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Abstract
High spectral efficiency is a key element that drives research for future wireless
communication systems in order to meet the increasing demand for ubiquitous
connectivity despite a limited radio frequency spectrum. Visible light communications
(VLC) that allow exploiting the existing infrastructure for both lighting and
communications could be an effective and economic solution. Thanks to the revolution
in the field of solid-state lighting and the accelerated development of light-emitting
diodes (LED), VLC becomes one of the most promising new technologies for the next
generation of wireless communication systems. However, the limited bandwidth of the
LEDs remains a major challenge that is limiting VLC from achieving very high data rates.
In this paper, we propose to adapt the discrete multi-tone (DMT) modulation scheme
of indoor VLC communications for data rate enhancement. With the help of bit and
power-loading algorithms, a transmission bandwidth much larger than the 3-dB
bandwidth of the LED could be exploited. We firstly present the typical lighting
requirements for indoor applications and investigate the maximal bit-rate of
DMT-based VLC. Then, with a regular luminance level for normal office work, an overall
optimization of DMT configuration scheme in terms of modulated bandwidth,
subcarrier number, cyclic prefix length, and clipping level is proposed. Theoretical
analysis and verifications by experiments are simultaneously carried out. Based on the
proposed configuration, we demonstrate a 100-Mbps VLC wireless transmission
employing low-cost components under realistic lighting constraints.

Keywords: Bit-loading, Channel capacity, Discrete multi-tone, Light-emitting diode,
System optimization, Visible light communication

1 Introduction
Visible light communication (VLC) is a technology that provides an opportunity for high-
speed low-cost wireless communications. Due to their distinct advantages such as low
deployment cost, license-free application, wide bandwidth, energy efficiency, high secu-
rity, and immunity to interference from electromagnetic sources, VLC is one of the most
promising new technologies for the next generation of wireless communication systems
[1]. For indoor applications, intensity modulation and direct detection (IM/DD) is often
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used as a practical transmission scheme to achieve simple and low-cost modulation and
demodulation. This means that only the signal intensity is modulated and there is no
phase information. At the transmitter side, the emitted wave is real-valued and unipo-
lar (positive-valued), and the signal is directly modulated onto the instantaneous power
of the optical carrier. At the receiver side, a photo-detector (PD) produces a current
proportional to the received instantaneous power, enabling the implementation of sim-
ple low-cost transceiver devices without the need for complex high-frequency circuit
designs [2].
Due to the revolution in the field of solid-state lighting, efficient and inexpensive illu-

mination light-emitting diodes (LED) are spreading for illumination purposes. Thanks
to their energy-efficiency and longevity compared to the traditional lighting systems,
they are expected to replace the conventional incandescent and fluorescent lamps. Such
sources can be switched and modulated at high speed without being detected by the
human eye, offering the possibility of exploiting the illumination levels within a room in
parallel with high-data rate wireless communications [3, 4]. Therefore, the ceiling white
light used for illumination in an office can be used to transmit data to a receiver placed
on a desk. Typical white light fixtures achieve more than 400 lux to provide sufficient
indoor illumination, and this lighting level is enough to transmit data at high signal-to-
noise ratio (SNR) [5]. In general, there are several ways to produce white light by the LEDs
with different impacts on the optical bandwidth. In a first method, white light is produced
by three or four color LED chips. Typical red, green, and blue (tri-chromatic mode) or
red, green, blue, and yellow (tetra-chromatic mode) are combined to provide the desired
light color. In a second way (dichromatic mode), a single blue LED coated with a yellow-
ish phosphor layer which uses the phosphor to convert the light emitted by the blue LED
to other regions of the spectrum and produce the white light [1, 5]. The trichromatic and
tetra-chromatic approaches allow different data to be sent on each color, with a band-
width of about 15 MHz available for each LED chip. However, maintaining color balance
can be challenging and the devices become more complex and expensive compared to
dichromatic mode. Moreover, multi-color LED chips suffer from color shifts due to aging
and different junction temperatures of the LEDs [6]. Therefore, LEDs coated by phos-
phor layer are most widely used for lighting applications owing to their lower cost, an
easy construction and a simplest electrical control. Nevertheless, they provide a smaller
bandwidth than multicolor LEDs. This is a major challenge for high-data rate communi-
cations using these devices. Using a blue filter before the photo-detector at the receiver
side allows eliminating the slow-response yellow light component and increasing the LED
modulation bandwidth to the range of 10–20 MHz. But this is at the cost of significant
degradation of the received power [7].
High spectrally efficient modulation format is an important approach to deal with the

bandwidth problem. Amongmodulation formats, discrete multi-tone (DMT) is a popular
choice since adaptive bit and power-loading techniques on each subcarrier as well as sim-
ple equalization can be used to highly exploit the available bandwidth of the LED and to
increase the capacity under limited bandwidth [8]. The number of orthogonal subcarri-
ers is chosen so that the bandwidth of the modulated signal is smaller than the coherence
bandwidth of the optical channel, and consequently, each sub-channel can be considered
as a flat-fading channel [9]. A cyclic prefix (CP) of length larger than the channel delay
spread can also be introduced after inverse fast Fourier transform (IFFT) to deal with
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the inter symbol interference (ISI). Nevertheless, DMT has a high peak-to-average-power
ratio (PAPR) due to the summation over a large number of subcarriers. The high PAPR or
dynamic range of DMTmakes it very sensitive to nonlinear distortions of LEDs. To coun-
teract the LED nonlinearity problem, it is necessary to operate the LED in a small current
range where its output characteristics are linear enough or to pre-distort the signal such
that the output of the LED has the desired shape. Moreover, to reduce the PAPR, a clip-
ping technique could be applied for signals that exceed a desired level. However, more
clipping noise is introduced with the high-clipped signal. Therefore, in order to enhance
the DMT transmission over a VLC channel, a global optimization of system parameters
must be realized.
In the literature, many works have used DMT modulation for VLC [8, 10–20]. Some

works have analyzed the blue filter effectiveness on the transmission rates [8, 10, 11].
The authors in those works concluded that the optical blue filter does not enhance
the white light LED “practical” modulation bandwidth in the case of DMT modulation
and even significantly degrades the transmission performance. Other works reach the
maximization of the transmission data rate using advanced components and materials
[12–17]. The authors of [12] used a phosphorescent white light LED luminary with
improved factory designed spherical lens to achieve a 100-Mbps data rate and then 513
Mbps by using low-noise avalanche photo-diode and advanced circuits to enhance the
3-dB LED bandwidth up to 35 MHz [13]. The same authors demonstrated a data rate of
803 Mbps [14] by using three channels having similar frequency characteristics with 3-
dB points around 15–20 MHz in a single red-green-blue (RGB) LED luminary and then
1.25 Gbps [15] by improving the integrated 3-channel RGB LED driver. The achieved
data rates are presented at 1000 lux illumination level and 10–12 cm between the emitter
and the receiver. High transmission rates of 1 Gbps with phosphorescent LED [16] and
3.4 Gbps with RGB LED [17] are mentioned with the help of advanced circuits allowing
respectively 180 MHz and 280 MHz modulation bandwidths. Other modulation schemes
based on DMT were proposed in [18–20]. Dimming technique is applied in [18] to pro-
vide color control in the red-green-blue LEDs and 103.5 Mb/s (3 × 34.5 Mbps) speed
is demonstrated using RGB LEDs. In [19], DMT transmission is proposed to simultane-
ously provide positioning and high-data rate communication, and in [20], a transmission
rate of 2.1 Gbps is achieved with wavelength-division multiplexing-based DMT trans-
mission using a red-green-blue-amber (RGBA) LED model. Nevertheless, the authors of
these papers reported their results without presenting analytical description or optimiza-
tion of DMT transmission. None of them indicated the relationship between, luminance
level, subcarrier number, cyclic prefix length, and clipping level with the maximal data
rate. To enhance the transmission over VLC, an overall optimization of system parame-
ters should be performed as well as a mixed theoretical experimental analysis for system
optimization should be considered for any type of components and materials. Moreover,
the system capacity with bit- and power-loading is directly related to themodulated band-
width [21, 22]. A detailed study should be realized to determine the optimal modulated
bandwidth suitable for each desired luminance level allowing the maximal transmission
rate. Otherwise, we would like to report that very high data rates are mentioned in the
literature using more complex types of lighting sources such as micro-LEDs [23–25] and
special made LEDs including organic [26] semiconductor [27] and photonic crystal mate-
rials [28]. A maximum data rate of 8 Gbps is achieved in [25]. Moreover, vertical-cavity



Jabban et al. EURASIP Journal onWireless Communications and Networking         (2020) 2020:99 Page 4 of 29

surface-emitting laser (VCSEL) is also used as lighting source device in [29, 30] allowing
data rate of 11.1 Gbps in [29] and enhanced data rate of 25 Gbps [30] by using two-stage
external-injected VCSEL. Although several billions of bits per second are reported using
these devices, but there are many problems in practical applications. Firstly, these devices
have more complicated production methods, minimal luminous power, and higher costs
compared to commercial white LEDs. Moreover, they are mainly designed for increas-
ing the data rate in a communication system, and it is difficult to take into account other
functions as the illumination requirements at the same time [31].
In this paper, we propose a global optimization of DMT transmissions consider-

ing commercial phosphor white LEDs used for both illumination and communication.
This optimization aims to maximize the transmission bit rate in practical VLC systems
employing low-cost components. The main contributions of this paper are summarized
as follows: we firstly investigate the transmission bit rate of DMT modulation with
bit-loading according to different luminance levels taking into account all lighting and
communication system parameters. To the best of our knowledge, this is the first time
this overall investigation in VLC is explicitly analyzed. Then, we propose a theoretical
low-pass channel model similar to the real frequency response of VLC link. The pro-
posed channel model is employed for the theoretical analysis and optimization. Next,
for typical indoor lighting requirements, we determine the optimal values of subcar-
rier number, modulated bandwidth, cyclic prefix length, and clipping level allowing for
the maximal bit rate. The selection of these parameters is made with the help of the-
oretical and experimental analysis. We believe that this is the first work that shows a
mixed theoretical-experimental optimization of DMT parameters in VLC. Based on the
optimized configuration, we finally demonstrate a 100 Mbps low-cost component VLC
wireless transmission system under lighting constraints.
The rest of this paper is structured as follows. Section 2 provides an analytical descrip-

tion of lighting and optical communication properties of an indoor VLC system. Section 3
describes the discrete multi-tone modulation over VLC channel and introduces the max-
imal bit rate with bit-loading according to different luminance levels. In Section 4, we
present our experimental setup and show in Section 5, themeasured parameters of system
required for optimization. Section 6 outlines the theoretical optimization and Section 7
shows the experimental optimization results to validate the optimal setups. Based on the
proposed configuration, we demonstrate in Section 8 a 100-Mbps wireless VLC system
with low-cost components. Finally, concluding remarks and future work details are given
in Section 9.

2 Lighting and optical communication analysis of VLC for indoor applications
In this section, we present an analytical description of typical indoor lighting require-
ments as well as the basic lighting and optical communication properties of phosphor-
based white-light LEDs. The lighting level and the optical power at the receiver side are
also introduced.

2.1 Typical indoor lighting requirements

In general, LED lights have two basic lighting properties, the luminous flux given in lumen
(lm) and the luminance of light given in lux. Luminous flux is a quantitative expression of
the brilliance of a visible light source. On the other hand, the luminance of light is defined
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as the incident luminous flux per unit area and expresses the brightness of an illuminated
surface. In general, the luminous flux of a single LED can be defined as following [32]:

�lum = Km

∫ 780

380
V (λ)P(λ)dλ [ lm] (1)

where Km (lumen per watt) is the maximum luminous efficacy, which is 683 lm/W at a
555-nm wavelength, V (λ) is the standard luminosity curve versus wavelength λ, and P(λ)

is the source spectral radiant power density function, which represents the amount of
source power according to each wavelength in the electromagnetic spectrum.
Assuming that LED lighting has a Lambertian radiation pattern, the horizontal lumi-

nance at a point of the receiver surface can be expressed as a function of luminous flux by
[33, 34]:

Eh = (m + 1)cosm(φ)cos(ψ)

2πr2
�lum [ lux] (2)

where φ is the angle of irradiance with respect to the axis normal to the transmitter sur-
face, ψ the angle of incidence with respect to the axis normal to the receiver surface, r the
distance between the LED and the illuminated surface, and m = − ln 2

ln(cos(�1/2)
expressing

directivity of the source beam with �1/2 the semiangle at half luminance of a LED. For
this study, we used a single LUXEON 3020 LED for which, as according to the data sheet
(L130-3080002011001), �1/2 equals to 55o [35]. The luminance of light, in the LED axis,
emitted by this LED biased at 120 mA, is given as a function of the distance in Fig. 1.
The luminance of light in indoor applications is governed by various standardization

bodies. Table 2.1 in [36] provides typical luminance values for different applications based

Fig. 1 Luminance from a single LED biased at 120 mA according to the distance with the illuminated surface
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on Deutsche Institut fur Normung (DIN) standard [37]. By this set of standards, lumi-
nance of 200 to 1000 lux is required for regular rooms with typical 500 lux for a normal
office work. From Fig. 1, we can see that a single LED can only provide limited luminous
flux and only over a limited area. Therefore, to illuminate amuch larger environment such
as work offices, arrays of multi-LEDs organized in luminary form would be needed. This
system ensures the sufficient illumination levels and at the same time could offer spatial
diversity to avoid blocking. The total luminance at the work surface in the case of using
array of LEDs is equal to the sum of the luminance of each LED in the luminary:

Eh = (m + 1)
NLED∑
i=1

cosm(φi)cos(ψi)

2πr2i
�i,lum (3)

where NLED is the number of LEDs for a given scenario.
For a classical luminary in a typical room of a 3-m height, LEDs are separated by 1 cm

and the distance between the luminary and a receiver situated on a task area for work-
ing purposes, typically 0.75 m above the floor, is about 2.25 m. In this case, the difference
in path lengths from the receiver to each LED is 0.22 cm, causing propagation time dif-
ferences equal to 7.33 ps. Moreover, the difference in channel gains between LEDs is
differing on the order of 0.41% between different LEDs. Consequently, all LEDs in each
luminary could be assumed to have identical propagation delays and gains to the receiver
[38]. Accordingly, the required luminous flux and number of LUXEON3020 LEDs in a
luminary for a minimum luminance of 500 lux in the task area are respectively 7078 lm
and 134 LEDs. The luminance level on the task area according to the number of LEDs is
shown in Fig. 2.

Fig. 2 Luminance at 2.25 m right below the luminary. The luminance level on the task area according to the
number of LEDs
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2.2 Optical power analysis

Since LEDs in indoor VLC systems can be used for both illumination and communication,
it is necessary to define the transmitted optical power Popt which indicates the total energy
radiated from the LED. As stated in [32], the radiated optical power of a single LED can
be calculated by:

Popt =
∫ λmax(780)

λmin(380)

P(λ)dλ [W ] (4)

and an optical luminous efficiency which describes the conversion efficiency from the
LED optical power to luminosity is classically given by:

η = �lum
Popt

[ lm/W ] (5)

At the transmitter side, the radiated optical power from a LED is an important param-
eter for wireless transmission. However, most data sheets of white LEDs only provide
luminous flux in lumen, which is a useful metric for illumination design. Therefore, mea-
surements are conducted to determine the transmitted optical power in watts for the
considered optical source [39]. In our study, we use a LUXEON3020 LEDwith a luminous
flux of 53 lm. This LED operates at 120 mA bias current and dissipates 366 mW of elec-
trical power. Using the spectral radiant power density function of the LED given in the
data sheet [35], the CIE 1978 (International Commission on Illumination) eye sensitivity
function in the photonic vision regime [40], Eqs. (1) and (4), the average output optical
power of the LED is calculated to be approximately 171 mW. Thanks to Eq. (5), the optical
conversion factor is therefore approximated to η = 310 lm/W.
At the receiver side, two components of optical power could be received by the photo-

detector, the signal power received directly from the LEDs and the signal power that
comes from the reflections of light onto objects, and these reflections may arrive at differ-
ent times with different attenuations. In general, the optical power associated with two or
more reflections is relatively small and can be neglected [32]. Considering the reflection
onto the walls, the total received optical power at the receiver is given by:

Pr =
NLED∑ ⎧⎨

⎩Pr_LOS +
∫

Walls

Pr_NLOS

⎫⎬
⎭ (6)

The received optical power from a single LED at the receiver in the case of one direct
light path (Pr_LOS) and one reflection (Pr_NLOS) are given as by [32]:

Pr_LOS = Popt
(m + 1)Ar

2πr2
cosm(φ)Ts(ψ)g(ψ)cos(ψ) 0 � ψ � ψc (7)

Pr_NLOS = Popt
∑
j

Ar(m + 1)ρj	Aw

2π2d2sjd
2
rj

cosm(φsj).

cos(αsj)cos(βrj)cos(ψrj)Ts(ψ)g(ψ) (8)

where Popt is the optical power emitted by a single LED, Ar the effective collection area of
the detector, Ts(ψ) the filter transmission gain, g(ψ) the optical concentrator gain, 	Aw
the area of reflecting elements, φsj is the angle of irradiance to the transmitter surface, αsj
the angle of irradiance to a reflective element j, βrj the angle of irradiance to a receiver,
ψrj the angle of incidence from the reflective element j, dsj the distance from s to j, and ρj
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is the reflection coefficient of j. Typical measured values of ρ, for different wall materials,
are available in [41].
Generally, when both the direct and reflected components are incident on a receiver,

the direct component significantly presents higher intensity [42]. For a luminary situated
in the center of a typical room to illuminate a task area right below the luminary for a
minimum luminance of 500 lux, and supposing that the arrival times of the reflections are
less than the symbol duration, only 1.59% of the total received optical power is received
from reflections.

3 Discrete multi-tonemodulation in VLC
3.1 DMT transmission in indoor VLC systems

Discrete multi-tone is one of modulation schemes employed in VLC in order to extend
the transmission bandwidth and exploit the high level of SNR in indoor applications [5].
A schematic diagram of an indoor VLC system using DMTmodulation is shown in Fig. 3.
Information is firstly coded and mapped to quadrature amplitude modulation (QAM)

symbols and modulated onto N orthogonal subcarriers located in the considered fre-
quency band. It should be noticed that in IM/DD VLC transmissions, the electrical signal
modulated onto the instantaneous power of the LED should be real-valued and unipo-
lar (positive-valued). The real-valued DMT symbols are obtained by the use of Hermitian
symmetry and a 2N-point IFFT. The real-valued time domain signal S(k) at the output of
the IFFT block is given as follows [43]:

S(k) = 1√
2N

2N−1∑
n=0

2.Re
{
Xn. exp(j2πn

k
2N

)

}
; k = 0, 1, · · · , 2N − 1 (9)

X0 = XN = 0 and X2N−n = X∗
n (10)

where X∗
n denotes the complex conjugate operation of sample Xn.

A cyclic prefix of length LCP designed larger than the channel delay spread is then added
to the start of each DMT symbol in order to deal with the inter symbol interference:

CP = [S(2N − LCP) · · · S(2N − 1)] (11)

Fig. 3 Schematic diagram of an indoor VLC system using DMT modulation



Jabban et al. EURASIP Journal onWireless Communications and Networking         (2020) 2020:99 Page 9 of 29

Before the conversion of the electrical signal to an optical signal, a positive direct cur-
rent (DC) bias is introduced to the bipolar signal in the time domain for unipolar signal
generation and clipping is applied to shape the signal with the desired amplitude range.

3.2 Capacity and bit rate in DMT with bit-loading

The channel capacity in a communication system is directly related to the SNR level and
the used bandwidth by:

C = W . log2(1 + SNR) (12)

where SNR = P
N0W and P is the signal power, N0 the noise power spectral density, andW

is the used bandwidth [44].
In DMT transmission, bit-loading algorithm is usually carried out in order to optimize

the transmission bit rate [45, 46]. Each orthogonal sub-channel can be independently
treated and the number of bits allocated to each subcarrier is made according to its SNR
value. Thus, with optimumQAMconstellation sizes allocated to different subcarriers, it is
possible to closely reach the maximum available bit rate. In DMT, the total time duration
of one symbol can be expressed as TDMT = N

B + NCP
B where B is the occupied bandwidth,

N the number of subcarriers, and NCP = LCP/2. Moreover, the capacity CDMT and the
maximal bit-rate Dmax in terms of electrical SNR can be given as follows:

CDMT = B
N + NCP

N∑
i=1

round
[
log2(1 + SNRe(i))

]
(13)

Dmax = B
N + NCP

N∑
i=1

round
[
log2

(
1 + SNRe(i)

�

)]
(14)

where SNRe(i) is the electrical SNR at the ith subcarrier and � is the gap between the
SNR required to achieve Shannon capacity and that necessary to achieve this capacity at
a given bit error rate [45]. In case of QAM, � with a target symbol error rate (SER) can be
represented as follows [43]:

� = 1
3

[
Q−1

(
SER
4

)]2
(15)

In DMT modulation with bit-loading, a transmission bandwidth much larger than the
3-dB bandwidth of the LED, could be exploited and consequently the LED frequency char-
acteristic becomes a crucial key to calculate the channel capacity. According to the optical
power distribution in the work area, the corresponding SNRe at the ith subcarrier can be
expressed as [32]:

SNRe(i) = (RiPi|Hi|)2
σ 2
i

(16)

where Ri, |Hi|, σ 2
i , and Pi are respectively the photo-detector responsivity, the LED mag-

nitude response, the noise power, and the optical power at the ith subcarrier. At the
transmitter side, the allocated power to subcarriers can be optimized by water-filling algo-
rithm [47]. In [45], it is indicated that equal power allocation and water-filling algorithm
can reach similar performance. Since it is the simplest, equal power allocation is consid-
ered in our system. Supposing that the receive signal is dominated by the direct signal
component and as all LEDs in each luminary could be assumed to have identical delays
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and gains to the receiver [38], Pi can be calculated based on (6) and (7) as:

Pi = NLEDPri_LOS = NLED

(Popt
N

.
(m + 1)Ar

2πr2
.cosm(φ)Ts(ψ)g(ψ)cos(ψ)

)
(17)

Moreover, using Eqs. (3) and (5), the total luminance at the work surface can be given
by:

Eh = (m + 1)NLED
cosm(φ)cos(ψ)

2πr2
(ηPopt) (18)

From (17) and (18), the corresponding power at the ith subcarrier can be calculated by:

Pi = EhArTs(ψ)g(ψ)

Nη
(19)

Consequently, SNRe as function of the horizontal luminance can be estimated by:

SNRe(i) = (Ri|Hi|ArTs(ψ)g(ψ)Eh)2

N2η2σ 2
i

(20)

Replacing SNRe from (20) in (13) and (14), we can calculate the channel capacity and the
maximal bit rate according to the horizontal luminance as follows:

CDMT = B
N + NCP

N∑
i=1

log2

(
1 + (Ri|Hi|ArTs(ψ)g(ψ)Eh)2

N2η2σ 2
i

)
(21)

Dmax = B
N + NCP

N∑
i=1

log2

(
1 + (Ri|Hi|ArTs(ψ)g(ψ)Eh)2

�N2η2σ 2
i

)
(22)

From (21) and (22), we can observe that, for given materials and components, the
parameters Ri, Ar , Ts(ψ), g(ψ), and η have constant values while other parameters as B,
N, NCP , Eh, and σi are variable and the choice of their values has a direct impact on the
channel capacity and the maximal bit rate. Moreover, it should be noticed that bit-loading
technique is typically required in DMT transmission over indoor VLC channel to miti-
gate the LED frequency characteristic and circumvent their spectral effects. In the case of
optical sources composed of a blue LED chip and a phosphor coated layer, the frequency
response of the source is a combination of the frequency responses of the blue LED chip
and that of coated phosphor. Based on [48] and the correction factors presented in [31],
the frequency response of a blue LED coated by phosphor layer could be modeled as
low-pass filter with a transfer function given as following:

|Hi| = exp
[
−

(
fi
f0

) 1
2
]

(23)

where f0 is the 3-dB frequency of the white LED. The low-pass channel model given in
(23) will be compared with the measured frequency response of the LUXEON3020 LED
and then used in the theoretical calculations for bit rate and channel capacity.

3.3 Noise variance analysis in DMT

In VLC, each element in the noise vector is the sum of several noise components that
degrade the channel capacity. The most two known components are the received thermal
and the ambient shot light noises. Thermal noise is mostly generated by the photo-
detector (PD) and trans-impedance amplifier (TIA) and refers to as noise introduced by
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random, temperature dependent, and agitation of charge carried in the receiver electron-
ics. On the other hand, shot noise is a result of an ambient light originating from sources
such as sunlight, non-data carrying luminaries, and the mean intensity of the data carry-
ing LED luminary itself. For a PIN/FET trans-impedance receiver, the thermal and shot
noise variances are given by [49]:

σ 2
Thermal = 8πkTk

Go
CpdArI2B2 + 16π2kTkμ

gm
C2
pdA

2
r I3B

3 (24)

σ 2
Shot = 2qRPrB + 2qIbgI2B (25)

where k is the Boltzmann’s constant, Tk is the absolute temperature, Go is the open-loop
voltage gain, Cpd is the fixed capacitance of photo-detector per unit area, μ is the FET
(field effect transistor) channel noise factor, I2 and I3 are the noise-bandwidth factors,
B is the bandwidth, gm is the FET transconductance, q is the electron charge, and Ibg
is the photocurrent in the photo-diode caused by ambient light [50]. Generally, when
considering indoor VLC systems and in the presence of intense background light, shot
noise tends to be dominant due the high luminance requirements outlined in standards
[36]. For typical luminance levels, the thermal noise could be neglected with respect to
the shot noise level in the receiver.
However, when using DMT modulation over VLC, there are other factors that degrade

the signal such as the nonlinearity and clipping distortions. DMT has typically a high
PAPR which makes it very sensitive to nonlinear distortions caused generally by white
LEDs. The distortion due to LED nonlinearity is usually related to the working current
and the used range.Moreover, due to the finite dynamic range of digital to analog convert-
ers, clipping is applied to shape the signal with the desired amplitude range. The signal
that exceeds a desired level Ac is clipped. After clipping, the power distribution of the
DMT signal is modified but at the price of clipping distortion. The noise variance σ 2

c due
to clipping can be calculated as follows [51, 52]:

σ 2
c = σ 2

s

[
1 − erfc2

(
μ√
2

)
−

√
2
π

μ exp
(

−μ2

2

)
− (1 − μ2)erfc

(
μ√
2

)]
(26)

where σ 2
s is the DMT symbols variance, μ = Ac/σs, and erfc is the complementary error

function [53].
Consequently, we can notice that the received signal in DMT transmission over VLC-

suffers frommixed noise components arriving from different heterogeneous factors some
of them being nonlinear. Moreover, we noticed from the theoretical analysis of the trans-
mission bit rate of DMT with bit-loading that there are some parameters that must be
carefully chosen to enhance the system performance.
In the next parts of this paper, we perform a global theoretical and experimental opti-

mization of DMT-based VLC system parameters for real indoor applications. As the
luminance is the most pertinent design parameter in VLC, looking for simplicity, we
use only one white LED and adjust the distance between this LED and the receiver to
ensure the required illumination level. A VLC transmission over link of several meters can
be realized by using luminary consisting of NLED white LEDs which number is defined
according to (3), while keeping the standard illumination level as described in Section 2.1.
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Fig. 4 Experimental setup of an indoor IM/DD VLC transmission

4 Experimental setup
The diagram and a photograph of our experimental setup are respectively shown in Figs. 4
and 5.
A commercially low-cost phosphorescent white light LUXEON3020 LED (L130-

3080002011001) is used as light source at the transmitter. The optical signal of LED is
modulated by the electrical signal corresponding to the DMT symbols pre-generated in
computer and stored in an arbitrary waveform generator (AWG7052TM, Tektronix, 10
bits resolution) memory. A lux-meter (LX-1010B) is used for setting the desired lumi-
nance level and adjust the distance between the transmitter and receiver. Using this
device, a distance of approximately 20 cm is fixed between the LED and the receiver to

Fig. 5 Photograph of the experimental setup
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ensure 500 lux at the receiver side as recommended in DIN standards for working envi-
ronment. This measured value is very close to the theoretical distance calculated owing
to (2). Moreover, a network analyzer (HP-4195A) is utilized to measure the frequency
response of the VLC link. The emitted white light from the LED is captured by a lens of a
16-mm diameter which is placed in front of the receiver in order to focus the emitted light
onto a low-cost Silicon PIN (S-PIN) photo-detector (SFH-2400) with an active area of
1 mm2, a detection wavelength range from 350 to 1100 nm, and a maximum responsivity
of 0.65 A/W at 870 nm. A 50-MHz cut-off bandwidth TIA amplifier with trans-impedance
gain of 110 k� is employed to amplify the electrical signal that will be then acquired by a
real-time oscilloscope (LeCroy 64MXs-A, 8 bits resolution). Finally, offline processing is
carried out with MatLab.

5 Measured system parameters for optimization
As mentioned in the experimental setup, the main components of VLC system are the
white LED that acts as a communication source and the S-PIN photo-diode with the TIA
amplifier serving as receiving elements. The receiver used in our study has a good behav-
ior to visible wavelength region and does not provide a significant constraint compared
to white LED that is very sensitive to the high frequencies representing a major chal-
lenge for high-data rate communications. Therefore, we measure in this section the most
important communication features of the LUXEON3020 LED in terms of the frequency
response, the time response, and the nonlinearity behavior.

5.1 Frequency response of LED

The frequency response of the VLC channel is an important factor especially
for the bit allocation in DMT transmission employing bit-loading algorithms.
The network analyzer is used to measure the frequency response of the
VLC link at the output of the receiver and the measured results are shown
in Fig. 6.
The measured frequency response shows a low-pass characteristic with a 3-dB band-

width of 1.47 MHz. We traced in the same figure, the transfer function of the low-pass
filter given by (23) for f0 = 1.47 MHz. From this figure, we can see that the transfer
function of the low-pass filter is similar to the distribution of the measured frequency
response, and it matches that of the LED in low frequencies range. Therefore, the transfer
function given in (23) could be used as channel model for theoretical optimization. For a
given illumination level, an optimum subcarrier number and a best modulated bandwidth
will be determined in Section 6.

5.2 Time response of LED

The time response of the VLC channel is crucial to calculate the cyclic prefix length. To
measure its value, a pulse of 10 ns is generated by the AWG generator and sent via the
LED. The received signal captured by the oscilloscope is shown in Fig. 7.
Measured results show that the maximum delay spread is around 450 ns. So, the CP

length of DMT symbols should be typically more than 450 ns. Nevertheless, the major
power of interference has delay spread less than 250 ns. So, with the CP cost considera-
tion, the CP length of each DMT symbol could be selected between 250 ns and 450 ns
in order to produce the trade-off between the minimal inter-symbol interference and
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Fig. 6 Frequency response of LED. The frequency response measured by network analyzer at the output of
the receiver

Fig. 7 Time response of LED. The signal captured by the oscilloscope for a pulse of 10 ns generated by AWG
and sent via the LED
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the maximum spectral efficiency of DMTmodulation. An optimization is experimentally
performed in Section 7.3 to determine the best CP length value.

5.3 Nonlinearity behavior of LED

Nonlinear distortion in VLC is mostly generated by the white LEDs. LEDs used for illu-
mination are ideally driven by a DC current whose value is set to obtain the desired
luminance level at a given surface. These devices should be operated within the allowed
DC current limit indicated in the LED data sheet in order to avoid reduction in electro-
optical efficiency due to the temperature instability [16]. In our work, this value is set to
120 mA under driving voltage of 3.05 V. However, when the driving current is modulated,
there is typically a variation in luminance and consequently in the radiated optical power
of the LED according to the forward drive current. In the case of LUXEON3020 LEDs,
the variation curve of optical power versus forward current is shown in Fig. 8 and could
be formulated as:

Popt(I) = −0.0014I2 + 1.5864I + 1.0799 (27)

where I is the current expressed in mA and Popt the optical power expressed in mW.
We can notice from Fig. 8 that the optical power radiated from the LED increases not
perfectly in a linear manner with the forward current because the number of photons
emitted by the LED is not exactly proportional to the number of injected electrons in its
active region. The nonlinearity behavior of the LED causes amplitude and phase distor-
tions which introduce power losses and interference on adjacent carriers, especially with
high-order modulations. Consequently, a reduction of the overall system performance

Fig. 8 Power transfer function of the LED. The variation curve of optical power versus forward current
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occurred. One method to counteract the nonlinearity effect is to operate the LED in a
small dynamic range where its output characteristic is linear enough. However, the dis-
persive nature of non-coherent light and the resulting high path loss require the use of the
greatest possible device active region [54]. Another method is to compensate the nonlin-
ear characteristics of LED by digital pre-distortion which gives the optical power at the
output of the LED the required shape.
If the current to optical power conversion were perfectly linear, with a 120-mA biasing

current, the maximum peak-to-peak range of signal current variation could be chosen
from 0 to 240 mA. However, since in practice, this function is not perfectly linear, this
range is a bit lower. In our study, a digital pre-distortion function is used to linearize the
dynamic range of the LED. After linearization, the current varies between 6 and 240 mA,
corresponding to an optical power between 11 and 302 mW.

6 Theoretical optimization results
The goal of this section is to analyze the influence of bandwidth, subcarrier number,
and luminance on the system performance. Based on Eqs. (21) and (22) and the chan-
nel model given in (23), we evaluate by carrying out simulations the transmission bit rate
and the channel capacity for different values of these transmission parameters in order to
determine their optimal values. For all these theoretical optimization results, we should
notice that phase and clipping noises contribution have not been considered. Simulation
parameters are listed in Table 1.

6.1 Modulated bandwidth optimization

The capacity and the transmission bit rate in a communication system are directly
affected by the available bandwidth. Generally, the higher available bandwidth leads
to better capacity. In the case of DMT modulation, the available bandwidth is typi-
cally divided into subcarriers and the total power are allocated to these subcarriers.
Therefore, for a given luminance level, the higher modulated bandwidth value leads to
lower allocated power to each subcarrier. So, a theoretical calculation of the channel
capacity according to the used bandwidth is required. The spacing between subcarri-
ers could be calculated by dividing the total used bandwidth into the subcarrier number
as follows [22]:

	f = B
N

(28)

We firstly have to determine Bopt the optimal bandwidth size providing the maximal bit
rate. For this purpose, we will compute the bit rate and the channel capacity for different

Table 1 Simulation parameters

B optimization N optimization Capacity = f (Eh)

(6.1) (6.2) (6.3)

Bandwidth Bj = j	f B = 28 MHz B = 28 MHz

Subcarrier spacing 	f 15.625 kHz B/Nj 54.6875 kHz

Number of subcarriers 64 ≤ j ≤ 8192 16 ≤ Nj = 2j ≤ 8192 512

N0 −155 dBm/Hz −155 dBm/Hz −155 dBm/Hz

Luminance Eh 500 lux 500 lux 50 ≤ Eh ≤ 2500 lux

Ts 64 μs
Nj

B
18.28 μs
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bandwidths Bj = j.	f from Bmin to Bmax by correspondingly varying j. We chose 	f to
be quite smaller than the coherence bandwidth (Bc) of the channel and to get the DMT
symbol time duration 1/	f quite larger than the maximum delay spread τmax.
According to these assumptions and based on (21), the capacity optimization problem

can therefore be written as:

maximize
j

Cj = 	f .
∑j−1

i=1 log2
(
1 + (Ri|Hi|ArTs(ψ)g(ψ)Eh)2

j2η2N0	f

)

subject to Bmin ≤ Bj ≤ Bmax with Bj = j 	f

and 	f is a constant such that 	f < Bc and
1

	f
>> τmax

(29)

so that according to Eq.( 28), Bopt = N	f where N = arg max
j

Cj.

And according to (22), the bit rate optimization problem can be written as:

maximize
j

Dj = 	f .
∑j−1

i=1 log2
(
1 + (Ri|Hi|ArTs(ψ)g(ψ)Eh)2

�j2η2N0	f

)

subject to Bmin ≤ Bj ≤ Bmax with Bj = j 	f

and 	f is a constant such that 	f < Bc and
1

	f
>> τmax

(30)

From results shown in Fig. 7, themaximumdelay spread can be approximated by 450 ns,
and therefore, 1/τmax = 2.2 MHz can be assumed as coherence bandwidth. For sim-
ulation, we chose 	f = 15.625 kHz and modify the modulated bandwidth from 1 to
128 MHz. Consequently, the DMT symbol time duration (64 μs) is constant for all tested
bandwidths and is much higher than τmax. For Bmin = 1 MHz and Bmax = 128 MHz, the
number of subcarriers correspondingly varies from 64 to 8192.
The noise power spectral density N0 measured by the spectrum analyzer at the output

of the receiver is −155 dBm/Hz. We suppose that the same luminance level (500 lux)
is available in all simulation schemes. Using measured noise density N0 and the channel
model given in (23), the capacity and the transmission bit rate for a bit error rate of 10−3

according to the modulated bandwidth are shown in Fig. 9.
We can notice from Fig. 9 that a maximum system capacity or transmission bit rate

could be reached for determined bandwidth values. As expected and described in [55],
these values are much larger than the 3-dB bandwidth of the LUXEON3020 LED that is
equal to 1.47 MHz. For the considered low-cost materials, the best system performance
is obtained in the range between 20 MHz and 40 MHz, and a maximal transmission bit
rate of around 138 Mbps could be obtained for bandwidth of 28 MHz.

6.2 Subcarrier number optimization

Having estimated the value of the optimal bandwidth that can be used to B = 28 MHz,
we have now to estimate the optimal subcarrier number in this bandwidth in order to
provide the highest bit rate. We therefore compute the bit rate for different number of
subcarriers Nj = 2j by varying j for fixed B and with time duration of cyclic prefix, TCP,
chosen equal to 450 ns.
The problem can therefore be written as:

maximize
j

Dj = 1
(Nj/B)+TCP

.
∑Nj−1

i=1 log2
(
1 + (Ri|Hi|ArTs(ψ)g(ψ)Eh)2

�Njη2N0B

)

subject to Nj = 2j

and to B = 28 MHz and TCP = 450 ns

(31)
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Fig. 9 System transmission bit rate with different bandwidths. The capacities and the transmission bit rates
for a bit error rate of 10−3 according to the modulated bandwidth

so that according to (28), 	f = B
N

where N = arg max
Nj

Dj.

For simulation, wemodify the number of subcarriers from 16 to 8192, and consequently,
the subcarrier spacing 	f varies from 1.75 to 0.0034 MHz. Again, we use the mea-
sured noise density N0 and the channel model given in (23), to determine the maximum
transmission bit rate according to the subcarrier number shown in Fig. 10.
We can see from the figure that the highest subcarrier number leads to the maximal

transmission bit rates because of the CP length penalty. Consequently, smaller subcarrier
spacing (	f ) values lead to higher transmission bit rate. Moreover, we can observe that
the transmission bit rate significantly increases for N varying from 16 to 256 subcarriers,
and a lower enhancement is occurred for N higher than 512 subcarriers. Therefore, we
consider in the rest of this paper N = 512 subcarriers which offers a good compromise
between the transmission data rate and the system complexity.

6.3 Luminance level analysis

As mentioned in DIN standard, a determined illumination level is assigned to each appli-
cation in indoor working environments. Therefore and as VLC are designed to exploit
illumination infrastructures for high speed communication, it is important to determine
the relationship between the illumination level which is a useful metric for illumination
design and the transmission bit rate that is an important parameter to evaluate a commu-
nication system.With the help of the optimized values of modulated bandwidth (28MHz)
and subcarrier number (512), the transmission bit rates according to luminance level are
depicted in Fig. 11.
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Fig. 10 System transmission bit rate with different subcarrier number

Fig. 11 Relationship between channel capacity and luminance
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We can see from Fig. 11 that the channel capacity and the bit rate in the VLC systems
significantly increase with respect to luminance. Based on the required brightness level
according to DIN standard and for the considered low-cost components, the maximal bit-
rate is about 138Mbps for luminance of 500 lux (enough to read and write), 187 Mbps for
1000 lux (well-lit office), and 240 Mbps for 2000 lux (detailed drawing work). So, under
the condition of a desired brightness level in front of the receiver, the maximum bit rates
are different according to different applications.

7 Searching optimal system setups
In this section, experimental analysis are presented to determine the optimal configura-
tion of DMT setups and verify the theoretical analysis presented in the previous section
taking into account perturbations such as nonlinearity and phase noise. These first exper-
imental results aim at defining the channel characteristics in terms of SNR per subcarrier
in (7.1), the optimization of the clipping value in (7.2), the optimal bandwitdh used to
provide the highest bit rate in (7.3), and the optimal value for the CP length in (7.4). We
would remind that we use in this part a single LUXEON3020 LED that is biased at 120mA
and electrically driven by the sum of sinusoidal signals with different frequencies.
For all experiments, DMT signal are generated using MatLab and loaded into an AWG

generator. The DMT symbol generation consists of bit generation, modulation symbol
encoding, inverse fast Fourier transform, CP insertion, and clipping. After transmission
through the visible light channel, the optical signal emitted by the LED is directly detected
and converted to an electrical signal by the receiver that is situated in the front of the LED
with distance of approximately 20 cm, ensuring the direct line-of-sight (LOS) between
transmitter-receiver and a luminance level of 500 lux. All experiments are performed at
this brightness level checked by a lux-meter. The receiver is directly connected to the real-
time oscilloscope. The oscilloscope is used for digitizing the signal from the TIA. Then,
the samples are processed in MatLab performing down sampling, synchronization, FFT,
one tape zero forcing equalization, and symbol de-mapping.

7.1 Channel and SNR estimation

For channel estimation, 30 DMT symbols are generated using MatLab with known QPSK
modulation symbols and loaded into an AWG generator to be sent over the LED. Thanks
to known QPSK symbols, the channel response is estimated and then the SNR level of
each subcarrier is calculated and sent to the transmitter for being used by the bit allo-
cation algorithm for next transmission of unknown data. BER is then calculated for each
subcarrier for the 30 DMT symbols, and the mean values are considered as the initial
BERs. The channel information is derived by the corresponding analytical BER-vs-SNR
expressions [56] and fed into the Chow’s bit-loading algorithm [57] for throughput max-
imization. With a bit error rate of 10−3, the maximum transmission bit rate is finally
calculated by (22).

7.2 Experimental clipping optimization

The high PAPR in DMT modulation leads to saturate the BER performance with higher
order modulations. Reduction of the signal variance to be limited within the LED and
DAC ranges without clipping, leads to a large power penalty. Clipping technique is pro-
posed as an important method to reduce PAPR, but at the cost of noise increasing and
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its value becomes dominant when excessive signal clipping is applied. Consequently, clip-
ping level selection is required to determine the optimal signal variance range according
to the clipping noise. The maximal bit rate according to different clipping values is given
in Fig. 12. The AWG is fed with a signal made of 2048 samples corresponding to a DMT
symbol of N = 512 subcarriers and up-sampling factor of p = 2 applied after the 2N
samples provided by 2N IFFT (cf. Fig. 3). The first subcarrier is not modulated in order
to eliminate the DC component. A cyclic prefix of 32 samples is introduced before each
DMT symbol. So, 2080 samples are generated for each symbol DMT and CP. DAC and
ADC work at 120 MS/s and 5 GS/s, respectively.
From themeasured results, we can notice that the best performances are obtained when

clipping ratio is 12–13 dB. The maximal transmission bit rate 98.7 Mbps is achieved with
around 12 dB clipping value.

7.3 Experimental bandwidth optimization

As the system performance in real applications is related to the experimental environ-
ments, we evaluate the maximal bit rate according to different modulated bandwidths.
We use the same setup parameters in the above section and only vary the bandwidth
size. The clipping ratio is set to 12 dB. DMT symbols are stored in an AWGmemory and
then generated by DAC with different sampling rate. DMT symbols are made of 512 sub-
carriers within a modulated bandwidth of 2.5, 6, 10, 15, 20, 25, 30, 35, 40, and 45 MHz,
respectively. The measured transmission bit rates with respect to modulated bandwidth
are shown in Fig. 13.

Fig. 12 Relationship between transmission bit rate and clipping level
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Fig. 13 Relationship between transmission bit rate and modulated bandwidth

As illustrated in the figure, the transmission bit rate significantly varies according to
the modulated bandwidth variations. The best bit rates could be obtained when modu-
lated bandwidth is between 25 MHz and 40 MHz. The maximum value is achieved with
30 MHz, and the bit rate is around 99 Mbps. Moreover, compared to the theoretical
results shown in Fig. 9, we can notice that approximately the same range of best modu-
lated bandwidths is obtained by the theoretical and experimental results. The difference
between the transmission bit rates is mainly caused by the divergence of the theoretical
channel model from the real VLC channel and the limitation of experimental compo-
nents, especially the practical ADC and DAC resolutions leading to significant increase
of the quantization noise [58].

7.4 Experimental CP length optimization

With the help of the measured optimal bandwidth and clipping, we generate 30 MHz
DMT symbols with different CP length. A comparison of bit rates according to differ-
ent CP lengths with and without the consideration of CP cost is depicted in Fig. 14. As
512 subcarriers are generated with 2048 samples and sending on 30 MHz bandwidth, the
DMT symbol time duration before the CP introduction is 17.0667 μs and the sampling
time interval is equal to 8.33 ns.
As illustrated in the figure, the net transmission bit rate clearly enhances with the CP

length. A significant improvement occurs when CP length is longer than 32 samples,
and an important part of the interference power is removed at this value. Nevertheless,
with the consideration of CP cost, we can notice that using a CP longer than 48 samples
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Fig. 14 Relationship between transmission bit rate and CP length

degrades the system performance. Beyond 48 samples, treat residual ISI is not compen-
sated by the penalty introduced by the CP length increase. Consequently, 48 samples is
the optimumCP length regarding to the performance contribution and CP length penalty.
On the other hand, when CP length is between 32 and 48 samples, the CP time duration
is between 266 ns and 400 ns. These time values are clearly compatible with the results
given in Section 5.2 and confirm the channel delay spread measurements illustrated in
Fig. 7.

8 100-Mbps transmission with optimal setup
Finally, we generate DMT symbols with the optimum parameters mentioned in the previ-
ous sections. According to the theoretical and experimental results, 1000 DMT symbols
with 512 subcarriers and 12-dB clipping ratio are generated inMatLab and sent in 30MHz
modulated bandwidth with the help of bit-loading Chow algorithm. A CP length of 400 ns
is introduced before each DMT symbol. The DAC in the AWG generator operates at
120 MS/s. The LED works with biasing current of 120 mA, and the signal peak-to-peak
amplitude generated by the AWG is adjusted to ensure the input current of the LED in
the limit range indicated by the LED data sheet. The ADC of the oscilloscope works at
5 GS/s. The mean electrical power after passing by the VLC link is − 4.77 dBm at the
output of the receiver. The received signal is analyzed by offline processing in MatLab.
In the first step, the DMT symbols are generated where all subcarriers are modulated

by a QPSK modulation having equal power. After synchronization and equalization, the
channel frequency and impulse responses are estimated at 500 lux as shown in Fig. 15.
The frequency and impulse responses thus estimated are fully in accordance with those
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Fig. 15 Estimated a impulse and b frequency responses of the VLC channel at the output of the receiver

measured by using a network analyzer previously presented by Figs. 6 and 7. From the
received DMT symbols, the SNR level of each subcarrier is calculated and fed into the
Chow’s bit-loading algorithm. According to different SNR values and for the target of
10−3 bit error rate, the corresponding allocated bits of each subcarrier are calculated. The
SNR per subcarrier and corresponding allocated bits are depicted in Fig. 16.
In the next step, the DMT symbols are generated where subcarriers are modulated by

different modulation orders as given by the bit-loading algorithm. Based on the Chow’s
bit-loading algorithm, 1 to 8 bits could be allocated to each subcarrier and modulation
between 2−QAM and 256−QAM could be used in the effective modulation bandwidth.
A total of 1721 bits can be transmitted over the 512 subcarriers leading to a transmission
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Fig. 16 SNR (a) and allocated bits (b) per subcarrier. Estimation per subcarrier at 500 lux

bit rate of 100.8 Mbps. The constellation maps of the 113th, 169th, 200th, and 405th sub-
carriers after equalization and demodulation are shown in Fig. 17. The mean BER in each
subcarrier are traced in Fig. 18.
Finally and with the CP cost consideration, a practical transmission bit rate of 1721 ×

(120 × 106 ÷ (2048 + 48)) ≈ 98.53 Mbps is achieved at a total BER of 1.1 × 10−3 which
is very close to the target value.

9 Conclusion
In this paper, we proposed a global optimization of DMT transmission for VLC in indoor
applications considering low-cost photo-detector and phosphor white LEDs used for
simultaneous illumination and communication. After analytical description of typical
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Fig. 17 Received constellation for different subcarriers. The constellation of the 113th,169th, 200th, and
405th subcarriers after equalization and demodulation

indoor lighting requirements, we investigated the capacity and the maximal bit rate of
DMT transmission with bit-loading according to luminance levels. We illustrated that the
system capacity in VLC significantly varies according to luminance, and consequently,
the maximum bit rates are different according to each application. Moreover, based on
the measured noise PSD and a proposed low-pass channel model similar to the measured
real frequency response, we determined by theoretical calculation, the optimal subcar-
rier number, and bandwidth occupation. These results can be used to introduce the initial
parameters for the practical DMT-based VLC transmission. Otherwise, in order to realize
a complete optimization and as the system performance in real applications are related
to the experimental environments, we analyzed and optimized the transmission bit rate
according to different clipping levels by using experimental measurements. Experimental
optimization is also made to validate the theoretical calculation of the modulated band-
width as well as determine the best CP length. The selected value allows producing a
trade-off between the minimal inter-symbol interference and the maximum spectral effi-
ciency. Finally, based on the proposed configuration and with a regular luminance level
for normal office work, we demonstrated a 100-Mbps wireless VLC system with very
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Fig. 18 Mean BER per subcarriers

low-cost components. The analytical description as well as the optimization methodol-
ogy presented in this paper are general and can be easily applied to other DMT- or OFDM
-based VLC network configurations with different materials and components.
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