N

N

Experimental Comparison of PAM and CAP
Modulation for Visible Light Communication Under
Illumination Constraints
Robin Le Priol, M. Helard, Sylvain Haese, Sebastien Roy

» To cite this version:

Robin Le Priol, M. Helard, Sylvain Haese, Sebastien Roy. Experimental Comparison of PAM and
CAP Modulation for Visible Light Communication Under Illumination Constraints. IEEE Photonics
Journal, 2022, 14 (2), pp.7315811. 10.1109/JPHOT.2022.3148467 . hal-03629673

HAL Id: hal-03629673
https://hal.science/hal-03629673

Submitted on 6 May 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-03629673
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 2, APRIL 2022

7315811

Experimental Comparison of PAM and CAP
Modulation for Visible Light Communication
Under Illumination Constraints

Robin Le Priol"”, Member, IEEE, Maryline Hélard

Abstract—In this paper, we study different modulation tech-
niques for visible light communication (VLC), taking illumination
constraints into account. Two modulation schemes are compared,
namely pulse amplitude modulation (PAM) and carrierless am-
plitude and phase (CAP) modulation, through both simulations
and experimental measurements. The data link under study is
based on low-cost components comprising a white light-emitting
diode (LED) and a silicon PIN photodiode. Moreover, the proposed
VLC system complies with illumination standards and limits the
brightness level to that of a typical office room. The impact of
the roll-off factor parameter, which is directly related to the total
occupied bandwidth, and the maximum achievable throughput
for PAM and CAP are studied. Moreover, adaptive postdistortion
based on a Volterra series expansion is implemented to mitigate
the effects of LED nonlinearity in practice. We also demonstrate
that 8-PAM can outperform 64-CAP and discrete multitone (DMT)
when the LED nonlinearity is adequately compensated.

Index Terms—YVisible light communication (VLC), light-
emitting diode (LED) lighting, pulse amplitude modulation (PAM),
carrierless amplitude and phase (CAP) modulation, discrete
multitone (DMT), indoor illumination.

1. INTRODUCTION

ISIBLE light communication (VLC) is an emerging opti-
V cal communication technology based on the use of light-
emitting diodes (LED) to simultaneously deliver illumination
and communication functions. VLC has drawn a lot of attention
in recent years and is expected to become a viable alternative to
radio frequency systems, as it provides many advantages such as
immunity to electromagnetic interference, intrinsic robustness
against eavesdropping, and low-cost transceivers based on com-
mercially available components [ 1]-[3]. The optical bands of the
electromagnetic spectrum also offer approximately 375 THz of
license-free bandwidth, thus providing ample room to relieve
pressure on the radio spectrum. Moreover, currently deployed
lighting fixtures can be leveraged to implement VLC since white
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LEDs are nowadays widely used for lighting applications [4].
Common white LEDs (unlike the more expensive red-green-blue
(RGB) LEDs) consist of a blue LED chip coated with a phosphor
layer, producing white light. Unfortunately, their modulation
bandwidth does not exceed a few MHz due to the relaxation time
of the phosphor layer, thus severly limiting throughput [5]. To
overcome this, spectrally-efficient signaling schemes are com-
monly considered in VLC, such as pulse amplitude modulation
(PAM), carrierless amplitude and phase modulation (CAP), and
discrete multitone (DMT).

In fact, two main approaches are generally considered regard-
ing the use of bandwidth. In the first one, the signal is narrowband
and modulated using single-band modulation schemes such as
CAP or PAM. In this case, the achieved transmission rate is
low and the channel is assumed to be non-frequency-selective,
thus no equalization is required. In the second approach, the
information signal is wideband to improve the bit rate and
multi-band modulation schemes such as multi-band CAP or
DMT-based techniques are employed in combination with adap-
tive bit-loading while avoiding complex equalization.

Comparisons of PAM, CAP and DMT have been carried
out in the literature for VLC in terms of available bitrates and
robustness against LED nonlinear distortions. In [6], the au-
thors compared PAM, CAP and DMT on an experimental setup
employing a white LED. Under different signal attenuations,
they highlighted the robustness of two-level PAM (2-PAM)
against LED nonlinearities, which performed advantageously
with respect to CAP and DMT. The authors of [7] compared
high-order PAM (8-PAM) and CAP (64-CAP) with DMT em-
ploying frequency domain equalization. They reported better
performance for DMT compared to high-order PAM and CAP.
Moreover, CAP outperformed PAM for high data rates. In [8],
the authors performed an optimization of the roll-off factor and
demonstrated that 4-PAM can outperform 4-CAP and DMT.

It is noteworthy, however, that none of these studies took
into account the constraints associated with the illumination
function. VLC systems employ intensity-modulation and direct-
detection (IM/DD), where the transmitted waveform is encoded
in the instantaneous radiated optical power. In this context,
the desired illumination brightness level limits the total opti-
cal power at the receiver, thus impacting communication link
quality. Moreover, the authors of [7] and [8] did not consider a
nonlinear LED dynamic range and did not provide experimental
results, yet it is known that LED nonlinear distortions can
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Fig. 1.

severely degrade overall system performance [9]. Itis reasonable
to assume that modulations with higher peak-to-average power
ratio (PAPR) will suffer more degradation due to nonlinearity.
In previous work by our team [10], DMT was optimized under
lighting constraints with the same experimental VLC setup and
a 100 Mbps transmission was achieved at a targeted bit error
rate of 1072, Therefore, this study focuses on optimization and
comparison of PAM and CAP.

In this paper, we study the impact of different parameters of
single-band CAP and PAM when extending as much as possible
the signal bandwidth while employing equalization and/or post-
distortion techniques to jointly mitigate the frequency selectivity
and the nonlinear effects of the LED. Given that the transmitted
signal spectrum is not bounded by neighboring channels, the
modulation bandwidth in VLC is a parameter that can be freely
optimized without being constrained by overlapping spectra, as
opposed to radio frequency systems where the electromagnetic
spectrum is strictly regulated. In addition, a constant brightness
level that is compliant with illumination standards is maintained
at the receiver level. Moreover, given that a low signal PAPR is
usually preferred to optimize the occupation of the LED dynamic
range and thus maximize the transmit power, PAM and CAP
were chosen over multi-band CAP and DMT-based techniques
which are known to exhibit higher PAPR.

For both CAP and PAM schemes, the impact of the roll-off
factor and the maximum achievable bit rate is investigated in
simulation while assuming a perfectly linear LED dynamic
range. In addition, an experimental transmission is performed to
study the performance of high-order 8-PAM and 64-CAP with
and without compensation of the LED nonlinearity.

In our study, the average optical power is kept constant for
all modulated signals to set the desired level of illumination.
However, the electrical signal powers are different, since the
modulated signals occupy the entire dynamic range of the LED
as opposed to [6]. In addition and as opposed to [8], higher modu-
lation orders will be studied, namely 8-PAM and 64-CAP and the
LED nonlinearity will be integrated into the study by experiment.

The remainder of the paper is organized as follows: Section II
presents an analytical description of PAM and CAP modulation.
Section III presents a simplified model of the experimental
VLC link, the electro-optical LED transfer characteristic and

Schematic block diagrams of (a) PAM and (b) CAP transceivers for VLC.

the illumination requirements. In Section IV, the impact of the
roll-off factor parameter is investigated, along with the maxi-
mum bit rate for different modulation orders. In Section V, an
experimental transmission is performed to highlight the effects
of LED nonlinearity. Finally, Section VI concludes the paper.

II. MODULATION SCHEMES

The two modulation schemes compared in this paper are PAM
and CAP. An analytical description of PAM is given in Section II-
A, while CAP is presented in Section II-B.

A. PAM Modulation

PAM is a modulation scheme where the information is en-
coded in the amplitude of the transmitted pulse. Here, a square-
root raised-cosine (SRRC) pulse shaping filter is employed to
optimize spectral occupancy. Fig. 1(a) shows a schematic of
a PAM transceiver. The incoming bits are firstly modulated
by a PAM modulator where the signal levels are defined as
+1,£3,...,£M — 1, and where M is the modulation order.
Then, the modulated symbol stream dj is upsampled by a
factor K and convolved with a SRRC filter g(¢), yielding the
transmitted PAM signal

+oo
spam(t) = Y dig(t — kT),
k=—o0
where T is the symbol period. The PAM modulation bandwidth
Bp ays is therefore limited by the maximum frequency of the
pulse shaping filter g(t), such that

(1+a) B (1+ a)Dy
2T  2mpan

where « is the roll-off factor parameter denoting the excess
bandwidth, Dy, is the bit rate and m p 4, is the number of bits
encoded in one PAM symbol. The PAM modulated spectrum for
various values of a and the LED frequency response are shown
in Fig. 2(a). Then, a DC bias is added for illumination purposes
and to ensure full swing of the modulated signal in the dynamic
range of the LED. At the receiver side, the received signal is
passed through the matched filter g(—t) prior to equalization.
The equalizer employed in this study is a fractionally-spaced

ey

@)
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Fig. 2. PAM (a) and CAP (b) modulated spectra for various roll-off factors
and LED normalized frequency response.

decision-feedback equalizer (FSE-DFE) operating at the rate
4/T. The upsampling factor K is set to 4 in this study, thus pro-
viding an appropriate tradeoff between performance and com-
plexity. Itis noteworthy that the feedforward part of the equalizer
operates at the same rate as the upsampled signal, therefore
the received signal is not downsampled prior to equalization.
The downsampling operation is integrated into the equalization
block as detailed in [11]. The equalizer output, however, delivers
equalized symbols dy, at symbol rate 1 /7. Finally, the equalized
PAM symbols are de-mapped in order to recover the transmitted
bits stream.

B. CAP Modulation

CAP modulation was historically developed for communi-
cation over copper wires [12] and has drawn a lot of interest
recently for its potential as a suitable modulation for VLC. In
CAP, a pair of finite impulse response filters is used to transmit
an in-phase and a quadrature component in an orthogonal fash-
ion [13]. An interesting property of CAP is that the baseband
signal spectrum is shifted upwards (as with a carrier) but the
amount of shift f. is low and is such that the resulting spectrum
remains in the baseband domain, i.e. the lower side band extends
near or at f = 0.

It is worth mentioning that CAP can be extended to a
multi-band modulation format, namely multi-band CAP, where
the signal bandwidth is divided into sub-bands. By virtue of
lowering the bandwidth requirement for each sub-band, the

7315811

attenuation over the signal frequencies due to the low-pass
channel is reduced. Furthermore, adaptive bit-loading can be
applied to optimize the constellation size on each sub-band
depending on the channel attenuation and improve the spectral
efficiency. Nevertheless, it was shown in [13] that a drawback
of multi-band CAP is the PAPR, which grows with the number
of sub-bands. Considering the limited LED dynamic range, a
power penalty can be induced at the transmitter.

The CAP signaling scheme is illustrated in Fig. 1(b). First, the
incoming bits are modulated into quadrature amplitude modula-
tion (QAM) symbols ci. Then, the real and imaginary parts ay,
and by, are separated, upsampled by a factor K and convolved
with the filters h;(t) and hg(t), respectively. The filter outputs
are then subtracted, yielding the CAP signal s 4 p(t) defined as

—+o0

scap(t) = Y aphi(t — kT) — bphg(t — kT),  (3)
k=—0

The in-phase filter h;(t) and quadrature filter h,(t) are ob-

tained by multiplying a cosine of frequency f. with the same
SRRC filter g(t) as in PAM, such that

hi(t) = g(t)cos(2m f.t), 4)

and

hq(t) = g(t)sin(2m fct). ©)

The center frequency of the CAP signal spectrum is denoted
fe- Inorderto avoid any aliasing, f. must be equal or greater than
the maximum frequency of ¢(t). Furthermore, it is desirable to
maximize occupancy of the LED 3-dB modulation bandwidth,
leading us to define f. as being equal to the said maximum
frequency, i.e.

(1+a)
.= . 6
I T (6)
The total occupied bandwidth B¢ 4 p is therefore equal to
1+« 1+a)D
BCApz(T)=( Dy, @)
mcAp

mcap being the number of bits per symbol in CAP. The
shape of the CAP modulated spectrum for various values of «
and the LED frequency response is shown in Fig. 2(b). At the
receiver side, the signal is convolved with the matched filters
hi(—t) and hy(—t). The in-phase part and quadrature part are
then recombined to obtain complex QAM symbols prior to
equalization with FSE-DFE and QAM de-mapping.

C. Spectral Efficiency of PAM and CAP

The spectral efficiency is generally defined as the ratio be-
tween the bit rate D;, and the total occupied bandwidth B such
that

— Db
== ®)

Thus, the spectral efficiencies of PAM and CAP can be derived
using (8), Eq. (2) and Eq. (7) as follows:
mcaAp _ 2mpam

"Tlta) (ta) ©)
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When comparing PAM and CAP modulations at same spectral
efficiency, we can note that a higher modulation order will be
required for CAP compared to PAM modulation. In fact, the
number of bits per symbol in CAP needs to be twice that of
PAM such that moap = 2mpays.

III. VLC LINK MODEL AND ASSUMPTIONS
A. LED Frequency Response Model

The LED impulse response is the main limitation with respect
to the modulation bandwidth in the VLC channel. The white
LED produces white light by combining blue photons that are
emitted directly by the blue chip and the photons re-emitted by
the phosphor layer that covers the LED chip.

Therefore, the overall LED response can be modeled as the
sum of two channels: the first channel hy(¢) corresponds to the
blue light response while the second channel h,, () corresponds
to the phosphor layer response. The overall LED impulse re-
sponse can be written as [8], [14]

hrep(t) = Gphy(t) + Gy (hy(t) * hy(t)),

where * denotes the convolution operator and G and G, are
the power gains associated with the blue light response and the
phosophor layer response respectively. Under the assumption
that most of the received optical power stems from the yellow
photons [15], we have G, > G} and a simplified model of the
LED response can be derived from (10), such that

hLED(t) ZGp (hp(t)*hb(t)) (11)

The responses hy(t) and hy,(t) can be modeled as simple first
order low-pass filters [16], i.e.

ho(t) = u(t)e >,

hy(t) = u(t)672ﬂfpta

(10)

12)

where f, and f,, are the 3-dB cut-oft frequencies of the blue light
response and the phosphor layer response, respectively, and u(¢)
is the unit step function.

The LED device selected for this study is a low-cost white
LED (Lumiled LUXEON 3020) with a color temperature of
3000 K typically used for lighting applications with a 3-dB
modulation bandwidth measured at 1.47 MHz. The cut-off fre-
quencies f;, and f, are estimated at 12 MHz and 1.47 MHz
respectively.

The LED frequency response is obtained by taking the Fourier
transform of (11), yielding

1 1

AN EAY

It is noteworthy that GG, is set to 1 in order to normalize the
frequency response (H(0) = 1). The frequency response of the
LED was measured with a network analyzer (HP-4195 A) and
compared with that of the proposed model in (13) in Fig. 3. It
can be observed that the magnitude response of the proposed
model fits closely with the measured one. Therefore, the former

Hiepp(f)=Gp- (13)
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Fig. 3. Measured LED magnitude response and proposed analytical model.

optical transmission channel with postdistortion

xﬁ Y(M | Adaptive 2(n) ,E
postdistorter |

Fig. 4.
VLC.

Principle of adaptive postdistortion for LED nonlinearity mitigation in

is assumed to be a reasonable approximation of the low-pass
behavior of the chosen LED device in this study.

The maximum system bandwidth under study is limited to
50 MHz in this work since the electronic components selected
for the LED driver and the receiver, namely the amplifiers, have
a limited bandwidth. In addition, the low-pass filter model of
the VLC link would be inaccurate beyond this upper bound.
Therefore, the received signal y(t) can be expressed as

y(t) = vs(t) * hpep(t) +n(d),

where s(t) is the PAM or CAP modulated signal, -y is a transfer
DC gain between the input and output of the VLC experimen-
tal testbed (empirically determined to be 2.9) and n(t) is the
additive noise, which is Gaussian-distributed with zero mean
and is considered white over the bandwidth of interest (i.e.,
50 MHz). The unilateral power spectral density (PSD) of the
noise Ny measured at the output of the VLC receiver is equal to
—116 dBm/Hz.

(14)

B. LED Nonlinearity and Adaptive Volterra-Based
Postdistorter

The LED electro-optical transfer characteristic relating the
forward current and the output optical power is a nonlinear
function as can be seen in Fig. 5 for the case of the white LED
considered in this study. The forward current dynamic range
spans from 0 to 240 mA and the bias current is 120 mA, which
are typical values recommended by the LED manufacturer.
When full swing of the modulated input current is enforced, the
variations of radiated optical power with respect to the driving
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Fig. 5. Lumiled LUXEON 3020 electro-optical static transfer function.

signal cause signal distortions which degrade the overall perfor-
mance of the system. In addition, the nonlinear LED transfer
characteristic includes a memory effect which grows with the
signal bandwidth [17], [18]. As a matter of fact, the nonlinear
behavior of the LED cannot be neglected at high transmission
rates. Furthermore, The LED characteristics may vary over time
due to thermal effects and aging of the component.

A linear transfer characteristic is assumed in our simulation
model. However, in the experiment, adaptive postdistortion must
be applied to compensate the nonlinear impairements and thus
linearize the VLC system. Several linearization approaches have
been proposed in previous works for that purpose, including
the Volterra series model [19], [20], the memory polynomial
model [21], or more recently, machine learning algorithms [22]—
[24]. In this study, the second-order Volterra series model is
implemented, as it provides good performance at high data
rate [25].

A diagram of the adaptive postdistortion method is presented
in Fig. 4. The output of the Volterra-based postdistorter Z(n) can
be be expressed as [26]

K M-1  M-1
é(n)zz Z Z h;.ﬂ(ml,...,mk)l_[y(n—ml)7
k=1m1=0 mp=0 =1

(15)
where y(n) is the discrete-time received signal, K is the non-
linear order of the Volterra series expansion, M is the memory
length and hy(my, ..., my) is the Volterra kernel of k-th order
at time delay my,. Third-order and second-order Volterra series
have been investigated by the authors of [27], and it was con-
cluded that second-order kernels of the Volterra-series expansion
lead to a fairly precise approximation of white LED nonlinear
distortions. Therefore, in this study, only the terms up to the 2nd
kernel order and (15) can be further simplified such that

M-1

> ha(ma)y(n —mi)

m1:0

2(n) =

M-1 M-1

+ >0 > ha(ma,ma)y(n —ma)y(n — ma),

m1=0mo=0

(16)
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Fig. 6. VLC transmission in a typical office room.

The optimum coefficients hy(mq, ..., my) are adaptively
determined by using the recursive least squares (RLS) algo-
rithm [25], which minimizes the least squares cost function
defined as

M-1
argmin Z | 2(n) — 2(n) |?, (17)

hi(ma,...mk) ,—

where z(n) is the transmit sequence of undistorted symbols.

C. Illumination Constraint

When assessing the illumination distribution in space of a
LED-based luminaire, an important metric is the horizontal
illuminance Ej which is defined as the luminous flux per unit
area [Im/m?] and is measured in lux (1x). Assuming that the LED
has a Lambertian radiation pattern, the horizontal illuminance
is given by the following expression [28]:

cos™(0)cos(¢) o

2md? ’
where 6 is the angle of emission relative to the axis normal to
the transmitter surface, ¢ is the angle of incidence of the light
relative to the axis normal to the receiver surface, and d is the
distance between transmitter and receiver as depicted in Fig. 6
which represents a typical office room of size 5 x 5 x 3 m3. The

—In2

In(cos(01))’
6% being the semi-angle at half luminance of the LED (equal to
55°n our study).

According to European norm EN 12464-1 for lighting of
indoor work places, a horizontal luminance of 500 Ix must be
ensured at the user level to read and write in a typical office
room [29]. In such a scenario, a luminaire made of multiple
LEDs would be employed to achieve the desired illumination
level, since a single LED provides a limited luminous flux. The
chosen LED for this study outputs a luminous flux of 53 Im when
the bias current is set to 120 mA.

Moreover, a distance of 2.25 m typically separates a desk
from the ceiling. When the desk is placed right below the roof-
mounted luminaire in the center of the room (i.e., 6 = ¢ = 0),
the luminous flux required to achieve 500 Ix at the user level is
7078 Im according to (18). It is assumed that all LEDs in the
luminaire are located at the same point for the sake of simplicity.

E,=(m+1) (18)

Lambertian emission order m is defined by m =
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Fig. 7. Horizontal luminance on the receiver plane at a distance of 2.25 m
from the ceiling.

Fig. 8. Typical LED light fixture used for indoor illumination (Sylvania
START Panel Flat UGR19 600x600 Neutral White). This typical panel consists
of 144 total mid-power LEDs and outputs a luminous flux of 3500 Im.

Therefore, 134 LEDs of the selected type would be required to
achieve the desired illumination level. The horizontal luminance
on the receiver plane at a distance of 2.25 m from the ceiling is
shown in Fig. 7.

As depicted in Fig. 8, light fixtures employed for indoor
illumination typically comprise multiple mid-power LEDs (such
as the one we selected in this study) instead of a single high-
power LED in order to facilitate heat dissipation and improve
electro-optical conversion efficiency. If a diffuser is used in the
luminaire as in Fig. 8, the distribution of luminance will be more
homogeneous and the number of LEDs must be increased to
obtain a luminance of 500 Ix at the receiver location. However,
in order to reduce the size and complexity of the experimental
setup, we use a single LED while still ensuring the desired
level of illumination at the receiver side. Thus, using (18), the
illumination requirement of 500 Ix using one LED is fulfilled
when the link length is set to 20 cm. Note that the bandwidth
limitation and nonlinear behavior of the VLC system are taken
into account, and the results of this study can naturally be
extended to an implementation scenario in a typical office room
using a luminaire with a larger number of similar LEDs.

IV. NUMERICAL ANALYSIS
A. Impact of Roll-Off Factor

The roll-off factor « of the SRRC pulse shaping filter (for
PAM) and the in-phase and quadrature filters (for CAP) can
be jointly optimized with the modulation bandwidth in order to

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 2, APRIL 2022
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Fig. 9. BER performance of 4-PAM and 16-CAP at 172.5 Mbps with a =
0.15 and estimated received SNR for each modulation scheme.

maximize the system throughput. The roll-off factor impacts the
modulated signal on two important fronts, namely 1) the spectral
energy distribution and 2) the PAPR.

1) Spectral Energy Distribution: In PAM, most of the energy
of the modulated spectrum is concentrated in the low frequen-
cies. Therefore, when increasing the modulation bandwidth
(hence, the data rate) beyond the 3-dB bandwidth of the LED,
about the same power loss is experienced regardless of roll-off
factor. On the other hand, the power in the CAP spectrum
is concentrated around f. and there is no energy at f = 0.
Therefore, the CAP signal is more subject to power losses due
to the LED low-pass behavior than PAM modulation. Moreover,
in CAP, larger values of « lead to higher attenuation.

2) PAPR: A low PAPR is preferred in order to enable full
swing of the modulated signal in the fixed dynamic range of the
LED, and thus to maximize the transmitted electrical power. The
PAPR is defined as the ratio between the instantaneous electrical
power s(t)? and the average electrical power E[s(t)?] of the
transmitted signal, i.e.

PAPR = 10logy, (%) .

B. Maximum Throughput Investigation

19)

In order to evaluate the maximum bit rate of PAM and CAP
in simulation, we define the power margin as the difference
between the estimated signal-to-noise ratio (SNR) at the re-
ceiver after transmission through the VLC system and the SNR
required to achieve a BER of 1072 at a given bit rate. To this
extent, a power margin superior to O dB implies a transmission
at a BER < 1072 for an illumination of 500 Ix.

In order to illustrate the notion of power margin, the BER
performance of 4-PAM and 16-CAP as a function of SNR and
atathroughput of 172.5 Mbpsis presented in Fig. 9. The received
SNR after transmission for 4-PAM and 16-CAP is represented
by vertical dashed lines and is equal to 34.7 dB and 40.6 dB,
respectively. In addition, the SNR required to achieve a BER
of 1073 is ~ 32.2 dB for 4-PAM and ~ 28.6 dB for 16-CAP.
Consequently the power margin is equal to 8.4 dB and 6.1 dB
for 4-PAM and 16-CAP, respectively.
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Fig. 10. PAPR threshold of PAM and CAP signals for a probability P, that
P.(PAPR > PAPRy;,) = 10~ for various roll-off factors.

The results for different power margins according to different
values of « are shown in Fig. 11. It should be noted that the
dashed red line on the graphs correspond to the 50 MHz band-
width bound of the VLC system as explained in Section III-A.
For example, as illustrated in Fig. 11(a), for a 2-PAM signal and
assuming a 50 MHz total occupied bandwidth, a 86.25 Mbps
transmission at a BER lower than 10~ can be achieved with a
0.15 roll-off factor and a very comfortable 18.4 dB margin. On
the other hand, a transmission rate of only 72.5 Mbps is achiev-
able given a 0.4 factor roll-off, albeit with a higher margin equal
to 24.3 dB. Itis of interest that for higher modulation bandwidths
(obtainable with better electronic components), the red line
would move upwards, indicating higher possible throughputs.

The following observations can be drawn from Fig. 11

e For PAM: it can be noticed in Fig. 11(a), (b) and (c) that,
for a given power margin, the maximum bit rate is achieved
for ~ a = 0.4, i.e., when the PAPR is the lowest, as can
be seen in Fig. 10. Under this condition, the input LED
driving signal can span the full LED dynamic range and
thus the transmitted electrical power can be maximized.
Consequently, the power margin is increased, and a higher
achievable bit rate can be achieved. It can also be seen that
the PAPR slightly increases when « approaches 1 (on the
order of 0.5 dB) which accounts for the slightly decreasing
bit rate in Fig. 11(a), (b) and (c).

e For CAP: as opposed to PAM; the power loss experienced
by the signal after filtering by the LED impulse response
increases with the value of .. This can be directly seen in
Fig. 2(b) which shows the shape of the CAP modulated
spectrum for various values of « and the LED frequency
response. As the roll-off increases, the signal spectrum
is shifted around a frequency f. = (1+ «)/2 T and is
subject to a stronger attenuation after filtering by the LED
response. On the other hand, the decreasing PAPR leads
to more power at the receiver. In fact, the PAPR of CAP
signals decreases when the roll-off factor increases to reach
its minimum value for & = 0.6 for 4-CAP, 16-CAP and 64-
CAP and around 0.55 for 32-CAP as observed in Fig. 10.
The power gain inherent to the decreasing PAPR does
not compensate the power loss due to the attenuation of
the LED which accounts for the monotonically decreasing
curves in Fig. 11(d), (e) and (f).
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In addition, the maximum bit rate for PAM and CAP in a
maximum bandwidth of 50 MHz can be achieved with a small
value of «, typically 0.15, which yields both a positive power
margin and a minimal bandwidth requirement. Moreover, PAM
provides a power margin gain on the order of 2-3 dB and 1-2 dB
for 2-PAM and 4-PAM, with respect to 4-CAP and 16-CAP,
respectively.

Finally, 8-PAM and 64-CAP are compared and revealed to
approximately provide similar total throughput with a slight
advantage of ~ 1 dB in power margin for 8-PAM. In addition,
simulation results (not shown in figure) show that 64-CAP
exhibits slightly higher performance than 32-CAP: in fact, for a
bitrate of 210 Mbps, 64-CAP exhibits a power margin of 3.85 dB
compared to 3.45 dB for 32-CAP.

V. EXPERIMENTAL RESULTS

In this section, an experimental transmission is performed to
verify the simulation results for high modulation orders (8-PAM
and 64-CAP). Adaptive postdistortion based on the Volterra
series expansion is employed to mitigate the LED nonlinearity
distortion. Performance without postdistorsion is also assessed
to evaluate the degree of sensitivty to nonlinear impairements.
In addition, a transmission with bit-loading DMT is performed
for comparison with PAM and CAP. As DMT is not a main focus
of this paper, this is done to provide a comparative benchmark
representing this popular modulation scheme.

A. Experimental Setup

Fig. 12(a) and (b) show a diagram and a picture of the exper-
imental setup, respectively. The VLC transmission proceeds as
follows. Firstly, the PAM and CAP signals are generated offline
with MATLAB and stored into an arbitrary waveform generator
memory (Tektronix, AWG7052TM, 10 bits resolution). The
latter performs a digital-to-analog conversion, and the output
modulated signal is combined with a DC bias current by means
of a custom board to provide the right level of illumination and to
ensure that the driving signal occupies the entire LED dynamic
range.

At the receiver side, a 16-mm diamter lens concentrates the
light onto a low-cost silicon PIN photodiode (OSRAM SFH-
2400) with a 1 mm? active surface. The photodiode produces a
photocurrent proportional to the received optical power, which
is then converted into a voltage signal using a transimpedance
amplifier circuit. The received signal is finally sampled by a
real-time oscilloscope (LeCroy 64 MXs-A), digitized and saved
for subsequent offline processing. The latter includes resam-
pling, synchronization, postdistortion, matched filtering, FSE-
DFE equalization, symbol de-mapping and BER calculation.
The system parameters used in the experiment are summarized
in Table I.

B. Impact of LED Nonlinearity

In order to highlight the effect of nonlinear characteristic
of the LED on high-order PAM and CAP, transmissions with
64-CAP and 8-PAM were performed and the constellation and
eye diagrams with and without postdistortion are shown in
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Achievable bit rate for (a) 2-PAM, (b) 4-PAM, (c) 8-PAM, (d) 4-CAP, (e) 16-CAP, and (f) 64-CAP for a given power margin according to various values

of roll-off factor. The dashed red curve on the plots corresponds the bandwidth boundary of 50 MHz.
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Fig. 12. Experimental VLC setup: (a) diagram and (b) picture.

Fig. 13. Note, bit rates of 135 Mbps and 99 Mbps were chosen
in this case for 64-CAP and 8-PAM respectively, so that the
nonlinearity can be differentiated from the noise in the con-
stellation and eye diagram. The impact of LED nonlinearity

TABLE I
SYSTEM PARAMETERS

Parameter Value
LED 3-dB modulation bandwidth 1.47 MHz
Semi-angle at half luminance 6 1 55¢

DC bias current : 120 mA
LED output luminous flux 53 Im
Photodiode responsivity at 870 nm  0.65 A/W
Photodiode active surface 1 mm?
Lens diamater 16 mm
Link distance 20 cm
Illumination level 500 Ix

Upsampling factor K 4

SRRC filter length 40 symbol periods
LED dynamic range 0 - 240 mA
Noise PSD Ng -116 dBm/Hz

in 64-CAP is characterized by asymmetrical distortions on the
bottom left and top right edge of the received constellation as
shown in Fig. 13(a), whereas in 8-PAM, the nonlinear distortions
are characterized by a narrower spacing of amplitude levels in
the upper and lower parts of the eye diagram as can be seen
in Fig. 13(c). Moreover, as shown in Fig. 13(b) and (d), the
postdistortion algorithm effectively mitigates the nonlinearity.
Secondly, we perform an experimental transmission of 8-
PAM and 64-CAP at the same bit rate, namely 210 Mbps, for
various values of roll-off factor . It should be noted that at this
bit rate, the power margin is around 4.8 dB for each modulation
scheme, according to simulation results. The transmitted frame
comprises 80000 known symbols. At the receiver, the FSE-DFE
equalizer coefficients are optimized based on the least mean
squares (LMS) algorithm. Moreover, the coefficients of the
postdistorter are obtained after a training phase using the RLS
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Received sepctra for 210 Mbps 8-PAM (a) and 64-CAP (b) signals.

algorithm, and the memory length is set to 17 as a trade-off
between performance and complexity.

The received spectra of the 210 Mbps transmission with 64-
CAP and 8-PAM are shown in Fig. 14 and the BER performance
is plotted in Fig. 15. First, it can be seen that without nonlinearity
compensation, 8-PAM provides the poorest BER performance
regardless of the value of the roll-off factor, and the calculated
BER is around ~ 2.1 x 1072, whereas it is ~ 3 x 1072 for
64-CAP. Therefore, in practice, CAP modulation with high
modulation orders provides lower BER than PAM when non-
linearity compensation is absent. On the other hand, when the
LED nonlinear distortions are mitigated, the 64-CAP signal
suffers more degradation compared to 8-PAM, which supports
the simulation results in IV-B. For instance, for « = 0.2, the BER
performance drops from 4.2 x 1072 to 3.4 x 10~ for 8-PAM
and from 3 x 1072 to 8.7 x 10~ for 64-CAP.

Furthermore, when postdistortion is applied, the BER perfor-
mance of 8-PAM improves when the roll-off factor increases
from 0.15 to 0.4 while that of 64-CAP becomes poorer, which is
in line with the results provided by the simulation and presented
in Fig. 11(c) and (f).
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Fig. 15. BER performance of 64-CAP and 8-PAM for various roll-off factors
with compensation of the nonlinearity (w/ postdistortion) and without compen-
sation (w/o postdistortion).

These results can be contrasted with [6] where low-level PAM
is recommended over CAP because of the inherent robustness
of the former scheme against nonlinear distortions. However,
when high modulation orders are employed in the context of high
speed communication, CAP exhibits more robustness compared
to PAM against nonlinear distortions. Moreover, these results
highlight the necessity of postdistortion for high-order PAM and
CAP.

C. Comparison With Previous DMT Experiments

Other than in the case of PAM and CAP, DMT is a multicarrier
modulation technique where the signal bandwidth is divided
into subcarriers onto which are mapped quadrature amplitude
modulation (QAM) complex symbols. With knowledge of the
channel state, power allocation and bit loading algorithms can
be employed to benefit as much as possible from the avail-
able modulation bandwidth and therefore maximize the system
throughput for a target BER [30]. DMT offers the advantage
of simple equalization since a single-tap equalizer is needed to
compensate the effects of the flat fading channel experienced by
each subcarrier, whereas a more complex equalizer is required
for PAM and CAP to cope with ISI, such as FSE-DFE.

In a previous study from 2020 [10], an experiment was carried
out with DMT under identical conditions and using the same
experimental setup. Without compensating LED nonlinearity,
a ~ 100 Mbps transmission rate was successfully achieved at
a BER of 1073, which is significantly less than the achievable
transmission rates demonstrated in this study with PAM and
CAP. A major reason for the difference of performance is the
high PAPR in DMT. In fact, bilateral amplitude clipping must
be applied to fit the signal within the dynamic range of the
LED, at the expense of clipping noise. In addition, the LED
nonlinear distortions on the time-domain DMT signal generate
inter-carrier interference, which degrades the overall system
performance.

For comparison purposes against PAM and CAP, let us assess
the achievable bit rate of DMT when LED nonlinearity distortion
is mitigated. To this end, DMT pilots with 512 subcarriers loaded
with QAM symbols are sent through the VLC system. The
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Fig. 16.  SNR (a) and number of allocated bits (b) per subcarrier.

sampling frequency of the AWG generator is set to 120 MS/s.
At the receiver, the SNR per subcarrier for a target BER of 1073
is calculated and the number of allocated bits per subcarrier is
computed using Chow’s algorithm. The results are presented
in Fig. 16(a) and (b). It can be observed that the SNR per
subcarrier is significantly improved when the impact of LED
nonlinearity is mitigated with the postdistorter, and the total
number of allocated bits in one DMT symbol increases from
1646 to 2526. As a result, considering the cost of the cycling
prefix set to 33 samples, the achievable practical transmission bit
rate is ~ 95 Mbps and ~ 145 Mbps without and with nonlinearity
compensation, respectively. By comparing these results with that
of V-B, it can be concluded that DMT provides lower throughput
than PAM and CAP.

VI. CONCLUSION

In this paper, two modulation schemes were compared
through simulation and experiment, namely PAM and CAP
employing a low-cost white LED and meeting the requirements
of illumination standards for indoor lighting. It appeared that
typical indoor lighting requirements lead to a sufficiently high
SNR to enable transmission with high-order PAM and high-
order CAP such as 8-PAM or 64-CAP. The impact of the roll-off
factor on the system performance was also studied. It is shown
that a small value of roll-off factor (i.e., 0.15) is preferred to
achieve maximum throughput and reduce bandwidth require-
ments. However, when no bandwidth limitation is imposed by
the electronic circuitry, the optimum value is around 0.4 for
PAM and 0.15 for CAP. The simulation results indicate a slight
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advantage for PAM over CAP in terms of achievable through-
put. The achievable data rates for both modulation formats are
nonetheless similar, and are on the order of a few hundred Mbps.

It was also found that the LED nonlinearity has a significant
impact on the system performance when employing PAM and
CAP with a large constellation size, and that the two modulation
schemes are affected differently by the nonlinear distortions.
Adaptive postdistortion based on the Volterra series expansion
was implemented to cope with the nonlinear behavior of the
LED in practice. The performance of highly spectral-efficient
modulation schemes such as 8-PAM and 64-CAP were analyzed
with and without postdistortion. In conclusion, the nonlinear
distortions can severely degrade the performance of §8-PAM,
whereas 64-CAP shows more robustness. However, when the
VLC system is linearized by the postdistorer, 8-PAM is the most
suitable modulation scheme. In addition, our results indicate that
high-order CAP and PAM with postdistortion perform substan-
tially better than DMT in terms of achievable transmission rate
and are suitable for high-speed VLC systems under illumination
constraints. In this paper, the performance study focused on
single-band CAP and PAM modulation, which offer very good
performance in terms of low PAPR in relation with our initial
requirements. A future and interesting extension of this work
would consist in performing an optimization of multi-band CAP
with adaptive bit-loading, as well as variants of DMT such
as DFT-S-OFDM, which has the virtue of reducing the signal
PAPR.
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