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ABSTRACT The demand for ultra-high-speed indoor wireless connectivity is ever-increasing, which poses
unique challenges for the next generation wireless communication system design. This has prompted the
exploration of higher frequency bands including millimeter wave (MMW) and visible light bands in addition
to the conventional sub-6 GHz band. This paper provides a comprehensive comparison of the propagation
channels of these frequency bands under the same indoor environment and scenarios. We adopt ray tracing
techniques for site-specific channel modeling, which enables the consideration of the three-dimensional
models of the indoor environment and objects inside. It allows us to take into account different frequencies,
i.e., 2.4 GHz, 6 GHz, 28 GHz, 60 GHz, 100 GHz, and visible light band as well as different transmitter
types, i.e., omnidirectional/directional antennas for radio frequency systems and indoor luminaries for visible
light communications (VLC). For different frequencies under consideration, we obtain channel impulse
responses (CIRs) and present the channel path losses for various user trajectories in indoor environments.
Furthermore, we propose closed-form expressions for the cumulative distribution functions (CDFs) of
received power levels for all frequency bands under consideration. Our results demonstrate that VLC
channels exhibit lower path loss than that in MMW bands but higher than that of 2.4 GHz band. In addition,
it is observed that VLC systems exhibit more sensitivity to shadowing and blockage effects. Our findings
further indicate that the characteristics of the propagation channel are greatly influenced by the antenna type.
For instance, using omnidirectional and rectangular patch antennas results in lower path loss compared to
horn antennas, and this difference becomes more significant as the transmission distance decreases.

INDEX TERMS Radio frequency (RF), visible light communication (VLC), hybrid RF/VLC, wireless
fidelity (Wi-Fi), hybrid networks, hybrid RF/VLC environments.

I. INTRODUCTION
More than 70 % of wireless voice and data traffic take
place in an indoor environment [1], [2]. Low-cost and high-
data-rate solutions are required to enable ubiquitous indoor
wireless connectivity as well as avoid making congestion
in the radio frequency (RF) spectrum. The omnipresence
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of Light Emitting Diodes (LEDs) in indoor environments
provides a unique opportunity for visible light communica-
tion (VLC) to exploit the existing illumination infrastruc-
ture for wireless access [3], [4], [5]. VLC has therefore
emerged as a complementary solution to RF-based wire-
less systems [6], [7], [8], [9]. While the millimetre-wave
(MMW) and visible light are different in nature, they exhibit
some similarities due to operating at higher frequencies
compared to sub-6 GHz systems [10], [11]. It is therefore
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critical to explore the fundamental characteristics of these two
technologies.

Several works have already investigated RF channel mod-
eling for indoor scenarios [12], [13], [14], [15], [16], [17].
For example, the works in [12], [13], [14], and [15] exam-
ined the RF propagation channels at low-frequency bands of
2.4 GHz [12], 10 GHz [13], 11 GHz [14], and 23.5 GHz [15].
Although [12] and [13] assumed the availability of the direct
Line-of-Sight (LOS) link, [14] and [15] considered the case
of obstructed LOS called Non-LOS (NLOS) and its effect.
The impact of the higher MMW frequencies up to 60 GHz
on indoor channels was then examined in [16] and [18].
The wide-band channel measurements were also conducted
in [17] to investigate the effect of propagation distance on
indoor scenarios.

Indoor VLC channel modeling was also examined in some
studies [19], [20], [21], [22], [23], [24]. In [19], the com-
monly used Lambertian channel model with a LOS link was
considered to analyze the indoor VLC channel delay factors.
Then, the authors in [20] and [21] modified that model to
investigate the impact of shadowing (due to obstacles) [20]
and the multipath reflections [21] on the indoor VLC chan-
nels. In [22] and [23], based on an advanced non-sequential
ray-tracing approach, the channel impulse responses (CIRs)
were obtained for different indoor VLC scenarios considering
the impact of surface reflectance and a large number of
reflections for better accuracy. Experimental measurements
were also conducted to study the indoor VLC channel char-
acteristics [24] and/or validate the ray tracing results [25], i.e.,
see [26] and references therein.

Most of the earlier works focus on individual technol-
ogy and do not present a one-to-one comparison of indoor
MMW and VLC channels. To the best of our knowledge,
the only prior works that attempt to make such a comparison
are [27], [28]. The work in [27] compared the channel mod-
eling of both the VLC and MMW systems in an empty room
based on a simple path loss model. The path loss and time
dispersion were calculated for both MMW and VLC assum-
ing different antenna gains for 28, 60, and 73 GHz and VLC
bands. The work in [28] used a ray tracing tool to compare the
channel characteristics of VLC/RF indoor systems assuming
7 hexagonal micro-cells.

In this paper, we compare the propagation channels of
RF and VLC spectra for the same indoor environment and
scenarios. Several RF frequencies are considered, including
2.4 GHz, 6 GHz, 28 GHz, 60 GHz, 100 GHz. We benefit
from the advanced features of the ray-tracing methodology
for modeling both the VLC and RF propagation channels.
We take into account the realistic models of the indoor
environment, the objects inside, and the typical antenna radi-
ation patterns. Taking into account the impact of the LOS,
reflected, refracted, and scattered rays, we investigate the
channel characteristics for different user positions, receiver
locations, and user trajectories (i.e., diagonal, vertical, and
horizontal paths). We analyze the results of CIRs and the
channel path loss for different positions of users, frequencies,

TABLE 1. List of notations used in this paper.

locations of receivers, and antenna types. The obtained results
demonstrate that the propagation channel characteristics are
highly dependent on the antenna type as well as the geometry
of the user and the receiver’s location.

The rest of the paper is organized as follows: In Section II,
we describe channel modeling methodology. In Section III,
we describe the indoor scenarios under consideration.
Section IV provides simulation results and discussions.
Finally, conclusions are drawn in Section V.

II. CHANNEL MODELING METHODOLOGY
In this paper, we use Remcom’s Wireless Insite [29] and
Zemax’s OpticStudio® [30] software tools respectively for
RF and VLC channel modeling. To have a precise characteri-
zation of the signal interaction with the environment, these
simulators build upon advanced non-sequential ray tracing
features to enable integration of the realistic source radiation
patterns and wavelength-dependent reflectance of the surface
coating. It can be noted that the channel models obtained
by the considered ray tracing methods have been validated
by real measurement/empirical data [31], [32], [33], [34].
For instance, for the VLC system in [34], the channel impulse
and frequency responses were measured using a frequency
sweeping technique at different indoor scenarios. Results
of both the measurement and the considered ray tracing
method have indicated a very good match validating the
ray tracing method. On the other hand, for MMW, the
authors in [31] demonstrated through experimental validation
at 100-300 GHz that the ray tracingmethod is an effective and
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highly accurate channel modeling approach for MMW and
THz channels. Table 1 summarizes the notations that will be
used in the rest of the paper.

A. RF CHANNEL MODELING
Ray tracing is a classical deterministic method for analyz-
ing site-specific radio wave propagation. It builds upon the
geometrical optic and uniform theory of diffraction to model
the interactions between the rays and objects, including the
reflection from various surfaces, transmission via indoor
objects, scattering, and diffraction from edges.

In the following, we describe the main steps in our simula-
tion study. First, we create a three-dimensional (3D) model of
the indoor environment in the Wireless Insite where the CAD
models of a human and a cell phone are imported, see Fig.1.a.
Then, the transmitter (TX) and receiver (RX) specifications
including antenna type, radiation pattern, orientation, etc are
defined. Maximum gain, polarization, aperture/feed width
and height, and feed-aperture length are additional inputs
related to antenna type characterization. In the simulations,
rays originating from the transmitter encounter objects (i.e.,
indoor surfaces, the human body, etc.), and the losses in the
strength of the propagating signal depend on the electrical
features of the surface materials. The frequency dependence
of surface materials in terms of permittivity, conductivity, and
thickness [35] to characterize these interactions are further
taken into account. For example, the reflections of the walls,
floor, and ceiling are characterized as a mix of specular and
diffuse in our studywhile the reflections of the cellphone with
metal material are modeled as specular [36]. The reflection
type in materials can be determined by the ‘‘scatter fraction’’
parameter in the X3D propagation model of Wireless Insite.
This parameter varies between 0 and 1 such that zero indicates
the purely specular reflections and unity notes the purely
diffuse case.

The Shoot-and-Bounce Ray (SBR)method is used inWire-
less Insite [37] to obtain the CIR. The rays are launched with
angular spacing and traced back to the RXs. The CIR consists
of LOS rays as well as nth- order NLOS rays related to the
floor, ceiling, walls, and objects. Wireless Insite can generate
specific outputs such as received power, path loss, and CIR
automatically by selecting those items in the output window.
The CIR is given by

hMMW (t) =

Np∑
i=1

Ai exp (jψi) δ (t − τi) , (1)

where NP is the number of paths and τi is the delay of the ith

path. Ai andψi are respectively the amplitude (in voltage) and
phase of the channel coefficient associated with the ith path.
They are defined as

Ai = Eθ,igθ (θi, φi) + Eφ,igθ (θi, φi), (2)

ψi = tan−1
(
Im (Ai)
Re (Ai)

)
, (3)

where Eθ,i and Eφ,i are the so-called theta and phi compo-
nents of the electric field of the ith path at the receiver point
while θi and φi are the parameters related to the direction of
arrival ray. gθ (θi, φi) indicates the direction of arrival angles
including the elevation and azimuth angles. The channel path
loss (in linear scale), including the effect of antenna gains,
is calculated by

PLMMW =

(
λ2β

8πη0

) ∣∣∣∣∣
NP∑
i=1

Eθ,igθ (θi, φi) + Eφ,igφ(θi, φi)

∣∣∣∣∣
2

,

(4)

where λ is the wavelength and η0 is the impedance of free
space (377�). The quantity β is the overlap of the frequency
spectrum of the transmitted waveform and the spectrum of
the frequency sensitivity of the receiver.

B. VLC CHANNEL MODELING
For VLC channel modeling, we utilize the non-sequential
ray-tracing approach in [22] and [36] which has been recently
validated in [34]. In this method, a 3D simulation platform
with CAD models is constructed in OpticStudio® software
(See Fig. 1b). To precisely capture the interaction of the rays
with the indoor environment and objects inside, we spec-
ify the optical characteristics of the room surface coating
by defining their wavelength-dependent reflectance values
utilizing the built-in function ‘‘Table Coating’’ provided by
OpticStudio® tools. For TX modeling in the simulation
platform, we first create the photometric data (i.e., IES file)
of the lighting source under investigation which contains the
luminous intensity in all different planes. The photometric
file is imported into the software along with the spectral
power distribution of the luminaries. Then, we define the
other light sources specifications such as spectral bandwidth,
optical power, and orientations. Similarly, the RX specifi-
cations such as orientations, field-of-view (FoV) angle, and
aperture diameter are defined.

After the simulation platform is constructed, we run non-
sequential OpticStudio®. The output includes the received
power and the path length information for each ray that is
emitted from the light source and reaches the detector. These
are then imported into MATLAB to construct optical CIR.
Let Pijk and τijk respectively denote the optical power and the
propagation delay of the ith ray, i=1,2,. . . ,N , which is emitted
from the jth luminaire, j=1,2,. . . ,M , and reaches the k th Photo-
Detector (PD). The optical CIR at the k th PD is therefore
written as

hk (t) =

N∑
j=1

M∑
i=1

Pijkδ
(
t − τijk

)
, (5)

where δ (t) is the Dirac delta function. For a given transmit
optical power of Pt,opt, the received optical power at the k th

PD is calculated by

Pr,opt,k = Pt,optHk = Pt,opt

∫
∞

0
hk (t) dt, (6)
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FIGURE 1. Modeling layout for (a) RF system and (b) VLC system.

FIGURE 2. RF and VLC indoor system under consideration.

where HVLC is the DC channel gain at the k th PD. The
PD converts the incident optical field into a photocurrent
which is then processed electronically. Electronic processing
is modeled as a trans-impedance amplifier that presents a load
of RL ohms to the photodetector. Mathematically speaking,
the received electrical power is given by

Pr,k = GA(ℜPr,opt)2RL , (7)

where GA is the trans-impedance gain and ℜ denotes the
responsivity of the PD. Replacing Pr,opt in (10), we obtain

Pr,k = GA(ℜηPt Hk)2RL , (8)

where Pt is the transmit electrical power that drives the
LED in VLC system and is related to Pt,opt by an electrical-
to-optical conversion ratio of η (i.e., Pt,opt = ηPt ). The
electrical path loss at the k th PD can be finally obtained by

PVLC,k = −10log10(
Pr,k
Pt

). (9)

FIGURE 3. Emission pattern of each luminaire.

III. INDOOR SCENARIOS
Our simulation environment is an empty room with a size
of 6m × 6m × 3m shown in Fig. 2. We consider 100 cells
with an equidistant spacing of 0.6 m in x and y directions to
investigate the effects of user locations as well as the effect
of antenna locations. A user holding a phone in his hand
next to his ear with 45◦ rotation upward to the ceiling with
a height of 1.8 m is modeled. The cell phone has the size of
5.5 cm × 10.5 cm × 0.5 cm [36]. We also consider a PD with
an aperture size of 1 cm2 and an FoV of 85◦. Following [36],
LEDs (Cree®CR6-800L) with 40◦ half viewing angle are
used as indoor VLC luminaries.

Fig. 3 illustrates the radiation pattern of the LED luminaire
under consideration. The radiation patterns of the RF anten-
nas are illustrated in Fig. 4, which include (a) omnidirec-
tional antenna, (b) directional horn antenna, and (c) patched
antenna. Horn antenna and rectangular patch antenna have
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FIGURE 4. Radiation patterns: (a) isotropic omnidirectional antenna,
(b) directional antenna, (c) rectangular patch antenna.

a simple structure, directional performance, high gain, wide
bandwidth, and peak power handling capability. The last two
advantages come from the fact that horn antennas do not
have resonant elements. To have a fair comparison with VLC,
we consider pyramid horn and rectangular patch antennas
with a peak gain of 1 dBi and the same area of VLC receivers
(i.e., 1 cm2). These antennas are used in a beam alignment
procedure in which RX orients its antenna to the direction
for receiving the most powerful signal. The calculation for
finding the feed/aperture sizes of the horn antenna parameters
is based on [38] and [39]. In our simulation, the coating
materials for walls, the ceiling, the floor, the cell phone,

TABLE 2. Material characteristics at different frequencies.

TABLE 3. Simulation parameters for room and transceivers.

and the human are considered as concrete drywall, wood,
black glossymetal, and absorbing skin. The frequency depen-
dence of material features can be characterized in terms of
permittivity and conductivity. Table 2 presents the relative
permittivity and conductivity of different materials. Table 3
provides the whole simulation parameters of both simulators
including the antenna pattern and emission pattern of each
LED. We consider the unit gain for all results including path
loss and received power.

As shown in Fig. 5, we consider various scenarios to
investigate the RF and VLC propagation channels. For the
VLC system, 9 LEDs located on the ceiling act as wireless
transmitters (drawn by the green circles on the ceiling in
Fig. 2 and denoted by VLC TX in legend) while a single
antenna represents the RF transmitter (drawn by the red cir-
cles on the ceiling in Fig. 2 and denoted by RF TX in legend).
The cell phone is equipped with five receiver units denoted
by RX1-RX5 as shown in Fig. 6. The RXs are distributed
around the cell phone in a way to cover all possible directions
where the rays can come from either directly or via reflection.
To develop various snapshots of indoor communication in a
room, six different scenarios are considered for the user by
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FIGURE 5. Indoor RF/VLC Scenarios, (a) Cells of T1 related to Scenario 1, (b) Cells of T2 related to Scenario 2, (c) Cells of T3 related to Scenario 3, (d) Cells
of T4 related to Scenarios 4, (e) Cells of T5 related to Scenario 5, (f) Cells of T6 related to Scenario 6.

FIGURE 6. Orientation of RXs on the cell phone.

moving through trajectories (denoted by T1, T2,. . . , T6) as
detailed below:

• Scenario 1 (Fig. 5a): In this scenario, we consider all
cells in T1 which the user moves horizontally from the
left to the right side of the room marked by the red
rectangular in Fig. 5a. The cell phone is in the right hand
of the user and it is directed to the inner room side.

• Scenario 2 (Fig. 5b): This scenario considers the cells
near the north wall of our room as T2 shown by the red
rectangular in Fig. 5b. The user holds the cell phone in
his right hand and changes his location from right to the
left side of the room. The cell phone is directed to the
wall.

• Scenario 3 (Fig. 5c): In this scenario, the human walks
vertically from down to up near the west wall of the

room to get the results of all cells in T3, shown by the
blue rectangular in Fig. 5c. The cell phone is located in
the right hand of the user looking wall and completely
covered by the head of the human and the wall.

• Scenario 4 (Fig. 5d): In this scenario, all cells of T4
are captured from down to up near the east wall of the
room to investigate the results of all antennas in the cell
phone (See blue rectangular in Fig. 5d). The cell phone
is directed the inner side of the room.

• Scenario 5 (Fig. 5e): The light blue cells located on the
diagonal of Fig. 5e illustrate T5. The user moves from
one corner to the opposite one diagonally by holding the
cell phone in his right hand.

• Scenario 6 (Fig. 5f): The light green colours in Fig. 5f
denotes cells of T6. Through this trajectory, the human
holds his cell phone near his ear and changes his position
from the right-south corner up to the left-north side.

IV. SIMULATION RESULTS AND DISCUSSIONS
In this section, we present simulation results for VLC and
RF channels of indoor scenarios described in the previous
section.

In Fig. 7, the path loss results are provided for RX1, RX2,
and RX5 at 60 GHz and VLC. It is observed that the diagonal
trajectories (i.e., T5 and T6) related to Scenarios 5 and 6 have
the minimum path loss for RX1 and RX2 at the middle
position of each trajectory in MMW. This trend is the same
as VLC for RX2 T3, T5, and T6 have lower path loss in
comparison with the other trajectories. The path loss results
of T1, T2, T5, and T6 significantly decrease over their initial
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FIGURE 7. Effect of different trajectories on the path loss results for both MMW and VLC (Scenarios 1-6), considering (a) RX1,
(b) RX2, and (c) RX5.

VOLUME 11, 2023 90351



F. Aghaei et al.: Comparative Characterization of Indoor VLC and MMW Communications

FIGURE 8. Effect of different frequencies on the path loss results
considering T6 (a) RX1, (b) RX2, and (c) RX5.

positions on the path for given MMW RXs. Having passed
the middle point of those trajectories, the path loss results
of T6 witness a dramatic increase. There are upward trends
in the path loss results of T1, T2, and T5 but not as much
as T6. The main factor behind this is the blockage of the cell
phone with the human head, which appears after passing the

FIGURE 9. Effect of antenna type on the path loss results
considering 60 GHz and trajectory T6 for (a) RX1 and (b) RX2.

middle position of T6. For T3 and T4, there are only slight
changes.

In VLC, all trajectories experience the sinusoidal signal
behaviors by RX1 and RX2 which means that there are
increasing and decreasing while the user is getting away or
near the LEDs on the ceiling (See Fig. 2). For RX5, the
minimum path loss results are related to T1, T6, and T5,
respectively. Because of the location of RX5 in the cell phone
(See Fig. 6), most of the received rays are 1 or 2-order
reflections from the floor. The path loss of RX5 fluctuates
for the initial positions of T1 and T5 till the middle position
levelled off. Then there is a steady growth in path loss results
for the last positions of T1. By contrast, the path loss results of
T3 and T4 are flat and there is a significant difference between
those amounts due to blockage of the receivers by the head of
the human and sidewall over the T3. The maximum results
of the path loss are related to T2 where RX5 is completely
covered by the human body and sidewall throughout this path.
It is worth noting that again the maximum difference between
the first and last positions is related to T6. In VLC more of
trajectories experience fluctuation trends.

90352 VOLUME 11, 2023



F. Aghaei et al.: Comparative Characterization of Indoor VLC and MMW Communications

FIGURE 10. Effect of receiver locations on the path loss results of MMW
and VLC considering trajectory T3.

In Fig. 8, the impact of different frequencies on path
loss results is presented for Scenario 6 (i.e., trajectory T6),
using omnidirectional antennas for RX1, RX2, and RX5. The
results show that increasing frequency leads to an increase
in path loss for all RXs. Interestingly, the results of VLC
intersect with those of RF for all RXs. For instance, for RX2
(Fig. 8b), at certain positions such as P10, P37, and P64, the
path loss of the 6GHz band is lower than that of the VLC
band, while at other positions such as P19, P55, and P92, the
opposite is true. Notably, the 2.4GHz, 6GHz, and VLC bands
yield the lowest path loss results compared to higher RF bands
such as 28GHz, 60GHz, and 100GHz.

Fig. 9 illustrates the effect of different antenna types on
the path loss of Scenario 6 by considering 60 GHz. It is
apparent from this figure that the path loss results for the
omnidirectional antenna for RX1 are lower than the results
for the rectangular patch and horn antennas. The factor behind
this is the patterns of those antennas shown in Fig. 4 (a-c). The
patch antenna cannot get rays from all directions as much as
an omnidirectional antenna. On the other side, its coverage

TABLE 4. Gaussian coefficients in the CDF functions of received powers
for 2.4 GHz.

TABLE 5. Gaussian coefficients in the CDF functions of received powers
for 6 GHz.

TABLE 6. Gaussian coefficients in the CDF functions of received powers
for 28 GHz.

is not narrow as the horn antenna. It can be noted that the
path loss of P46 with horn antenna is less than one equipped
with the patch antenna. The reason is that the main lope of
the patch antenna is not strong as the one in the horn antenna
noting that both antennas have unit gain (See Fig. 4 b and c).
The side lopes of the patch antenna are stronger than the main
lope. Therefore, the path loss result of RX1 in P46 has the
minimum amount, however, RX2 cannot have a minimum
result regarding its location in the cell phone and the pattern
of the antenna (See Fig. 4 and 6).
In Fig. 10, the path loss results are presented for all RXs

assuming omnidirectional antennas for Scenario 3. Results
illustrate that RX1, RX2, and RX3 have less path loss in all
positions belonging to P41. The reason is that the human head
covers the cell phone in his hand throughout this path, but the
location of RX2 can help to get the power with less path loss
by receiving the reflected signals from the ceiling. For VLC
RX1-RX3 experiences less path loss than RX4 and RX5. Due
to utilizing 9 LEDs on the ceiling there is not a minimum
point, and the behaviour of the path loss follows a sinusoidal
pattern.

In the following, we investigate the received power lev-
els for all scenarios and frequency bands under consid-
eration. We consider the cumulative distribution function
(CDF) of received powers as seen by the individual receivers
(i.e., RXs). This presents the probability that received power
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FIGURE 11. CDF of received power as seen by the individual RXs and PDs for different RF (a-e) and VLC (f) frequencies.

will take less than or equal a specific value, which is given by

FX (x) = Pr [X ≤ x] . (10)

As shown in Fig. 11, the worst case occurs for RX5
because it is located at the bottom of the cell phone and
faces down (see Fig. 6). Therefore, most of the received rays

at RX5 are mainly due to the first reflection from the floor
or higher order reflections from the walls and ground (i.e.,
no LOS reception). In contrast, RX2 has the highest received
power (best case) due to its ability to get LOS rays in most
positions. Because it is located on the top of the cell phone and
faces toward the ceiling, where TXs are located. Results also
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TABLE 7. Gaussian coefficients in the CDF functions of received powers
for 60 GHz.

TABLE 8. Gaussian coefficients in the CDF functions of received powers
for 100 GHz.

TABLE 9. Gaussian coefficients in the CDF functions of received powers
for VLC.

illustrate that RX1 and RX3 have lower path loss in compar-
ison to RX4 and RX5. Because the human head covers a part
of the cell phone throughout the path, which contains RX4
and/or RX5 depending on the location. RX1 and RX3, how-
ever, experience lower path loss since they are only partially
covered. In the VLC case, RX1 and RX3 can even get a LOS
signal from different luminaries based on user location.

Furthermore, we propose closed-form expressions for the
CDFs of indoor channels for all scenarios and receivers
under consideration. We use non-linear curve fitting in the
MATLAB toolbox to determine the CDF behavior of the
channel path losses. At lower frequencies (i.e., 2.4 GHz,
6 GHz, and 28 GHz), the CDF of the received power is fitted
with a 1-term Gaussian function. For higher frequency bands
(i.e., 60 GHz, 100 GHz, and VLC), the CDF of the received
power is fitted with a 2-term Gaussian function. These are
given, respectively, by

F1X (x) = a1 exp((−(x − b1)/c1)2), (11)

F2X (x) = a1 exp((−(x − b1)/c1)2)

+ a2 exp((−(x − b2)/c2)2), (12)

where, x denotes the received power (in dBm), a1, a2, b1, b2,
c1, and c2 are coefficients of Gaussian functions with 95%
confidence bounds, and adjusted R-squares of 99% provided
in Table 4 - Table 9.

V. CONCLUSION
In this paper, we presented a comprehensive one-to-one
comparison between indoor VLC and RF channels based
on advanced ray tracing simulators. We analyzed the CIRs
obtained by ray tracing and compared the path loss at different
indoor scenarios and frequency bands (i.e., 2.4 GHz, 6 GHz,
28 GHz, 60 GHz, 100 GHz, and VLC band). The different
antenna types (i.e., omnidirectional, directional, rectangular
patch, and indoor luminaire), receiver locations, and user
trajectories (i.e., diagonal, vertical, and horizontal paths) have
been investigated. It has been observed that the higher the
RF bands, the path loss of the channel is higher, while the
VLC channels exhibit a lower path loss level than MMW
bands and a higher level than 2 GHz bands. Our results
further revealed that the propagation channel characteris-
tics are highly dependent on the antenna type same as the
geometry of the user and the RX. For example, using the
omnidirectional and rectangular patch antennas come with
lower path loss compared to the horn antennas, and such a
gap significantly increases when the RX becomes closer to
the TX antenna, where the direct LOS link becomes stronger.
While our current study is limited to two-dimensional scenar-
ios, three-dimensional scenarios such as vertical movement in
an elevator and vertical movement of the user in the case of a
spiral staircase are interesting to explore in the future.
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