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ABSTRACT Orthogonal frequency division multiplexing (OFDM) is critical for high-speed visible light
communication (VLC) transmission; however, it suffers from a high peak-to-average power ratio (PAPR)
problem. Among PAPR reduction techniques, pre-coding methods have shown promising advantages such
as signal independence and no requirement for signaling overhead. This paper introduces a novel pre-coding
technique termed quartered composite transform pre-coding (QCTP), which employs four newly developed
orthogonal pre-coding matrices applied to four equally divided segments of modulated data, thereby
enhancing the PAPR performance of VLC systems utilizing OFDM. This methodology allows the utilization
of a single-tap equalizer, achieving over a 6 dB reduction in PAPR compared to conventional DCT pre-coding
and surpassing the PAPR performance of DCT-hybridized (DCT & µ-compounding and DCT & Gaussian
matrix) pre-coding techniques. This enhancement is accomplished without compromising bit error rate
(BER) performance, all while maintaining reduced complexity.

INDEX TERMS PAPR, OFDM, VLC, DCT, DST.

I. INTRODUCTION
Visible light communication (VLC) is a sophisticated optical
wireless communication method that leverages visible light
emitted by commercial-off-the-shelf light-emitting diode
(LED) sources to transmit data over short distances, mod-
ulated by intensity modulation (IM) in a way that satisfies
lighting requirements and captured by a photodiode on the
receiver end via direct detection (DD). A notable challenge
in achieving high data rates via VLC lies in effectively
exploiting the limited spectral bandwidth of white LEDs [1],
[2], [3]. It is highlighted in the literature that implementing
orthogonal frequency division multiplexing (OFDM) as a
modulation technique characterized by its high spectral
efficiency can offer a viable solution to this challenge.
Moreover, OFDM is a compelling choice for high-speed
data transmission in VLC, owing to its resilience against
inter-symbol interference (ISI), improved optical power
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efficiency, and adaptability to diverse channel conditions,
requiring just a simple single-tap equalizer at the receiver [4].
Conventional OFDM, based on fast Fourier transform (FFT),
generates bipolar and complex symbols unsuitable for VLC,
requiring real and unipolar symbols. Hermitian symmetry
is employed in OFDM structure to produce real-valued
symbols, and the two most widespread techniques have
been reported to ensure unipolar and positive symbols:
Direct current biased optical OFDM (DCO-OFDM) [5], [6],
[7], adding positive DC bias, and asymmetrically clipped
optical OFDM (ACO-OFDM) [8], [9], [10], clipping negative
symbols at zero.

A notable drawback of utilizing OFDM in wireless
communication is having a high peak-to-average power ratio
(PAPR), which arises from the superposition of several
distinct orthogonal subcarriers [11], [12], [13]. In VLC,
a high PAPR can cause the LED to operate beyond its
designed power levels (i.e in a nonlinear zone), resulting in
energy inefficiency, a shorter lifespan of LED, and signal
distortion in the transmitted signal which leads to a worsened
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bit error rate (BER) [14]. Therefore, PAPR reductionmethods
are essential for VLC systems to retain signal quality and
enhance energy efficiency.

The PAPR reduction strategies for optical OFDM have
been thoroughly investigated, which may be broadly clas-
sified into three distinct classes; multiple signalling tech-
niques, signal distortion-based methods, and pre-coding
schemes [15]. In multiple signalling approaches, several
candidate signals with identical information are generated,
and the one with the lowest PAPR is selected for transmis-
sion. Selective mapping (SLM) [16], [17], partial transmit
sequence (PTS) [18], [19], [20], pilot-assisted (PA) [7],
[21], [22], and tone reservation (TR) [23], [24], [25] can
be listed as the common methods. These methods typically
necessitate supplementary information alongside the actual
data, leading to decreased bandwidth efficiency and increased
computational complexity.

The methods based on signal distortion reduce the PAPR
by employing techniques such as clipping high signal
peaks [26], [27], [28], compressing large peaks utilizing
non-linear companding [29], [30], and stretching the con-
stellation [31]. Although these solutions are straightforward
to implement, they introduce distortion noises that can
adversely affect the performance of the system. It should
be noted that multiple signalling approaches are frequency
domain techniques, whereas distortion methods are time
domain techniques applied after the inverse FFT (IFFT) to
reduce PAPR.

The pre-coding PAPR reduction schemes are also imple-
mented in the frequency domain with lower complexity
than multiple signalling techniques. In this approach, the
modulated data is multiplied by a pre-coding matrix at the
transmitter before the IFFT block in the OFDM structure,
and the inverse pre-coding matrix is applied at the receiver
after the FFT block to recover the modulated data. Various
transforms have been employed as pre-coding matrices to
reduce PAPR, including discrete cosine transform (DCT)
[32], zadoff-chu transform (ZCT) [33], discrete Fourier
transform (DFT) [34], [35], walsh-hadamard transform
(WHT) [36], discrete hartley transform (DHT) [37], [38], and
vandermonde-like matrix (VLM) transform [13]. Pre-coding
has a number of advantages over other approaches, including
signal independence, no requirement for signalling overhead,
and no significant degradation in BER performance.

The inherent energy compaction property of the DCT
renders it an appealing technique for pre-coding, as this
feature has been successfully employed in various signal pro-
cessing applications, including image processing and video
compression [39]. The literature contains several attempts to
further enhance PAPR by combining DCT-precoding with
other methods. For instance, the article [40] proposes a hybrid
PAPR reduction system for DCO-OFDM, which involves the
application of DCT pre-coding, followed by multiplication
of the IFFT output with a Gaussian matrix to reduce
PAPR. This combined method achieves a modest PAPR
improvement of approximately 1 dB without compromising

BER performance when compared to the DCT pre-coded
method. In [36], the DCT pre-coding scheme is integrated
with the clipping method to decrease PAPR for DCO-OFDM,
yielding an enhancement of approximately 2 dB.

The study outlined in [41] simultaneously applies multiple
DCT pre-coding techniques to an IM/DD system by grouping
subcarriers. The utilization of groups of two results in a 15%
reduction in complexity but leads to around 1 dB increase in
PAPR and degraded BER performance. In [42], to minimise
PAPR in DCO-OFDM, the paper recommends combining
DCT precoding with two distinct companding approaches
(specifically, µ-law and A-law). The study reveals around a
3 dB decrease in PAPR for both methods without a loss in
BER performance.

This paper introduces a novel pre-coding method that
involves partitioning the modulated data into four equal
subsets and utilizing innovative orthogonal quartered com-
posite transform pre-coding (QCTP) matrices prior to the
IFFT transformation, while also incorporating the approach
defined in [43]. The QCTP method offers all the advantages
of pre-coding PAPR reduction techniques, ensuring efficient
PAPR reduction without sacrificing BER performance,
and achieves these benefits with reduced complexity. The
remainder of this paper is organized as follows: Section II
presents the system model of conventional DCO-OFDM,
DCT pre-coded DCO-OFDM, and the proposed QCTP
method applied to DCO-OFDM; Section III outlines the
simulation environment, detailing the model room and
channel response of a typical indoor setting, along with
the comparative analysis of BER, PAPR, and computational
complexity; finally, Section IV offers concluding remarks and
discusses future directions.
Notations: The bold small letters are denoted as vectors

and bold uppercase letters to refer to matrices. [·]T represents
the transpose of a vector or a matrix, z∗ indicates the complex
conjugate of z, I is N × N identity matrix, and 0 is N -length
zero vector.

II. SYSTEM MODEL
A. CONVENTIONAL DCO-OFDM
In DCO-OFDM, data are first mapped into complex-valued
symbols,

s =

[
s0, s1, . . . , s(N2 −2)

]T
∈ C(N2 −1), (1)

employing a modulation scheme (e.g. QAM) as shown in
Fig. 1(a). Then, these symbols are stored in x ∈ CN which
must exhibit Hermitian symmetry, depicted as

x =

[
0, s0, s1, . . . , s(N2 −2), 0, s

∗

(N2 −2)
, . . . , s∗1, s

∗

0

]T
, (2)

to ensure a real-valued output, xf ∈ RN , after the execution
of IFFT, FH ∈ CN×N ,

xf = FHx. (3)

The IFFT matrix, denoted as FH , is defined as
(
FT

)∗, where
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FIGURE 1. Block diagram of (a) conventional DCO-OFDM (without green boxes) and (b) DCT pre-coded DCO-OFDM (with
green boxes).

the FFT matrix is given as F =
(
fk,l

)
0≤k,l≤N−1, with each

element of F ∈ CN×N represented as

fk,l =

(
1

√
N

)
e−j

2πkl
N . (4)

It is assumed that the cyclic prefix (CP) with the length of
being set to no less than the tap number of the channel impulse
response (CIR) is appended prior to transmission. A ϑ-tap
CIR is denoted as

h = [h0, h1, h2, . . . , hϑ−1] . (5)

The samples are subsequently formed into a serial sequence
and sent to a digital-to-analog (D/A) converter. In DCO-
OFDM, a DC bias is then added to the converted electrical
signal to eliminate the bipolar nature of the signal and make
IM/DD feasible. Note that any remaining negative peaks are
required to be clipped before driving the LED to convert this
electrical signal into an optical signal.

After passing through the optical channel, the transmitted
visible light signal is captured by a photodetector (PD) and
subsequently converted to an analog electrical signal at the
receiver; then, an analog-to-digital converter (A/D) is used to
convert the signal to digital, the cyclic prefix (CP) is removed
from the samples, and the data is transformed from serial
to parallel (S/P). The system operates under the assumption
that the channel response is accurately characterized with the
ϑ-taps. The received N samples are denoted by y ∈ RN as

y = Cxf + g (6)

where C ∈ RN×N is the circulant channel matrix created
utilizing (5) as defined in [44] and g ∈ RN

∼ N (0, σ 2
g I)

stands for additive white Gaussian noise (AWGN), that
models the thermal and shot noise. The elements of x̃ ∈ CN

can be estimated by applying N-point FFT, F ∈ CN×N ,

x̃ = Fy = 3x + Fg, (7)

where 3 ∈ CN×N is diagonal matrix given as

3 = FCFH . (8)

Unbiased estimations of s, positioned within x as shown
in (2), are denoted as s̃. The nth elements of s̃ is calculated
as

s̃n =
x̃n+1

3n+1,n+1
, (9)

where n = 0, 1, 2, . . . , (N2 − 2). The estimation of the
transmitted N

2 −1 symbols is stored in the s̃ array. The receiver
makes the decision about nth transmitted symbol sn by using
the maximum likelihood decision (MLD) rule as

ŝn = argmin
pi

(| s̃n − pi |
2) (10)

where pi denotes one of the P constellation points (i.e. i =

0, 1, . . . ,P − 1) and ŝn denotes nth element of the detected
symbols. Finally, these symbols are demapped into data.

B. DCT PRE-CODED DCO-OFDM
On the transmitter side, the pre-coding is employed prior to
storing mapped symbols, s ∈ C(N2 −1), into x as in (2) as
shown in Fig. 1(b). The DCT pre-coding matrix is defined
as 2 =

(
θk,l

)
0≤k,l≤N−1 where θk,l is the (k, l)th element of

2 ∈ RN×N and given as

θk,l =


√

1
N

, k = 0√
1
N

cos
[
π (2l + 1) k

2N

]
, k = 1, . . . ,N − 1.

(11)

The pre-coded symbols, sp ∈ C(N2 −1), given by

sp = 2s, (12)

are placed into x ∈ CN as

x =

[
0, sTp , 0,

(
Ks∗p

)T]T
, (13)

where2 ∈ R(N2 −1)×(N2 −1) is DCT pre-codingmatrix andK ∈

R(N2 −1)×(N2 −1) is an exchange matrix such that the elements
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FIGURE 2. Proposed QCTP method for DCO-OFDM.

on the anti-diagonal are 1 and the others are 0. After IFFT
implementation, xf = FHx, it follows the same procedure
explained in section II-A.

The inverse pre-coding takes place after equalization on
the receiver side by utilizing the inverse DCT matrix, 2T ,
as follows:

s̃ = 2T s̃p. (14)

The equalization with the substitution of s̃pn in place of
s̃n as in (9) and the detection after inverse pre-coding
are implemented using the same approach outlined in the
preceding section.

C. PROPOSED QCTP METHOD FOR DCO-OFDM
The proposed QCTP scheme, as illustrated in Fig. 2,
employs four innovative orthogonal QCTP matrices, each
with dimensions N ×

N
4 . These matrices are applied to

four equally partitioned PAM-modulated symbol subsets,
each of size N

4 , prior to being summed and undergoing
the IFFT transformation. Moreover, QCTP incorporates the
method from [43] to produce real-valued symbols after
IFFT on the transmitter side. Because, when Hermitian
symmetry is employed, N

2 − 1 subcarriers can be used
for data transmission in DCO-OFDM, which cannot be
divided into four equal parts. In [43], the corresponding real
and imaginary components of the complex-valued symbols
generated at the output of the IFFT are summed instead of
employingHermitian symmetry at the input of the IFFT. Then
these components are subtracted from each other after FFT in
the receiver.

In this method, the data are mapped into N real-valued
symbols, s = [s0, s1, . . . , sN−1]T ∈ RN , via a modulation
scheme (e.g., PAM), and subsequently these symbols divided
into four equal-length arrays; sν ∈ R

N
4 , where ν = 1, 2, 3, 4.

Each of them is pre-coded by the correspondingQCTPmatrix
as explained in detail in the following.

The QCTP matrices involved in this scheme utilize the
DCT matrix, 2, as given in section (11), along with the
DST matrix, 8 =

(
φk,l

)
0≤k,l≤N−1 where φk,l is the (k, l)th

element of 8 ∈ RN×N and given as

φk,l

=


√

1
N

, k = N − 1√
1
N

sin
[
π (2l + 1) (k + 1)

2N

]
, k = 0, . . . ,N − 2.

(15)

The QCTP matrices, Hν ∈ RN×
N
4 , are given by

Hν = 0νE�ν , (16)

where 0ν ∈ RN×
N
4 as given in (17),E�ν ∈ R

N
4 ×

N
4 represents

eigenvalues of�ν ∈ R
N
4 ×

N
4 as in (18) and ν = 1, 2, 3, 4. The

matrix notation of obtaining QCTP matrices in (16) is given
as follows:

01 = [2,K2, 2,K2]T (17a)

02 = [8, −K8, 8,−K8]T (17b)

03 = [2,K2, −2, −K2]T (17c)

04 = [8, −K8, −8,K8]T (17d)

and

�ν = 0T
ν CrCT

r 0ν, (18)

where the 2 ∈ R
N
4 ×

N
4 , 8 ∈ R

N
4 ×

N
4 , K ∈ R

N
4 ×

N
4 , and

Cr ∈ CN×N denotes circulant matrix of random typical
indoor VLC channel defined in the next section. Note that
Cr is solely utilized for deriving the new pre-coding matrices
and remains independent of C ∈ CN×N . After obtaining the
QCT pre-coded arrays, spν ∈ RN ;

spν = Hνsν, (19)
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they are summed as x =
∑4

ν=1 spν , and then the IFFT is
applied (i.e. xf = FHx). The complex output of the IFFT,
xf ∈ CN , is converted to a real number in this model by
adding the real and imaginary values of each symbol, i.e.,

xt = real(xf ) + imag(xf ). (20)

In receiver side, y is calculated as in (6) by replacing xf
with xt ∈ RN and then x̃ can be estimated as in (7). After the
equalization process to obtain x̂m;

x̂m =
x̃m

3m,m
, (21)

where m = 0, 1, 2, . . . ,N − 1, the imaginary part of the x̂ is
subtracted from the real part of the x̂, i.e.,

s̃p = real(x̂) − imag(x̂). (22)

Then, inverse QCTPmatrices are applied to s̃p ∈ RN to obtain
respective elements of estimated data arrays, s̃ν ∈ R

N
4 ;

s̃ν = HT
ν s̃p, (23)

where ν = 1, 2, 3, 4. Following the detection process, the
data is acquired through demapping.

III. NUMERICAL RESULTS
The model room, depicted in the top view in Fig. 3 and
illuminated by three LED luminaires containing multiple
LED chips, is used for CIR calculations. The parameters
are outlined in Table 1 and employed in our MATLAB
simulations. Furthermore, it is assumed that LEDs adhere
to Lambertian radiation patterns (i.e., the semi-angle at
half power of the LED = 60◦), while reflecting surfaces
are modeled as Lambertian reflectors for the sake of
simplification.

FIGURE 3. Top view of model room.

The CIRs at various locations (L1,L2,L3,L4) are deter-
mined using the ray tracing method detailed in [45],
considering the line of sight (LOS) and two reflections
(NLOS), as shown in Fig. 4. At L1, directly aligned

TABLE 1. Model room and simulation parameters.

horizontally with the center of the three LED lights, the LOS
component from the central LED armature is received first,
followed by the simultaneous arrival of the LOS components
from the edge LED armatures, which dominate the CIR.
The NLOS contributions from all LEDs are discernible with
exhibiting delays. At L2, positioned directly in line vertically
with all the LED lights, the LOS component from the nearest
edge LEDs predominates the CIR. The LOS components
from the other LEDs are received with delays corresponding
to their respective distances. In this scenario, the strong LOS
component overshadows the NLOS contributions, rendering
them negligible.At location L3, in the upper-right corner of
the room, the PD is positioned in close proximity to the
walls, making the NLOS contributions are prominent and
appear sequentially among the received LOS components.
At location L4, similar to L2, the LOS components are
received with delays proportional to their distances, and the
NLOS contributions affect the LOS component from the
farthest LED armature. The findings demonstrate that the
receiver’s position, including its height and distance from
the LED sources and walls, significantly influences the CIR
characteristics. At locations L1, L3, and L4, a frequency-
selective multi-tap channel can be experienced when the
sampling rate is less than 5 ns. It can be presumed that the
typical indoor channel has a strong LOS component (i.e h0,
contains 70 − 85% of received power) and weak NLOS
components (i.e h1, contains 15 − 25% of received power
and h2, contains 5 − 10% of received power) based on our
simulations and [45], [46]. Based on this, the utilization of the

115592 VOLUME 12, 2024



I. Cinemre et al.: QCTP: A Novel Pre-Coding Approach for PAPR Reduction in IM/DD Systems

FIGURE 4. Channel impulse response at different receiver positions.

FIGURE 5. Comparative BER performance of the different methods.

randomly generated matrix Cr is employed in the derivation
of QCTP matrices.

This study offers a comparative evaluation of BER, PAPR,
and computational complexity between DCT pre-coded
DCO-OFDM and three distinct pre-coding methodologies
hybridized with DCT, specifically DCT with Gaussian
matrix [40], DCT with µ-compounding [42], and the pro-
posed QCTP approach. In simulations, the PD, strategically
positioned at L4—distinguished by a frequency-selective CIR
shaping circular channel matrix C—is used to evaluate all
methods, except for DCT with Gaussian matrix due to its flat
single-tap channel constraint. Moreover, it is assumed that the
uniform application of the same DC-bias level (i.e. 7 dB for
16-QAM [4]) across all methods ensures the prevention of
clipping after DC-bias.

To evaluate the PAPR performance of the methods, the
distribution of PAPR, commonly expressed through the

FIGURE 6. Comparative PAPR performance of the different methods.

complementary cumulative distribution function (CCDF) as
defined in [44], is utilized. M -QAM modulated methods
are compared with the proposed

√
M -PAM method to

ensure consistent spectral efficiency across all methods.
As displayed in Fig. 5, the BER performances of the methods
are closely aligned, notwithstanding DCT with Gaussian
matrix. Nevertheless, as depicted in Fig. 6, the QCTP exhibits
superior PAPR performance, with a reduction exceeding
6 dB relative to the DCT pre-coded method, while DCT
with Gaussian matrix (i.e. α = 6) [40] and DCT with
µ-compounding (i.e. µ = 3) [42] offer reductions of about
1 dB and 2 dB, respectively. Note that increasing the value of
µ for PAPR reduction (i.e. µ = 6 or µ = 9) compromises
BER performance, highlighting a trade-off between PAPR
reduction and BER maintenance.

The simulations are conducted on over 17 × 106 OFDM
blocks to ensure robust results and the obtained PAPR values
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FIGURE 7. Comparative error PAPR bars of the pre-coding methods.

TABLE 2. Matrix multiplication based complexity comparison.

are counted in bins ranging from 5 dB to 14 dB with 0.5 dB
intervals. The mean and standard deviation of each group of
bins (e.g., between 5 dB and 5.5 dB) are then calculated and
plotted as error bars in Fig. 7. The highest standard deviation
observed in our analysis of PAPR is 0.1421. It can also be seen
that the QCTP has only three mean PAPR values between
5 dB and 6 dB, while other pre-codingmethods exhibit higher
mean values in larger ranges.

Table 2 highlights the computational efficiency of the
QCTP, performing 9N 2

4 real multiplications and 9N 2

4 +

N real additions, in contrast to DCT pre-coding which
necessitates 9N 2

2 − 2N + 2 real multiplications and 4N 3
−

7N 2

2 − 3N + 4 real additions. The primary reason is the
recurring pattern in the pre-coding matrices, specifically
the repetition of the first N

4 rows, exemplified by H1 =[
β1,flip(β1), β1,flip(β1)

]T , where β1 corresponds to the
initial N

4 rows of H1. This inherent characteristic, also
manifests in x1, x2, x3, and x4, facilitates their comprehensive
reconstruction from the initial N

4 rows, thus permitting
the pre-coding matrices to be expressed as H1, H2, H3,
and H4 ∈ R

N
4 ×

N
4 , an aspect beneficial for complexity

analysis. Fig.8 illustrates the complexity comparison given
in Table 2, with specific sections (64, 128, 256) zoomed
in to accurately represent the N values of 64, 128, 256,
512, and 1024. The QCTP method demonstrates lower
computational complexity compared to DCT pre-coding
and other hybrid approaches. DCT with µ-law marginally
surpasses the complexity of DCT pre-coding owing to the

FIGURE 8. Required number of multiplications and additions.

computation of the absolute value of xf and its logarithm,
as delineated in [42]. Meanwhile, the complexity of DCT
with Gaussian [40] escalates proportionally with the number
of attempted Gaussian matrices 9 ∈ RN×N , denoted as
α, for PAPR minimization. Notably, using fast transform
algorithms can potentially reduce DCT with µ-law [42]
complexity, rendering it less complex than our proposed
method. Nevertheless, the proposed method retains lower
complexity than DCT with Gaussian [40].

IV. CONCLUSION
This article proposes a novel pre-coding algorithm, QCTP,
for use in IM/DD systems. The QCTP method essentially
partitions the modulated data into four equal subsets and then
utilizes QCTP matrices prior to the IFFT as a pre-coding
scheme. The QCTP approach, similar to other methods,
employs a single-tap equalizer for IM/DD systems, which
guarantees the preservation of BER performance while sub-
stantially enhancing PAPR efficiency. It demonstrates more
than 6 dB reduction in PAPR compared to DCT pre-coding
and shows superior efficiency compared to other DCT-
hybridized (DCT & µ-compounding and DCT & Gaussian)
PAPR reduction schemes. Notably, this enhancement is
attained with reduced computational demands. In future
works, the QCTP matrices could be utilized as transform
matrices to enable the transmission of each subset of symbols
through distinct light sources, thereby offering the potential
for multiple access applications. The QCTP can be applied in
experimental settings within RF systems.
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