conditions are the joint effect of the three
shadowing areas.

Figure 10 illustrates the probabilities of the eight blockage conditions in the 3-LED sce-
nario. It is observed that all eight probabilities show a common feature, namely symmetry
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about the X-axis which is the transmitter deployment line. This is due to the deployment
of the transmitter determines the directions of the visible light signal. On both sides of
the X-axis, the direction of the visible light signal is symmetric, and the positions where
the shadowing area appears are symmetric, thus the distributions of BPs are also sym-
metric. What’s more, except for the common-shared symmetry, the BPs possess unique
characteristics that can be attributed to the specific requirements of blockage conditions on
the incident signal direction. In order to derive BP models with high accuracy, both the
common features and the unique characteristics of the BP need to be well described. In
the following, we analyze and model the BP of the eight blockage conditions separately.
The model parameters are extracted from the simulated data through the least square
(LS) method.

The simulated results and the fitting model of p0 are plotted in Figure 10a. It is found
that as the distance to the X-axis becomes larger, the p0 has a nonlinear decrease. The
maximum and minimum value of p0 is 0.93 and 0.87, respectively. Moreover, for receiving
positions with the same distance from the X-axis, the p0 is almost equivalent. Therefore, p0
is modeled as a function of the distance between the receiving position and the X-axis. The
power function is used to fit the nonlinear decreasing trend:

p0 = f0(dX), (32)

where
f0(dX) = 4072d−10.14

X + 0.874. (33)

Figure 10b presents the simulated results and the fitting model of p11. It is observed
that the p11 is significantly affected by the distance between the receiving position and the
LED1 with a positive correlation. For instance, at the direction of the X-axis, the p11 under
the distance of 5 m from LED1 is about 23.42 dB larger than that under the distance of 3 m
from LED1. Moreover, the symmetry with respect to the X-axis is equally applicable for p11
and it is found that the p11 increases along with the increasing dX . At the receiving positions
with a distance of 3 m from LED1, the increasing dX of 0.9 m will result in an increase of
15.94 dB for p11. Also, at the receiving positions with a distance of 5 m from LED1, the p11
under the dX of 3.9 m is 1.57 dB larger than that under the dX of 3 m. Therefore, p11 can
be modeled as a two-dimensional function of the dX and distance between the receiver
and LED1:

p11 = f11(d1, dX), (34)

where
f11(d1, dX) = −1.904d−3.521

1 + 0.004
√

d2
X − lz2 + 0.039, (35)

in which d1 denotes the three-dimensional distance between the receiving position and LED1.
Figure 10d presents the simulated results and the fitting model of p13. Due to the

symmetry of the LED deployment as well as the symmetry of the income signal direction
required by the blockage condition, p13 has the same trend as p11 and can be modeled
in the same form with p11. The only difference is that p13 is not related to d1, but to the
distance between the receiving position and the LED3. Therefore, p13 is modeled as

p13 = f13(d3, dX), (36)

where
f13(d3, dX) = −1.904d−3.521

3 + 0.004
√

d2
X − lz2 + 0.039, (37)

in which d3 denotes the three-dimensional distance between the receiving position and LED3.
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Figure 10. Blockage probabilities in the 3-LED scenario.

The simulated results and the fitting model of p12 are plotted in Figure 10c. It is found
that as the distance to the X-axis becomes larger, the p12 has a nonlinear increasing trend.
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For instance, the p12 under the dX of 3.9 m is 10.97 dB larger than that under the dX of 3 m.
Likewise, for receiving positions with the same distance from the X-axis, the p12 is almost
equivalent. Therefore, p12 is modeled as a function of dX . The power function is used to fit
the nonlinear increasing trend:

p12 = f12(dX), (38)

where
f12(dX) = −8.276d−5.518

X + 0.029. (39)

Figure 10e presents the simulated results and the fitting model of p21. It is observed
that the p21 is significantly affected by the distance between the receiving position and the
LED1 with a negative correlation. For instance, at the direction of the X-axis, the p21 under
the d1 of 3 m is about 20 dB larger than that under the d1 of 5 m. Moreover, p21 is symmetric
about the X-axis and is decreasing along with the increasing dX . At the receiving positions
with a d1 of 4.24 m, the increasing dX of 0.9 m will result in a decrease of 2.55 dB for p21.
Therefore, p21 can be modeled as a two-dimensional function of the dX and d1:

p21 = f21(d1, dX), (40)

where
f21(d1, dX) = −0.165d−0.882

1 − 0.003
√

d2
X − lz2 + 0.063. (41)

Figure 10g presents the simulated results and the fitting model of p23. The relationship
of p23 and p21 is the same as that of p13 and p11. Thus, to obtain the p23 model, the only
transformation that needs to do is to substitute d1 with d3 in the p11 model. Therefore, p13
is modeled as

p23 = f23(d3, dX), (42)

where
f23(d3, dX) = −0.165d−0.882

3 − 0.003
√

d2
X − lz2 + 0.063. (43)

The simulated results and the fitting model of p22 are plotted in Figure 10f. It is
obvious that the value of p22 is fixed to 0 on the receiving plane. This can be explained by
the relative position relationship of LEDs. LED1 and LED3 are located on different sides of
LED2, so it is difficult to happen that the signal from both sides of LED2 is blocked while
the signal of LED2 is received, which requires the blocking object to have a larger width
and a curved shape.

Figure 10h presents the simulated results and the fitting model of p3 which represents
the probability of complete blockage for the multi-LED scenario. It can be found that there
is no obvious trend for p3, which is similar to a random variable, and it has been proved
that its distribution conforms to normal distribution. Therefore, p3 is modeled as a normal
random variable with a mean of 0.0138 and a variance of 8.23× 10−6:

p3 ∼ N(0.0138, 8.23× 10−6). (44)

The RMSEs between the proposed BP models and the simulated data under the eight
blockage conditions are small, which are 0.0063, 0.0047, 0.0016, 0.0048, 0.0024, 0, 0.0024 and
0.0040 for p0, p11, p12, p13, p21, p22, p23 and p3, respectively, indicating that the proposed
models fit well with simulated data.

The blockage performance is analyzed comparatively in single-LED and multi-LED
scenarios. Firstly, the probability of a complete blockage in the multi-LED scenario is much
lower than that in the single-LED scenario. We calculate the expectation of complete BP
for all receiving positions on the receiving plane in both scenarios. The expectation of
complete BP is 0.037 in the single-LED scenario and 0.013 in the multi-LED scenario, which
has a decline of 4.54 dB. What’s more, the peak value of the complete BP in the multi-LED
scenario is 0.022 which is 3.89 dB lower than that in the single-LED scenario. The results
indicate that the distributed arrangement of transmitters can prevent the occurrence of
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ultra-high BP at the local position of the receiving plane. This is due to the separation of
the transmitter enables the angle of arrival (AoA) of the income signal to expand from a
single value to multiple values. And, it is much more difficult to simultaneously block the
signals from several AoAs than just block the signals from a single AoA, thereby reducing
the probability of complete blockage.

Based on the multi-wavelength path loss model under the free space propagation
and the BP models of the blockage condition, the path loss for the 3-LED scenario can be
expressed by a piecewise function with seven cases, which is given by

PLmulti(d1, d2, d3; λ1, λ2, λ3) =



PL
′
multi(d1, d2, d3; λ1, λ2, λ3), p0 = f0(dX)

PL
′
multi(d2, d3; λ2, λ3), p11 = f11(d1, dX)

PL
′
multi(d1, d3; λ1, λ3), p12 = f12(dX)

PL
′
multi(d1, d2; λ1, λ2), p13 = f13(d3, dX)

PL
′
multi(d3; λ3), p21 = f21(d1, dX)

PL
′
multi(d3; λ3), p23 = f23(d3, dX)
Blockage, p3 ∼ N(0.0138, 8.23× 10−6)

(45)

5. Conclusions

In this paper, we conduct path loss modeling with consideration of wavelength
dependence and mobile human blockage for the indoor VLC channel. Firstly, a novel
path loss model which can characterize the impact of wavelength dependence and mobile
human blockage is proposed in both the single-LED and the multi-LED scenarios. Moreover,
the multi-wavelength path loss of free space propagation is presented to describe the path
loss in the non-blockage state. The multi-wavelength path loss in the single-LED scenario
is modeled in the form of the ABG model with a wavelength dependence coefficient of
−0.007 and a small standard deviation of 0.262. The multi-wavelength path loss in the
multi-LED scenario is derived based on the proposed ABG model. Furthermore, the BP
caused by the mobile human blockage is investigated based on realistic human mobility and
human body shadowing calculation. In the single-LED scenario, the complete BP can reach
0.08 and the lower bound of the BP shows a strong correlation with the relative direction
of the transceiver. Moreover, in the multi-LED scenario, the complete BP is about 4.54 dB
lower than that in the single-LED scenario, indicating that the distributed deployment
of transmitters can effectively reduce the complete BP. Generally, this work can give an
insight into the link budget of VLC systems for 6G. However, there are certain limitations
of the proposed model. The complexity of the model is high and the computational cost is
large. In future work, we will try to reduce the complexity and the computational cost, and
provide a path loss model considering mobile human blockage with high accuracy and
low complexity.
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