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Abstract

DC-biased optical OFDM (DCO-OFDM) is a commonly used method of OFDM in visible light communication (VLC).
Unfortunately, VLC systems that use OFDM often experience a high peak-to-average power ratio (PAPR). To address this
issue, this study proposes a novel method called the multi-point constellation method (MPC) to reduce PAPR in DCO-
OFDM. The MPC method involves adding extra alternative constellation points around the existing points and using the
discrete particle swarm optimization (DPSO) algorithm to select the constellation points with the lowest PAPR. The
proposed MPC method is also combined with selective mapping (SLM), a well-known PAPR reduction technique in the
literature. Simulation results show that the proposed MPC method outperforms the SLM method in reducing PAPR in
4-QAM and 16-QAM modulations when used in combination with SLM. Furthermore, increasing the number of iterations
and particles in the DPSO algorithm improves the PAPR reduction performance of the proposed method even further.
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1 Introduction

The use of LEDs in ambient lighting, the limited band-
width, and the need for high-speed communication has led
to the development of visible light communication (VLC)
[1, 2]. However, the location of the LED armatures on the
ceiling, the position of the receiver on the floor, and the
data rate can cause Inter-Symbol Interference (IST) in VLC
[3]. To mitigate ISI, Orthogonal Frequency Division
Multiplexing (OFDM), which is commonly used in radio
frequency (RF) systems, can be utilized in VLC [4]. In the
intensity modulated direct detection (IM/DD) method,
which is frequently used in VLC, the transmitted symbols
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must be real-valued and positive [5]. To address this,
OFDM can be employed in IM/DD systems by utilizing
Hermitian symmetry [6].

One of the major issues with the OFDM method is the high
peak-to-average power ratio (PAPR) at the output. In VLC
systems, high PAPR values can resultin damage to LEDs and
nonlinear clipping distortion [4]. However, limiting the
transmitted signal power to avoid clipping distortion can lead
to inefficient use of LEDs [7]. Therefore, an effective PAPR
reduction technique is needed at the transmitter [8, 9]. Var-
ious PAPR reduction techniques have been proposed for
OFDM-based VLC systems [10-12].

The tone injection (TI) method is one of several PAPR
reduction methods that have been adapted for VLC systems
[13—15]. Other methods include active constellation exten-
sion (ACE) [16], tone reservation [17, 18], nonlinear com-
panding and clipping [19], and the exponential nonlinear
companding algorithm [20]. In addition, a pilot carrier-as-
sisted PAPR reduction technique [21] and a selective map-
ping (SLM) method where side information (SI) is removed
[22, 23] have also been proposed for VLC systems.

Additional alternatives are introduced for the original
constellation points in TI method. However, unlike our
proposed method, the alternatives for an original
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constellation point in the TI method might not be the
closest to that original constellation point among other
original constellation points. As a result, the tone injection
method can cause a considerable increase in power [24].
Furthermore, implementing the TI method requires a
higher processing workload for the receiver’s detection
process. The ACE method involves moving the original
M-QAM constellation points and expanding the constel-
lation. However, the receiver does not need to know all
possible extended constellation points because a moved
version of an original constellation point is closest to the
original constellation point among other original constel-
lation points, as proposed in this paper. However, the ACE
method cannot extend all the constellation points; it can
only be applied to exterior constellation points [25]. In the
TR method, some subcarriers are used not for carrying
information but for reducing the PAPR. The subcarriers
used for PAPR reduction are called reserved tones. The
number of reserved tones, in other words, the amount of
side information, can be quite significant [18]. The clipping
method can cause a significant decrease in the bit error rate
performance [26]. Clipping also causes out-of-band inter-
ference. When companding techniques are employed to
reduce the out-of-band interference in clipping, the bit
error rate (BER) performance is also improved [27]. Pilot-
assisted PAPR reduction scheme transmits a block full of
pilot symbols after a certain number of OFDM blocks
(such as 4). However, the side information required for
SLM (Selected Mapping) is lower, and the PAPR perfor-
mance is better than the pilot-assisted PAPR reduction
scheme [21].

This study proposes a unique PAPR reduction method
for VLC systems. The proposed method adds a certain
number of new constellation points around each constel-
lation point, increasing the number of constellation points
while allowing the receiver to detect the data sent using the
original constellation points. The discrete particle swarm
optimization (DPSO) algorithm selects constellation points
from among the alternatives to give the lowest PAPR for
each subcarrier. The proposed extended constellation
points are then used in conjunction with selective mapping
(SLM) to further reduce PAPR, at the cost of sending side
information to the receiver. The performance of the pro-
posed method in terms of both PAPR and BER is examined
and shown to perform significantly well.

The paper is organized as follows: Sect. 2 describes the
proposed multipoint constellation method, while Sect. 2.1
outlines the utilization of DPSO for the proposed method.
The performance results of the proposed method are pre-
sented in Sect. 3. Finally, the conclusions are discussed in
Sect. 4.

Notations: Matrices are denoted by bold uppercase let-
ters, and vectors are denoted by bold lowercase letters. The
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[]" notation represents the transpose operation. The E[.]
notation represents the expectation operator.

2 The proposed method

The proposed multi-point constellation (MPC) scheme is a
modulation scheme where incoming bits are mapped by M-
QAM constellations, and L alternatives are added to each
of M constellation points. These alternatives are generated
by expanding the original constellation points in A steps in
a rectangular or circular area, controlled by a parameter r.
The minimum distance between the alternatives of differ-
ent constellation points is denoted by doymin. If
din max <dour,min, the receiver can detect the original sym-
bols using the original constellation points. Figures 1 and 2
show the 4-QAM extended constellations obtained if con-
stellation points are expanded within the rectangular and
circular area.

The proposed scheme can be combined with selective
mapping (SLM) to further reduce the PAPR. In the SLM
technique, the N symbols obtained by mapping are multi-
plied by the weighting coefficients selected from the rows
or columns of a weight matrix. However, due to Hermitian
symmetry, only N/2 — 1 distinct symbols can be carried by
N subcarriers in VLC systems. Therefore, N/2 — 1 distinct
weighting coefficients should be selected from the rows or
columns of the matrix. The s array containing N/2 — 1
symbols to be transmitted is shown in Eq. 1. The symbols
$1,82,...,8; (j =N/2 —1) are mapped according to M-
QAM modulation with respect to incoming binary data,
while ki, ks, ...,k; € [1,2,...,L] show the alternate point
number determined independently for each symbol to be
transmitted.

If SLM is used, m; 1, m;>, ...m;; represent N/2 -1 ele-
ments in row i of the SLM weighting matrix. On the other
hand, if SLM is not used, m; 1, m; >, ...m;j are all equal to 1.

s=[miisig, Mi2Sik, mijsik, | (1)

In Eq. 2, s; represents the time-domain signal after apply-
ing Hermitian symmetry and inverse fast Fourier transform
(IFFT). The operation F# represents the conjugate trans-
pose of the Fourier transformation matrix, and flip denotes
the left-to-right flipping of the elements of an array. The *
operator represents the complex conjugate. The resulting
signal is a time-domain representation of the frequency-
domain signal s, which has been extended to include the
Hermitian symmetry.

ss=F1x[0 s 0 flips")]" (2)

The values of ki, k», ..., k; and i can be determined as fol-
lows to obtain lower peak-to-average power ratio.
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The system model is presented in Fig. 3. The green
(MPC), red (MPC+SLM), and blue (SLM) boxes represent
the PAPR reduction methods compared in this study. If the
MPC method is used, no side information is transmitted to
the receiver. However, in the SLM and SLM-+MPC
methods, side information is transmitted to inform the
receiver about the index number of the row of the weight
matrix.

2.1 The proposed DPSO solution

In 1995, Kennedy and Eberhart developed Particle Swarm
Optimization (PSO) [28]. Later, in 1998, Shi and Eberhart
introduced a variant of PSO called Discrete PSO (DPSO)
[29, 30]. PSO is frequently employed to tackle problems
through virtual agents known as “particles.” Each particle
possesses a position and a velocity, both determined by
vectors representing potential solutions. The position sig-
nifies the particle’s location within the solution space,

known solution and incorporating the best solutions of
other particles within the group. This process continues
until all particles converge to a local minimum or a spec-
ified tolerance level. The DPSO algorithm has demon-
strated its effectiveness over PSO in addressing discrete
optimization problems, exhibiting superior speed and
accuracy [31].

For the resolution of discrete optimization problems,
both the Genetic Algorithm (GA) and the DPSO algorithm
can be applied. However, research indicates that DPSO
achieves convergence with fewer iterations compared to
GA [32]. While GA excels in terms of converging toward
global optima, PSO gains preference in scenarios involving
computational workload [33, 34]. In fact, recent studies
have concentrated on the utilization of DPSO for solving
discrete optimization problems [31, 35, 36].

Since the problem in Eq. 3 is a NP-Hard problem, it was
decided that it would be appropriate to solve it using the
DPSO algorithm. In the proposed method, DPSO is used to
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select one of the L alternatives for each symbol to be ki, kz,...,k; and the row number i are represented by A =

transmitted. DPSO is also used to select one of the rows of
the weighting matrix when SLM and the proposed MPC
method are used together. It is assumed that P particles are
used in the DPSO algorithm. For each of the total P par-
ticles, the constellation alternative number (ki, k2, ..., k;)
and the row number i of the SLM weight coefficients
matrix are determined by DPSO. N-point IFFT is taken and
P different PAPR values are found for each of the particles.
After the DPSO algorithm calculates the IFFT for each of
the P particles, it determines the smallest PAPR value that
all the particles have achieved so far and stores the corre-
sponding parameters included in a vector consisting of
binary values as the global best (gb). The lowest PAPR
value achieved by a particular particle (e.g., mth particle) is
determined, and the corresponding binary vector is stored
as the personal best (pb,,) of that particle.

After K iterations of the DPSO algorithm, the proposed
method obtains the alternative constellation numbers and
the row number of the SLM weighting matrix from the
global best vector gb, which provides the lowest PAPR
value. As a result, the proposed method performs a total of
P x K, N-point IFFTs. The alternative numbers

@ Springer

[log,(L)] and B = [log,(N)] bits, respectively. The posi-
tion vector x,, of the mth particle contains A + B bits, while
the velocity vector v,, contains A + B elements between 0
and 1. After each iteration of the DPSO, the position and
velocity vectors of the particles are updated according to
Eqgs. (4) and (5), where v, x and x,, x denote the kth element
of the velocity and position vectors of the mth particle. The
constants ¢; and ¢, are used in the calculations, and r; and
r, are vectors with A + B random valued elements. The
number of rows in the weight matrix can be greater than the
number of transmitted symbols, but only % — 1 weight
coefficients are taken from a specified ith row.

m —Vm + cir © (pbm _xm) + Corp © (gb _xm) (4)
( ) 1 { 1 if rand() SS(Vm,k)
S\ Vm, = — i Xmk =
k 14 e Vmk * 0 otherwise
(5)

Algorithm 1 Algorithm of Using DPSO for MPC+SLM
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1: function gb =MPCSLM(M, N, P, K,r, A, [s1, 52, ..., S;j])
L= (2 X (%) + 1)2 > Number of total constellation points for rectangular
extension
Ny = % -1 > Number of active symbols to be transmitted
Generate constellation points as depicted in Fig. 1 and Fig. 2, and store them

in the matrix Cy (L x M)

Y

5: Generate a weighting matrix, such as the Hadamard matrix, denoted as Wy
(N x N)
A = [logy(L)] > Number of bits for constellation points
B = [log,(N2) ]| > Number of bits for the row number ¢ of the Hadamard
matrix

8: Generate a binary random array gb (1 x Na x (A+ B)) > This will be the
outcome after the iterations of DPSO

9: gbval = 1000 > An initially assigned large PAPR value to the global best

10: Create P particles, each containing a randomly assigned binary matrix X,, of
size (1 x Ny x (A+ B)) (Equation 4.)

11: Assign to each of the P particles the binary random array pby, (1 x Ny x (A+
B)) (Equation 4.)

12: pbval,, = 1000 > An initially assigned large PAPR value to the personal best
values

13: Randomly assign the velocity matrix vy, (1 x No x (A + B)) to each particle,
with uniformly distributed values between 0 and 1

14: for mmk =1 to K do

15: for m=1to P do

16: Get the x,, for particle m

17: Obtain (ki, ko, ...,k; € [0,1,...,L —1]) and i from xm

18: Obtain s and sy Using Equations 1 and 2

19: Calculate the PAPR value of particle m: PAPR,, = (%),
(Equation 3)

20: if PAPR,, < pbval,, then

21: pbval,, = PAPR,,

22: Pbm = Xm

23: end if

24: if PAPR,, < gbval then

25: gbval = PAPR,,

26: gb =xp,

27: end if

28: end for

29: for m=1to P do

30: Update vy, and x,, using Equations 4 and 5

31: end for

32: end for

33: end function

When only the SLM method is used, all the rows of the
weight matrix are evaluated to find the row number i that
provides the lowest PAPR. Then, the resulting vector s; is

@ Springer
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Fig. 3 System model — S e o
= LED I
Data %0 s 5 ~ 6 :E
—| = & |5 MPC ! MPC+SLM ', SLM | —» = E £ - < [ =
Nk - M NENES 1)2
= .
L - DC bias / / =| &
Z =
* 1" Side Information :+ .
+ ¢ (the row number, i) :: Optical Channel
2] [= v v 5 |-
Data |2 .8 - o
«— = S e Single-Tap = [a Y-V =
5] o} . =) Fn o 5]
g o3 Equalizer = <@ 2 —_|_ g
al |2 ~ PD |+

obtained. It is assumed that a cyclic prefix (CP) was added
before transmission at the transmitter and removed at the
receiver. The resulting vector ry is obtained at the receiver.
In the case of the MPC method, ry is directly used to detect
st. However, in the SLM and SLM+MPC methods, side
information is used to detect s; from r¢. The pseudocode for
the proposed method is illustrated in Algorithm 1.

rye = HSt “+ ng (6)

The N samples received are the elements of r;, which are
corrupted by Additive White Gaussian Noise (AWGN)
represented by the vector n,. The H matrix represents a
circulant channel matrix of size N X N. At the receiver, the
FFT is applied to ry to convert the multi-tap channel to a
single-tap channel as follows.

A'xFxr=[0 § 0 flip(s")]" (7)

Here, s denotes the noisy version of the vector s in Eq. 1.
The matrix A is a diagonal matrix, and the circulant
channel matrix H can be expressed as H = F# x A x F. If
the proposed MPC method and SLM are not used together,
the receiver would not need to know any side information,
and the received symbols can be detected as shown below:

§i = ¢ = argmin;|§; — ¢ (8)

The jth original constellation point, which is not extended,
is represented by c¢;, and the detected symbol at index k is
denoted by s;. Additionally, the kth element of § is rep-
resented by s. If the SLM method is used in conjunction
with the proposed MPC method, the detection process
would be as follows:

Sk = ¢j = argmin;| s, — mj k¢ 9)

To apply the SLM method in conjunction with the pro-
posed MPC method, the receiver needs to know the kth
weighting coefficient of the ith row of the weight matrix.
One way to achieve this is by sending the row number i to
the receiver as side information, assuming that the receiver
is already aware of the specific weight matrix used (e.g.,
Hadamard matrix, as in our simulations).

@ Springer

3 Simulation results

The proposed MPC method has been applied to an indoor
VLC system. The complementary cumulative distribution
function (CCDF), which describes the probability that a
random variable exceeds a certain threshold, was used to
measure the PAPR performance. In addition, the bit error
rate (BER) performance was analyzed since a PAPR
reduction method should not reduce the BER performance
below an acceptable level.

CCDF = Pr(lOloglO (%) > yo)

= Pr(PAPRdB > yo)

(10)

CCDF refers to the probability that the Peak-to-Average
Power Ratio (PAPR) in dB exceeds a specified threshold
value yy. In the case of the Discrete Particle Swarm Opti-
mization (DPSO) algorithm, the number of iterations and
particles is represented by K and P, respectively. The
parameters c¢; and ¢, in Eq. 4 are set to 2. The modulation
technique used for M-ary Quadrature Amplitude Modula-
tion (M-QAM) mapping involves M values of 4 and 16.
Furthermore, the weight matrix consists of an N X N
Hadamard matrix, and the SLM and MPC methods are
applied individually and in combination for N values of 64
and 128 subcarriers. Regardless of whether the MPC
method is used in conjunction with SLM, DPSO necessi-
tates K x P IFFT evaluations.

Figures 4 and 5 show that rectangular extended con-
stellations offer the best PAPR performance for M = 4,
M =16, and N = 128. While the MPC method alone
cannot exceed the PAPR performance of the SLM method,
combining the proposed MPC method with SLM can
achieve better PAPR performance. In SLM, 128 IFFT
operations are required for N = 128 as all rows are eval-
uated to identify the row with the lowest PAPR of the
128 x 128 weight matrix. However, the combined SLM
and MPC method requires K x P = 10 x 10 = 100 IFFT
operations to achieve better PAPR performance than SLM
alone for both M =4 and M = 16. The proposed method
can provide a gain of 1.464B more than SLM with only 247
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more [FFT computational cost, as shown in Fig. 4. How-
ever, for 128 — 100 = 28 fewer IFFT calculations, the
proposed method provides a gain of 0.75dB more than
SLM. Figure 5 further examines the PAPR performance of

7.35 8
PAPR (dB)

the proposed method for M = 16, demonstrating that
increasing the number of particles and iterations leads to
greater PAPR reduction gains. When SLM and MPC are
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Table 1 T test results

N =128, 4-QAM

N =128, 16-QAM

T s.d d.f T s.d d.f
SLM and SLM+MPC (K=10, P=10) 3079 0.5424 7,178,728 2365 0.5743 7,178,728
SLM and MPC (K=10, P=10) 208.8 0.7704 7,178,728 -1717 1.0357 7,178,728
OFDM and SLM+MPC(K=10, P=10) 2215 1.1164 999,999 2077 1.1309 999,999
OFDM and MPC (K=10, P=10) 1534 1.2444 999,999 829 1.421 999,999
SLM and SLM+MPC (K=25, P=15) 6163 0.5170 7,178,728 4733 0.5517 7,178,728
SLM and MPC (K=25, P=15) 2717 0.669 7,178,728 — 410 0.9587 7,178,728
OFDM and SLM+MPC(K=25, P=15) 2748 1.1055 999,999 2516 1.1195 999,999
OFDM and MPC (K=25, P=15) 2137 1.1826 999,999 1240 1.3669 999,999
SLM+MPC (K=25, P=15) and SLM+MPC (K=10, P=10) — 3045 0.4979 7,178,728 — 2200 0.5696 7,178,728

combined, the PAPR reduction gain compared to SLM can
reach up to 2.08dB.

We conducted an analysis of the Peak-to-Average
Power Ratio (PAPR) results using a T test to determine
whether the proposed methods (MPC, SLM+MPC) yield
significantly different outcomes compared to both the
unmodified OFDM and SLM methods. The T test also
helped us determine if there were any significant differ-
ences in the PAPR results based on changes in the iteration
and population sizes of the DPSO algorithm. The test
results are displayed in Table 1, including the T score,
standard deviation (s.d), and degrees of freedom (d.f). The
hypothesis test result (H) consistently equals one and the p
value for each case has been determined to be zero. When
H =1, it means that the mean of the difference between
two samples (such as SLM and SLM+MPC) is not zero.
The large T score values in Table 1 indicate that the
compared methods are significantly different. Moreover,
the T test involves at least one million samples (d.f + 1).
The p value of zero suggests that the results were not
obtained by chance.

Table 2 The FEC limit performances

It is considered that selecting appropriate values for the
iteration number (K) and particle number (P) in DPSO can
result in both lower PAPR and reduced computational load.
Table 2 displays the SNR levels necessary for the MPC,
SLM+MPC, and SLM techniques to attain a BER (Bit
Error Rate) value of 3.8 x 1073, This BER value represents
the accepted threshold for forward error correction (FEC)
when using N = 128. The BER performance of the MPC
and SLM+MPC methods is not affected by the K and
P values of the DPSO algorithm. When using the proposed
MPC method, optimal BER performance is achieved by
using a rectangular extension of the constellation points.

The results demonstrate that the FEC limit BER value
can be achieved at an acceptable SNR value by using
rectangular expanded constellation points and the SLM
method together, while optimizing for the lowest PAPR
value with DPSO. However, it should be noted that the
clipping values outside the dynamic range of the LEDs,
defined by the threshold (Vi) and saturation (V) voltage
levels, were not considered when calculating the results
presented in Table 2. To ensure that the values obtained at
the output of the IFFT fall within the dynamic range of the

Modulation
4-QAM 16-QAM
SNR for FEC limit (3.8 x 1073) SNR for FEC limit (3.8 x 1073)
SLM 10.7 dB 17.3 dB
Circular extension Rectangular extension (dB) Circular extension (dB) Rectangular extension (dB)
MPC 17.5 14.55 239 20.6
SLM+MPC 17.5 14.55 239 20.6
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LED for illumination, they must be multiplied by a scaling
factor («) [37]. Additionally, a DC bias value (Vy4.) should
be added to the IFFT output to be transmitted. The scaled
and DC added version of the IFFT output to be transmitted
is denoted as (S¢scaled)-

St scaled = XSt + Ve (1 1)

A small scaling factor indicates a low power of the infor-
mation-carrying part of the signal. In this study, the Cree
Xlamp XB-H datasheet values of Vg =3.15V and
Vin = 2.65 V were used. A DC bias value of 3 V was used
as Vg in the simulations. With the parameters M = 16,
N =128, K =100, and P = 25, a scaling factor o was
calculated for each OFDM block to ensure that the LED
was in the dynamic region and to prevent clipping. The
power of the scaled IFFT output is denoted as pggnq and
has values of —21.4833dB, -—23.0209 dB, and
—23.8146 dB for SLM+MPC, SLM, and without any
PAPR reduction, respectively, for the mean of 20,000
OFDM blocks. The SLM+MPC method provided 1.5376
dB more signal power than the SLM method, which could
result in a higher SNR value for the same receiver.

4 Conclusion

The multi-point constellation (MPC) method was proposed
in this study to achieve lower PAPR in the DCO-OFDM
method. The proposed method can reduce the PAPR value
by 7 dB compared to DCO-OFDM for 128 carriers and
16-QAM modulation. Discrete particle swarm optimization
is used in the proposed method to find the alternative
constellation points. When the iterations and number of
particles are increased, the proposed method performs a
better PAPR reduction at the cost of a high processing load;
the minimum number of iterations and particles was chosen
as 10, and an approximate 6 dB gain was obtained com-
pared to DCO-OFDM. Although the methods proposed
were applied to a VLC DCO-OFDM system, they can also
be used with most of the OFDM systems proposed for
optical and RF communications. To reduce processing
load, the proposed method may be used when the PAPR
value of the original constellation points is above a certain
threshold value. Future studies will experimentally imple-
ment the proposed method. Additionally, other meta-
heuristic methods besides DPSO will be tested, and the
achieved performances will be compared, considering the
computational workloads. When the proposed method and
SLM are used together, weight coefficients are selected
from the rows of the Hadamard matrix. These weight
coefficients are multiplied with alternative constellation
points, and the resulting new sample values undergo IFFT.

In the future, a PAPR reduction method will be investi-
gated that involves randomly generating a certain number
of matrices, including the proposed MPC method, and
selecting one of these matrices to minimize the PAPR.
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