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ABSTRACT Owing to its several advantages over other wireless schemes, visible light communica-
tion (VLC) shall be at the forefront of optical wireless communication technology. However, due tomultipath
reflections and spatial distribution of light-emitting diode (LED) transmitters, there is an inherent delay
spread in the VLC channels. We perform a comprehensive quantitative study on the effect of several practical
factors like LED semi-angle, wall reflectivity, number of reflections, number of LED panels, room size, and
user locations on the channel delay parameters, namely RMS delay spread and coherence bandwidth of the
channel. We present the detailed derivation of the multipath VLC channel model and incorporate the effect
of inter-symbol interference in bit error rate (BER) performance of the multipath VLC system. We analyze
the average BER of the system under different practical scenarios and determine the penalty in signal to
noise ratio entailed by a change in the system parameters mentioned above. We conclude that it is sufficient
to model up to three reflections in the VLC channel to emulate the effect of multipath propagation on the
channel characterization and BER analysis of the system. The results and analyses presented herein provide
critical insights into the effect ofmultipath reflections in indoor VLC links, particularly the BER performance
and channel delay characteristics. We also provide some key recommendations for the design of practical
VLC systems by outlining the data rates that can be served under different system configurations.

INDEX TERMS Multipath channel, delay spread, coherence bandwidth, inter-symbol interference, bit error
rate, visible light communication.

I. INTRODUCTION
Visible light communication (VLC) is an upcoming opti-
cal wireless communication technology that integrates
communication and illumination by utilizing the illumination
infrastructure of white light-emitting diodes (LEDs) for data
communication [1]–[4]. Due to rapid advancements in the
field of solid-state lighting devices [5] and a simultaneous
boom in Internet traffic over the last few decades, the research
on VLC has garnered much interest in the area of wireless
communication systems. VLC opens up the untapped visible
range (∼400 – 700 THz) of the electromagnetic spectrum
that is unlicensed and free. Thus, VLC promises to support
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very high data rates and enables inexpensive indoor wireless
communication.

Besides this, VLC also benefits from advantages like radia-
tion safety and less electromagnetic interference as compared
to other wireless communication technologies. Moreover,
since visible light signals cannot penetrate through walls,
so the transmission of user data over such signals is confined
to a room, which makes it difficult for eavesdroppers to inter-
cept data [3]. However, the non-penetrability of visible light
signals means that they suffer reflections at the walls. These
reflections create multiple paths from the LED source to the
receiver, giving rise to the problem of delay spread because
the light signals carrying the same data reach the receiver at
different time instants. Furthermore, illumination LEDs used
for VLC have a non-directed diffuse radiation pattern and are
installed in the form of panels on the ceiling [6]. In such a
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systemwith a broadcasting scenario, where all LEDs transmit
the same data, the presence of spatially distributed trans-
mitters aggravates the delay spread. Hence, the presence
of reflections and multiple transmitters creates the problem
of delay spread, which is the primary reason for the origin of
inter-symbol interference (ISI) in indoor VLC systems. ISI
is undesirable as it limits the achievable data rate in VLC
channels and entails deterioration in its bit error rate (BER)
performance. To this end, there is a need to develop channel
models that incorporate the effect of ISI caused by multiple
reflections as well as the spatial distribution of transmitters.

A. RELATED WORK
The indoor multipath model is proposed in [7] for
infrared (IR) channels and later calibrated in [8]. These works
study the effect of the number of reflections on IR channel
models. Authors in [9] adapt this model for VLC channels
and obtain the channel delay parameters to compare with
those in IR channels. Subsequently, there have been other
attempts [10]–[13] to model and characterize multipath VLC
channels. However, most of these works are limited to plot-
ting the channel impulse response (CIR) and ascertaining
the existence of multipath reflections. In [14], the authors
use first-order specular reflections from mirrors to improve
the performance of multipath VLC links. A more realis-
tic approach to channel modeling using non-sequential ray
tracing is proposed in [15], which is extended in [16] to
incorporate mobile users. Both these works analyze the effect
of multipath reflections on the channel delay characteristics.

Authors modify the model used in [9] in [17] and [18]
to include the effects of shadowing and obstacles, respec-
tively, wherein the analyses are focused on the study of CIR
and signal to noise ratio (SNR) up to second-order reflec-
tions only. Likewise, [19] studies the effect of shadowing,
whereas [20] proposes a statistical model to analyze indoor
VLC channels’ confidentiality, but their studies include only
up to first-order reflections. All the above works are carried
out, mainly, for a fixed set of system parameters. In [21]
and [22], authors analyze the effect of transmitter config-
urations on the channel characteristics and received power,
respectively. Both works are focused only on studying the
effect of multiple LED transmitters. Moreover, none of the
works listed above have attempted to analyze multipath VLC
links’ error performance.

In [23], the BER in a spatially modulated VLC system
is analyzed without considering any reflections. In contrast,
authors in [24] study the diffuse VLC link’s error perfor-
mance by including up to first-order reflections. Authors
extend this study [24] in [25] for a dimmable VLC system
considering up to three reflections. The BER performance of
multiplexed VLC systems has recently been analyzed in [26]
and [27] for no reflections and up to first-order reflections,
respectively. However, although the works [24], [25], [27]
try to incorporate the multipath effect, these studies do not
consider the channel delay characteristics. Hence, the effect
of ISI on BER performance has not been accounted. The BER

deterioration due to multiple reflections, if any, reported in
these works is solely due to the degradation in received power
occurring due to reflections.

To sum up, despite the growing literature on multipath
VLC channels [28], one or more of the following aspects are
not considered in the above works. Firstly, and most impor-
tantly, all of them lack a clear and complete formulation of the
multipath channel model comprising transmitters, reflectors,
and receivers. Secondly, they do not explicitly determine
the number of reflections that needs to be incorporated to
emulate the multipath effect adequately. Thirdly, they do not
study the effect of several practical system parameters like
LED semi-angle, wall reflectivity, the order of reflections,
room size, and multiple transmitters on the channel delay
characteristics. Fourthly, they do not attempt to analyze the
system BER performance by including the ISI phenomenon
and how this BER is affected by the system parameters. In any
of the previous works, there is no indication of an optimal
semi-angle at which the system BER is minimum.

B. CONTRIBUTIONS
Against the background of the related work reported in the
previous section, we are motivated to bridge these gaps in
the literature. In this paper, we describe the modeling of
sources, reflectors, and receivers in VLC systems, that can
be easily implemented in computer simulations. We present
and explain in detail the complete derivation of the multipath
VLC channel model, starting from basics, and implement the
same in MATLAB R©, considering a mobile user. The novel
contributions of our work are outlined below:

1) We quantify the channel delay characteristics and study
how they are affected by different system parameters
like the LED semi-angle, number of reflections, wall
reflectivity, user location, room size, and number of
transmitter panels.

2) We study the spatial variation of channel delay charac-
teristics at different possible user locations in the indoor
environment.

3) We incorporate the effect of ISI in the BER analysis
of the multipath VLC system and study the impact of
delay spread and the user location on the BER perfor-
mance at different data rates and for various room sizes.

4) We obtain the optimum value of the LED semi-angle at
which the BER performance of the system is best.

5) We compute the penalty in SNR required to maintain
the BER when the system parameters are changed.

6) We determine the number of reflections that must be
modeled in the VLC channel to sufficiently incorporate
the effect of multipath propagation for channel charac-
terization and BER analysis.

7) We suggest some useful guidelines for the installation
of practical indoor VLC systems. We outline the data
rate and the coherence bandwidth (BW) at which the
system can operate with an appreciably low BER.

To the best of our knowledge, such a comprehensive and
detailed study to evaluate the effect of multipath reflections
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on the channel characterization and BER analysis of indoor
VLC links has not been reported in the present literature
on VLC.

The rest of this paper is organized as follows. In Section II,
we describe the system model followed by the results for
channel characterization in Section III. We analyze the BER
of the system in Section IV and discuss some practical guide-
lines for the design of VLC systems in Section V. Finally,
we give a brief conclusion of our work in Section VI.

II. MODELING OF MULTIPATH VLC LINKS AND
SIMULATION MODEL
The multipath CIR for a general indoor wireless optical com-
munication link is presented in the book [29], but its formu-
lation and derivation for VLC is largely unclear. Moreover,
there is no description of the models of sources, receivers,
and reflectors used in VLC. In this section, we elaborately
describe the modeling of sources, receivers, reflectors, and
the channel in a multipath VLC link. We also discuss the
parameters used to characterize amultipath channel, followed
by a description of the inter-symbol interference and receiver
BER.We then present the indoor configuration adopted in our
simulations.

A. SOURCE MODELLING
In VLC systems, the optical source is usually an LED, which
is modeled as a generalized Lambertian source located at
the position vector ErS and its orientation is defined by the
unit vector n̂S which is normal to its radiating surface. It is
characterized by its radiation pattern, which is uniaxially
symmetric with a radiation density given as [30]

R (φ) =
m+ 1
2π

PS cosm φ (1)

where φ is the irradiance angle with respect to n̂S , m is
the Lambertian order of radiation and PS is the total power
radiated by the source. The Lambertian order m determines
the shape of the radiation lobe and signifies the directionality
of the source. The shapes of the radiation lobes for different
values of m is illustrated in Fig. 1. The desired radiation
pattern can be obtained by proper designing of the lens used at
the source. Note that, irrespective of the value of m, the max-
imum radiant intensity is available at φ = 0◦ and can be
denoted as [31]

Rmax =
m+ 1
2π

PS (2)

Then the semi-angle at half maxima is defined as

φ1/2 = arg {R (φ) = Rmax/2} (3)

where argf (.) denotes the argument of the function f (.). This
can be simplified to

φ1/2 = cos−1
(
2−1/m

)
(4)

As such, any general optical point source can be denoted by
the ordered three-tuple {ErS , n̂S ,m}.

FIGURE 1. Shapes of radiation lobes from the LED source for different
values of Lambertian order (m).

B. RECEIVER MODELLING
A receiving element is modeled as a photosensitive detector
located at the position vector ErR with orientation defined by
the unit vector n̂R normal to the photosensitive surface of
area AR. Its field-of-view (FoV) is denoted by 9FoV. If the
angle of incidence of light (ψ) with respect to n̂R is greater
than ψFoV, then the light is not detected by the receiver. The
limited value of receiver FoV may be a result of improper
manufacturing or packaging of the photodetector. Moreover,
it can be intentionally limited by a lens or aperture to reduce
unwanted reflections or reduce noise by shielding excessive
ambient light. Besides, an optical concentrator is commonly
employed to increase the signal received. The gain of this
optical concentrator is given as [30]

g (ψ) =


µ2

sin2 ψFoV
, 0 ≤ ψ ≤ ψFoV

0, ψ > ψFoV

(5)

where µ is the refractive index of the concentrator. Hence, in
general, an optical receiving element can be denoted by the
ordered four-tuple

{
ErR, n̂R, ψFoV,AR

}
.

C. REFLECTOR MODELLING
Multipath propagation of light entails reflections from walls.
Researchers [30] have shown that typical wall coating mate-
rials like plaster, wood, tiles, etc., can be considered as dif-
fuse Lambertian reflectors whose radiation pattern is given
by (1), which is independent of the incidence angle. As such,
a reflecting element r can be visualized first as a receiver
{Err, n̂r , π/2,Ar } on which power Pr is incident. Subse-
quently, it behaves as a source {Err, n̂r , 1} with the radiation
pattern given by (1) and radiating power ρPr where 0 <

ρ < 1 is the reflection coefficient of r. In other words,
a reflector behaves a receiving element with ψFoV = π/2
radians and as a source with m = 1. Moreover, it atten-
uates the power by a factor of ρ. Note that, since there is
no optical concentrator at a reflector, so g (ψ) is unity for
reflectors.

D. MULTIPATH CHANNEL MODELLING
A multipath channel (ref. Fig. 2) comprises of a direct line-
of-sight (LoS) path and several non-line-of-sight (NLoS)
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FIGURE 2. Illustration of the multipath VLC channel model. Here, the LoS
path is depicted in red, NLoS path with one reflection in green, and a
direct path between two reflective elements (rp and rq) in blue.

paths undergoing multiple successive reflections while trav-
eling from the LED source to the photodetector (PD)
receiver. Each NLoS path between an LED to a PD can
be decomposed into several LoS paths between consecutive
reflections.

The impulse response of the LoS path between a general
source element (say εa ≡ {Era, n̂a,ma}) and a general receiver
element (say εb ≡ {Erb, n̂b, ψFoV,b,Ab}) is given by (6), as
shown at the bottom of the page, [30], where δ (·) is the Dirac
delta function, c is the velocity of light, ma is the Lambertian
order of radiation of the source εa, Ab is the physical area of
the receiving element εb, da,b is the distance between the two
distinct elements εa and εb,ψFoV,b is the FoV of εb, φa,b is the
angle of irradiance from εa and ψa,b is the angle of incidence

at εb, such that

da,b = ‖Era − Erb‖ (7)

cosφa,b = n̂a.
(
Erb − Era
da,b

)
(8)

cosψa,b = n̂b.
(
Era − Erb
da,b

)
(9)

Here, εa can be a LED source or a reflective element
behaving as a passive source and εb can be the PD receiver
or a reflecting element behaving as a receiver. As such,
the impulse response of the LoS path between the ith LED
source, Si ≡ {ErSi , n̂Si ,mi} and jth PD receiver, Rj ≡

{ErRj , n̂Rj , ψFoV,j,ARj} is given by (10), as shown at the bottom
of the page.

Each NLoS path (with k reflections) from Si to Rj can be
decomposed into k + 1 LoS segments which are of three
types: the first type is the initial segment (L1) which is
the LoS path between Si and the first reflective element
r1 ≡ {Er1, n̂1, π/2,Ar1}, the second type comprises of several
segments (L2,L3, . . . ,Lk ) which are LoS paths between two
successive reflective elements and the third type is the last
segment (Lk+1) which is the LoS path between the k th reflec-
tive element rk ≡ {Erk, n̂k , 1} and Rj. Using (6), we write the
impulse response of L1 as given in (11), as shown at the bot-
tom of the page. Similarly, the impulse response of a general
LoS path of the second type (L2,L3, . . . ,Lk ), i.e., between
any two distinct reflective elements rp ≡ {Erp, n̂p, 1} and
rq ≡ {Erq, n̂q, π/2,Arq} is given by (12), as shown at the
bottom of the page. Finally, the impulse response of Lk+1
can be written as given in (13), as shown at the bottom of the
page.

h(0) (t; εa, εb) =


ma + 1

2πd2a,b
Ab cosma φa,b cosψa,bδ

(
t −

da,b
c

)
, 0 ≤ ψa,b ≤ ψFoV,b

0, ψa,b > ψFoV,b

(6)

h(0)i→j

(
t;Si,Rj

)
=


mi + 1

2πd2i,j
ARjcos

miφi,j cosψi,jg
(
ψi,j

)
δ

(
t −

di,j
c

)
, 0 ≤ ψi,j ≤ ψFoV,j

0, ψi,j > ψFoV,j

(10)

h(0) (t;Si,r1) =


mi + 1

2πd2i,1
Ar1cos

miφi,1 cosψi,1δ
(
t −

di,1
c

)
, 0 ≤ ψi,1 ≤ π/2

0, ψi,1 > π/2
(11)

h(0)
(
t;rp,rq

)
=


1

πd2p,q
Arp cosφp,q cosψp,qδ

(
t −

dp,q
c

)
, 0 ≤ ψp,q ≤ π/2

0, ψp,q > π/2
(12)

h(0)
(
t;rk ,Rj

)
=


1

πd2k,j
ARj cosφk,j cosψk,jg

(
ψk,j

)
δ

(
t −

dk,j
c

)
, 0 ≤ ψk,j ≤ ψFoV,j

0, ψk,j > ψFoV,j

(13)
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The impulse response of any NLoS path can be written as
a combination of (11 – 13). For example, consider an NLoS
path from Si toRj having a single reflection at rl . Its impulse
response can be written as

h(1)
(
t;Si,rl,Rj

)
=h(0) (t;Si,rl)⊗ ρlh(0)

(
t;rl,Rj

)
(14)

where ρi denotes the reflectivity of the element ri.
So, the total impulse response obtained from NLoS paths
having only one reflection between Si and Rj is

h(1)i→j

(
t;Si,Rj

)
=

Nr∑
l=1

h(0)(t;Si,rl)⊗ ρlh(0)
(
t;rl,Rj

)
(15)

whereNr is the total number of reflective elements. Similarly,
the impulse response of the NLoS path from Si to Rj having
only two reflections at rl and rg can be written as

h(2)
(
t;Si,rl,rg,Rj

)
= h(0) (t;Si,rl)⊗ ρlh(0)

(
t;rl,rg

)
⊗ ρgh(0)

(
t;rg,Rj

)
(16)

which can be simplified to

h(2)
(
t;Si,rl,Rj

)
= h(0) (t;Si,rl)⊗ ρlh(1)

(
t;rl,Rj

)
(17)

Consequently, the total impulse response obtained from
NLoS paths having two reflections between Si and Rj is

h(2)i→j

(
t;Si,Rj

)
=

Nr∑
l=1

h(0) (t;Si,rl)⊗ρlh(1)
(
t;rl,Rj

)
(18)

In general, the total impulse response obtained from NLoS
paths having k reflections between Si and Rj is obtained
iteratively as

h(k)i→j

(
t;Si,Rj

)
=

Nr∑
l=1

h(0) (t;Si,rl)⊗ ρlh(k−1)
(
t;rl,Rj

)
(19)

h(k)i→j

(
t;Si,Rj

)
=

mi + 1
2π

Nr∑
l=1

Arlρl
d2i,l

cosmi φi,l cosψi,l

× rect
(
2ψi,l
π

)
h(k−1)

(
t −

di,l
c
;rl,Rj

)
(20)

Using (11) and (19), we can write the total impulse response
as given in (20) at the top of the next page, where rect(x) is
the rectangular function defined as

rect (x) =

{
1, |x| ≤ 1
0, |x| > 1

(21)

The total impulse response of the multipath channel between
the ith LED source Si and the jth PD receiver Rj is the sum
of (10) and (20) expressed as

hi→j
(
t;Si,Rj

)
= h(0)i→j

(
t;Si,Rj

)
+

K∑
k=1

h(k)i→j

(
t;Si,Rj

)
(22)

where K is the reflection order defined as the total number
of reflections modeled in the system. Hence, the multipath
impulse response at Rj from all sources is

hj (t) =
NLED∑
i=1

[
h(0)i→j

(
t;Si,Rj

)
+

K∑
k=1

h(k)i→j

(
t;Si,Rj

)]
(23)

where NLED is the total number of LED sources. Note that
K = 0 indicates no reflections and corresponds to the LoS
path, whereas K ≥ 1 indicates a multipath channel with
NLoS paths.

E. CHANNEL PARAMETERS
Due to the multipath nature of visible light channels,
the transmitted signal gets divided into several paths, and
these signal components do not reach the receiver at the same
time, which causes the spreading of the received signal in the
time domain. Moreover, in a broadcasting set-up, where all
the LED panels transmit the same information, the unequal
path lengths from different transmitters to the receiver cause
the signals to reach the receiver at different times. Hence,
the non-symmetrical location of multiple transmitters with
respect to the receiver also adds to the time-domain spreading
of the received signal. This temporal spreading is character-
ized by the RMS delay spread and its value at the receiver Rj
is obtained using [30]

τj =

√√√√√√√√
∞∫
0

(
t − µj

)2 h2j (t) dt
∞∫
0
h2j (t) dt

(24)

where µj is the mean excess delay at Rj defined as

µj =

∞∫
0
t × h2j (t) dt

∞∫
0
h2j (t) dt

(25)

These two parameters (τj and µj) characterize the channel
in time domain using themultipath channel response obtained
in (23). However, in the frequency domain, the coherence BW
is a crucial indicator of the transmission capability of theVLC
channel. It is defined as the range of frequencies over which
the channel passes all spectral components of the signal with
almost equal gain and linear phase. The parameters τj and µj
arise due to the natural phenomenon of multipath propaga-
tion, whereas the coherence BW is a derived quantity and its
value at Rj is obtained from the RMS delay spread as [32]

Bc,j =
1
ατj

(26)

where α lies between small values and 10 for indoor chan-
nels [29], [32]. In our work, we use α = 1/0.15, which
has been experimentally determined by authors in [33]. This
gives Bc,j = 0.15/τj. Note that these channel parameters are
specific to the receiver location indexed by j in (24 – 26).
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TABLE 1. System parameters.

F. INTER-SYMBOL INTERFERENCE AND RECEIVER BER
Due to the delay spread in the signal received via a multipath
channel, the received symbol pulses are spread beyond the
symbol period and might interfere with the adjacent symbol
pulses, thereby behaving as a source of error. This is called
inter-symbol interference (ISI) and puts an upper limit on the
achievable data rate of the system. Therefore, it is modeled
as noise at the receiver. We assume a field-effect transistor
(FET)-based trans-impedance preamplifier in the receiver
circuit [34]. The receiver is followed by a filter that converts
the received pulse to a raised-cosine pulse with 100 % excess
BW. The output samples of the filter contain noise which is
Gaussian in nature and has a total variance of σ 2

T = σ
2
sh+σ

2
th.

Hence, the total noise power at the receiver is [29]

PN = σ 2
sh + σ

2
th +<

2P2ISI (27)

where < is the detector responsivity, PISI is the power
received due to ISI at the detector, σ 2

sh is the variance of
the shot noise induced by the received light signal and the
ambient light, and σ 2

th is the variance of the thermal noise
induced by the electrical preamplifier. These variances are
expressed as [29]

σ 2
sh = 2e<(PR + PISI)B+ 2eIamI2B (28)

and

σ 2
th = 8πkBT

(
I2

GCdB
+

2π I30
gm

)
C2
dB

3 (29)

where e is the electronic charge, PR is the desired signal
power, B is the receiver bandwidth, Iam is the ambient noise
current, kB is the Boltzmann’s constant, T is the room tem-
perature, G is the open-loop voltage gain, Cd is the capaci-
tance of the photodetector, 0 is the noise figure of the FET,

FIGURE 3. System model depicting the locations of LED panels (yellow)
and a mobile and fixed user in the indoor environment.

gm is the transconductance of the FET, and I2 = 0.562 and
I3 = 0.0868 are the noise-bandwidth factors [29]. The val-
ues [34] of these parameters used in our work are mentioned
in Table 1. The bit error rate is given as

BER = Q
(

<PR
σ0 + σ1 +<PISI

)
(30)

where σ 2
0 and σ 2

1 are the noise variances for the reception of
bits ‘0’ and ‘1’, respectively, and the Q (·) function is defined
as [29]

Q(z) =
1
√
2π

∫
∞

z
exp

(
−
x2

2

)
dx (31)

The variances σ 2
0 and σ 2

1 are calculated from (28, 29) with
PR = 0 for bit ‘0’ since we use the on-off keying (OOK)
modulation. From (30), we infer that an increase in ISI due
to delay spread leads to an increase in BER. Hence, a higher
delay spread in the channel degrades the BER performance
of the system.

G. INDOOR CONFIGURATION
We consider an indoor environment (ref. Fig. 3) which is
a cuboidal room in the three-dimensional Cartesian system
with its origin at the center of the room and defined by the
coordinates (x, y, z), where x, y and z are defined along the
length, breadth, and the height of the room, respectively.
The system parameters are summarized in Table 1. Note
that the values of some of the parameters (star marked) are
variable to study the effect of these variations on the system
performance. Unless mentioned otherwise, the default values
of such parameters are used in our study.

The LEDs are identical and distributed equally among
the LED panels installed symmetrically in a square grid on
the ceiling for illumination. Therefore, the number of LED
panels is always a perfect square value. Moreover, the dis-
tance between any two adjacent LEDs on a panel is fixed at
1 cm, which is very small in comparison to the room width
(5 m). So, each panel is approximated as an abstract point
source located at its center. For a 5 m × 5 m × 3 m room,
the coordinates of the four LED panels (T1, T2, T3 and T4)
are (−1.25, 1.25, 1.5), (1.25, 1.25, 1.5), (1.25, −1.25, 1.5)
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FIGURE 4. Location of the LED transmitter panels (yellow) and possible
user locations (purple) simulated in the indoor environment (top view) of
a 5 m × 5 m room. Here C-I, C-II and C-III are three specific cases of user
locations used to analyze the spatial variation.

and (−1.25, −1.25, 1.5), respectively, as depicted in Fig. 4.
White light from these LED panels traverses the multipath
VLC channel to reach the receiver after suffering wall reflec-
tions (characterized by the reflection order, K ). The walls are
divided into identical reflective elements of finite area (Ar )
and reflectivity, say ρ, such that 0 < ρ < 1.
The user is equipped with a receiver comprising of a

photodetector, which has a finite area, and the coordinates
of its location are assumed at its center. The receiver BW
is assumed to be equal to the data rate. To study the spa-
tial variation of different system parameters, we simulate
11 × 11 = 121 possible user locations (depicted in Fig. 4)
in the indoor environment. Each location is spaced 0.5 m
apart from its immediate neighbors. To analyze the spatial
variation, we specify three possible cases of user locations,
namely, C-I (0, 0, −1.5), C-II (0, −1.25, −1.5) and C-III
(−2, −2, −1.5), illustrated in Fig. 4 using green, blue and
red circles, respectively. Note that, due to the symmetrical
placement of LED panels, the performance analysis at user
locations in cases C-II and C-III is the same as that at the cor-
responding symmetric locations in the other three quadrants,
indicated by circles of the same color in Fig. 4. Hence, these
three cases emulate nine possible user locations in the room,
for the same placement of four LED panels. We simulate the
multipath channel model with the above indoor environment
in MATLAB R© and discuss the simulation results in the next
section.

III. CHANNEL CHARACTERIZATION
In this section, we discuss the simulation results for chan-
nel characterization and study the effect of LED semi-angle
(φ1/2), reflection order (K ), wall reflectivity (ρ), user loca-
tion, room size, and number of panels (Np) on these results.
As discussed earlier, the delay spread in the channel arises due
to multipath reflections as well as the presence of multiple
transmitters, which, in general, are not placed symmetrically
to the user. To study the effect of φ1/2, K and ρ, we choose

the simplest case C-I where the user is located symmetrically
to the transmitter, and hence the delay spread is caused only
due to the multipath nature of the channel.

A. EFFECT OF LED SEMI-ANGLE, φ1/2
In Fig. 5, we plot the variation of RMS delay spread and
coherence BW with an increase in the LED semi-angle.
At very small values of φ1/2 ≈ 5◦, none of the LoS com-
ponents from any of the transmitters are able to reach the
receiver. The NLoS components reach the receiver after a
long time, and hence the delay spread is quite high (≈1 ns).
As φ1/2 is increased, the number of LoS components
increases. Since the LoS components arrive with almost
negligible delay (no reflections), so the presence of more
LoS components in the signal leads to a lower delay spread.
Hence, the RMSdelay spread reduces up toφ1/2 ≈ 15◦ where
it is minimum. As φ1/2 is further increased, the NLoS signal
components undergoing multipath reflections start to domi-
nate, which leads to an increase in the RMS delay spread.
A corresponding inverse variation is observed in the coher-
ence BW of the channel with an increase in φ1/2. We also
observe in Fig. 5, that although the change in RMS delay
spread is significantly less (∼1 ns), the change is coherence
BW is appreciably high (∼135 GHz).

B. EFFECT OF REFLECTION ORDER, K
To study the effect of reflection order, we plot the variation
in RMS delay spread and coherence BW for different values
of reflection order (K = 1, 2, 3), as shown in Fig. 5. Note
that we do not consider the LoS case (K = 0) because
case C-I has a symmetric placement of LED panels with
respect to the user’s location, and so, there is no RMS delay
spread in the LoS case. We observe that, for a constant value
of wall reflectivity and LED semi-angle, as we increase K ,
more reflections are incorporated into the channel model.
Hence, the RMS delay spread increases, and coherence BW
reduces. The effect is more pronounced at higher values of
wall reflectivity. Moreover, the change in delay spread is
negligible when K is changed from 2 to 3. This indicates that
it is sufficient to model up to three reflections to study the
channel characterization parameters in multipath VLC links.

C. EFFECT OF WALL REFLECTIVITY, ρ
Weplot the variation of RMS delay spread and coherence BW
for different values of wall reflectivity, as shown in Fig. 5.
For a given value of K and φ1/2, as ρ is increased from
0.2 to 0.8, the power carried by the reflected signals increases,
which in turn increases the RMS delay spread and reduces the
coherence BW. To highlight this variation, we show a zoomed
version of the plot in the inset of Fig. 5(b).

D. EFFECT OF USER LOCATION
As discussed earlier, the delay spread in the channel is caused
by the multipath nature as well as the relative location of
the user with respect to the transmitters. We now investigate
the effect of user location on the channel characterization
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FIGURE 5. Variation of (a) RMS delay spread, and (b) coherence bandwidth with increase in LED semi-angle at different values of reflection
order (K ) and wall reflectivity (ρ) for case C-I.

FIGURE 6. Spatial variation of (a) RMS delay spread and (b) coherence BW at different user locations in the indoor environment when φ1/2 = 35◦,
K = 3 and ρ = 0.8.

parameters for φ1/2 = 35◦, K = 3 and ρ = 0.8. In Fig. 6,
we plot the spatial variation of RMS delay spread and coher-
ence BW for different user locations (depicted in Fig. 4). We
observe that the user location greatly influences the delay
characteristics. If the user moves freely around the room, then
the coherence BW changes by a factor of ∼20. To quan-
tify these variations for other values of φ1/2, we plot the
maximum, average, and minimum values of the RMS delay
and coherence BW for different values of LED semi-angle
in Fig. 7 where we observe that, as the user moves around
in the room, it can experience a variation (difference in
maximum and minimum values) of ∼0.06 ns in the RMS
delay spread at φ1/2 = 10◦, which increases to ∼2.5 ns at
φ1/2 = 90◦. The corresponding variations in coherence BW
are ∼3 THz at φ1/2 = 10◦ and ∼0.9 GHz at φ1/2 = 90◦.
Hence the delay characteristics are hugely affected by the
spatial location of users. Note that the RMS delay spread

and coherence BW have minima and maxima, respectively,
as explained in Section III.A.

We elucidate the reason for spatial variation in the delay
characteristics by considering the three cases of user locations
(C-I, C-II, and C-III) depicted in Fig. 4. In Fig. 8, we plot the
variation of RMS delay spread and coherence BW with an
increase in φ1/2 for the three system cases. For φ1/2 ≥ 15◦,
when the user is located at the center of the room (C-I), then
the signals from all four transmitters reach the receiver simul-
taneously. So the delay spread is only due to the multipath
propagation. Hence, the RMS delay spread is the lowest in
this case. In C-II, the user is located such that it is equidistant
from the transmitters T3 and T4 and also equidistant from
the transmitters T1 and T2. Hence, the signals from T3 and
T4 reach the receiver simultaneously but much earlier than
those from T1 and T2. Therefore, the RMS delay spread,
in this case, is much larger as compared to C-I. In C-III,

VOLUME 8, 2020 190627



R. Raj et al.: On the Effect of Multipath Reflections in Indoor VLC Links: Channel Characterization and BER Analysis

FIGURE 7. Variation of maximum, average and minimum values of (a) RMS delay spread and (b) coherence BW when K = 3 and ρ = 0.8.

FIGURE 8. Variation of (a) RMS delay spread, and (b) coherence BW with increase in LED semi-angle when K = 3 and ρ = 0.8 for different
cases of user locations.

the user is located very close to T4 and farthest from T2 but
it is equidistant from T1 and T3. Hence, the signal from T4
reaches the user first, followed by the simultaneous reception
of signals from T1 and T3 and finally, the signal from T2 is
received. This increases the delay spread as compared to C-II.

To sum up, for φ1/2 ≥ 15◦, and given values of K and ρ,
the RMS delay spread is maximum in the case of C-III, while
the RMS delay spread in the case of C-II is lower than that in
C-III, and it is significantly reduced in the case of C-I. Since
the coherence BW is inversely related to the RMS delay, so it
follows a reverse trend, i.e., the coherence BW of the channel
is maximum for C-I, followed by C-II, and it is minimum
for C-III. However, the scenario gets reversed for φ1/2 < 15◦.
The user as in C-I receives no LoS component, whereas the
users at C-II and C-III are located nearer to the transmit-
ters and hence they receive LoS components. Consequently,
as explained in Section III.A, due to the presence of more LoS
components, the delay spreads for C-II and C-III are lower
than that of C-I.

E. EFFECT OF ROOM SIZE
We now change the room size in the order 5 m × 5 m,
10 m× 10 m, . . . , 30 m× 30 m. Note that the room height is
fixed at 3 m, and the four panels are located symmetrically on
the ceiling at the center of each quadrant. In Fig. 9(a), we plot
the variation in the maximum value of RMS delay spread
observed in the room with an increase in LED semi-angle
for different values of room size. In Fig. 9(b), we plot the
corresponding variation in minimum vales of coherence BW.
We observe that, for all room sizes, the RMS delay and
coherence BW follow the same variation with an increase in
φ1/2, as explained in Section III.A. Moreover, the effect on
room size on the delay characteristics depends on the value
of φ1/2. As explained in Section III.A, at very low values of
φ1/2, the NLoS components in the signal dominate, and so
the delay spread is higher. When the room size is increased,
theseNLoS components take even longer to reach the receiver
and hence the RMS delay increases with an increase in room
size for very low values of φ1/2. For room sizes 5 m × 5 m
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FIGURE 9. Variation of (a) maximum RMS delay spread, and (b) minimum coherence BW with increase in LED semi-angle for different room sizes.

and 10 m × 10 m, the minima in delay spread is obtained at
φ1/2 ≈ 10◦ and φ1/2≈ 15◦, respectively, whereas for all other
room sizes, it is obtained at φ1/2≈ 20◦.
When φ1/2 is further increased up to φ1/2 ≈ 45◦, the vari-

ation in delay spread with room size is not monotonic. This
is depicted in the inset of Fig. 9(a), which shows a zoomed
version of the plot. The delay spread reduces when the room
size is increased from 5 m× 5 m to 20 m× 20 m, after which
it increases with an increase in room size up to 30 m× 30 m.
This is because at these values of φ1/2, when the room size
is increased up to 20 m × 20 m, then transmitters get further
spaced out, and the LoS components from adjacent transmit-
ters get weakened in strength, leading to a reduction in delay
spread. However, when the room size is increased beyond
20 m × 20 m, the distance between transmitter and user
increases, and the propagation delay dominates in the delay
spread. Due to the same reason, the delay spread increases
with an increase in room size for φ1/2 > 45◦. The variation
in minimum coherence BW is inverse of the variation in
maximum RMS delay spread, as depicted in Fig. 9(b). When
the room size is increased from 5 m × 5 m to 30 m ×
30 m, then at the optimum LED semi-angle, the minimum
coherence BW reduces from ∼2.5 GHz to ∼1.7 GHz.

F. EFFECT OF NUMBER OF PANELS, Np

We now study the effect of changing the number of pan-
els (Np), which is always a perfect square, as explained in
Section II.G. In Fig. 8, we observe that the highest delay
spread is obtained when the user is located at as in case C-III.
So, we place the user at the same location as in C-III and then,
keeping the total number of LEDs constant, we re-distribute
them and vary the number of panels from Np = 4(2 × 2) to
Np = 64 (8× 8) in a room of size 5 m × 5 m. Two of these
transmitter configurations (for NP = 9 and 49) are shown
in Fig. 10. As the LEDs get distributedmore uniformly among
a larger number of panels in the room, their distances from the

FIGURE 10. Transmitter configurations with Np = 9 and 49 with user
located as in case C-III.

FIGURE 11. Variation of RMS delay spread (in red, left axis), and
coherence BW (in green, right axis), with increase in number of panels for
φ1/2 = 60◦, K = 3 and ρ = 0.8.

user become more asymmetrical and hence the signals from
these panels reach the receiver at different times leading to
an increase in the RMS delay spread of the channel and a
corresponding reduction in its coherenceBW. This is depicted
in Fig. 11 where we plot the variation in these parameters
with an increase in Np. When Np is increased from 4 to 64,
we witness a rise of ∼0.18 ns in the RMS delay spread and
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FIGURE 12. Spatial variation of BER at different user locations in the indoor environment when φ1/2 = 35◦ and SNR = 10 dB for (a) K = 3 and
ρ = 0.8, and (b) K = 0.

a corresponding drop of ∼6.5 MHz in the coherence BW of
the channel.

IV. BER ANALYSIS
In this section, we analyze the BER performance of the
multipath VLC link. We simulate the multipath VLC chan-
nel model in MATLAB R© software, considering the receiver
noise and ISI, as mentioned in Section II.F. We use the OOK
modulation scheme in the indoor environment described in
Section II.G and measure the values of BER at the receiver
for different user locations.We also study the effect of various
system parameters on the BER performance.

From (31), we infer that increment in BER occurs pri-
marily due to two reasons. The first reason is a reduction in
received signal power, which occurs due to a decrease in the
total transmitted power or due to attenuation at the reflecting
surfaces or by both. The second reason is an increase in
the noise dominated by the ISI component, which depends
directly on the channel delay spread. Note that the delay
spread is induced by the multipath reflections as well as
the presence of multiple transmitters, which, in general, are
located asymmetrically with respect to the user.

A. EFFECT OF USER LOCATION
To study the significance of user location in BER analysis,
we measure the BER at user locations spaced 0.5 m apart
(as shown in Fig. 4) and then we plot the spatial variation
of BER obtained at these user locations when φ1/2 = 35◦,
SNR = 10 dB, K = 3 and ρ = 0.8. This is shown in
Fig. 12(a). Note that the BER variation here is due to the
multipath propagation as well as the user location. To isolate
these two factors, we nullify the effect ofmultipath reflections
by setting K = 0, which corresponds to the LoS case.
Hence, the spatial variation of BER depicted in Fig. 12(b) is
solely due to the difference in user locations. On comparing
Figs. 12(a) and 12(b), we observe that the peaks shift away
from the corners due to absence of reflections.

In Fig. 12, we observe that a mobile user experiences
different values of BER. If the user moves freely around the
room, then the BER changes by a factor of∼100. To quantify
these spatial variations for other values of φ1/2, we plot the
maximum and minimum of the BER values obtained at the
user locations in Fig. 13(a) where φ1/2 = 35◦, K = 3 and
ρ = 0.8. In Fig. 13, we also plot the average bit error
rate (ABER) obtained by taking the ensemble average of the
BER values obtained at different user locations. We infer that
we can maintain the same value of BER at different user
locations by increasing the SNR. This difference in SNR
values is termed as the SNR penalty [35]. We define the
SNR penalty as the increase in SNR required to achieve the
same target BER at different values of a particular system
parameter.

We deduce that, for a freely moving user, an SNR penalty
of ∼6 dB is incurred to maintain a BER of 10−3. This is
computed as the difference between SNR values when max-
imum and minimum values of BER are both 10−3. However,
as explained above for Fig. 12(a), this includes the effect of
multipath propagation as well as user locations. To determine
the SNR penalty incurred only due to user locations, we plot
these curves for K = 0 (LoS case) in Fig. 13(b), where
we observe that the SNR penalty reduces to 5 dB. Hence,
the SNR penalties incurred due to the multipath effect and
user location are 1 dB and 5 dB, respectively.

To elucidate the reason behind these spatial variations
and to further corroborate the significance of user location,
we now plot the BER with an increase in LED semi-angle for
different user locations in the three cases (illustrated in Fig. 4)
when SNR= 10 dB,K = 3 and ρ = 0.8, as shown in Fig. 14.
We observe that, for all three cases, with an increase in φ1/2,
the BER at the user follows the same variation as the delay
characteristics discussed in Section III.D and Fig. 8. More-
over, for φ1/2 ≥ 15◦, the BER performance deteriorates
with an increase in φ1/2 because the average received power
reduces [6]. Furthermore, the BER for C-III is the highest as
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FIGURE 13. Variation of maximum BER, ABER and minimum BER with increase in SNR when φ1/2 = 35◦ for (a) K = 3 and ρ = 0.8, and (b) K = 0.

FIGURE 14. Variation of bit error rate with increase in LED semi-angle for
K = 3 and ρ = 0.8 at different cases of user locations when SNR = 10 dB.

it experiences the highest delay spread (refer Section III.D),
followed by C-II, and the lowest BER is observed for C-I.

We also study the variation in BER with an increase in
SNR for φ1/2 = 35◦, K = 3 and ρ = 0.8. This is shown
in Fig. 15, where we observe that, for all three system cases,
BER reduces with increasing SNR due to enhancement in
received signal power at higher values of SNR. Moreover,
as explained for the results in Fig. 14, the BER is highest for
C-III, followed by C-II and lowest for C-I. Furthermore, from
Fig. 15, we infer that when the user moves from C-I to C-III,
there is an SNR penalty of 5 dB to maintain a BER of 10−3.
Hence, from Figs. 12 – 15, we observe that BER is a

strong function of the user location. As such, it is unfair
to analyze the BER performance of the system at a fixed
user location, since it does not represent the real picture.
Therefore, to study the effect of other system parameters,
we evaluate the ABER of the system for a holistic analysis
and the maximum BER (MBER) of the system for a more
stringent evaluation of the system’s error performance.

FIGURE 15. Variation of bit error rate with increase in SNR for K = 3 and
ρ = 0.8 at different cases of user locations when φ1/2 = 35◦.

B. EFFECT OF LED SEMI-ANGLE, φ1/2
As demonstrated in [6], the spatial distribution of received
power is significantly impacted by the LED semi-angle.
We now study the effect of φ1/2 on the ABER of the system
for different values of SNR in Fig. 16(a), where we observe
that as φ1/2 is increased from 0◦ to 90◦, the ABER first
reduces and then increases again, thereby giving an optimum
value of LED semi-angle (φopt1/2)where theABER isminimum.
This variation is coherent with the variation in delay charac-
teristics discussed in Section III.A. However, the value ofφopt1/2
is not always the same at which the delay spread exhibits a
minima because, apart from the channel delay characteristics,
the system BER is also impacted by the values of received
power.

At φ1/2 ≈ 0◦, we have m → ∞ which means that
the LED radiation becomes highly directional (refer Fig. 1).
Hence, the power from the LED panels reaches only to the
users located in their direct proximity. These users do not
receive any power from other LED panels, neither directly
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FIGURE 16. Variation of (a) ABER, and (b) MBER with increase in LED semi-angle for different values of SNR when K = 3 and ρ = 0.8.

FIGURE 17. Variation of (a) ABER, and (b) MBER with increase in LED semi-angle for different values of SNR when K = 0.

nor via reflections.Moreover, all other users receive no power
and hence ABER ≈ 0.5. Now as φ1/2 is increased, the
power from the LED panels starts reaching more users, and
the ABER falls quite drastically up to φ1/2 = φ

opt
1/2, after

which it starts to rise again when the light signals from more
than one LED panel start reaching the user simultaneously.
A similar variation is observed in the values of MBER plotted
in Fig. 16(b). We conclude that φopt1/2 ≈ 10◦ − 20◦ to obtain
the minimum value of MBER.

The same analysis is carried out for the LoS case,
i.e., K = 0 in Fig. 17 where we observe that the variation
with an increase in φ1/2 is similar but the fall in ABER and
MBER for φ1/2 < φ

opt
1/2 is much more drastic as compared

to the NLoS case with K = 3 and ρ = 0.8 (refer Fig. 16)
because reflections induce ISI in the latter case. For φ1/2 >
φ
opt
1/2, the delay spread increases due to reflections and sig-

nals from multiple transmitters. Moreover, these reflections

attenuate signal power. Hence, ABER increases. We study
this variation for different values of SNR in Figs. 16 and 17,
where we observe that the ABER and MBER reduce with
increasing SNR due to an increase in received signal power.

C. EFFECT OF DATA RATE, Rb
We now fix the transmitted power at PT = 10 dBm and
plot the variation in ABER and MBER with an increase in
φ1/2 for different data rates in the range 0.8 – 3 Gb/s in a
room of size 10 m × 10 m. This is depicted in Fig. 18 where
we observe that the variations in ABER and MBER with an
increase in φ1/2 is the same as explained in Figs. 16 and 17,
but both ABER and MBER increase when the data rate is
increased, which is expected because, at higher data rates,
the bits becomes narrower and more susceptible to ISI from
adjacent bits. Hence the error performance deteriorates due
to higher ISI in the system.
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FIGURE 18. Variation of (a) ABER, and (b) MBER with increase in LED semi-angle for different data rates (Rb) in a 10 m × 10 m room when
PT = 10 dBm.

FIGURE 19. Variation of (a) ABER, and (b) MBER with increase in LED semi-angle for different data rates (Rb) in a 20 m × 20 m room when
PT = 10 dBm.

D. EFFECT OF ROOM SIZE
To study the effect of room size, we repeat the analysis done
for ABER andMBER in Section IV.C for different room sizes
5 m × 5 m, 10 m × 10 m, . . ., 30 m × 30 m. The results
for three of these, namely, 10 m × 10 m, 20 m × 20 m, and
30m× 30m are depicted in Figs. 18, 19, and 20, respectively.
The trend and variations in all these figures are similar except
the change in the BER values and the value of φopt1/2 which
depends majorly on the LED panel density on the ceiling,
which in turn is a function of the room size.

In Fig. 21, we plot the variation of ABER and MBER
with an increase in φ1/2 for different room sizes when PT =
10 dBm and Rb = 0.8 Gb/s. We observe that the error perfor-
mance exhibits a similar variation with φ1/2 as observed for
the delay characteristics in Section III.E. When the room size
is increased from 5 m × 5 m× 3 m to 30 m × 30 m × 3 m,
then at φ1/2 = φ

opt
1/2, the MBER increases from ∼2 ×10−6 to

∼2.5 ×10−5. However, the ABER and MBER for a 5 m ×
5 m room are highest for φ1/2 > φ

opt
1/2 because the received

power deteriorates in such a small room due to a large number
of successive reflections.

Now, to provide some design recommendations and
thumb-rules, we observe the data rate (ref. Figs. 18 – 20)
at which the system’s MBER remains ≤ 10−4 with PT =
10 dBm for different room sizes. We plot these values
in Fig. 22 from where we can infer that as the room size
is increased, the maximum data rate at which the system
can operate while maintaining a target MBER of ≤ 10−4,
reduces. In Fig. 22, we also plot the values of optimum
semi-angle at which the MBER is minimum as observed
in Fig. 21(b) at PT = 10 dBm and Rb = 0.8 Gb/s.
The reason behind the variation in optimum semi-angle with
increase in room size is the same as explained earlier in
Sections III.E and IV.D.
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FIGURE 20. Variation of (a) ABER, and (b) MBER with increase in LED semi-angle for different data rates (Rb) in a 30 m × 30 m room when
PT = 10 dBm.

FIGURE 21. Variation of (a) ABER, and (b) MBER with increase in LED semi-angle for different room sizes when PT = 10 dBm and
Rb = 0.8 Gb/s.

V. DISCUSSION
In this section, we discuss and provide some guidelines for a
system designer tasked with the installation and deployment
of practical indoor VLC systems. It is an obvious fact that the
system performance is hugely impacted by the location of the
user in the indoor environment. The same has been reiterated
at several places in this paper (ref. Sections III.D and IV.A).
Moreover, the user is likely to move freely to any location in
the room, and thus, we should focus on the worst-case sce-
nario while designing a practical system. Such a scenario can
be quantified using parameters like the minimum coherence
BW and the MBER of the system. At the same time, design
parameters like the LED semi-angle and room size are well
within the hands of the system designer who now needs to
determine the operational parameters like data rate and trans-
mitted power or SNR such that the error performance of the
system is acceptable even in the worst-case scenario. To this
end, based on the results obtained in our work, we present a
few design recommendations as enumerated below:

1) In a 10 m × 10 m × 3 m room, when the total
transmitted power from the LEDs (installed as four
panels as shown in Fig. 4) is 10 dBm, we can serve a
data rate of 900 Mb/s, at an LED semi-angle of 20◦,
with a coherence BW of 960 MHz, given the con-
straint that MBER ≤ 10−4. Similarly, under the same
power and MBER constraints, we can serve a data rate
of 800 Mb/s, at an LED semi-angle of 15◦, with a
coherence BW of 790 MHz in a 30 m × 30 m × 3 m
room. The achievable data rates for other room sizes
have been depicted in Fig. 22.

2) A uniform value of BER (say 10−4) can be maintained
at all user locations by suitably increasing the system
SNR by 6 dB when the user (operating at 250 Mb/s in
a 5 m × 5 m × 3 m room with an LED semi-angle
of 35◦) moves from the location of minimum BER to
that of maximum BER (refer Fig. 13(a)).

3) The LED semi-angle can be changed either by physical
construction or by using external optical systems like
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FIGURE 22. Variation of data rate (in red, left axis) and optimum
semi-angle (in blue, right axis at Rb = 0.8 Gb/s) with increase in room
size when PT = 10 dBm to achieve MBER ≤ 10−4.

lenses. However, if it is not possible to operate at the
optimum semi-angle, we can still maintain the system
MBER by increasing the SNR. For example, we can
transmit at a semi-angle 25◦ instead of the optimum
value of 15◦ and still maintain an MBER= 10−4 by
increasing the SNR by 2 dB in a 5 m × 5 m × 3 m
room when the user is operating at 250 Mb/s (refer
Fig. 16(b)).

VI. CONCLUSION
This paper carries out a comprehensive study on the effect
of multipath reflections on the channel delay characteristics
and BER performance of indoor VLC links. We present
the detailed formulation of the multipath channel model
for VLC, including the modeling of transmitters, reflectors,
and receivers. Using MATLAB R© simulations, we measure
the RMS delay spread and coherence BW of the multipath
VLC channel and analyze how they are affected by various
system parameters. We infer that, with an increase in the
LED semi-angle, the delay spread first reduces and then
increases, thereby indicating the existence of an optimum
value of semi-angle at which the delay spread isminimum and
correspondingly, the coherence BW is maximum, and hence,
BER isminimum.We deduce that it is adequate to incorporate
up to three reflections of the signal to sufficiently emulate
the multipath effect in channel characterization and BER
performance of an indoor VLC system. Moreover, the study
of the spatial variation of delay characteristics and BER in
the room indicates that if a mobile user moves freely around
the room, the coherence BW and BER vary significantly.
Similarly, when the room size is increased from, then at
the optimum LED semi-angle, the minimum coherence BW
reduces, and the maximum BER increases. We also study the
effect of data rate on the error performance of the system and
conclude that the achievable data rate, to maintain maximum
BER≤ 10−4, falls when the room size is increased. The study
presented in this paper leads to several promising results and

conclusions, which are fundamental design considerations for
the installation and conceptualization of efficient indoor VLC
systems. Based on our study, we outline some crucial guide-
lines for the deployment of practical indoor VLC systems.
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