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Abstract: Millimeter-wave (mmWave) communications and visible light communications (VLC) are
proposed to form hybrid mmWave/VLC systems. Furthermore, channel modeling is the foundation
of system design and optimization. In this paper, we compare the propagation characteristics,
including path loss, root mean square (RMS) delay spread (DS), K-factor, and cluster characteristics,
between mmWave and VLC bands based on a measurement campaign and ray tracing simulation in
a conference room. We find that the optical path loss (OPL) of VLC channels is highly dependent
on the physical size of the photodetectors (PDs). Therefore, an OPL model is further proposed as
a function of the distance and size of PDs. We also find that VLC channels suffer faster decay than
mmWave channels. Moreover, the smaller RMS DS in VLC bands shows a weaker delay dispersion
than mmWave channels. The results of K-factor indicate that line-of-sight (LOS) components mainly
account for more power for mmWave in LOS scenarios. However, non-LOS (NLOS) components
can be stronger for VLC at a large distance. Furthermore, the K-Power-Means algorithm is used to
perform clustering. The fitting cluster number is 5 and 6 for mmWave and VLC channels, respectively.
The clustering results reveal the temporal sparsity in mmWave bands and show that VLC channels
have a large angular spread.

Keywords: visible light communications (VLC); mmWave communications; channel modeling; chan-
nel propagation characteristics; path loss; delay spread (DS); Ricean K-factor; cluster characteristics

1. Introduction

Motivated by the rising spectrum needs, millimeter-wave (mmWave) communications
located in 30–300 GHz (Figure 1) have received great attention in recent years [1–4], and the
channel models have been standardized by groups around the world, such as the 3rd Gen-
eration Partnership Project (3GPP) (for 0.5–100 GHz) [5]. Furthermore, the sixth-generation
(6G) wireless communication systems are desired for high speed, low latency, and high reli-
ability, which the radio frequency (RF) technologies cannot support. To address such issues,
visible light communication (VLC) has emerged to be a key technology in 6G [6–8]. VLC
employs the unlicensed frequency spectrum resources at 400–800 THz (Figure 1), which can
provide a high data transmission rate and a strong resistance to electromagnetic interfer-
ences [9,10]. However, the complex applications in 6G have different requirements, which
may not be satisfied by a single technology, whether RF or VLC technologies. This requires
the combination of multiple communication technologies, e.g., hybrid mmWave/VLC
systems [11–13]. These two technologies are expected to complement each other to form a
reliable communication system in the future.

mmWave and VLC channel modeling is the foundation of designing and optimizing
hybrid mmWave/VLC communication systems, which can be used to evaluate the per-
formance and determine the performance limit of wireless communication systems [14].
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Moreover, it is also important to understand the differences in the propagation characteris-
tics of VLC and mmWave channels, based on which can exert the respective advantages of
mmWave and VLC to design the hybrid mmWave/VLC systems. In the following, we give
a review of related works.

𝟏𝟎𝟏𝟓𝟏𝟎𝟏𝟒𝟏𝟎𝟏𝟑𝟏𝟎𝟏𝟐𝟏𝟎𝟏𝟏𝟏𝟎𝟏𝟎𝟏𝟎𝟗𝟏𝟎𝟖 Frequency (Hz)

Visible

400−800 THz (380−780 nm)

mmWave

30−300 GHz (1−10 mm)

Figure 1. The comparison of frequency spectrum resources in mmWave and VLC bands. Generally,
mmWave is located in 30–300 GHz. Moreover, some frequencies, e.g., 24 and 28 GHz, are also
included in mmWave bands due to their similar characteristics to mmWave.

1.1. Literature Review

In [13], the authors provided an overview of RF and VLC systems, and they compared
the basic system components and modulation techniques of RF and VLC technologies.
In [15], the channel frequency response (CFR) of mmWave and VLC channels was investi-
gated. The results show that the channel for VLC is frequency-selective and lowpass, while
the channel for mmWave is almost flat. The same results can be found in [16], where the
path loss (mmWave) and received power (vehicular VLC) are also given. In [17], the authors
presented the results of path loss and time dispersion characteristics for mmWave (mea-
surement) and VLC (simulation), respectively, under different configurations, e.g., room
size, transceiver deployment, and operating frequency. They find that mmWave and VLC
channels share some common characteristics but also some differences in path loss and
time dispersion.

Generally, the existing research of propagation characteristics comparisons between
mmWave and VLC bands under the same conditions (conference scenarios and parameters
setting) is rare, but it is worth greater attention.

1.2. Contributions of This Paper

The key to propagation characteristics comparisons between mmWave and VLC bands
requires the same conditions. In our work, the comparisons are made based on the same
conference scenario. The contributions of this paper are as follows:

• Channel characteristics comparisons between mmWave and VLC bands are performed
based on the same conference scenario and parameter settings.

• A unique optical path loss (OPL) model dependent on the physical size of photodetec-
tors (PDs) is first proposed for VLC based on the widely used floating-intercept (FI)
model in mmWave. The size of PDs can be estimated to meet the required coverage
range by using this model while designing systems.

• The large-scale fading characteristics and multipath-related characteristics, includ-
ing root mean square (RMS) delay spread (DS), K-factor, and cluster characteristics,
between mmWave and VLC bands are compared fairly based on the same scenario.

The rest of this paper is organized as follows. Section 2 introduces the scenarios
and parameter settings for mmWave and VLC, respectively. Propagation characteristics
comparisons are presented in Section 3. Finally, Section 4 concludes this paper.

2. Scenarios and Setup
2.1. Measurement Scenario and Setup in mmWave Bands

A mmWave channel measurement campaign at 28 GHz was performed with a wide-
band correlation sounder in a conference room (No. 510) of the Scientific Technology
Building at the Beijing University of Posts and Telecommunications (BUPT), as shown in
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Figure 2a. The map of this room and the 16 measured positions are marked in Figure 2b.
The transmitter (TX) is placed at the corner of this conference room while the receiver (RX) is
placed at the 16 measured positions successively. The measured distance is within the range
of 3 to 10.51 m and all of these measurements are in line-of-sight (LOS) scenarios. In order
to obtain the large-scale parameters and small-scale parameters of channels, we used the
measurement platform to conduct two kinds of measurements in this conference room.

• Setup one: Two omnidirectional biconical antennas (360◦ and 40◦ half power beam
width (HPBW) in azimuth and elevation, respectively) were used at TX and RX sides
to collect all multipath components (MPCs), and then 1000 channel impulse responses
(CIRs) samples were measured in each position.

• Setup two: An omnidirectional biconical antenna was used at TX side while a direc-
tional horn antenna (10◦ and 11◦ HPBW in azimuth and elevation, respectively) was
mounted in an electrical positioner at RX side. In these virtual measurements, the TX
antenna was fixed and the RX antenna was rotated in steps of 5◦ in azimuth from 0◦

to 360◦, and there were three different elevations, −10◦, 0◦, and 10◦. Channel charac-
teristics in the spatial domain can be obtained through these virtual measurements.
In each horn antenna pointing direction, we measured 1000 CIR samples.

TXRX

(a) Measurement scenario in mmWave bands

Y/m

X/m

(0,0)
10.97 m

6
.6

2
 m (7.59,4.09)

(6.99,5.32)(4.59,5.32)(2.19,5.32)(0.97,5.92)

(1.52,4.09)

(2.19,2.92) (4.59,2.92) (6.99,2.92)

(9.39,2.92)

(9.97,0.49)(8.17,0.49)(6.37,0.49)(4.57,0.49)(2.77,0.49)(0.97,0.49)

(9.97,5.92)

TX

RX

N

90

180

270

0

(b) Map for measurement scenario

Figure 2. Measurement scenario and map for this scenario, in which there are 16 measurement posi-
tions in total.

Based on these two measurements, we can obtain the path loss, RMS DS, K-factor,
and spatial characteristics of mmWave channels. Furthermore, the parameters of the
measurement setup are listed in Table 1.

Table 1. Parameters of measurement setup.

Parameter Value

Central frequency 28 GHz
RF bandwidth 600 MHz

Chip sequence length 511
Chip rate 400 MHz

Delay resolution 2.5 ns
Pulse repetition interval 1277.5 ns

Biconical antenna/Horn antenna gain 2.93 dBi/25 dBi
Biconical antenna/Horn antenna polorization Vertical/Vertical

Biconical antenna/Horn antenna azimuth HPBW 360◦/10◦

Biconical antenna/Horn antenna elevation HPBW 40◦/11◦

TX antenna/RX antenna height 1.68 m/1.68 m
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2.2. Simulation Scenario and Setup in VLC Bands

The VLC channel characteristics are investigated based on the ray tracing features of
Zemaxr [18] due to the lack of a channel sounding platform for VLC, which is limited
by the narrow −3 dB bandwidth (typically around a few MHz) of optical transmitters
(LEDs) [19]. VLC channel models developed by this ray tracing method were accepted as
reference channel models in IEEE 802.15.13 and IEEE 802.11bb [20]. This channel modeling
approach has been demonstrated by experimental results in [21].

In this work, we adopt this well-established realistic channel modeling approach [22].
First, a 3D simulation environment is created, as shown in Figure 3a, where the geometry
of the simulation environment can be specified accurately based on the conference room
in Figure 2a. Moreover, the CAD models, e.g., tables, desks, and display screen, designed
according to the actual measured size in the conference room (No. 510), are imported into
the software. The map of this simulation environment and the 16 detector positions are
shown in Figure 3b. The wavelength-dependent spectral reflection characteristics of the
surface materials (i.e., ceiling, floor, walls, furniture, etc.) are given in Figure 4, which are
from [23]. Moreover, we consider the mixed reflections including diffuse and specular
reflections by adjusting the scatter fraction (SF) parameter. This parameter changes between
0 and 1 such that zero indicates the purely specular reflections and unity indicates the
purely diffuse case. The coating materials of objects in this environment and SF setting
are given in Table 2. The specifications of the light sources are shown in Figure 5. These
are commercially available light sources (PAR20) with 20◦ half viewing angle [24], i.e., 40◦

viewing angle. Considering the 360◦ and 40◦ HPBW in azimuth and elevation of mmWave
antennas, we use nine LEDs (PAR20) with different pointing from 0◦ to 360◦ (interval of
40◦) at TX. Therefore, the same coverage as mmWave antennas can be achieved in azimuth
(360◦) and elevation (40◦), as illustrated in Figure 5a. Figure 5b,c illustrate the intensity
profiles and the normalized optical spectrum of LED, respectively. Moreover, a spherical
PD, as in Figure 3a, called detector polar in Zemaxr, is adopted as the RX antenna. This
spherical PD is used in order to collect all the MPCs arriving at the PD, as mmWave antenna
does. The photosensitive area of PD can be changed by the radial size (RS), i.e., the radius
of detector polar in our simulation. Note that the LEDs and detector are positioned at the
same height of 1.68 m as the mmWave antennas at RX.

LED

RS of PD

(a) Simulation scenario in VLC bands

1（7.59,4.09）

2 （6.99,5.32）3（4.59,5.32）4（2.19,5.32）

16（0.97,5.92）

5

（1.52,4.09）

6（2.19,2.92） 7（4.59,2.92） 8（6.99,2.92） 9

（9.39,2.92）

10（9.97,0.49）11
（8.17,0.49）

12

（6.37,0.49）

13
（4.57,0.49）

14

（2.77,0.49）（0.97,0.49）

15

X/m

Y/m

（0,0）

LED 0.7 m

5.43 m

0.49 m

（1）
（2）

（3）
（4）

N

(b) Map for simulation scenario

Figure 3. Simulation scenario and map for this scenario, in which there are 16 detector positions
in total.
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Figure 4. Spectral reflectance of various materials.
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(c) Relative spectral power distribution

Figure 5. The specifications of the light sources, including the emission pattern of LEDs, relative
intensity distribution, and relative spectral power distribution.

Table 2. Parameters of simulation setup.

Item Parameter Value

Room Size 10.97× 6.62× 2.40 m3

Reflections specifications
Number of reflections 4
Material reflectance Wavelength-dependent
Type of reflections Specular and diffuse reflections

Coating material

Walls Plaster
Ceiling Ceiling
Floor Floor

Table, desks, and doors Pine Wood
TV screen Plate Window Glass

TV shelf and electric box Galvanized Steel Metal

Scatter fraction
TV screen 0.2

Desks and doors 0.5
Other objects 1

TX

Model of LED PAR20
Number of LED 9

Optical power of each LED 2 W
Analysis rays 107

Minimum relative ray intensity 10−3

Channel Length dLOS 3–10.51 m
Delay resolution 0.2 ns

RX Type of receiver Detector Polar
Radial size 10 mm
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The non-sequential ray tracing features of Zemaxr can be used to calculate the re-
ceived power and path lengths from the light source to detector for each ray, which can
be further used to obtain the CIRs between the light source and the detector point. In our
simulation, the detector is placed at the 16 positions, respectively. Here, Monte Carlo
analysis and Sobol sampling are adopted as the random ray tracing methods. The number
of reflections was determined based on the simulation of particular ray propagation, where
the normalized intensity dropped to 10−3, i.e., the value of parameter “minimum relative
ray intensity” in Zemaxr. All other key parameters can be found in Table 2.

3. Channel Characteristics Comparisons
3.1. Channel Impulse Responses

For a wideband mmWave channel, the receiver can resolve multiple paths according
to their delay and the CIRs are commonly represented by the superposition of many
plane waves. Furthermore, in our measurements, only two students who operated the
measurement platform stayed in the conference room, and they tried to keep stationary
during the measurement. Thus, time variance can be ignored here. The CIRs are given
as follows:

h(τ) = Vδ(τ − τ0) +
N

∑
n=1

anejφn δ(τ − τn), (1)

where V presents the deterministic (typically LOS) component with the excess delay τ0.
The parameters an, τn, and φn are the amplitude, excess delay, and initial phase of the nth
stochastic component, i.e., typically non-LOS (NLOS) component, respectively. N denotes
the number of multiple paths.

For VLC channels, the ray tracing process will end with an output file, including the
detected optical power and path lengths from sources to the detector for each ray. Then,
we can obtain the CIRs based on these data, as in [18]:

h(τ) =
Nr

∑
i=1

Piδ(τ − τi), (2)

where the Pi and τi are the received optical power and propagation delay of ith ray, and Nr
denotes the number of received rays at the detector.

The CIRs at the 10th position are given in Figure 6a,b for mmWave and VLC, re-
spectively. It is observed from Figure 6b that the delay of the first peak (LOS) is 18 ns,
with which multiplied by the speed of light (3× 108 m/s) we can obtain the LOS distance
(5.4 m). It can be verified that the LOS distance is equal to the distance from TX to the
10th position (5.43 m) in Figure 3b, as the blue line shows. The second peak in Figure 6b
is close to the LOS, so we can infer that it mainly comes from the reflections of the east
door (red lines in Figure 3b). Moreover, the delay of the third and fourth peaks is 21.4 ns
and 22.8 ns, i.e., the propagation distances are 6.42 m and 6.84 m, respectively. The green
route in Figure 3b means TX → the south wall → RX and the path distance is 6.41 m
(0.49× 2 + 5.43 ≈ 6.42 m). Therefore, the third peak mainly comes from the reflections
from the south wall. Furthermore, the fourth peak is mainly from the north wall, as the
black route presents with a path distance of 6.83 m (0.7× 2 + 5.43 ≈ 6.84 m) in Figure 3b.
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Figure 6. CIR at the 10th position.

We find that mmWave channels have more peaks than those in VLC channels, which
can also be found at other points. This result indicates that the mmWave signals can be
received at RX through the reflections of more scatters but a few reflections by specific
scatters can reach the detector for VLC. Moreover, mmWave channels present a larger delay
fluctuation (130 ns) than that of VLC channels (20 ns), which can be explained by the diffuse
reflections of VLC, i.e., the light rays split into many random rays and they are reflected in
all directions when interacting with scatters. Finally, only small rays can reach the detector.

3.2. Path Loss

Path loss is the reduction in power density of a radio wave as it propagates [25].
In wireless communication systems, the path loss is of high importance for coverage
prediction and interference analysis [26,27]. For mmWave channels, the path loss is a
function of distance and can be written by [14]:

PL(d) = PT + GT + GR + GS + 20log10(
λ

4πd
)− PR, (3)

where GT, GR, and GS are the antenna gain of TX, RX, and the system gain, respectively; λ is
the wavelength; d is the spatial distance between TX and RX; PT is the transmitter power,
and PR = 10log10(∑N

n=1(V
2 + a2

n)) denotes the received power in our measurements.
In each measured position, we can collect 1000 samples of path loss from the first kind

of measurements. We can model path loss in this conference room based on these samples
with the widely used floating-intercept (FI) [5] and close-in (CI) [28] model. The FI and CI
model can be expressed as

PLFI(d) = β + 10αlog10(d) + Xσ
FI, (4)

PLCI( f , d) = 20log10(
4πd0 f

c
) + 10nCI log10(

d
d0

) + Xσ
CI for d ≥ d0, d0 = 1 m, (5)

where β is the intercept, α and nCI are the parameters of fit, i.e., path loss exponent
(PLE), Xσ is a zero-mean Gaussian variable representing the shadowing, and d0 is the
reference distance.

For VLC channels, the impulse responses of LEDs and PDs have not been standardized
as with the antennas in mmWave bands. Therefore, the characteristics of LEDs and PDs are
considered in the existing channel models [29–31] for VLC. The channel path loss coupled
with transceivers is defined as OPL, which can be expressed as [18,32]:

OPL(d) = −10log10

(∫ ∞

0
hd(τ)dτ

)
, (6)
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where the hd(τ) denotes the CIR for the distance d. The CI model cannot be applied to
model the OPL in VLC bands, because this model requires a specific frequency (i.e., f
in (5)), while the LEDs work with mixed wavelengths, as shown in Figure 5c. Therefore,
we choose the FI Model (4) to fit the OPL for VLC channels.

Figure 7 shows the path loss fitting results in mmWave bands. The PLE in the FI model
is 1.31, which is slightly smaller than the PLE (1.57) in the CI model. This difference can
also be found by investigating the intercept of these two slopes. The intercept β in the FI
model is 63.5 dB, while it is 61.34 dB in the CI model. On the other hand, the standard
derivation σ in the CI model is 0.1 dB larger than that in the FI model. Generally, these
two models can give good insights into the path loss here, and the FI model appears to
fit better with the path loss samples, i.e., smaller standard derivation. We also plot the
path loss model defined in the 3GPP technical report (TR) 38.901 for the indoor office LOS
scenario [5]. We can find that the PLE and σ parameters in this model are both larger than
the fitted parameters here. This can be explained by the fact that the typical office room in
3GPP TR 38.901 has more complicated structures than the conference room in Figure 2a, so
that the signals are more likely to be obstructed by objects, e.g., the tables, chairs, and plants.
Moreover, the path loss model in free space is also presented in Figure 7, and it is apparent
that the path loss in free space is larger than the path loss in our measured conference room
and the office room. This is within expectation because more reflected signals from walls
and ceilings in indoor rooms can be received by the RX.

Figure 8a shows the photosensitive area of commercial PDs [33] and r denotes the RS
of PDs. It is clear that the OPL is related to the size of PDs. Figure 8b presents the OPL
fitting results in VLC bands with RS set to be 0.2 and 10 mm, respectively. It is noteworthy
that the OPL of VLC is highly dependent on the size of PDs, which is set by RS in our
simulation. The OPL varies between 38.7 and 47.7 dB when RS is 10 mm. However, it varies
from 73.6 to 87.2 dB with RS set to be 0.2 mm. Note that the OPL increases by more than
35 dB at the same position when we change the size of PDs in VLC bands. Consistent with
our expected results, the OPL will increase with smaller detectors because of the decrease
in received rays.

Figure 7. Path loss fitting results for mmWave channels.
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> 35 dB
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Figure 8. Different sizes of commercial PDs and OPL fitting results for VLC channels.

Furthermore, the RS is set in steps of 0.5 mm from 10 to 0.5 mm in our simulations, so
that we can obtain the OPL samples with different sizes of PDs in Figure 9. We can model
the OPL based on these samples with the FI model. In addition, we propose an OPL model
for VLC channels as a function of the spatial distance and size of PDs based on the FI Model
(4) through curve fitting techniques. This proposed OPL model can be used to estimate the
physical size of PDs to meet the required coverage range while designing systems, which
can be expressed as:

OPL(d, r) = β + 10αlog10(d) + γlog10(
1
r3 ) + Xσ, (7)

where r denotes the RS of PDs. The parameter α, i.e., PLE, is 1.73, which is larger than
the PLE in mmWave (1.31). This result reveals that VLC channels suffer faster decay than
mmWave channels with increasing distance in the conference room. The parameter β
(50.84) is smaller than that in mmWave bands (63.5). This is mainly because the path loss is
always lower than that in mmWave bands when RS is set to be greater than 1 mm, i.e., most
of the RS sets (0.2, 0.5–10 mm) in our simulation present the lower OPL in VLC bands.
The parameter γ (6.98) is defined as a coefficient related to the size of PDs. Moreover,
the standard derivation σ representing shadowing fading is 0.99.

Figure 9. OPL fitting results for VLC channels considering the physical size of PDs.



Photonics 2022, 9, 228 10 of 17

3.3. RMS DS

RMS DS describes the time dispersion of MPCs, and it can be used to calculate the
coherence bandwidth [34]. Furthermore, large DS may cause inter-symbol interference.
The RMS DS can be calculated as follows [35]:

τRMS =

√
∑N

n=1(τn − τmean)2P(τn)

∑N
n=1 P(τn)

, (8)

τmean =
∑N

n=1 τnP(τn)

∑N
n=1 P(τn)

, (9)

where n is the index of paths, τn and P(τn) are the delay and power of the nth path,
and τmean is the mean excess delay given by (9). Figure 10 presents the RMS DS for
mmWave and VLC channels calculated by (8) and (9). To model the RMS DS, the distance-
dependent model is selected as a candidate model in 3GPP [5,36]. We can model the RMS
DS with the distance-dependent model as shown in [37],

τrms ∝ dc, (10)

where d is the distance between TX and RX, and c is a constant, which in this case is
0.15 and −0.04 for mmWave and VLC channels, respectively. Moreover, the confidence
interval for c with the 95% confidence level is [0.141–0.159] and [−0.256–0.172] for mmWave
and VLC channels, respectively. Note that the values of c in the confidence interval for
mmWave are always positive, which indicates that the RMS DS will increase with distance
for mmWave channels in this conference room. Moreover, this paper shows smaller RMS
DS than that in [37] (28–38 ns). This is mainly because the environment in [37] is larger
and more complicated, resulting in greater RMS DS. On the contrary, both positive and
negative values appear in the confidence interval for VLC channels. This result indicates
that RMS DS is little dependent on the distance for VLC channels in this conference room.
This can be explained by the fact that the light rays experiencing complicated reflections
are attenuated greatly and reflected in all directions, so that they can barely reach the RX,
resulting in the small RMS DS in VLC bands.

Figure 10. RMS DS fitting results for mmWave and VLC channels.

In Figure 11, we plot the cumulative distribution function (CDF) of RMS DS for
mmWave and VLC channels, respectively. The µ and σ parameters in normal fitting
are −7.88 (10−7.88 ≈ 13.18 ns) and 0.1 for mmWave channels, while they are −8.13
(10−8.13 ≈ 7.41 ns) and 0.07, respectively, for VLC channels. This indicates that the delay
dispersion is weaker in VLC bands than that in mmWave bands, i.e., propagation distances
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of multipath rays are mostly close due to the few received multipath rays experiencing
complicated reflections with a large excess delay in VLC bands.
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(a) The CDF of RMS DS for mmWave channels
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Figure 11. The CDF results of RMS DS.

3.4. K-Factor

K-factor is a measure of the severity for the small-scale fading. Knowledge of K-factor
statistics is essential for the design and performance analysis of wireless systems. Fur-
thermore, K-factor is defined as the ratio of the power of the deterministic MPC (typically
LOS) and the power of all other stochastic MPCs (typically NLOS). Thus, we can obtain
the K-factor according to (1), as shown in (11). However, it is difficult to distinguish which
one is a LOS component and which one is an NLOS component from the measured CIRs
for mmWave channels. Sometimes, one delay bin may contain both the LOS and NLOS
components. Here, we applied the moment method to estimate the K-factor based upon
the analysis of frequency selectivity for mmWave channels [38,39].

K =
|V|2

∑N
n=1 |an|2

. (11)

For VLC channels, we obtain the channel characteristics by the ray tracing method.
Therefore, we can distinguish the LOS and NLOS components clearly based on the source
output file. The K-factor for VLC channels can be expressed according to its definition as:

K =
∑NLOS

nLOS=1 P(nLOS)

∑NNLOS
nNLOS=1 P(nNLOS)

, (12)

where the NLOS and NNLOS are the numbers of LOS and NLOS rays, respectively.
The CDF of the estimated K-factor and its normal fitting for mmWave channels is

shown in Figure 12a. It shows that 20% of the K-factor values are less than 0 dB and
these values are from the 10th (5.43 m) and 16th (9.0 m) measured points. It appears
that NLOS components account for more power in these two points, especially in the
16th point. This is mainly because these two points are close to the walls, which means
more reflection components, resulting in the small K-factor. However, 74% of the K-factor
values for VLC channels are less than 0 dB in Figure 12b, and this happens when the
distance between TX and RX is larger than 5.43 m (10th point). This indicates that NLOS
components are stronger at a large distance in this conference room. Note that the K-factor
in VLC bands is 9 dB lower than that in mmWave bands when the distance is 3 m. This
can be explained by the definition of K-factor in (12). It is clear that whether there are
one or nine LEDs placed at the TX side, the number of LOS components (NLOS) is fixed.
In our simulation, we place nine LEDs successively at TX to obtain the same coverage
as mmWave antennas in azimuth (360◦), which is required for a fair comparison. This
brings more MPCs received by the detector, i.e., more NLOS rays (NNLOS), resulting in the
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small K-factor. In addition, the µ parameter in the normal fitting is 2.88 dB for mmWave
channels, while it is −1.03 dB for VLC channels. These results suggest that it is better to
select mmWave technologies when large coverage is required, i.e., VLC technologies are
expected for short-range communication.

In Figure 12c,d, we plot both the RMS DS and K-factor with the distance. The distance
dependence of these two parameters seems not apparent. Furthermore, we can see that
these two parameters appear to present a similar trend, varying with the distance, i.e., the
K-factor is proportional to the RMS DS in the conference room. Moreover, the correlation
coefficients calculated by (13) are −0.22 and 0.77 for mmWave and VLC channels, respec-
tively. The coefficient −0.22 shows a negative correlation between RMS DS and K-factor,
which is demonstrated by the fact that the valley value corresponds to the peak value when
the distance is 8 m in Figure 12c. It can also be verified that RMS DS and K-factor in the
VLC bands have a higher correlation (0.77 > 0.22), as seen in Figure 12d.

ρX,Y =
cov(X, Y)√

var(X)var(Y)
, (13)

where cov(·) and var(·) represent the covariance and variance, respectively.
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Figure 12. The results of K-factor and RMS DS.

3.5. Cluster Characteristics

The clustered delay line (CDL) model has been used widely in wireless mobile channel
standardization, e.g., 3GPP TR 38.901 [5]. In this model, a cluster means a group of similar
MPCs, and MPCs can be clustered from delay and angle dimensions.

Here, we use the K-Power-Means algorithm [40] with a novel initial step [41] to
perform clustering. For mmWave channels, multipath information, including amplitude,
delay, azimuth angle of arrival (AOA), and elevation angle of arrival (EOA), is estimated
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by the space-alternating generalized expectation-maximization (SAGE) algorithm [42].
For VLC channels, the ray tracing method is adopted and the parameters such as AOA and
EOA can be obtained by geometric calculation.

In Figure 13a,b, the clustering results at the 10th position are presented. Clusters for
mmWave and VLC channels are marked with M and R, respectively. Moreover, the points
with the same color belong to one cluster. It is clear that there are six clusters divided
for mmWave while there are five clusters for VLC at the same position. Obviously, these
two clustering results are different despite the similar cluster numbers that they have. It
is apparent that the MPCs for mmWave can be distinguished more easily in the delay
dimension for this measured scenario because the clusters seem to be located in different
delay bins, with small fluctuations in AOA and EOA within one cluster. This shows the
temporal sparsity in mmWave bands in this conference scenario. However, the difference
can be found by investigating the clusters in Figure 13b, which shows that the delay of
different clusters is close while the angle dimension (AOA and EOA) varies dramatically,
i.e., large angular spread in VLC bands, and we can obtain the same results at other points
in this room. This can be explained by the radio wave propagation mechanisms. The light
rays have a much smaller wavelength than mmWave signals. The reflection case occurs
with similar directions when mmWave signals arrive the surfaces of materials, while the
light rays are scattered randomly in all directions, resulting in a large angular spread, in
VLC bands.

cluster M1

cluster M2
cluster M3

cluster M4

cluster M5

cluster M6

(a) Clustering results for mmWave channels

cluster R5

cluster R1 cluster R2

cluster R4

cluster R3

(b) Clustering results for VLC channels

Figure 13. Clustering results in the 10th position.

In the standardization channel model, the number of clusters is commonly fixed and
made equal to what exists in bands below 6 GHz. For example, the number of clusters is
15 for indoor LOS scenarios in [5]. However, sparsity in the mmWave bands makes this
assumption unreasonable [43,44]. The typical cluster numbers reported in [45,46] are small
and random with a Poisson distribution. In our work, Figure 14a,b present the statistics of
cluster numbers. The Poisson distribution is used to fit the cluster numbers. The fitting
parameter λ denotes the average value of cluster numbers, and they are 5.71 and 6.38 for
mmWave and VLC, respectively. Here, we consider that the λ is 5 in mmWave bands, and it
is 6 in VLC bands because the cluster numbers are expected to be integers.

To confirm our results in the conference scenario, the statistical test method in Statistics,
e.g., Kolmogorov–Smirnov test (KS-test) [47], is used to decide if the cluster numbers follow
the Poisson distribution. The confidence interval and significance level are 95 % and 0.05,
respectively. The test result, i.e., the significance probability p-value for mmWave and VLC,
is 0 (<0.05) and 0.547 (>0.05), respectively. The results indicate that VLC cluster numbers
follow the Poisson distribution, while the mmWave cluster numbers may not follow the
Poisson distribution. We can infer that mmWave cluster numbers may follow the normal
distribution from its histogram in Figure 14a, and correspondingly we plot the normal
curve to fit the cluster numbers. The fitting result shows that the histogram and normal
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curve of mmWave cluster numbers can fit well together, which indicates that mmWave
cluster numbers follow the normal distribution [48]. In general, the results indicate that the
cluster numbers are overestimated in the standardization channel model, and this work
can be supplemental in the 3GPP standardization works.
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Figure 14. Fitting results of cluster number.

4. Conclusions and Future Work

This paper focuses on the propagation characteristics comparisons between mmWave
and VLC bands in indoor scenarios based on the measurement campaign and ray tracing
simulation. The results are analyzed based on the conference room. We find that the
OPL of VLC channels is highly dependent on the physical size of PDs and an OPL model
considering the size of PDs is further proposed. The size of PDs can be estimated to meet
the required coverage range while designing systems by using this proposed model. In ad-
dition, the PLE is 1.73 for VLC channels, which is larger than that for mmWave channels
(1.31). This result reveals that the VLC channels suffer faster decay than mmWave channels
with increasing distance in this room. Moreover, mmWave signals can travel farther with
a larger RMS DS (13.18 ns) than that of VLC channels (7.41 ns), and the smaller RMS
DS in VLC bands shows the weaker delay dispersion compared to mmWave channels.
Moreover, the RMS DS of mmWave increases with distance, while it is little dependent on
the distance for VLC channels. Furthermore, the mean K-factor for mmWave is 2.88 dB
with −1.03 dB for VLC, and LOS components mainly account for more power (80% of
K-factor > 0 dB) for mmWave in LOS scenarios, while NLOS components can be stronger
(74% of K-factor < 0 dB) at a large distance for VLC channels. The results suggest that it is
better to select mmWave technologies when large coverage is required, i.e., VLC technolo-
gies are expected for short-range communication. On the other hand, RMS DS and K-factor
appear to present a similar trend, varying with distance, i.e., RMS DS is proportional to
K-factor for both mmWave and VLC channels. However, this requires further verification.
Furthermore, the K-Power-Means algorithm is used to perform clustering from the dimen-
sions of delay and angle. The fitting cluster number is 5 and 6 for mmWave and VLC,
respectively. The clustering results reveal the temporal sparsity in mmWave bands and
show that VLC channels have a large angular spread.

The propagation characteristics for VLC channels are investigated based on ray tracing
methods. Although this channel modeling approach has been demonstrated by experi-
mental results, there are differences between simulation and experimental measurements
considering the fact that the reflection coefficients of walls and objects inside the conference
room could not be measured and representative values were assumed in the simulations.
A channel sounding platform for VLC channels is still needed, which will be our further fo-
cus.
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