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Abstract—Direct Current-biased Optical Orthogonal Fre-
quency Division Multiplexing (DCO-OFDM) signals used in
Visible Light Communications (VLC) suffer from high Peak-to-
Average-Power Ratio (PAPR) or Cubic Metric (CM). It strongly
degrades the performance due to the great back-off necessary
to avoid the clipping effect in the Light-Emitting Diode (LED).
Thus, PAPR and CM reduction techniques become crucial to
improve the system performance. In this paper, an Adaptive
Network-based Fuzzy Inference System (ANFIS) is used to obtain
efficient DCO-OFDM signals with a low power envelope profile.
Firstly, signals specially designed for DCO-OFDM with very
low CM, as the ones obtained from the Raw Cubic Metric -
Active Constellation Extension (RCM-ACE) method, are used to
train the fuzzy systems in time and frequency domains. Secondly,
after the off-line training, the ANFIS can generate a real-valued
signal in a one-shot way with 8.9 dB of RCM reduction from the
original real-valued signal, which involves a gain in the Input
Power Back-Off (IBO) larger than 2.8 dB, an Illumination-to-
Communication conversion Efficiency (ICE) gain of more than
35 % and considerable improvements in Bit Error Rate (BER).

Index Terms—Adaptive Network-based Fuzzy Inference Sys-
tem (ANFIS), Cubic Metric (CM), Direct Current-biased Op-
tical Orthogonal Frequency Division Multiplexing (DCO-OFDM),
Peak-to-Average-Power Ratio (PAPR), Visible Light Communi-
cation (VLC).

I. INTRODUCTION

NOWADAYS there is an increasing demand of high speed
data rate services in wireless communications. Technolo-

gies such as the Fifth Mobile Generation (5G) [1] promise
binary data rate above Gbps. However, inter-cell interfer-
ence, especially in heterogeneous networks (HetNets) [2],
and spectrum limitations make it complicated to achieve that
performance. In these scenarios, Visible Light Communication
(VLC) appears as a solution.

Now that VLC is on the market [3], there are standards
[4] and multiple proposals to increase reliability [5], VLC
starts to be considered as a candidate [1] to supply these
services and satisfy the user demands. Complex and efficient
modulations schemes have been adapted to optics due to
the need of achieving higher data rate and dealing with the
Intersymbol Interference (ISI), namely: Direct Current-biased
Optical Orthogonal Frequency Division Multiplexing (DCO-
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OFDM) [6], Asymmetrically Clipped Optical OFDM (ACO-
OFDM) [7] and Flip-OFDM [8]. All those alternatives provide
real-valued and unipolar signals because of the Intensity
Modulation/Direct Detection (IM/DD) techniques required in
VLC. Owing to the good spectral efficiency of DCO-OFDM
compared to the previous methods [9] and its DC configurable
value used for illumination, we will focus on DCO-OFDM
systems.

OFDM has the disadvantage of suffering from the high
Peak-to-Average Power Ratio (PAPR), and for this reason
large power back-offs are needed at the Light-Emitting Diodes
(LEDs). The back-off is necessary to make the signal work in
the linear zone and then, to avoid signal degradation, similarly
to the back-off at the High Power Amplifiers (HPA) in radio
frequency systems. The larger the PAPR, the larger the back-
off is needed, and, as a result, the signal is more compressed
and inefficient. In that case, the signal does not take advantage
of the LED’s linear range and its performance is reduced. If
the PAPR is reduced, the needed back-off will be lower and
the signal will work properly in the linear range with higher
efficiency. This is, in systems where multicarrier modulations
are used, PAPR reduction techniques are essential.

PAPR reduction techniques were proposed as a solution to
this problem in radiofrequency systems [10]. However, the
literature demonstrates that the Cubic Metric (CM) is a more
effective indicator of the power derating factor because it uses
higher order statistics [11], whereas PAPR only considers the
maximum signal peak. A first proposal to reduce the CM in
DCO-OFDM VLC systems was published in [12]. It adapts
the well-known Active Constellation Extension (ACE) algo-
rithm to optical signals, and proposes a new ACE technique
(denoted as RCM-ACE from this point forward) by adding two
modifications to the traditional one: the optimization by means
of CM instead of PAPR, and the change of the clipping stage
for a two-valued signal ([+Vclip -Vclip]). Although it yields
good results, it has limited flexibility in the saturation pro-
cess, causing unbalanced constellations because of saturated
symbols.

Due to the flexibility of an Adaptive Network-based Fuzzy
Inference System (ANFIS), its capacity of being trained and
reducing its complexity [13], this paper proposes a CM
reduction technique using an architecture based on ANFIS.
These fuzzy networks were already applied to radiofrequency
systems in [14] to reduce the CM in OFDM signals, but the



IEEE TRANSACTIONS ON COMMUNICATIONS 2

Binary
input
data Mapper

(M-QAM) S/P

Xt

...

*
...

Hermitian symmetry

XH =
[
0 {X t [k]}N/2−1

k=1 0 {X t [k]∗ }1
k=N/2−1

]

XH

OFDM
modulator

(IFFT)

.

.

.
P/S

x
x′

RCM
ANFIS

xANF IS

Add CP
& DAC

x(t)
DC Bias (BDC )

&
Linear Scaling

(α)

y(t)

⇒

LED

Optical wireless
channel

Demapper P/S
Xr

.

.

.

OFDM
demod.
(FFT)

.

.

.
S/P

ADC &
Remov. CP

⇒

Photodiode (PD)

Fig. 1: DCO-OFDM system model with the proposed RCM-ANFIS in VLC.

inherent different nature of RF signals in comparison to optical
ones makes that scheme invalid to be used in DCO-OFDM.

This proposal uses two stages, whose ANFIS are trained
with signals resulting from the RCM- ACE technique. The
first ANFIS works with signals in the time domain (time-
domain stage), whereas the second ANFIS set works with
signals in the frequency domain (frequency-domain stage).
The signals used to train the time-domain stage have a soft
saturation. Afterwards, the output will go over the frequency-
domain stage, which is trained with severely saturated signals
in order to have an energy efficient output.

This paper is organized as follows: the system model,
metrics and figures of merit used in the paper are introduced
in Section II; the neuro fuzzy systems used in the proposal
are explained in Section III; then, the proposed solution is
described in Section IV, and the results are presented and
discussed in Section V. Finally, conclusions are drawn in
Section VI.

Note: The following notation will be used throughout the
paper: boldface symbols will denote vectors whereas normal-
face, scalars; time-domain signals will be written in small-
case letters, and frequency-domain signals will be used in
capitalized letters.

II. SYSTEM MODEL

In a multicarrier system, the time-domain complex baseband
transmitted signal x for an OFDM symbol is defined as

x = {x[0] · · · x[N − 1]}T = 1
√

N

N−1∑
k=0

XH [k]e
j2πkn

N (1)

where N is the number of subcarriers and XH [k] are the
complex modulated base-band symbols in frequency domain
on the k-th subcarrier. In DCO-OFDM, subcarriers 1 and
N/2 are zero-valued. In addition, the last N/2-1 subcarriers
are conformed by the Hermitian symmetry of the subcarriers
from 1 to N/2 − 1 to guarantee a time-domain real-valued

signal. Thus, XH =
[
0 {X t [k]}N/2−1

k=1 0 {X t [k]∗}1
k=N/2−1

]
,

where Xt are the transmitted symbols.
The diagram of the DCO-OFDM system used in this

paper is shown on Fig. 1. Once the symbols of a M-QAM
constellation have been generated, an Inverse Fast Fourier
Transform (IFFT) of N points is applied after having carried
out a Hermitian symmetry. The signal is transformed from
parallel to serial, and feeds the grey box which is the proposed
ANFIS method. ANFIS is based on fuzzy rules (heuristics)
[13] [15] that are here optimized to reduce the CM of the
input signal. After that, a Cyclic Prefix (CP) is added, and
the bipolar real-valued signal in the time domain (x(t)) is
obtained by means of a Digital to Analog Converter (DAC).
The unipolar and well suited to the LED transfer function
forward signal (y(t)) results from adding the DC bias and
a linear scaling. On the receiver side, a photodiode detects
the optical intensity and turns it into the amplitude of an
electrical signal. Binary data are obtained with the reversed
transmitter procedure. Note that ANFIS is only necessary on
the transmitter side and no side information is needed either.
The reason is that ANFIS changes the signal properties before
the transmission, which involves that IQ symbols are distanced
from the decision borders always within the allowable region.
Thus, it does not affect the Demapper procedure at the receiver
because the allowable region does not compromise the Bit
Error Rate (BER) or the symbol demapping [10].

Although channel equalisation is out of the scope of this
work, note that pilot symbols used for channel estimation
purposes must not be modified by any PAPR or CM reduc-
tion technique on the transmitter side [16]. Besides, since
frequency-domain symbols are distanced from the decision
borders, they keep offering benefit even when a channel
equalization is carried out.

A. Metrics
In order to evaluate the performance of the proposed scheme

in terms of envelope variations, the CM is used in contrast
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Fig. 2: Effect in the time domain of RCM-ANFIS.

to the classic PAPR metric. The CM [11] uses higher order
statistics and thus it is better for evaluating the distortion
produced by the non-linear transfer function of a HPA or an
LED [12]. It is defined as

CM(x(t))|dB =
RCM(x(t))|dB − RCMre f

K
, (2)

where RCM is the Raw Cubic Metric and RCMre f and K
are constant values depending on the communication system.
Following the idea in [12], the focus will be to reduce the RCM
as much as possible without increasing the signal energy

RCM(x(t))|dB = 20 · log
(
rms

[(
|x(t)|

rms[x(t)]

)3
])
, (3)

where rms stands for the root mean square within a time-
domain OFDM symbol.

The RCM must be evaluated before the linear scaling and
biasing operation in order not to affect the metric and distort it.
After these two operations, the real signal might be expressed
as

y(t) = α · x(t) + BDC . (4)

The real value BDC is used for guaranteeing a unipolar
signal, whereas the real value α is used for scaling x(t) within
the Dynamic Range (DR) of the LED defined as

DR = VSAT − VTOV , (5)

being VTOV the turn-on voltage and VSAT the saturation
input voltage. By using an ideal linear LED input-output
characteristic [12], these parameters give rise to others, such
as the average optical power (OAVG), associated with the
input average voltage (VAVG), and the saturation output optical
power (OSAT ), associated with VSAT . Indeed, OAVG is also
defined as the required illumination level, and establishes the
BDC that is the mean value of y(t). As introduced in [12], the
BDC and α parameters determine the Biasing Ratio (BR) and
the Input power Back-Off (IBO) [17], defined as

BR = (BDC − VTOV )/DR, (6)
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Fig. 3: Power density spectrum of the signal in the output of
the LED when it is not modified, and when its CM is reduced
by RCM-ANFIS.

and
IBO = DR2/(α2 · σ2

x ), (7)

being σ2
x the variance of x(t).

The scale factor α must be chosen in such a way that the
system works properly within the dynamic range of the LED.
A low value of α implies a low variance (σ2

y ) which means
a bad use of the dynamic range of the LED, whereas a high
value of α can result in a clipping effect in the optical signal.
Thus, scale factor α controls the necessary IBO defined in eq.
(7). The IBO represents a decrease in the maximum output
optical power level in order to guarantee that the entire signal
is within the linear region of the LED.

The lower the IBO, the higher the power of the signal at the
input of the LED, but at the same time the signal distortion
can increase due to the clipping effect.

Fig. 2 and Fig. 3 represent the comparison of x′ and xANFIS

(See Fig. 1) and its influence in the power spectral density
at the LED ouput, respectively. In the time domain xANFIS

has a larger variance than x′, and as a result, the metric IBO
showed in eq. (7) is lower, assuming the same linear scaling
parameter (α) because both signals have the same amplitude.
Thus, working with xANFIS involves taking better advantage
of the dynamic range of the LED, and then, providing better
results. Note in Fig. 3 that there is out-of-band energy when the
CM is not reduced. This image represents the power density
spectrum of the signal at the LED output, once it has gone
through the RCM-ANFIS.

B. Figures of merit

Two metrics are used to evaluate the performance of this
proposal.

1) Error Vector Magnitude (EVM). It detects the signal
distortions, and is defined as

EV M =

√√√P−1∑
p=0
|Xr [p] − X t [p]|2 /

P−1∑
p=0
|X t [p]|2, (8)
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where P is the total number of symbols, and Xr [p] and
X t [p] are the pth received and transmitted constellation
points, respectively.

2) Illumination-to-Communication conversion Efficiency
(ICE) to study the VLC system efficiency. Defined as
[17]

ICE = Do/OAVG = Di/(VAVG − VTOV ), (9)

being Do the standard deviation of the output intensity,
and Di the standard deviation of the input electrical
signal given by y(t). [18] shows the importance of ICE
to quantify the VLC performance, where illumination
and communication take place simultaneously. The ICE
is closely related to a parameter called Brightness Factor
(BF) [17], formulated as

BF = OAVG/OSAT = (VAVG − VTOV )/DR. (10)

Since VLC systems illuminate and transmit information
at once, we need to consider the illumination level as
well. It is given by the aforementioned parameter OAVG ,
but it is also related to the BF as it can be verified in
eq. (10).
The parameter BF is theoretically between 0 and 1, but
in a practical scenario it must be lower than a BFmax

value, which is restricted by the maximum permissible
DC voltage of the LED. The communication capacity
is related to the illumination using the ICE parameter.
Comparing eq. (9) and eq. (10), the higher the ICE,
the lower the brightness factor or illumination level is
and thus, the transmission capacity. Therefore, a tradeoff
between ICE and BF must be found.

III. NEURO-FUZZY SYSTEM

In this paper, neuro-fuzzy systems are applied to reduce the
RCM in DCO-OFDM for VLC systems and, therefore, also
the CM. The proposal offers the chance of training in time and
frequency domains. The characteristics of the desired signal
for each domain will be improved (see Section IV).

A Fuzzy if then rule is an expression as IF Φ THEN Ψ,
where Φ and Ψ are labels of fuzzy sets. This fuzzy form was
proposed by Takagi and Sugeno in [13], and it has a great
capacity to learn how to approximate non-linear functions.
Here, the typical fuzzy rule will be utilized in a Sugeno’s
fuzzy model [15], whose format, considering two inputs and
one output (for simplicity), is

If φ is Φ and ψ is Ψ then z = f (φ, ψ), (11)

where Φ and Ψ are the fuzzy sets and z = f (φ, ψ) is a defined
function.

An adaptive network has multiple applications because there
are barely restrictions on the node functions. Structurally the
only limitation of the network configuration is that it should
be of the feedforward type [13]. The ANFIS is an adaptive-
network-based fuzzy inference system, i.e., it is an adaptive
network whose functionality is equivalent to a fuzzy inference
system. In our application, the signal is received and the goal
is to obtain an output with the desired characteristics. It is
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obtained with fuzzy rules of the type if then. The main
drawback of the fuzzy rules is the need of expert knowledge or
instructions to define them, and thus, knowing the parameters
of the f functions turns into a hard task. However, fuzzy
rules and an adaptive network can be combined in such a way
that those parameters can be trained in that adaptive network.
The system becomes very useful because the disadvantages of
using fuzzy rules are overcome with the advantages of using
neural networks. This structure results in a hybrid network
which combines both a fuzzy system and a neural network. It
is denoted ANFIS, and it was proposed in [13].

A. Proposed Neuro-fuzzy System

The implementation of the proposed ANFIS is based on
different layers where their corresponding nodes compute an
operation. This procedure can be followed in Fig. 4. Note that
only one input exists for our problem.

At layer 1: Membership functions with Gaussian shape are
considered, and they are defined as

Ω
1
i = µΦi (φ) = exp(−(φ − ci)2

ai
) (12)

where Φi is the linguistic label (small, large, etc.) associated
with the ith node, and ci and ai are the premise parameters.
The maximum of Ω1

i is equal to 1 and the minimum equals
0. Since only one input exists in our design, Ω1

i matches the
firing strength: Ω1

i = ωi .
At layer 2: The ith node calculates the ratio of the ith rule’s

firing strength, called normalized firing strengths

Ω
2
i =

ωi∑
i ωi
= ωi . (13)

At layer 3: Each node computes its contribution to the
overall output as

Ω
3
i = ωi fi = ωi(piφ + ri), (14)

where pi and ri are the consequent parameters.
At layer 4: The overall output is calculated as the summa-

tion of all incoming signals:

Ω
4 =

∑
i

ωi fi =
∑

i ωi fi∑
i ωi

. (15)
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The first-order Sugeno fuzzy inference system designed for
this work contains i if then rules

If φ isΦi then fi = piφ + ri

and given the premise parameters (ci and ai), the overall output
can be expressed as a linear combination of the consequent
parameters (pi and ri)

Ω
4 = f =

∑
i ωi(piφ + ri)∑

i ωi
. (16)

The premise and consequent parameters are adjusted by
using backpropagation and Least Squares Estimation (LSE)
[14], [15]

pi(t + 1) = pi(t) − λ
∂E
∂pi

ri(t + 1) = ri(t) − λ
∂E
∂ri

ci(t + 1) = ci(t) − λ
∂E
∂ci

ai(t + 1) = ai(t) − λ
∂E
∂ai

(17)

being λ the learning rate.

IV. PROPOSED SOLUTION

Due to the need of reducing the CM in DCO-OFDM
scenarios, as explained in previous sections, the goal is to
obtain a power derating reduction algorithm for DCO-OFDM
signals in VLC. The key design premise is to get the best
training set of data, and it is obtained with the RCM-ACE
proposal in [12] because so far it proposes the algorithm that
gets the largest CM reduction. The idea is to design an ANFIS
that learns how to obtain DCO-OFDM signals with low crest
factor from a flexible design.

A. Initial Analysis

In [12], a recent power derating algorithm for DCO-OFDM
signals is proposed. It envisages our benchmark and allows
us to select the best combination of the parameters Vclip ,
G and L in order to get the largest RCM reduction. These
parameters are eligible in an ACE algorithm. Vclip represents
the threshold to which the time-domain signal is clipped. G is
called the extension gain, and is part of the clipping procedure
of the ACE algorithm. Finally, L is necessary to guarantee a
reasonable level of signal power, i.e., it is the maximum value
of the resulting real and imaginary components of the I/Q
symbols.

An analysis of the RCM-ACE algorithm proposed in [12]
has been carried out to obtain the best parameters. In the
selection process of the Vclip , G and L parameters that better
reduce the CM, it turned out that in 100 % of the cases, the
saturation procedure was the least severe, that is, the optimal L
parameter was always equal to the largest value in the allowed
range (L = [0.7, 1.4]), i.e., L = 1.4. However, the optimal
Vclip and G parameters were variable. An increased L range
up to the coherent value of 3 was also analysed and the result
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RCM-ANFIS for a QPSK constellation.

was that the optimal L parameter is 3 for a 100 % of DCO-
OFDM symbols in a QPSK constellation. In the case of 16-
QAM constellation, more than 95 % of symbols got this same
maximum value as the optimal one. Thus, we can figure out
that the larger the L parameter, the better CM reduction is
obtained, but also the higher the signal energy is. It makes
sense because larger values of L offer more flexibility and
room to allocate the constellation points.

These results provided an insight to design a flexible model
based on ANFIS: the time-domain system is trained with
RCM-ACE signals obtained with L = 3, and the following
frequency-domain system with L = 1.4. The G and Vclip

parameters are maintained in the range stated by [19]. In the
time-domain system we get signals with very low CM but
large mean energy. This mean energy will be reduced in the
frequency-domain stage by limiting the L parameter to 1.4. It
brings about a better distribution of symbols within the allowed
regions, which are the squares formed from ±0.7 to ±1.4.
This distribution can be observed in Fig. 5, where 100 OFDM
symbols for a QPSK constellation and N = 64 subcarriers
have been represented after using the RCM-ACE and the
proposed RCM-ANFIS techniques. For the sake of clarity, the
constellations have been drawn at various levels, that is, the
third dimension is only for presentation purposes, and it has
been included to distinguish the constellations obtained with
the two different procedures. Also, the original constellation
has been represented. The percentage of symbols that are
moved into the proposed RCM-ANFIS is 56.9 %, whereas only
a 27.3 % of symbols are moved in the RCM-ACE for a QPSK
constellation.

B. ANFIS

There are two different ANFIS: the first one in the time
domain, whose objective is to get time-domain signals with
low RCM but with a relaxed restriction on signal energy
(large value of L); the second one is a set of ANFIS in
the frequency domain with the aim of learning the desired



IEEE TRANSACTIONS ON COMMUNICATIONS 6

Time Signal
(x′)

ModTD

B
S/P

xTD
tr

... FFT
...
...

XTD
tr

Re/Im
0

N/2

N-1

XTD
tr,Re

M
o
d
T
F
D

1,
R
e

M
o
d
T
F
D

2,
R
e

M
o
d
T
F
D

3,
R
e

M
o
d
T
F
D

4,
R
e

X
T
D

t
r
,I

mA
RCM-ACE

L=1.4 L
=3

xA
C

E
t
r
,R

A
3

xA
C

E
t
r
,R

A
1.

4

S/P
. . .

FFT

... ...

X
A
C

E
t
r
,R

A
1.

4

Im

R
e

0

N
/2

N
-1

M
o
d
T
F
D

1,
I
m

M
o
d
T
F
D

2,
I
m

M
o
d
T
F
D

3,
I
m

M
o
d
T
F
D

4,
I
m

XTFD
tr,Re,1q XTFD

tr,Re,2q XTFD
tr,Re,3q XTFD

tr,Re,4q

XTFD
tr, Im,1q XTFD

tr, Im,2q XTFD
tr, Im,3q XTFD

tr, Im,4q

Fr
eq

ue
nc

y
D

om
ai

n
A

N
FI

S

C

Time Domain
ANFIS

Fig. 6: Training scheme for Time-Domain model (ModTD)
and Time-Frequency-Domain models (ModTFD

1 , ModTFD
2 ,

ModTFD
3 , ModTFD

4 ) for real and imaginary parts.

Fig. 7: Simplified diagram of the RCM-ANFIS training
scheme.

constellation regions and thus, limiting the magnitude of the
individual components (real and imaginary) so as to guarantee
a reasonable level of signal energy (low value of L). Both use
RCM-ACE signals to train the ANFIS. However, thanks to a
combination of ANFIS schemes and a composition of RCM-
ACE signals obtained with different parameters, the achieved
performance is significantly better than the one resulting from
the RCM-ACE proposal [12]. The training section can be
observed in Fig. 6. Note that once the ANFIS are trained,
they can work autonomously.

In the time-domain, signals are real so only one model is
needed. In the frequency-domain, divisions into quadrants are
carried out to simplify the training process. Each quadrant
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needs two models because signals are complex and we only
work with real values. Thus, 8 models are needed in the
frequency domain and 9 as a whole.

Each ANFIS is trained with the fuzzy rules specified in
Section III-A, but with different training signals. The training
scheme is represented in detail in Fig. 6, and in a simplified
way in Fig. 7. It is deployed to obtain the desired ANFIS set
and make it ready to work in an autonomous way in the real-
time scheme. This real-time scheme is depicted in Fig. 8 and
in a simplified way in Fig. 9. For clarity purposes, Fig. 6-9
are labelled with letters from A to E.

On the one hand, in B, the first model (ModTD) learns in
the time domain how the signals must be in order to have
low power fluctuations but with no strict energy restriction
(large L). To this purpose, it is trained with the signal from
RCM-ACE algorithm with L = 3 (xACE

tr,RA3
). On the other

hand, in C, the models in the frequency domain (ModTFD
1,Re ,

ModTFD
1,Im , ModTFD

2,Re , etc.) force the symbols to be within the
correct regions and thus, we also use them for limiting energy
consumption (low L). They use the signal from RCM-ACE
algorithm with L = 1.4 (xACE

tr,RA1.4
) to be trained.

The procedure is as follows:

1) Obtaining the training signals for the model (label A
in Fig. 6 and Fig. 7): The time-domain original DCO-
OFDM signal (x′) is used as the input for the RCM-
ACE module to reduce signal fluctuations according to
the RCM-ACE scheme [12]. The resulting signals are
xACE
tr,RA3

and xACE
tr,RA1.4

. These are the model signals that
we want to obtain with ANFIS once they are trained.
xACE
tr,RA3

is obtained with L = 3 and xACE
tr,RA1.4

with L =
1.4. The clipping threshold Vclip and the extension gain
G are variable but maintained in the range mentioned in
[19].
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2) Training the time-domain ANFIS (ModTD) (label B
in Fig. 6 and Fig. 7): Signal xTD

tr is obtained after
the ANFIS ModTD trained with xACE

tr,RA3
and x′. The

original x′ specifies the kinds of signals that the ANFIS
will receive, whereas xACE

tr,RA3
means the objective signal.

Both are used to compute the premise and consequent
parameters and to make the ANFIS trained. Signal xTD

tr

will be used as an input to train the frequency-domain
models. Note that XTD

tr is formed by only the first half
of the subcarriers because the second one is just its
Hermitian symmetry.

3) Training the 8 frequency-domain ANFIS (ModTFD)
(label C in Fig. 6 and Fig. 7): Once the sym-
bol DCO-OFDM (XACE

tr,RA1.4
) is obtained by a FFT

operation, it is separated in the four quadrants as
well as in real and imaginary parts. In that way,
there are 8 simple frequency-domain models that
can be easily trained: ModTFD

1,Re , ModTFD
1,Im , ModTFD

2,Re ,
ModTFD

2,Im , ModTFD
3,Re , ModTFD

3,Im , ModTFD
4,Re , ModTFD

4,Im .
These frequency-domain models are trained with
XACE
tr,RA1.4

and XTD
tr , after classifying the symbols in 4

quadrants and dividing them in real and imaginary parts.
Note that the half of symbols of XTD

tr are formed with
the Hermitian symmetry and then discarded because
they are repeated. XACE

tr,RA1.4
is the desired signal that is

energetically restricted due to the value L = 1.4, whereas
XTD
tr is the input signal, i.e., the kind of signal that will

enter these modules.

Once the 9 ANFIS models are trained in an off-line way,
we do not need to compute the RCM-ACE scheme ever again.
The real-time phase is depicted in Fig. 8:

1) Time signal (x′) passes through ModTD , and a signal
with large energy but low RCM is obtained (xTD

ts ) (label
D in Fig. 8 and Fig. 9).

2) XTD
ts,Re and XTD

ts,Im signals result after a serial-to-parallel
transformation, FFT operation, the rejection of the sec-
ond half of subcarriers because they contain repeated
symbols, and finally the separation of real and imaginary
parts.

3) XTD
ts,Re and XTD

ts,Im are separated into 4 sets considering
the 4 quadrants.

4) The signals are evaluated in the 8 frequency-domain
models (only represented in Fig. 8 by ModTFD

Re and
ModTFD

Im ), obtaining XTFD
ts,Re and XTFD

ts,Im (label E in Fig.
8 and Fig. 9).

5) The symbol DCO-OFDM is formed by joining real and
imaginary part, and the second half of subcarriers by
means of a Hermitian symmetry.

6) xANFIS is obtained after an IFFT operation and a
parallel-to-serial conversion. It is a signal with derated
power and low RCM, energetically restricted (L = 1.4)
and whose frequency-domain symbols are not in prohib-
ited regions (See Fig. 5).

For the training phase, 10000 DCO-OFDM symbols and 10
(2) Gaussian input membership functions have been carried
out in the time-domain (frequency-domain) ANFIS.

TABLE I: Complexity summary

RCM-ACE Proposed RCM-ANFIS
Additions of real values 40 x N 28 x N - 12
Multiplications of real values 42 x N 60 x N - 20
Additions of complex values 2 x N 0
Multiplications of complex values N 0
Check operations 6 x N 0
(I)FFT 2 2

C. Complexity Analysis

Once the training was carried out off-line, the operational
performance of the system is as simple as introducing the
input signal, and obtaining the output after computing some
additions and multiplications of real values. Concretely, the
number of additions and multiplications in our proposal is
28 x N - 12 and 60 x N - 20, respectively, being N the
number of subcarriers. These numbers result from equations
(12)-(16), and the real-time scheme in Fig. 8. Since these
numbers can change depending on the programming language,
a more reliable metric is asymptotic behaviour. This is a linear
algorithm O(N) because it is just based on additions and mul-
tiplications without any loop and more complex operations.
Table I presents a comparison in number of the operations
between RCM-ACE and RCM-ANFIS algorithms. Note that,
although our proposal RCM-ANFIS needs a lower number of
operations, both have the same asymptotic behaviour O(N)
and as a result, computational time is similar.

V. RESULTS

The performance of the proposal is evaluated by means of
Monte Carlo simulations in a scenario where the used white
LED is a Golden Dragon LA W57B [20]. Its transfer function
is analytically described in [21]. As it has been mentioned,
the ANFIS scheme is only necessary on the transmitter side,
being completely transparent on the receiver side (see Fig. 1).
The reason is that we always distort the symbols within the
allowable regions, which involves not decreasing the minimum
distance between symbols and thus, the performance of the
maximum likelihood decoding algorithm is not modified. The
system is assessed for N equal to 64, 256 and 1024 subcarriers,
QPSK and 16-QAM constellations.

The Complementary Cumulative Distribution Function
(CCDF) is used to show the results. Fig. 10 and Fig. 11
show the probability that the RCM metric is higher than
a certain value denoted as RCM0 for QPSK and 16-QAM
constellations, respectively. The CCDF curves are obtained
with the simulation of 105 random DCO-OFDM symbols.
In order to simulate a real analogue signal, an oversampling
factor of 4 is used [22]. For each number of subcarriers,
three different curves are plotted: CCDF without PAPR/CM
reduction, RCM-ACE method and the proposed RCM-ANFIS
method. For the sake of clarity, results obtained by the
traditional ACE algorithm are not plotted [12]. For each N and
constellation order, a notable reduction is observed in RCM
at CCDF = 10−4. Table II summarizes the RCM reductions
at CCDF = 10−4 for the RCM-ACE and RCM-ANFIS, with
respect to the CCDF curve of the signal with no reduction.
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Fig. 10: CCDF of RCM of a DCO-OFDM signal for a QPSK
constellation.
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Fig. 11: CCDF of RCM a DCO-OFDM signal for a 16-QAM
constellation.

TABLE II: RCM Reductions @ CCDF = 10−4

Constellation Method N = 64 N = 256 N = 1024

QPSK RCM-ACE 7.9 dB 7.8 dB 6.3 dB
RCM-ANFIS (proposal) 8.6 dB 8.9 dB 7.0 dB

16-QAM RCM-ACE 2.7 dB 3.0 dB 2.5 dB
RCM-ANFIS (proposal) 3.2 dB 3.9 dB 3.3 dB

These reductions correspond to an improvement of EVM, ICE
and BER analyzed in next subsections. The RCM reduction
gets lowered at N=1024 because a fixed configuration of
membership functions was employed in order to limit the
complexity.

A. Energy Consumption

A biasing level is necessary in order to illuminate the room
in DCO-OFDM systems for VLC. However, energy consump-
tion is as important as in any communication system. Fig.
5 represents the symbol distribution in a QPSK constellation
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16QAM − w/o PAPR/CM reduction

16QAM − RCM−ACE

16QAM − RCM−ANFIS

Fig. 12: EVM versus biasing ratio for QPSK and 16-QAM
constellations with an IBO of 8.9dB and 10.4dB, respectively.

for RCM-ACE and RCM-ANFIS methods. Note that there is
an energy increase with respect to the original constellation,
in exchange for a better performance in the general system
thanks to a RCM reduction. However, it corresponds only to an
increase of approximately 1 % of the total energy consumption,
which is almost insignificant.

B. EVM Analysis

Signal distortions are evaluated by means of the EVM
(eq. (8)). In Fig. 12, the curves of EVM versus BR for an
IBO of 8.9 dB (10.4 dB) in a QPSK (16-QAM) constellation
are shown. This IBO value offers an EVM of 10 % for
our proposal when BR is 50 %. Six different curves are
represented: without PAPR/CM reduction, with the RCM-ACE
technique introduced in [12] and the proposed RCM-ANFIS
method, for QPSK and 16-QAM constellations. As it can
be seen, our proposal reduces the EVM with respect to the
result when no PAPR/CM reduction technique is applied. For
a QPSK constellation and a BR equals to 50 %, an EVM
of 22 % is obtained with no PAPR/CM reduction technique,
whereas an EVM of 10 % results with the RCM-ANFIS
method. Besides, it outperforms the results obtained with the
RCM-ACE technique, an EVM of 12 % for a BR equals
to 50 %. Improvements are also achieved when a 16-QAM
constellation is employed. Note that EVM results for a 16-
QAM constellation are better than for QPSK, both without
PAPR/CM reduction, due to having a larger IBO value for a
16-QAM constellation which makes avoid largely the clipping
effect.

Table III contains the different IBO values and gains
resulting from applying the different techniques achieving
EVM=10 %, 15 % and 20 %. Note that a gain of up to 2.8 dB
is achieved with our proposed method, and it overcomes the
RCM-ACE technique by up to 0.3 dB for QPSK and 0.2 dB
for a 16-QAM constellation and EVM=10 %. Similar results
have been obtained for N = {64, 256, 1024}.
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TABLE III: IBO Values and IBO Gain

Constellation Method EVM = 10% EVM = 15% EVM = 20%

IBO (dB) IBO gain (dB) IBO (dB) IBO gain (dB) IBO (dB) IBO gain (dB)

QPSK
without PAPR/CM reduction 11.7 - 10.4 - 9.3 -
RCM-ACE 9.2 2.5 8.1 2.3 7.2 2.1
RCM-ANFIS (proposal) 8.9 2.8 7.9 2.5 7 2.3

16-QAM
without PAPR/CM reduction 11.7 - 10.4 - 9.3 -
RCM-ACE 10.6 1.1 9.5 0.9 8.5 0.8
RCM-ANFIS (proposal) 10.4 1.3 9.3 1.1 8.3 1.0
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Fig. 13: ICE versus Brightness Factor for EVM = 10 % with
QPSK and 16-QAM constellations.

C. Illumination-to-Communication Conversion Efficiency
Analysis

The VLC system efficiency is evaluated by means of the
ICE (eq. (9)) [18]. The results are depicted in Fig. 13, where an
improvement regardless the BF is achieved with the proposed
RCM-ANFIS over the signal without PAPR/CM reduction
technique. It also overcomes the RCM-ACE technique. To
obtain these curves, the IBO is configured such that it provides
an EVM=10 %.

Fig. 14 and Fig. 15 contain the curves of ICE improvement
with respect to the signal without reduction technique, for
QPSK and 16-QAM constellations, respectively, and different
values of EVM. Note that an improvement is achieved in the
whole BF range comparing to the RCM-ACE technique, but
the highest improvement is achieved when the BF is equal to
50 %.

Table IV shows the ICE gains extracted from the Fig. 14
and Fig. 15. The improvement of our proposal with respect to
the RCM-ACE technique is also included. A maximum ICE
gain of 35.8 % is achieved with RCM-ANFIS for a QPSK
constellation, and an improvement of up to 3.9 % with respect
to the RCM-ACE technique is also obtained. The proposed
method improves up to a 15 % the original signal for 16-QAM
constellation, and a maximum gain of up to 2.3 % is achieved
compared to the RCM-ACE technique. Similar results have
been obtained for N = {64, 256, 1024}.
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Fig. 14: ICE improvement versus Brightness Factor for EVM
= {10 %, 15 %, 20 %} and QPSK constellation.
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D. BER Analysis

Fig. 16 depicts the BER analysis of this approach and
a comparison with the other techniques. These curves are
obtained with a BR of 50 % and an IBO so that the EVM
is equal to 10 %. Note that most of the curves suffer an error
floor due to the clipping effect. It does not allow decreasing
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TABLE IV: ICE Gain Measured at BF = 0.5

Constellation Method EVM = 10% EVM = 15% EVM = 20%

ICE Gain (%) Improvement (%) ICE Gain (%) Improvement (%) ICE Gain (%) Improvement (%)

QPSK
RCM-ACE 31.9 - 27.1 - 24.7 -
RCM-ANFIS 35.8 3.9 29.1 2.0 26.0 1.3
(proposal)

16-QAM
RCM-ACE 12.7 - 10.4 - 9.1 -
RCM-ANFIS 15.0 2.3 12.4 2.0 10.8 1.7
(proposal)

the BER more. This aspect indeed validates the research in
new methods for PAPR/CM reduction, and then, this proposal.
These curves may be different if another LED model is used.

The proposed RCM-ANFIS reduces the BER in comparison
to the RCM-ACE technique and the signal without reduction
technique. Both in QPSK and 16-QAM, signals without re-
duction technique suffer a saturation and have a noise floor
in 4 · 10−3 and 10−3, respectively. It makes clear the need
of a CM reduction technique giving a much better BER
performance as a result. Results of RCM-ANFIS in QPSK
are better than in 16-QAM because the minimum distance
between I/Q symbols in QPSK is larger and also has a larger
percentage of points to be moved in the constellation: 100 % in
QPSK whereas 75 % in 16-QAM. Interior I/Q symbols in a 16-
QAM constellation cannot be moved in order not to decrease
the minimum distance between symbols and then increase the
BER.

Note that these performance differences will be larger if
another LED model with a less linear transfer function and
smaller dynamic range is used.

VI. CONCLUSION

This paper presents an efficient technique for power derating
DCO-OFDM signals based on ANFIS. Using a proper combi-
nation of optimized training models, the RCM-ANFIS obtains
efficient power derated DCO-OFDM signals. Once trained, the
ANFIS models can work autonomously. RCM metric is chosen
to build a more effective algorithm, achieving a reduction
of 8.9 dB with respect to the original DCO-OFDM signal at
CCDF = 10−4, unlike the 7.8 dB reduction obtained by the
RCM-ACE method. Since the clipping effect is mitigated due
to this power derating technique, the signal degradation is
reduced 12 % in EVM at the most for a fixed IBO value.
On fixing an EVM value, the RCM-ANFIS technique over-
comes the RCM-ACE technique and achieves IBO gains of
2.8 dB (for EVM = 10 %). It produces ICE gains above 35 %,
leading to improvements of up to 3.9 % with respect to the
RCM-ACE method. Finally, improvements in BER are also
obtained. For all the studied parameters and figures of merit,
the implementation of this technique in a DCO-OFDM VLC
system involves a better efficiency between the communication
capacity and the illumination level.
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