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ABSTRACT Multi-band carrierless amplitude and phase modulation and subcarrier multiplexing (SCM)
are combined to produce a novel multi-users access scheme for visible light communications (VLC).
To demonstrate this scheme, an experimental and realistic scenario is set-up by using a low-cost commercial
office white light-emitting diode (LED) downlight. Furthermore, subcarrier spacings are added to reduce
the inter-channel interferences and the parameters of the pulse shaping filters are optimized. The distance
between the transmitter and the receiver is fixed at 2.15 m. After the optimization, the experiment setup
achieves a spectral efficiency of 5.08 b/s/Hz after subcarrier spacing and with very light post-processing.
A total of 20 users can be provided with the multi-users access scheme with a sum data rate of 162.5 Mb/s.
The receiving attocell is measured at 4.56 m2. To the best of our knowledge, the resulting work presents the
highest range, and one of the highest spectral efficiencies for a phosphorous white LED (ph-LED)-based
VLC system, thanks to subcarrier spacing. With SCM, it is also the first ph-LED-based VLC multi-users
system.

INDEX TERMS Multi-band CAP, subcarrier multiplexing, multi-user access, visible light communication,
white LED, subcarrier spacing, attocell.

I. INTRODUCTION
Visible Light Communications (VLC) known as Light-
Fidelity (Li-Fi) is one of themost promising wireless commu-
nication techniques for 5G and beyond [1], [2]. The approach
is to operate visible light between the 375 nm and 780 nm
wavelengths to transmit data by applying an intensity mod-
ulation. The technique promises to find a solution to many
of the ongoing wireless communication problems such as
the radio-frequency bandwidth saturation and the increasing
mobile data demand. As such, many researches are geared
towards the exploration of the technology. Most are aimed at
increasing the data rate. Indeed, the throughput is constrained
by hardware inherent bandwidth limitations from the LED
emitter. A second topic is the addition of a multi-users layer
to VLC systems. Various types of Multiple Access Control
(MAC) schemes exist and need to be considered when
setting up an attocell. Other trending topics include vehicle

communication [3], and positioning [4]. In this paper, we
focus on the first two topics.

A. LED LIGHTING DEVICE
The first key barrier is the limited modulation bandwidth
of the lighting devices. The most common technology is
white light-emitting diodes (LED) in indoor scenarios. They
primarily utilize two types: based on trichromatic Red Green
Blue (RGB) LED, or based on a blue-chip LED with a
yellow phosphor layer. Presently, indoor places use blue-
chip based LEDs because the implementation of RGB LEDs
demands more advanced drivers and has a higher implemen-
tation cost [5]. The LED downlight is the lighting solution of
choice in indoor places such as homes, offices, malls or muse-
ums. Therefore, a commercial phosphorous-type LED down-
light is used throughout the paper for a more realistic
scenario.

12742
2169-3536 
 2019 IEEE. Translations and content mining are permitted for academic research only.

Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

VOLUME 7, 2019

https://orcid.org/0000-0002-7939-6778
https://orcid.org/0000-0003-1220-6834


M. M. Merah et al.: Experimental Multi-User VLC Attocell Using Multiband CAP Modulation

B. MODULATION
The highest measured data rate for a VLC system using a
single phosphor-based white LED (ph-LED) is 2.32 Gbit/s,
as reported in [6]. The spectral efficiency is 5.155 b/s/Hz,
the highest in these conditions. On top of using orthogonal
frequency division multiplexing (OFDM), a two-stage equal-
izer and a maximum ratio combining (MRC) algorithm on
two receivers are used. A 4.62 b/s/Hz VLC system using a
ph-LED is presented in [7], and uses a power exponential
software equalizer as well as two receivers with a combining
algorithm. The common problem is that Ph-LEDs can only
be modulated to a few MHz due to the phosphor layer. This
explains why heavily complex techniques are used to increase
the spectral efficiency. The preferredmethod is the use of high
spectral efficiency modulation formats to better exploit the
bandwidth of the LEDs. OFDM and its variants are the more
explored modulation schemes [8], and uses fast Fourier trans-
form (FFT) and inverse FFT (IFFT). Carrierless Amplitude
and Phase (CAP) modulation is a similar scheme, but uses
pairs of orthogonal pulse shaping filters instead of IFFT/FFT.
It is a variant of quadrature amplitude modulation (QAM)
where two pulse amplitude modulated signals are filtered
with two filters forming a Hilbert pair. Its performances in
spectral efficiency are similar to OFDM, but it has lower
peak to average power ratio, as shown in [9]. Our attention is
directed to multiband CAP (m-CAP), bringing conventional
CAP into a multi-carrier format. It was first investigated in
fiber optics with promising results, such as in [10]–[12].
It adds a multi-carrier component to CAP to reduce the sen-
sitivity to non-flat channel response. In addition, an increase
of the flexibility comes with the ability to select a modulation
order for each subcarrier.

The exploration of the m-CAP modulation applied to VLC
is in its early stages. A previous study includes a demon-
stration of the scheme with a 4.85 b/s/Hz spectral efficiency
in [13]. However, it uses a GaN LED and did not aim to
optimize the data rate. Other works also present the influence
of the filter parameters in m-CAP [14], and the impact of
the number of subcarriers and the effect of equalization [15].
The potential of m-CAP for high transfer speeds in VLC
is associated with 4x4 imaging MIMO in [16]. The data
rate reaches 249 Mb/s using LEDs with a 4 MHz band-
width, 20 subcarriers and a 20 MHz signal at a range of
one meter. As such, the spectral efficiency for each of the
four imaged links achieves 3.11 b/s/Hz. The potential for
multi-users is demonstrated first in [17]. The transmitter is
an RGB LED with a 30 cm distance from the receiver. The
spectral efficiency is 5.14 b/s/Hz per chip (450 Mb/s). Nine
users are served, but heavy post-processing is needed with an
advanced post-equalization method on top of the very limited
distance. In [18], a red LED serves five users, but requires
heavy post-processing involving a machine learning based
nonlinear compensator.

With m-CAP, a high data rate can be achieved. However,
the multi-users aspect is still missing, and it would be

essential in any scenario involving a VLC system using a
LED downlight. Indeed, it can be used in an office, a hos-
pital, a mall or a museum. In every scenario, a multi-access
component remains a key aspect.

C. MULTI-USER ACCESS
The focus of most research on multi-user access schemes
is to decrease the amount of inter-user and inter-cell inter-
ferences. Indeed, attocell networking has been heavily stud-
ied. At the same time, experimentally implemented single
attocell performances are less explored. X. Huang et al.
worked on a combination of two OFDM schemes for attocell
networking in [19]. Other similar attocell network literature
includes the work presented by Ma et al. [20]. A coor-
dination of multiple VLC attocells is performed through
power line communication (PLC). Other examples include
the works by Kazemi et al. [21], Alshaer and Haas [22], or
Li and Zhang [23]. They all demonstrated the networking of
multiple attocells using novel methods with various advan-
tages. This paper focuses on the experimental performances
of a single attocell. However, these two types of papers are
complementary, as their demonstrations show the architecture
of an attocell network while our production expands on the
performance of individual access points.

Subsequently, very few works implement an experimental
multi-users VLC system. Using multiband CAP a few exper-
imental multi-access setup were realized in [17] and [18]
as described in the previous subsection. However, results
were acquired either at an unrealistic distance or with sub-
stantial post-processing. An orthogonal frequency-division
multiple access (OFDMA) based system achieved a data
rate of 13.6 Mb/s per user in [24]. It utilized a ph-LED
at a 10 cm range, for two users. The distance is small
enough to be considered unrealistic, and performance is
limited. A Multi-Carrier Code Division Multiple Access
(MC-CDMA) based demonstration reaches 47 Mb/s per user,
for 16 users, as shown in [25]. It uses red LED and an
avalanche photo-diode (APD) over 1.5 meters, but requires
heavy post-processing with pre- and post-equalization and
Walsh–Hadamard codes.

There are a considerable number of multi-user access
schemes that have been investigated like Carrier Sense
Multiple Access (CSMA), Time Division Multiple Access
(TDMA), or CDMA. The latest research focus on optical
space division multiple access (SDMA) which uses direc-
tional light beams oriented at the position of a user [26].
However, it requires complex transmitters with the ability to
locate users and multiple narrow field-of-views (FOV) LEDs.
Multi-user multiple-input multiple-output (MU-MIMO) is a
complex MIMO technique where multiple LEDs are coordi-
nated to provide for a number of users [27]. Nevertheless,
it suffers from heavy computational complexity and power
consumption.While these mentioned schemes are promising,
their anticipated performances have yet to be experimentally
proven in a realistic scenario.
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Non-Orthogonal Multiple Access (NOMA) is another
promising technology for 5G [28]. Power domain NOMA in
VLC has been explored in [29], but requires a high SNR to
perform optimally withmultiple users. An experimental setup
has been demonstrated by Lin et al. [30] where NOMA is
combined with OFDM. It resulted in a system transmitting
at 1.7 Mbaud with a signal bandwidth of 1.25 MHz. A ph-
LED is used with two photodiodes representing 2 users and
a distance of up to 30 cm. Another similar work is presented
by Chen et al. [31]. Their proof of concept experiment attains
a sum data rate of 45 Mb/s at a distance of 1 meter and a
signal bandwidth of 15 MHz. While the performances are
unimpressive, these demonstrations highlight power domain
NOMA as an ideal candidate for capacity improvement in
VLC systems. However, the potential of the scheme is yet
to be realized, as concluded by both papers. To some extent,
they represent a perspective as both our scheme and NOMA
can be combined as explained in [30].

Consequently, the preferred scheme for our realistic
scenario is subcarrier multiplexing (SCM). Indeed, it is a
widely used technique in fiber optics [32]. However, our
scenario uses a LED in an indoor room and not a laser.
As a consequence, performances optimizations are needed to
adapt the association with VLC.

D. OUR APPROACH
In this paper, the modulation m-CAP is associated with the
multi-access scheme subcarrier multiplexing. The demon-
stration uses a realistic indoor scenario with low-complexity
post-processing for multiple users. The distance between the
transmitter and the user plane is set at 2.15 meters as it is
the average ceiling to desk range in offices. The post-process
utilizes very simple pre- and post-equalization schemes. The
factor that allows us to improve the performanceswithmoder-
ate cost is subcarrier spacing. First introduced in our previous
work in [33], this contribution is considerably expanded in
this paper in three ways. The first is the expanded results with
added realism of the experiment. Additionally, the process is
performed on all subcarriers individually and not on groups
of subbands. The second addition is the presence of interme-
diary results in the process which offers valuable details on
the optimization process. The third addition is the extension
on the multi-user ability of the scheme through the impact of
the optimization on the cell size and the distance. This link
between the results in data rate performances and the multi-
user aspect is a significant contribution.

SCM offers an established way to provide for multiple
users. Carrier aggregation [34] also adds flexibility. With the
SCM scheme this allows for more subbands per user. As far as
our knowledge goes, it is the first experimental demonstration
of a commercial ph-LED downlight based VLC multi-users
system with such a high number of users.

Fig. 1 shows the objective in spectral efficiency ver-
sus complexity level this works aims at. The complexity
of an experimental VLC system is defined as the sum of
the level of complexity on each part of the transmission

FIGURE 1. Estimation of the level of complexity of the VLC experimental
setup versus the spectral efficiency. The blue area is the most explored,
where the spectral efficiency is between 3 and 7 b/s/Hz and the
estimated complexity is higher than 6. The red area is the objective aimed
by our work, with a spectral efficiency around 5 and an estimated
complexity around 6. References [51] and [53] are laser based experiment
used as a comparison.

TABLE 1. Definition of the estimated level of complexity for a VLC
experimental setup.

chain. Table 1 details the level of complexity for each part.
The references that were retained contain a VLC indoor
experimental demonstration using a LED. Laser-based sys-
tems were included when relevant for the comparison. The
redundant references were removed when the same setup
is re-used through multiple papers from the same authors,
keeping the most recent results. This figure is subjective and
its interpretation remains at the discretion of every reader.
However, it depicts a distinct vision of our approach relating
the complexity of the scheme.

E. PAPER LAYOUT
Section 2 explains the principle of multi-users multi-band
CAP (MU m-CAP). Section 3 describes the experimen-
tal setup and the white ph-LED downlight characteristics.

12744 VOLUME 7, 2019



M. M. Merah et al.: Experimental Multi-User VLC Attocell Using Multiband CAP Modulation

Section 4 presents the investigation on the optimization of
spectral efficiency with subcarrier spacing. Section 5 depicts
the resulting VLCmulti-users attocell with its characteristics.
Finally, the paper concludes with a summary of the study.

II. PRINCIPLE OF MULTI-USERS MULTI-BAND CAP
The principle of multi-band CAP (m-CAP) is to divide
a conventional CAP signal into m independent subbands.
Modulation order and optical power on each subcarrier can
be tailored to its SNR. 1-CAP modulation is sensitive to
non-flat frequency response like VLC channels. Multi-band
CAP alleviates this drawback since dividing the signal into
multiple subcarriers reduces the frequency length of each
subband. Consequently, the frequency response for each band
is more flat than the global response. Therefore, m-CAP is
less prone to attenuation induced distortion than conventional
CAP. Another advantage of multi-band CAP is the flexibil-
ity inherent to a multi-subcarrier modulation scheme. Each
subcarrier can be affected a specific QAM modulation order
and a distinct power level. This flexibility is used in OFDM
to attain higher spectral efficiencies by assigning superior
modulation order to the subbands with high SNR. The Bit
Error Ratio (BER) is then optimized by adjusting the power
of each subcarrier.

As opposed to OFDM, m-CAP uses FIR filters instead
of IFFT/FFT. m represents the number of subcarrier. When
increasing m the number of transmission filters increases
by 2m. Since the square root raised cosine used is a finite
impulse response (FIR) filter, the implementation cost would
logically increase. However, the orthogonal pulse shaping
pair filters become simpler to implement because each pair
covers a smaller frequency band. Indeed, a sampling rate
closer to the Nyquist rate can be used, which decreases
the digital signal processing clock. On top of the fact that
CAP does not use FFT, it makes CAP an ideal choice for
a simple-to-implement high spectral efficiency modulation.
This defining characteristic motivates the choice of this
scheme over OFDM.

With multi-user m-CAP using SCM, the multiple subcar-
riers data streams correspond with multiple users. Each user
data is contained in one or more subbands as illustrated on
Fig. 2. For example, if two users are allocated using 4-CAP,
two subcarriers per user or three to user 1 and only one to
user 2 could be allocated. This ability to allocate various
number of subbands to each user depends on the needs and
channel state, making MU-m-CAP a very flexible multi-
users access scheme. This is called carrier aggregation [34].
A user can be dynamically allocated more subcarriers than
the others if it needs a data rate increase or if the quality of its
signal decreases. Additionally, if m increases, this flexibility
escalates as more subcarriers are available for each user.

The receiver needs to know the user-subcarriers allocation.
A bidirectional link would add the ability to configure the
distribution of subbands. VLC requires an amount of power
to generate light that cannot be attained by mobile devices
and is therefore not preferred. Also, interferences are created

FIGURE 2. Ideal frequency responses and user allocation example in a
4-users scenario with SCM for conventional CAP (top), 4-CAP (middle)
and 16-CAP (bottom). 1-CAP can only allocate one user when using SCM.

by the reflected light between the two channels. As a first
alternative, radio-frequency (RF) is easy to use but requires
the transceivers to work in two domains and cannot be used
when electromagnetic interferences (EMI) need to be mini-
mized. As a second alternative, retro-reflective transceivers
reflect light to transmit data but the modulation speed is
low [35]. However, efforts have been made to overcome this
limitation [36] and the technology is promising for VLC.
Finally, as suggested in [37], a near ultraviolet (UV) or near
infrared (IR) up-link seems to be the most viable solution
currently. Indeed, as shown by [38], range for an uplink option
is approximately the same between the visible, near UV, and
IR bands.

ck = {ak,1, ak,2, ..., ak,j} (1)

In equation (1), each a k,j represents a subcarrier number j that
is allocated to the user k . With k ∈ [1:l] and j ∈ [1:n], there
can be up to l users and one user can have one to n subcarriers
assigned. At the transmission, each of the k data streams dk
are divided into j streams of symbols corresponding to the
j subcarriers assigned to that user. The m streams symbols
are mapped on their correspondingMak,j-QAMmapper, with
Mak,j designating the modulation order at the nth subcarrier.
From now, each n corresponds to an assigned subcarrier ak,j.
The mapped symbols are then up-sampled and separated into
their in-phase (real) and quadrature (imaginary) components.
The m pairs of in-phase and quadrature components (I/Q) are
then filtered with square root raised cosine filters at different
frequencies depending on the subcarrier number. AnI and A

n
Q

are defined as the up-sampled in-phase and quadrature Mn-
QAM mapped symbols on the nth subcarrier. The overall
sketch of the principle is illustrated in Fig. 3 (a).
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FIGURE 3. (a) Schematic representing the principle of a transmitter using SCM-based Multi-user Multi-band CAP (MU-mCAP)
(b) Schematic representing the principle of a receiver using SCM-MU-mCAP.

Each pair of filter for the nth subcarrier is defined as
follows:

rc(t) =
sin(π (1− α) tTs )+ 4α t

Ts
cos(π(1− α) tTs )

π t
Ts
(1− (4α t

Ts
)2)

(2)

f nI (t) = rc(t) cos(π
t
Ts

(2n− 1)(1+ α)p) (3)

f nQ(t) = rc(t) sin(π
t
Ts

(2n− 1)(1+ α)p) (4)

With:
•

1
2Ts

(2n− 1)(1+ α) : center frequency of the nth band,
• Ts: symbol duration,
• α: roll-off factor,
• p: subcarrier spacing configuration factor.
Finally, the transmitted signal is defined with Eq. 5, where
∗ is a time-domain convolution:

s(t) =
m∑
n=1

[
AckI (t) ∗ f ckI (t)− AckQ (t) ∗ f ckQ (t)

]
(5)

Each component of the sum represents a subband that
can be assigned to a user with SCM. At a typical receiver
for user ik , the up-sampled in-phase and quadrature mapped
symbols for each of the user’s assigned subcarriers (ck) are
recovered using the matched transmission pulse shaping fil-
ters, as illustrated in Fig. 3 (b). The recovered data stream is
obtained after combining the j de-mapped symbols streams.

The subcarrier spacing configuration factor p is used to
configure the spacing between subbands and is added as a
factor to the definition of the square root raised cosine filters
pair. The value of the center frequency for each subcarrier
is changed when p is adjusted. Initial value is 1 which cor-
responds to no subcarrier spacing, with p ∈ ]0:+∞]. It is

important to note that when p increases, the signal bandwidth
increases by the same factor as well.

III. EXPERIMENT SETUP
Fig. 4 shows the experiment setup that was used to obtain the
experimental results presented in the sections 4 and 5.

A. TRANSMITTER DESCRIPTION
An Arbitrary Waveform Generator (AWG - AFG3252C)
stores a total ofm randombit streams. The streams are defined
as groups. They form packets of data for each user k. The
number of data streams assigned to each user depends on
the given subcarriers allocation ck for each user. Essentially,
it means that a user k is allocated a packet of j (size of ck )
random bits streams. Each of these data streams is assigned
to a subcarrier of the m-CAP modulation. For every user,
an M-QAM mapper maps each of the data streams forming
its packet. Thus, it creates multiple symbol streams. After up-
sampling, a symbol stream is separated into its real and imag-
inary component. The corresponding in-phase and quadrature
raised cosine filters are applied to them. These FIR filters are
configured at the center frequency defined by the subcarrier
assignation. All the m resulting modulated data streams are
added to produce the signal s(t).

Before the transmission, the signal is pre-equalized
using a software implemented amplitude pre-emphasis pre-
equalization filter [39] to extend the available modulation
bandwidth. In order to detect the transmitted frame at the
receiver, a simple preamble is added at the beginning of
the signal, before the transmission. The first part is a very
low frequency waveform used by the receiver to detect the
presence of a frame. The second part is a pilot in order to
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FIGURE 4. Schematic representing the experiment setup for the transmitter based on an AWG, an office downlight (top)
and a receiver for a user k based on a photo-diode and an offline post-process with MATLAB (bottom).

identify the start of the signal. Also, it serves as a reference
for the gain and phase corrections.

The AWG emits the signal. A Minicircuit electrical ampli-
fier (ZHL-6A+) is used to amplify the signal outputted by
the AWG. AMinicircuit bias-tee (ZFBT-282) adds a DC bias
to the signal before sending it to the LED. The white LED
used throughout the experiments is a 42 W downlight that
can be found in malls, offices or hospitals. It operates at
19.2 W electrical power (32 V, 600 mA). Fig. 5 details
the characteristics of the downlight used in this experimen-
tal system. The −3 dB modulation bandwidth is measured
at 1.4 MHz.

FIGURE 5. Experimental setup measured characteristics. (a) White LED
current response versus voltage. (b) White LED illumination response
versus voltage. (c) LED relative spectrum response versus wavelength.
(d) Experimental system frequency response.

B. RECEIVER DESCRIPTION
A 25 mm biconvex lens and a Thorlabs photo-detector
(PDA10A) form the receiver for a user k. The latter is
composed of a 1 mm diameter silicon photo-diode and a
trans-impedance amplifier circuit. The distance between the
transmitter and a receiver is set at 2.15 m with line of sight
(LOS) except when indicated otherwise. A receiver output
signal is saved using a digital oscilloscope (MDO3054). The
resulting data is post-processed using MATLAB. After re-
sampling the signal, the preamble is decoded to identify the
start of the signal that was sent. The matched filters deployed
for demodulation depend on the allocation of subcarriers ck
for user k . The first subcarrier contains that information.
Afterwards, the mapped symbols are corrected in gain and
phase. Then, a decision feedback equalizer (DFE) performs
a post-equalization. Lastly, they are de-mapped using the
appropriate M-QAM demodulator. Thus, the packet of data
sent to user k is obtained. Table 2 resumes the experiment
setup and parameters.

TABLE 2. Experiment setup parameters and conditions.

IV. OPTIMIZATION OF SPECTRAL EFFICIENCY IN
MULTIBAND CAP
As explained in section 1, multiband CAP is a very recent
modulation scheme in VLC. As such, there is a need to
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explore its capabilities further. Indeed, the cited works pre-
sented the modulation or showed their effectiveness with
heavy post-processing. Thus, our approach aims at improving
the scheme in flexibility and data rate performances. To do so,
low-complexity BER improvements are investigated. Subcar-
rier spacing is one of them. This allows for an improvement
in the multi-user flexibility. Multi-access in VLC needs a
lot of adaptability. For example, every person in an office
room can potentially need different data in very different
conditions: differences in angle of incidence, location on the
Li-Fi cell or distance from the transmitter. Thus, exploring
subcarrier spacing and other scheme performance improve-
ments help us in our multi-users scenario.

Additionally, this work is constrained to a realistic sce-
nario. Indeed, as explained in section 3, the distance between
the transceivers is 2.15 meter and the LED is a low-cost
commercial malls or offices downlight. The premises of
low-complexity performances improvements for Multiband
CAP were already described in [33]. This previous work
showed the potential of using different filter parameters for
each subcarrier. However, it had limitations as described
in the introduction. Consequently, the possibilities given by
the filter parameters are explored further in the following
measurements.

A. SUBCARRIER SPACING
Multiband CAP uses pulse shaping filters that do not have
a perfect rectangular frequency response and is therefore
subject to inter-channel interferences (ICI). They reduce
the quality of the received signal by adding noise on each
adjacent subcarrier. Spacing the subbands would mitigate
these interferences. The cost is an increase in bandwidth.
In equations (2) and (3), the conventional definition of the
square root raised cosine filter includes a factor p. This
separate variable allows us to modify the subcarrier spacing
by changing the center frequency of a filter, as shown in
fig. 6. When spacing is increased, the signal bandwidth
raises. Thus, the ICI decreases. However, the BER doesn’t
necessarily fall. Indeed, the wireless optical channel has a
low-pass effect [40] and thus, an increase in bandwidth results

FIGURE 6. Multiband CAP filters responses and the impact of subcarrier
spacing with the factor p. 1f is the frequency increment between each
subband without spacing. 1fspacing is the frequency increment between
each subband with spacing.

in a decrease in signal-to-noise ratio (SNR). In our previous
work [33], we concluded that this change in SNR affected the
last subcarriers the most. As a consequence, the optimization
needs to take this condition into consideration.

In the measures described in fig. 7, the effect of different
subcarrier spacing configuration on the spectral efficiency
is investigated. To measure it, the data rate is maximized in
the condition of the experiment described section 3. The first
configuration uses no subcarrier spacing. The second config-
uration uses the same spacing value between each subcarrier
and is called uniform subcarrier spacing. The spacing value
chosen maximizes the data rate. Lastly, the last configuration
uses the best subcarrier spacing between each subcarrier
and is called independent subcarrier spacing. These spacing
values maximize the data rate.

FIGURE 7. Measured impact of subcarrier spacing. (a) Obtained spectral
efficiency while maximizing the data rate versus the number of
subcarriers. The measurement are performed without spacing, with the
same spacing value and with a spacing value optimized between each
subband. Measured spectrum in a 4 subcarrier signal with no spacing (b),
5% spacing (c), 10% spacing (d), and 20% spacing (e).
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The first observation is that an increase in the number of
subcarriers results in an increase in performances. It already
has been explored in the previous works on multiband CAP
described in section 1. Indeed, we work out-of-band and thus
the frequency response of the LED is not flat. With smaller
subcarrier bandwidth, the associated response is more flat and
thus the subband can use a higher modulation order.

With subcarrier spacing, the ICI has decreased, but the
bandwidth of the signal increases. In turn, the SNR falls.With
uniform spacing, the increase in performances for the first
subcarriers compensate for the decrease in the last subcarri-
ers. With optimized spacing, the first subcarriers have larger
spacing (> 10%) and the last ones have a smaller (< 5%) to
no spacing. The first subbands have a SNR high enough and
the decrease in ICI is sufficient to use a higher modulation
order. But, in order to not increase the signal bandwidth too
much, the last subcarriers use an average spacing of 2.5 %.
Thus, as shown in fig. 7, an increase in data rate of 16.6 %
to 6.6 % is obtained with 4 to 20 subcarriers using optimized
spacing while the values are 11.1 % to 4.13 % using uniform
spacing. The difference is bigger when using a small number
of subbands because the signal doesn’t use an optimal amount
of subcarriers. Indeed, as explained in the previous paragraph,
when increasing the number of subcarriers, a higher mod-
ulation order can be used because the frequency response
associated is more flat. As such, the margin for an increase
in performances using subcarrier spacing only decreases.
Consequently, other optimization methods are explored.

B. FLEXIBILITY AND PERFORMANCE OPTIMIZATIONS
More flexibility can be obtained with the optimization of the
roll-off factor and oversampling [33]. Indeed, the higher the
roll-off factor is, the larger the bandwidth is and the lower
the non-linearity of the filter’s response is. As such, when
modifying all parameters at the same time, multiple scenarios
with an increase in performances appear. That flexibility
helps in a multi-users scenario where all receivers have very
differents SNRs.

In order to explore this flexibility, the impact of the roll-off
factor on the data rate is compared with the results obtained
in the previous subsection. With no spacing, and the same
parameters, each subcarrier has a roll-off value optimized
in order to maximize the total data rate. Then, subcarrier
spacing is associated with roll-off factor in the optimization.
The process to obtain the parameters for all subcarriers is
described fig. 8. As the subject of this work focuses on the
results of the optimization and not the method, a conventional
loop algorithm is used in two steps. The first one is a uniform
optimization where the same global value for either of the
parameter is set for all subcarrier. The objective is to obtain
the value of subcarrier spacing and roll-off factor which
minimize the BER, pU and αU respectively. The second step
of the algorithm is once again a conventional loop which
finds the optimal value for p and α. The results are compiled
in fig. 9 (a), adding intermediary results where only the roll-
off factor or only the subcarrier spacing factor is optimized.

FIGURE 8. Optimization process pseudo-code for obtaining the optimized
filter parameters in both the uniform optimization and the full
optimization process.

Fig. 9 (b) and (c) show the individual impact of the roll-off
factor and subcarrier spacing on each subcarrier of a 4-CAP
signal.

The roll-off factor impact is shown fig. 9 (b). The higher
the value, the less clipping the subband filter will experience.
Its bandwidth will also increase. As such, the first subcar-
riers offer better performances with a larger roll-off factor.
Thus, when optimizing the parameter, the optimal value for
each subcarrier decreases with the subband index. As shown
in fig. 9 (a), an increase in data rate of 11.11 % to 4.13 %
is obtained for 4 to 20 subcarriers. When associating the
optimization of the roll-off factor with subcarrier spacing,
a boost in data rate of 27.78 % to 7.44 % is attained for
4 to 20 subcarriers. At 20 subcarriers, this is equal to an addi-
tion of 11.25 Mb/s. Indeed, the full optimization offers more
degree of liberty and thus more scenarios with an increase in
data rate are observed. A large roll-off factor increases the
bandwidth of the subcarrier associated. In return, it augments
the interferences between subbands. But, with subcarrier
spacing, we can reduce these interferences. As such, the full
optimization attains larger increase in data rate.

The enhancement in performance is higher at lower num-
ber of subcarriers. Indeed, a relative augmentation of 11.1%
is observed for the roll-off factor only optimization, 16.67%
for the subcarrier only one and 27.78% for the full process in
a 4 subbands scenario. When using a 20 subcarriers signal,
these numbers go down to 4.13%, 6.61% and 7.44% respec-
tively. When subbands have a larger bandwidth, the effect of
the low-pass distortion is stronger on them. However, adverse
effects are prominent on the first few parts of the signal
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FIGURE 9. (a) Change in data rate performances compared to no filter
parameter optimization on our experimental setup. Optimization is
performed on spacing, roll-off or both. (b) Impact of the roll-off factor on
each subcarrier BER. (c) Impact of subcarrier spacing on each subcarrier
data rate.

bandwidth for clipping noise and the last parts for the
Gaussian noise. With 4 subcarriers, a localized effect impacts
a fourth of the total frame while it only effects one twentieth
when 20 subcarriers are used. Essentially, multiband CAP
signals with higher total number of subbands have less
headroom for data rate improvements. However, the BER
can still be reduced on all subcarriers even if not enough for
an increase in throughput. The BER on the receiving plane
can thus be improved and expands the size of the attocell,
as described in the following subsection.

C. BER PERFORMANCES IN THE ATTOCELL
In a multi-users scenario, each user will be spread randomly
in the VLC attocell. Thus, we need to understand the impact
of the performance optimizations explored in the previous
subsection on the potential location of a user in the attocell.
The BER obtained on a 2D plane situated 2.15 meter away
from the transmitter is measured without performance opti-
mization and with performance optimization. The results are
shown in fig. 10. Thus, the size of the attocell is compared in
the two scenarios.

The results show that a cell size of approximately 3.2 meter
square is obtained without the optimization and 4.56 meter
square with optimization. The size is defined as the area

FIGURE 10. BER measured on a 2D plane situated 2.15 meter away from
the transmitter, with performance optimization (a) and without (b).

where the BER for each subcarrier is below 3.8×10-3. This
is the forward error correction (FEC) 7% value. This means
that this percentage in the raw data rate can be used to correct
the whole signal with FEC pre-coding.

Our previous results described in fig. 9 help depicting the
effect. Indeed, subcarrier number 20 sees a decrease in BER
to 8.47×10−3 from 1.03×10−3 with a 16-QAM constellation
when a full optimization is applied. This decrease in BER
does not allow for an augmentation of the modulation order,
as verified by our measurements since using a 32-QAM
constellation resulted in a 4.17×10−3 bit error rate. This is
slightly above the 7% FEC limit. Overall, this scenario occurs
more often on higher subband count since, as explained in
the previous subsection, the headroom for improvement is
smaller, as per our measurements. The BER plane measure-
ments shown fig. 10 were performed with a 20-CAP signal.
Thus, both attocells are the same except that when using
applying a full optimization, the BER is overall decreased
which means that a small part of the outer border now falls
under the 7% FEC threshold.
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TABLE 3. Multi-user signal characteristics and results in a 4 users
scenario.

V. SYNTHESIS OF THE OVERALL SYSTEM
Table 3 resumes the characteristics of the experimental setup.
The results described in the previous section help us optimize
the performances in spectral efficiency. Fig. 11 shows the
signal spectrum measured received by a user at 2.15 meter
of distance from the transmitter. In this 4-users scenario,
subcarrier allocation is realized before the emission of the
signal. Here, a static allocation is utilized. Each user must
attain the same data rate, or as close as possible. Twenty
subcarriers are used in the signal since it provides a capacity
of 20 users or the ability to allocate multiple subbands per
users. Therefore, five subcarriers are allocated to each user
in this 4-users example. This lessens the impact of a loss of
quality on one subband. A minor part of the data carried by
the first subcarrier contains the allocation that each user reads

FIGURE 11. Signal spectrum measured at the receiver at 2.15 meter
distance from the transmitter in a 4-users scenario. In this static
allocation, a user will only decode the data contained in its assigned
subcarriers.

before decoding the appropriate subbands. Finally, each user
must experience a comparable BER. Since there’s no up-link,
the center frequency of the subcarriers allocated to a user is
at the center of the signal bandwidth. This explains the way
the allocation is performed as shown in fig. 11.

Using SCM, the number of subcarriers is the number of
users that can be allocated. With 20 subbands in our case,
a total of 20 users could be served with one subcarrier per
user. However, scalability is an issue. Indeed, the signal is
optimized for data rate. As shown in table 3, most subcarriers
do not operate at the same modulation order. As an example,
if 20 users are allocated in our experiment setup, a user being
allocated subcarrier 20 will receive data at a rate of 5 Mb/s
while a user being designated subcarrier 5 will acquire data
at a rate of 10 Mb/s. While this is the most extreme scenario
in our case, it shows that scalability in terms of data rate
per user is an issue in this VLC system. Dynamic subcarrier
allocation would help alleviate this escalating problem. Our
previous work discussed in [41] speaks of this exact method.
Results show that when defining a target data rate for each
user, only a certain amount of receivers can be allocated while
maintaining their data rate within 5% of their target. However,
a VLC attocell is small and will most likely not serve such a
large number of users. This is the reason why we consider the
dynamic subcarrier allocation scheme to help improve flexi-
bility more than alleviating the scalability issue. Essentially,
the same number of users is allocated up to their target data
rate using an optimal allocation algorithm. Therefore, more
headroom is obtained in the form of available subcarriers.

Fig. 12 shows the three dimensional BER measured under
the conditions described section III and table 3. The attocell
has a surface of 4.56 m2. This corresponds to the area
where the BER is low enough to be corrected by a Forward
Error Correction (FEC) pre-coding. It represents the results

FIGURE 12. Measured three-dimensional BER with the receiver
positioned at 2.15 meter away from the downlight LED transmitter.
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FIGURE 13. Maximum available throughput (a) and size of the attocell
(b) versus the distance between the transmitter and receiver placed in
direct line of sight. The measures are obtained with and without the
performance optimization.

obtained in the previous subsection but do a better job show-
casing the progression of the quality of service throughout the
receiving plane. The BER valuemust be under 3.8×10-3. The
cell total capacity is 34 Mb/s/m2 and has the ability to serve
up to 20 users simultaneously at an average rate of 8 Mb/s.
Since the cell is small, a more relevant value is the mean
throughput of 40 to 80 Mb/s/user in a 2 to 4 users scenario.
Finally, fig. 13 shows the measured influence of the distance
on the maximum available throughput and the size of the
cell. As expected, data rate increases while the attocell size
decreases when reducing the distance.

VI. CONCLUSION
The data rate is optimized with little computational work.
Indeed, using the optimization of subcarrier filters param-
eters, an increase in throughput is achieved. The setup

successfully attained a 5.08 b/s/Hz spectral efficiency while
maximizing the total data rate. A simple post-equalization
scheme was the only addition to the process. In conclusion,
multiband CAP associated with SCM proves to be a com-
pelling alternative scheme for high spectral efficiency VLC
systems in multi-users scenarios. The performances obtained
can fit a realistic indoor scenario, with a capacity of 1 to
20 users and high data rate in a relatively large attocell.

VII. PERSPECTIVES
This work will serve as a basis for further exploration
through its implementation in a real-time system with a
field-programmable gate array (FPGA). This will allow us
to compare the performances of the very popular OFDM
with m-CAP in the same scenario as in this paper. We can
also identify a compromise between throughput and cost of
implementation.
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