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Abstract: In this paper, we present a comprehensive channel modeling and characteri-
zation study for visible light communications. Our study is based on ray tracing, which al-
lows for an accurate description of the interaction of rays emitted from the lighting
source within a specified confined space. Contrary to existing works, which are mainly
limited to ideal Lambertian sources and purely diffuse reflections, our approach is capa-
ble of obtaining channel impulse responses (CIRs) for any nonideal sources, as well as
specular and mixed specular–diffuse reflections. Furthermore, we can precisely reflect
the presence of objects (e.g., furniture) and wavelength-dependent reflection characteris-
tics of surface materials (e.g., ceilings, floor, walls, and furniture) in a channel study. As
case studies, we consider a number of indoor environments with various dimensions
and different surface materials, i.e., plaster, gloss paint, wood, aluminum metal, and
glass. We further consider various scenarios with different transmitter specifications (i.e.,
single versus multiple transmitters and array type) and receiver specifications (i.e., loca-
tion and rotation). For each environment, we obtain CIRs and present a channel charac-
terization study where channel parameters, such as channel DC gain, root mean square
(RMS) delay spread, coherence bandwidth, and mean excess delay, are obtained. We
also make one-to-one comparisons between infrared and visible-light CIRs for the same
environments to emphasize the differences between two optical bands.

Index Terms: Visible light communications (VLC), channel modeling, ray tracing.

1. Introduction
There is an ever-increasing demand for wireless applications and services. Due to spectrum
scarcity, conventional radio frequency (RF) solutions are not able to cope with this increasing
demand. Low cost and highly reliable alternative and/or complementary solutions are required
to enable a seamless wireless experience. Visible light communications (VLC) [1] has such a
promise and depends on the dual use of the existing illumination infrastructure, i.e., light emit-
ting diodes (LEDs) for wireless communication purposes. The human eye perceives only the av-
erage intensity when light changes fast enough; therefore, LEDs can transmit data without a
noticeable effect on the lighting output and the human eyes.

There is a growing literature on VLC spanning from advanced physical layer techniques to
networking, see e.g., [2]–[15] and the references therein. Despite this increasing attention on
VLC systems, there is a lack of proper visible light (VL) channel models. This is a serious con-
cern since channel modeling is the very first step for efficient, reliable, and robust VLC system
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design. In the past, many works have been reported on infrared IR channel modeling [16]–[25]
most of which depend on either recursive calculation methods [16]–[18] or Monte Carlo ray trac-
ing approaches [22]–[24]. It should be however noted that there exist significant differences be-
tween VLC and IR communications and those results cannot be applied to VLC channel
modeling in a straightforward manner. For example, an IR source can be approximated as a
monochromatic emitter while a white light LED source is inherently wideband (380–780 nm).
This calls for the inclusion of wavelength-dependency of source in VLC channel modeling. Fur-
thermore, in IR communication, the reflectance of materials is typically modeled as a constant.
On the other hand, the reflectance of materials in the VL spectrum should be taken into consid-
eration due to the wideband nature of VLC link.

There have been some sporadic efforts [26]–[30] to address VLC channel modeling. Particu-
larly, in [26], Monte Carlo ray tracing is used to evaluate the channel impulse response (CIR) of
an empty room at VL wavelengths, but wavelength dependency is ignored considering fixed re-
flectance values for surface materials. In [27] and [28], recursive method proposed in [16] is
used to obtain CIR in VL band, but again, fixed reflectance is assumed. In [29], in an effort to re-
flect the effect of wavelength dependency in channel modeling, the reflectance values are calcu-
lated as the average of wavelength dependent coefficients over the VL band.

So far, the only work which explicitly takes into account wavelength dependency is reported
in [30] where a recursive method is used to determine the CIR of an empty room. However, sim-
ilar to [26]–[29], the work in [30] is also limited to the assumptions of only purely diffuse reflec-
tions and ideal Lambertian source which might not hold true for many practical cases.

In this paper, we propose a realistic VLC channel modeling approach which overcomes the
limitations in [26]–[30] and present several CIRs for various indoor environments based on the
proposed approach. Our study is based on Zemax®; a commercial optical and illumination design
software [31]. Although the main purpose of such software is optical system design, we take ad-
vantage of the ray tracing features of this software which allows an accurate description of the in-
teraction of rays emitted from the lighting source within a specified confined space. The
simulation environment is created in Zemax® and enables us to specify the geometry of the envi-
ronment, the objects within, as well as the specifications of the sources (i.e., LEDs) and receivers
(i.e., photodiodes). For a given number of rays and the number of reflections, the non-sequential
ray tracing tool calculates the detected power and path lengths from source to detector for each
ray. These are then imported to Matlab® and processed to yield the CIR. Our results demonstrate
that our approach yields the same CIR as in [30] under the assumption of purely diffuse reflec-
tions and ideal Lambertian source. Our approach is further capable to obtain CIRs for any other
(non-ideal) source types as well as specular and mixed specular-diffuse reflections.

As case studies, we consider a number of indoor environments with various dimensions and
different surface materials, i.e., plaster, gloss paint, wood, aluminum metal, glass. We further
consider various scenarios with different transmitter specifications (i.e., single vs. multiple trans-
mitters and array type) and receiver specifications (i.e., location and rotation). For each environ-
ment, we obtain CIRs and present a channel characterization study where channel parameters
such as channel DC gain, root mean square (RMS) delay spread, coherence bandwidth, and
mean excess delay are obtained. We also make one-to-one comparisons between IR and VL
CIRs for the same environments to emphasize the differences between two optical bands.

The remainder of the paper is organized as follows. In Section 2, we describe the methodology
adopted for channel modeling. In Section 3, we consider a rectangular empty room as described
in [30] and confirm the accuracy of our approach with comparison to the results presented
therein. In Section 4, we present CIRs for various indoor environments with and without furniture
and discuss the effect of system parameters on the CIR. We finally conclude in Section 5.

2. Methodology for Channel Modeling
Fig. 1 provides an overall summary of major steps followed in the adopted channel modeling
methodology. In the first step, we create a 3-D simulation environment where we can specify
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the geometry of the indoor environment, the objects within, the reflection characteristics of the
surface materials, and the specifications of the light sources and detectors. In the second step,
we use non-sequential ray tracing feature of Zemax® to calculate the detected power and path
lengths from source to detector for each ray. In the third step, we import this data to Matlab®

and obtain the CIRs for the environment under consideration. Further details for each step are
elaborated in the following.

2.1.1. Modeling of the Indoor Environment
To model the simulation environment, we need to specify the dimensions and shape of the in-

door environment, furniture and objects within, type of surface materials (coating), as well as the
properties and locations of the transmitter (LED) and receiver (photodiode). The indoor environ-
ment (i.e., office room, living room, etc) is created using Zemax® “Part Designer,” which is an in-
terface that allows to create and manipulate user-defined 3-D geometries. The CAD objects can
be imported in the software to model furniture and any other objects within the indoor environ-
ment. “Table Coating Method” in the software further allows defining the wavelength-dependent
reflectance of surface coating for each material [32], [33]. As noted earlier, wavelength depen-
dency is particularly important in VL band. To emphasize the difference characteristics between
IR and VL spectral bands, reflectance values for some typical materials are presented in Fig. 2.
As observed, the reflectance of most materials can be safely assumed to be a constant in IR
band for most practical purposes while the wavelength dependency needs to be taken into ac-
count for VL band.

Fig. 1. Steps in channel modeling and characterization.

Fig. 2. Spectral reflectance of various materials (a) in the VL band and (b) in the IR band [30], [34].
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Another important parameter in modeling of surface materials (walls, ceiling, furniture, etc.) is
the type of reflections. As an example, Fig. 3 shows three different types where purely diffuse,
specular and mixed reflections are observed. In Zemax®, we can take into account the specific
type of reflection by “scatter fraction (SF)” parameter that determines the value of diffuse reflec-
tions in materials. This parameter changes between 0 and 1 such that zero indicates the purely
specular reflections and unity indicates purely diffuse case.

In addition to realistic modeling of surface materials, Zemax® also allows the use of realistic
light sources. Several commercially available light sources are available in Radiant Source
Model (RSM) database [31]. RSM file for a light source contains the measured radiant or lumi-
nous intensity of the source as a function of wavelength, position, and angle. As such, this file
can be accurately used to characterize the behavior of the light source in both near- and far-
fields. As an example, Fig. 4 depicts relative power distribution of VL and IR LEDs selected
from RSM database within their working wavelength range. The VL LED [see Fig. 4(a)] is a
Cree Xlamp® MC-E White LED with Lambertian distribution and a viewing angle of 120� [35].
The IR LED [see Fig. 4(b)] is an OSRAM® SFH 4283 IR 880 nm LED with the same viewing
angle and Lambertian distribution [36]. It can be observed from Fig. 4(b) that the full width at
half maximum (FWHM) spectral bandwidth of IR LED is approximately 75 nm. On the other
hand, in Fig. 4(a) shows that, unlike the IR LED, the VL LED has a large spectral bandwidth from
400–800 nm.

In Zemax®, detectors can be modeled as planar surfaces, curved surfaces or three-dimensional
volumes which store the different data types such as incoherent irradiance, coherent irradiance,
coherent phase, radiant intensity, radiance, and true color photometric. Moreover, the data is
available in radiometric and photometric units such as watts, lumens, lux, phot, and footcandles.
In our simulations, we use a rectangular surface with specified dimensions as a receiving element
(i.e., “Detector Rectangle” function in Zemax®).

Fig. 3. (a) Purely diffuse reflections. (b) Specular reflections. (c) Mixed reflections.

Fig. 4. Relative spectral power distribution of (a) Cree Xlamp® MC-E White LED and (b) OSRAM®

SFH 4283 IR 880 nm.
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2.1.2 Non-Sequential Ray Tracing
After we create the simulation environment in Zemax®, we use its non-sequential ray tracing

feature to determine the CIR. In ray tracing approach, rays are traced along a physically realiz-
able path until they intercept an object. The line-of-sight (LOS) response is straightforward to
obtain and depends upon the LOS distance. Besides the LOS component, there are a large
number of reflections among ceiling, walls, and floor, as well as any other objects within the en-
vironment. The way that non-sequential rays are traced depends on the source properties in-
cluding polarization state, coherence length, initial phase, position and direction of rays of light
emanating from non-sequential sources. The random ray tracing methods used in Zemax® are
mainly based on Monte Carlo analysis [37], [38] and Sobol sampling the latter of which is used
for speeding up ray tracing [39], [40]. The main parameters in ray tracing are the number of rays
ðNr Þ and the number of reflections ðkÞ. The number of reflections in Zemax® is adjusted through
“Relative Minimum Intensity”. For example, if this parameter is set to 10�5, the software runs un-
til the ratio of the intensity of last segment with respect to the first segment becomes 10�5.

2.1.3 Determination of CIR
The non-sequential ray tracing tool generates an output file, which includes the detected

power and path lengths from source to detector for each ray. We import this file to Matlab®, and
using this information, we can express the CIR as

hðtÞ ¼
XNr

i¼1

Pi �ðt � �iÞ (1)

where Pi is the power of the i th ray, �i is the propagation time of the i th ray, �ðtÞ is the Dirac
delta function, and Nr is the number of rays received at the detector.

2.1.4 Channel Characterization
Once we obtain CIRs, we can calculate several channel parameters such as RMS delay

spread, mean excess delay, channel DC gain and coherence bandwidth. Channel DC gain ðH0Þ
is one of the most important features of a VLC channel, as it determines the achievable signal-
to-noise ratio for a fixed transmitter power and is calculated as

H0 ¼
Z1
�1

hðtÞdt (2)

The time dispersion parameters of channel, RMS delay spread and mean excess delay, are,
respectively, given by [41]

�RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR1
0 ðt � �0Þ2hðtÞdtR1

0 hðtÞdt

s
(3)

�0 ¼
R1
0 t � hðtÞdtR1

0 hðtÞdt (4)

The frequency correlation function can be obtained from the CIR as

Hð�f Þ ¼
Z1
�1

hðtÞe�j2��ft dt (5)

For a particular correlation level c (typically chosen as 0.9, 0.7 or 0.5 [42]), coherence band-
width ðBcÞ is defined as the minimum frequency separation for which the norm of the
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frequency correlation function across this level. It is calculated as

Bc ¼ minð�f Þ such that Hð�f Þj j ¼ c (6)

3. Comparison With Existing Models
As discussed in Section 1, there have been only some sporadic efforts to address VLC channel
modeling in the literature [26]–[30]. A comparison of underlying assumptions in the existing
works and our approach is provided in Table 1.

As seen from Table 1, the only existing work which considers wavelength dependent reflec-
tance is [30]. All the works including [30] assume only diffuse reflections and ideal Lambertian
source. Furthermore, they are restricted by the number of reflections due to computation time.
In contrary, our approach is more flexible and computationally less demanding. All types of re-
flections (i.e., diffuse, specular and mixed) can be easily taken into account. Furthermore, it is
not only limited to Lambertian source and can handle all types of light sources. Since Zemax®

uses “Sobol sampling” [39], [40], simulations require relatively less computing time in compari-
son to conventional ray tracing approaches. Therefore, it is possible to obtain CIRs based on a
larger number of reflections for a better accuracy.

To make a one-to-one comparison, we consider the same environment and parameters of
[30], see Fig. 5 and related parameters in Table 2. Specifically, we consider a room size of
5 m � 5 m � 3 m, where four LED luminaries are located on the ceiling, and the detector is lo-
cated at the corner of the floor, as in Fig. 5. An LED luminary consists of 100 LED chips and
each chip radiates 0.45 W with a view angle of 120�. The FOV and area of the detector are
85� and 1 cm2 respectively. The reflection of materials in [30] is considered as purely diffuse
and an ideal Lambertian source is used. In our case, we use Cree Xlamp® MC-E White LED
[see Fig. 5(b)] which has nearly-ideal Lambertian pattern.

In Fig. 6, we present the CIR obtained through the proposed approach. The CIR of [30] is
also included as a benchmark. We assume k ¼ 3 reflections similar to [30]. It is observed that
two CIRs are almost identical confirming the accuracy of our approach. Some small differences
between the tails of two CIRs are observed. This is due to the fact that our light source is a
commercial light source and not ideal Lambertian [see Fig. 5(b)] unlike the theoretical one in
[30]. It can be further noted that three peaks exist in CIR which are related to four LED lightings.

TABLE 1

Comparison of different approaches for channel modeling
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The largest one corresponds to the nearest LED (S2), and the second one is related to two
LEDs (S1 and S3), which are at the same distance from the photodetector (PD), and the last
one is related to the farther LED (S4).

Fig. 5. (a) Three-dimensional environment. (b) Emission pattern of source.

TABLE 2

Parameters of scenario in [30]
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In Fig. 6, we assumed k ¼ 3 reflections to make a one-to-one comparison with [30]; how-
ever, we note that our approach is able to handle more number of reflections. Table 3 presents
mean excess delay, RMS delay spread and channel DC gain for k values up to 8. It is ob-
served that there is no noticeable change for values larger than k ¼ 4 in an empty room under
consideration.

Note that the recursive approach in [30] builds upon the assumption of purely diffuse reflec-
tions. In contrary, our approach can handle other type of reflections. In the following, we assume
mixed reflections (see Fig. 7) and mostly specular reflections (see Fig. 8), where SF is set to
0.5 and 0.2 respectively. It is observed from Figs. 7 and 8 that the presence of specular compo-
nents create fluctuations in CIR and results in deviations from the purely diffuse case consid-
ered in [30]. This is particularly evident in Fig. 8 where mostly specular case is considered. In
diffuse case, when one ray reflects from the surface, the power of ray decays by reflection coef-
ficient and that power is divided among scattering rays. On the other hand, in the specular
case, the power of ray just decays by reflection coefficient, and there is no division of power
among scattering rays. By considering specular components for materials, the power of rays de-
cays slowly which results in fluctuations of CIR.

Fig. 6. Comparison of the proposed approach with [30].

TABLE 3

Mean excess delay, RMS delay spread, and channel DC gain for different k values in purely diffuse
reflections
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To evaluate the impact of the number of the reflections on CIR, Tables 4 and 5 present the
values of channel parameters for mixed and mostly specular reflection cases. It is observed that
the RMS delay, mean excess delay and channel DC gain saturate after four reflections for
mixed case similar to purely diffuse case. However, in the mostly specular case, this takes
place after seven reflections.

Fig. 7. Comparison of CIRs under the assumptions of mixed reflections and purely diffuse
reflections.
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Fig. 8. Comparison of CIRs under the assumptions of mostly specular reflections and purely diffuse
reflections.
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4. VLC Channel Characteristics for Various Indoor Environments
In the previous section, we have introduced our channel modeling approach and compared it
with some existing works highlighting our advantages. In this section, based on our approach,
we present CIRs for a number of indoor environments and discuss associated channel
characteristics.

4.1. Effect of Distance Between Transmitter and Receiver
In this section, we investigate the effect of varying distance between transmitter and receiver

on channel parameters. We consider an empty room with a size of 10 m � 10 m � 3 m. The lo-
cation of transmitter is fixed and located at the center of the ceiling. The location of receiver is
varied on the diagonal which stretches from the corner to the middle of the floor. Effectively, the
distance between the transmitter and receiver ðdTX�RXÞ varies between 3 m and 7.42 m. Similar
to the previous section, we assume that the FOV and area of the detector are 85� and 1 cm2 re-
spectively. The materials used for walls, ceiling and floor are respectively plaster, plaster and
pine wood [33]. To highlight the differences between VL and IR band, we repeat the same study
for IR band under the same assumptions. For VL and IR band, we use the light sources given,
respectively, in Fig. 4(a) and (b).

Based on the aforementioned assumptions, Fig. 9 illustrates how channel DC gain, RMS de-
lay spread, and coherence bandwidth change with the distance. The main observations are
summarized in the following.

TABLE 4

Mean excess delay, RMS delay spread, and channel DC gain for different k values in the case of
mixed reflections

TABLE 5

Mean excess delay, RMS delay spread, and channel DC gain for different k values in the case of
mostly specular reflections
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4.1.1 Channel DC Gain [Fig. 9(a)]
It is observed that as dTX�RX increases, the received power decreases in a negative exponen-

tial manner resulting in the decrease of channel DC gain. Through curve fitting, we express DC
gain in terms of dTX�RX as

H0 ¼ 6:54� 10�5 e�0:99dTX�RX þ 7:52� 10�7 e�0:26dTX�RX VL Band
5:71� 10�5 e�0:93dTX�RX þ 9:08� 10�7 e�0:12dTX�RX IR Band

�
(7)

Comparison of results obtained for IR and VL reveals that DC gains of VL channels are smaller
than those in IR channels for same configurations. This is mainly due to the reason that reflec-
tivity values in IR band are larger than those in VL band.

4.1.2 RMS Delay Spread [Fig. 9(b)]
It is observed that RMS delay spread first increases, then decreases with the increasing dis-

tance. It should be noted in our configuration the location of transmitter is fixed while the loca-
tion of receiver is varied on the diagonal. This behavior change is a result of the detector
location. Similar behavior is also reported in [43]. Through curve fitting, we express RMS delay
spread in terms of dTX�RX as

�RMS ¼ 12:72 e� dTX�RX�5:88
4:29

� �2

VL Band

15:66 e� dTX�RX�5:17
5:34

� �2

IR Band

(
(8)

Fig. 9. (a) Channel DC gain versus distance. (b) RMS delay versus distance. (c) Coherence band-
width versus distance. (d) Coherence bandwidth versus RMS delay spread.
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Comparison of results obtained for IR and VL reveals that RMS delay spreads of VL channels
are smaller than those in IR channels for same configurations. Similar to the observations in DC
gains, this happens as a result of the fact that reflectivity values in IR band are larger than those
in VL band.

Our results indicate that VL channel introduces an RMS delay spread of 8–13 ns within the
given environment. Targeting data speeds on the order of multiple gigabits per second will intro-
duce inter-symbol-interference (ISI) spanning tens of symbols. This necessitates the use of
proper ISI mitigation techniques for high speed VLC systems. Potential solutions such as optical
orthogonal frequency division multiplexing [3], [5], [10] and equalization techniques [4], [11], [12]
can be found in the VLC literature.

4.1.3 Coherence Bandwidth [Fig. 9(c) and (d)]
It is observed from Fig. 9(c) that coherence bandwidth first decreases then slightly increases

with the increasing distance. This is expected as coherence bandwidth is inversely proportional
to RMS delay spread. Specifically, we obtain coherence bandwidth in terms of dTX�RX as

Bc ¼ 1349 e�1:60dTX�RX þ 3:93 e0:03dTX�RX VL Band
896:5 e�1:91dTX�RX þ 1:92 e0:09dTX�RX IR Band

�
(9)

It is also observed from Fig. 9(c) that VL channels can potentially provide larger transmission
bandwidth than IR channels.

In Fig. 9(d), we further illustrate the relation between coherence bandwidth and RMS delay
spread. Through curve fitting, this relationship can be expressed as

Bc ¼ 1934 ��2:37
RMS 7:5G�RMSG14 VL Band

2303 ��2:40
RMS 12G�RMSG16:6 IR Band

�
(10)

4.2 Effect of Multiple Transmitters, Position/Rotation of Transmitter/Receiver and the
Presence of Objects

In the previous section, we have obtained CIRs and presented related channel parameters for
an empty room with a single transmitter. In this section, we consider various environments with
different transmitter specifications (i.e., multiple transmitters and array type), receiver specifica-
tions (i.e., location and rotation), and furniture.

In our study, we assume a room size of 5 m � 5 m � 3 m, where the walls and ceiling
are plaster, while the floor is pinewood. The total power budget for LED chips is 1 W.
Through this assumption, we associate channel DC gain with the averaged received power [16].
For easy identification, we label different configurations as VLx, x ¼ 1, 2, . . . , 8 illustrated in
Figs. 10–12.

Fig. 10. Configuration with multiple light sources.
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4.2.1 Effect of Multi-Transmitter Deployment
In Fig. 10, we consider three configurations with different number of transmitters. The main

features of these configurations are summarized below:
• VL1: empty rectangular room with single transmitter located at the center of the ceiling and
single receiver located at the center of the floor;

• VL2: empty rectangular room with four transmitters located at the ceiling and single receiver
located at the center of the floor;

• VL3: empty rectangular room with 16 transmitters located at the ceiling and single receiver
located at the center of the floor.

Table 6 summarizes the channel parameters for these three configurations under consider-
ation. It is observed that by increasing the number of transmitters (see VL2 and VL3), channel
DC gain decreases with respect to VL1, where the transmitter and receiver are perfectly aligned.
Note that this observation is made under the assumption of a fixed overall transmit power bud-
get. The received power therefore decreases with LEDs more dispersed on the ceiling. It is also
observed from Table 6 that RMS delay spread increases in VL2 and VL3 in comparison to VL1
with single source since more scattering is received from multiple sources.

Fig. 12. Configuration with (a) few furniture and (b) lots of furniture.

Fig. 11. Configuration with various rotations of receiver.

TABLE 6

Channel parameters for different numbers of transmitters
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4.2.2 Effect of Position/Rotation of Receiver
In Fig. 11, we consider three configurations with different receiver rotations. The main fea-

tures of these configurations are summarized below:
• VL4: empty rectangular room with single transmitter located at the center of the ceiling and
single receiver looking upwards located at the corner of the floor;

• VL5: empty rectangular room with single transmitter located at the center of the ceiling and
single receiver with 45 degrees rotation located at the corner of the floor;

• VL6: empty rectangular room with single transmitter located at the center of the ceiling and
single receiver with 90 degrees rotation located at the corner of the floor.

Based on the obtained CIRs and channel parameters (see Table 7), we observe that by rota-
tion of detector towards to the source (see VL5), the channel DC gain increases with respect to
VL4 and VL6, where the receiver is pointed towards to the ceiling and walls, respectively. It is
also observed that by moving the detector to the corner side, the RMS delay spread increases
with respect to VL1 where the detector is located at the center of the floor. It is a result of receiv-
ing more scattering power from corner sides.

4.2.3 Effect of Objects in the Environment
In Fig. 12, we consider two different configurations to evaluate the effect of objects (e.g., furni-

ture) in a room. The transmitter is located at the center of ceiling and the receiver is located at
the center of the floor. In VL7 and VL8, we assume the same room size as VL1. The main fea-
tures of these configurations are summarized below:

• VL7: rectangular room with chair, desk and desk lamp;
• VL8: rectangular room with chair, desk, desk lamp, laptop, couch, library, cage, and coffee
table.

In VL7 and VL8, we assume that coating materials of desk, desk lamp, chair, cage, laptop, li-
brary, coffee table, and couch are, respectively, pinewood, black gloss paint, black gloss paint,
pinewood, black gloss paint, pinewood, pinewood, and black gloss paint.

Based on the obtained CIRs and channel parameters (see Table 8), we observe that in the
configuration with lots of furniture (VL8), the presence of furniture in the room has resulted in a
decreased delay spread and channel DC gain. On the other hand, delay spread and channel DC
gain in the room with few furniture (VL7) are similar to those ones in an empty room. It should
be, however, noted that, depending on relative positions of source, detector, and furniture, differ-
ent observations on CIR can made as noted in an earlier IR channel modeling study [44].

TABLE 7

Channel parameters for different rotations of detector

TABLE 8

Channel parameters for empty room versus furnished room
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5. Conclusion
In this paper, we proposed a realistic VLC channel modeling approach based on a commercial
optical and illumination design software called Zemax®. Taking advantage of the advanced ray
tracing features of this software, we were able to obtain realistic CIRs which take into account
practical issues such as wavelength dependency of reflection coefficients and different types of
reflections (diffuse, specular and mixed cases of diffuse and specular). We were also able to in-
tegrate commercial light sources instead of ideal Lambertian sources typically used in existing
works and obtain CIRs with higher order number of reflections. In the first part of the paper, to
confirm the accuracy of our approach, we first demonstrated that our approach yields the same
CIR as in [30] under the assumption of purely diffuse reflections and ideal Lambertian source.
We then discussed the effect of specular and mixed cases. Our results demonstrated that the
presence of specular components create fluctuations in CIR and result in deviations from the
purely diffuse case. Furthermore, we demonstrated the importance of taking into account higher
order of reflections particularly for specular cases. In the second part of the paper, we investi-
gated the effect of varying distance between transmitter and receiver on channel parameters
and obtained closed form expressions for channel DC gain and RMS delay spread as a function
of distance. Our results showed that the received power decreases in a negative exponential
manner resulting in the decrease of channel DC gain. It is also observed that RMS delay spread
first increases then decreases with the increasing distance. Comparison of results obtained for
IR and VL further reveals that DC gains and RMS delay spread of VL channels are smaller than
those in IR channels for same configurations. We finally demonstrated the effect of transmitter
specifications (i.e., single vs. multiple transmitters), receiver specifications (i.e., location, rota-
tion), and objects within the environment (i.e., furniture) on the CIR.
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