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Future 6G wireless networks will once again have to raise the performance in most of the technology do-
mains by a factor of 10-100. Depending on the application, future requirements include peak data rates of
1Tb/s per user, 0.1ms latency, less than 1 out of a million outage, centimetre accurate positioning, near zero
energy consumption at the device, and operation in different environments including factories, vehicles,
and more [1-3]. Optical wireless communications (OWC) have the potential to provide ultra-high data
rates in a cost effective way, thanks to the vast and freely available light spectrum, and the availability of
devices for transmitters and receivers. 5G NR architecture permits the integration of stand-alone OWC
nodes on network layer [4]. Current 6G research investigates advanced physical layer designs including
OWC-compatible waveforms. In this context, in this paper a new pre-coded orthogonal frequency divi-
sion multiplexing (OFDM) waveform is proposed that is tailored to the OWC specific needs. Its prime ad-
vantage compared to OFDM is the ultra-low peak-to-average power ratio (PAPR), while preserving other
benefits, such as high spectral efficiency, flexible subcarrier nulling, and low computational complexity.

© 2022 Optical Society of America
http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

The lighting industry currently is undergoing a transformation
from simple bulbs and fluorescent tubes to intelligent solid state
LED lighting systems (luminaires). To enable remote lighting
control, the luminaires are connected and even powered over
Ethernet. An ultra-dense radio access deployment can be thus re-
alized at very low cost through embedding wireless access units
into every luminaire, supporting for example Wi-Fi radio access.
The synergy between the existing luminaire infrastructure and
wireless communications can be maximized by reusing also the
visible light spectrum in which luminaires operate for wireless
data transfers [5-7]. Herein, the drivers of the LED light sources
are directly modulated with payload data to deliver wireless
data to nearby user devices equipped with an optical receiver.

Optical light communications (OWC) have been demon-
strated to achieve wireless data rates in the order of Gigabits per
second [7-13] by modulating the intensity of a light source [10].
On the physical layer, orthogonal frequency division multiplex-
ing (OFDM) is seen as the most promising techniques due to
its high spectral efficiency, excellent multipath resilience and

simple channel estimation/equalization, already proven in 4G
and 5G radio frequency systems.

Before we introduce the proposed modulation scheme, we
review three key characteristics of OWC.

1) Baseband signal constraints: OWC poses two specific con-
straints on the baseband signal, which are not characteristic
to RF-based communications [14, 15]. Unlike radio fre-
quency (RF) carriers, light intensity modulation bears no
phase information, and therefore, the transmitted OWC
signal must be real-valued and positive. These two con-
traints have the folowing consequences: i) it halves the
spectral efficiency compared to complex-valued signals
used in RFE. Specifically, in the case of OFDM modulation,
the real-valued constraint on the signal implies Hermitian-
symmetry of the symbols [15]. ii) since an even FFT size
is used in practice (for computational efficiency reasons),
the subcarrier at the lower edge of the spectrum must be
null. iii) the limitation of the OWC signal to positive values
only halves the signal dynamic range compared to RE. For
this reason, Direct Current (DC) biasing [15, 16] or unipolar
modulations [10, 17, 18] are typically used.
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2) Front-end limitations: High PAPR of the OFDM signal poses
serious constraints on the OWC optical front-end design.
Light sources, typically light emission diodes (LEDs) or
laser diodes, exhibit high non-linearities which limit the
signal dynamic range to a small quasi-linear region [19, 20].
Ambient light dimming (adjusting the illumination level)
further reduces the dynamic range of the OFDM signal,
thus high PAPR may result in signal clipping [14, 15].

3) Low-frequency disturbances: Due to time-varying ambient
light conditions (especially in mobile scenarios), interfer-
ence from fluorescent light, as well as AC-coupling in the
transceiver, low frequencies should be avoided [15, 21-23].
Hence, the lower OFDM subcarrier(s) do not carry data, i.e.,
they are null subcarriers.

This paper proposes an innovative OFDM-based modulation
scheme characterized by four distinct OWC-enabling features:

* Ultra-low PAPR: The proposed scheme achieves ultra-low
PAPR levels, comparable to baseband modulation.

* High spectral efficiency: Under the three key OWC constraints
listed previously, and other design constraints — such as the
use of cyclic prefix that tremendously simplifies channel
estimation and equalization — the proposed modulation
scheme fully utilizes the available bandwidth.

® Flexible subcarrier nulling: Our scheme is capable of arbi-
trarily nulling subcarriers i.e., in order to eliminate low
frequency disturbances. Note that the presence of null sub-
carriers is not imposed by our scheme, it is rather a practical
design requirement.

* Low implementation complexity: Low computational com-
plexity of modulation/demodulation is a key precursor
for cost-efficient delivery of high data rates. The proposed
scheme exhibits similar complexity with the conventional
OFDM transceiver. It only requires simple operations such
as FFT/IFFT and multiplication by low-rank matrices both
at TX and RX, thus making it appealing for very high-speed
OowCcC.

More specifically, a precoded OFDM scheme referred to as the
Unitary Checkerboard Precoded OFDM (UCP-OFDM) is proposed
whose main idea is to use specially designed linear precoding
before the Inverse Fast Fourier Transform (IFFT) operation at the
transmitter to achieve ultra-low PAPR of the transmitted OFDM
signal. Simulations demonstrate PAPR levels just 1-2 dB above
the baseband modulation scheme which may be considered to
be a practical PAPR lower bound.

However, unlike the baseband (BB) modulation, the proposed
UCP-OFDM modulation also provides full control over the pres-
ence of null subcarriers, regardless of their location and purpose,
such as elimination of low-frequency disturbances. Since the
proposed precoder is a unitary transform (hence full-rank ma-
trix), it also preserves the noise covariance (no noise coloring
takes place at the receiver), and is distortionless (in absence of
noise, the data symbols are recovered exactly). In addition, the
proposed scheme is non-redundant, hence it achieves the same
spectral efficiency as the well-known DCO-OFDM [16]. Fur-
thermore, the proposed precoder is data-independent, unlike
other schemes that either introduce overhead, thus decreasing
the data rate, or require expensive optimization to be carried
out in real-time for every transmitted OFDM symbol in order to

either shuffle null subcarriers, or calculate the redundant part of
the symbol.

In practical terms, the implementation complexity of the pro-
posed scheme is comparable to the conventional OFDM which
may be considered as the simplest multipath-resilient modula-
tion known to date, that benefits from trivial single-tap channel
estimation and equalization.

The paper is organized as follows. A summary of commonly
used OWC schemes is given in Section 2. After defining the
system model in Section 3, the proposed unitary checkerboard
precoded OFDM scheme is explained in more detail in Section 4.
Implementation issues discussed in Section 5. Numerical evalu-
ations and conclusions follow in Section 6 and 7, respectively.

2. OVERVIEW OF MODULATION SCHEMES FOR OWC

The PAPR reduction problem has been extensively studied in
the literature in the context of RF communication. For example
Tellado [24], summarized various PAPR reduction techniques
such as: i) clipping methods, which is essentially OFDM with
amplitude limitation, ii) tone reservation method, which assigns
specific tones for transmitting control symbols, hence sacrific-
ing spectral efficiency, iii) tone injection method which relies on
cyclic constellation expansion, hence it requires heavy optimiza-
tion to be carried out, iv) selected mapping schemes [25] which
can be regarded as redundant coding, which again, decreases the
spectral efficiency. For these reasons, with the constrains 1)-4) in
Section 1 in mind, various modulation schemes have been pro-
posed in the OWC literature (a comprehensive classification is
given in [14]), but none of them attains the spectral efficiency of
the classical DCO-OFDM, subject to low PAPR, computationally
efficient modulation/demodulation and on-demand subcarrier
nulling, simultaneously. Challenges and potential of OWC have
been reviewed in [19, 20, 26-29], and comprehensive literature
surveys are provided in [27, 28, 30]. Below, we summarize the
most relevant OWC modulations:

DC-Offset OFDM (DCO-OFDM) as proposed in [16] is per-
haps the most common OWC modulation. DCO-OFDM opti-
mizes the DC bias value in order to minimize the signal clipping
distortions, rather than reducing the high PAPR level of the
OFDM signal. Therefore, the PAPR levels remain high.

Asymmetrically Clipped Optical OFDM (ACO-OFDM) [17] uses
a zero DC bias value to obtain a positive time-domain signal.
Negative samples are all set to zero, and only odd subcarriers
are modulated. This way, most clipping noise becomes orthog-
onal to the desired signal, i.e., it appears on even subcarriers.
However, due to halving the number of active subcarriers, the
spectral efficiency is further reduced by half.

Discrete Hartley Transform (DHT) modulation has been pro-
posed in [31] to achieve lower PAPR. When a real-valued con-
stellation is used, the method produces a real-valued signal.
However, since it involves asymmetric clipping used in ACO-
OFDM, only odd subcarriers are modulated, which reduces
spectral efficiency by half.

Carrierless Amplitude Phase (CAP) modulation method was
proposed in [32] to achieve lower PAPR than multicarrier modu-
lations. CAP modulation involves a pair of Hilbert filters that
produce two time-domain orthogonal sequences corresponding
to the in-phase and quadrature signals. However, CAP does
not benefit from the great advantage of OFDM in dealing with
multipath (single-tap equalization), and requires very complex
nonlinear equalizers such as Volterra filters [6, 33, 34].
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Baseband (BB) modulation with frequency-domain equaliza-
tion (FDE) possesses very low PAPR. This includes also the the
FFT-precoded OFDM used in the 4G Long Term Evolution and
5G New Radio wireless communication standards. Pulse ampli-
tude modulations (PAM) schemes produce real-valued signals,
but they are severely affected by baseline wander (due to the loss
of DC-component) which degrade the overall bit error rate per-
formance, as shown in [22]. This limits its use to low-order mod-
ulations only, hence it achieves low spectral efficiency [22]. In
order to circumvent this issue up-conversion may be employed
as in [35], which requires additional oscillators and filters, thus
increasing the transceiver complexity. Other BB schemes use line
codes in conjunction with pre-emphasis techniques in order to
cope with signal baseline wander and data-dependent jitter [23],
but they do not achieve the high spectral efficiency of OFDM.

Unipolar-OFDM (U-OFDM) technique proposed in [18]
achieves a positive time-domain signal by repeating the bipolar
OFDM signal samples twice, multiplying the second half by
-1, and then setting all negative samples to zero. This way, no
biasing is required, and clipping is asymmetrical. Yet as a conse-
quence of double symbol length, spectral efficiency is reduced
by half, similarly to ACO-OFDM. Additional spectral efficiency
loss is caused by both positive and negative halves requiring
separate cyclic prefixes.

Enhanced Unipolar OFDM (eU-OFDM), proposed in [36], at-
tempts to compensate for the spectral efficiency loss of U-OFDM
by superimposing several unipolar streams. However, decoding
is very complex, since it is applied to very large data blocks
whose length increases exponentially (powers of two) with the
number of superimposed streams.

Enhanced Asymmetrically Clipped Optical OFDM (eACO-
OFDM) [37] has been recently introduced to compensate for
the spectral efficiency loss of ACO-OFDM, by superimposing
ACO multiple data streams. Unlike in eU-OFDM, processing
takes place in short blocks, equal to the OFDM symbols length,
hence it its complexity is lower. Both eU-OFDM and eACO-
OFDM employ very complex successive interference cancella-
tion (SIC), i.e., the decoded streams need to be re-encoded and
pulse-shaped, and then they undergo again channel distortion
in order to perform interference subtraction. Due to SIC decod-
ing, eU-OFDM and eACO-OFDM suffer from error propagation
between subsequent decoding stages.

Coded Schemes More recently, Single Carrier Generalized Time
Slot Index Modulation (SC-GTIM) [38] and Layered Asymmetri-
cally Clipped Optical OFDM (LACO-OFDM) [39] that combine
modulation and coding have been proposed. SC-GTIM encodes
the information on the amplitudes and positions of pulses and
then, a set partitioning algorithm is proposed to construct a
codebook. LACO-OFDM bowwrows design features from both
ACO-OFDM and DCO-OFDM combined with forward error
correction coding.

3. SYSTEM MODEL

We assume a multicarrier transmission with N subcarriers of
which M are active (hence there are Z = N — M null subcarri-
ers). Next, transmitter (TX) and receiver (RX) architectures and
functionalities are explained in detail.

A. Transmitter Architecture

The transmitter (TX) block diagram is shown in Figure 1. A
coded data bit stream is sequentially mapped to blocks of
complex-valued constellation points represented by M/2 x 1

column vectors x. The M /2 real parts and the M /2 imaginary
parts of x; are then used to construct M x 1 real-valued vectors,
which essentially consist of PAM (Pulse Amplitude Modula-
tion) levels to be sent across M active subcarriers. We chose the
adopt this “complexification” approach in order to be able to
straight-forwardly use some well-established transceiver func-
tions such as Gray mapping of QAM constellation symbols to
bits, trellis-coded modulation, etc. The proposed scheme out-
puts a real-valued signal as long as its input is a real-valued
signal (i.e., the real and imaginary parts of x). Z zeros corre-
sponding to the null subcarriers are then inserted at predefined
subcarrier indices to form N x 1 vectors, operation performed
by the subcarrier mapping matrix B.

The resulting signal vector is input to the proposed precoder
W (the highlighted block in Figure 1). The precoder will be
described in detail in Section 4. After precoding, the usual IFFT
operation is performed, followed by adding a cyclic prefix (CP)
of length L. The signal is then serialized, oversampled and
pulse-shaped, clipped and DC-biased, and then converted to
analog waveform for the optical front-end. Then, DC biasing,
pre-equalization and amplification are performed before the
signal is converted to optical signal.

The overall signal processing along the horizontal part of
the TX chain in Figure 1 may be described by a simple matrix
equation which expresses the time-domain precoded OFDM
samples as follows

(1)

s, — TEWB [Re{xk}] ,

Im{x; }
where T is the (N + L) x N CP addition matrix, which is formed
by last L rows of I followed by all the rows of Iy itself. F is

the N x N power-normalized (unitary) IFFT matrix. Its (k,n)
entries are given by

1 27tk
{Fhen = i exp <+]Wn), (2)
where ; = /-1 is the imaginary unit, k = f%,..., % —1is

the frequency-domain index, and n = 0,..., N — 1 is the time-
domain index. W is the proposed unitary precoding matrix.
Finally, B is an N x M matrix that maps the real and imaginary
parts of the complex-valued vector x; to the active subcarri-
ers before precoding. B consists of M columns of the identity
matrix Iy whose indices belong to the set of active subcarriers
indices A. This needs to be chosen according to the end-to-end
frequency characteristics of the transceiver, which are dictated
by the hardware capabilities: the A/D and D/A converters fre-
quency characteristics, the AC-coupling in the transceiver that
prevents the usage of the lower subcarriers, as well as environ-
mental sources of interference whose spectrum is known (e.g.
fluorescent lights). In general, the choice is flexible, and is left to
the system designer.

B. Receiver Architecture

The receiver (RX) block diagram is shown in Figure 2. The
analog waveform received from the OWC channel via the optical
front-end is digitized and pulse-shaped. Then, after OFDM
symbol timing recovery, the serial sequence is down-sampled,
and converted to vectors yj of length (N + L). CP is discarded,
and then FFT operation is required in order to perform the single-
tap frequency-domain equalization by using matrix D. Then
followed by unitary decoding (the inverse of unitary precoding),
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Fig. 1. TX block diagram. Proposed linear precoding (highlighted block) takes place before the IFFT operation.
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Fig. 2. RX block diagram. The proposed decoder is the highlighted block.

in order to obtain the estimated real and imaginary parts of
the constellation symbols X, on the active subcarriers. This is
followed by serialization, symbol decision and decoding of data
bits.

The overall signal processing on the horizontal part of the RX
chain is described by the following simple matrix equation

Re{%}

= B'WHDF!Ry,,
Im{% }

3)

where yy are (N + L) vectors which contain the discretized OWC
channel output, R is the N x (N + L) CP removal matrix, which
comprises the last N rows of the (N + L) x (N + L) identity
matrix In . The single-tap equalizer is represented by an N x
N diagonal matrix D which contains the inverse of estimated
channel frequency response of each active subcarrier along its
diagonal, and zeros in rest.

4. PROPOSED UNITARY CHECKERBOARD PRECODER

With the three key OWC characteristics provided in Section I
in mind, the primary goal in the proposed precoder design is
to achieve signal PAPR levels similar to baseband (BB) trans-
mission while avoiding two of its deficiencies. First, the BB
modulation is extremely sensitive to DC baseline fluctuations,

subcarrier nulling profile

null | active |null| active \null

. low energy entries
[] high energy entries
—> energy migration

row index
Jinu\ aanoe |jnu\ aande [ nu
3|youd Bulnu JaIedgNS

column index

Fig. 3. Energy transformation concept in the proposed UCP-
OFDM precoding matrix. Energy is extracted from certain
rectangular regions of the FFT matrix in order to preserve the
locations of the null subcarriers, while conserving the overall
energy. The result is a checkerboard-like matrix.

especially when high-order constellations are being used. This
renders it unusable in practical OWC systems, where ambient
light, fluorescent lights and AC coupling in various transceiver
stages cause such fluctuations, unless up/down-conversion are
employed. In addition, BB transmission does not inherently pro-
vide full control over the signal spectrum. Hence, using the FFT
matrix as a precoding matrix, which would essentially produce
a single carrier signal, is unfeasible.
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spectral mask
M2

Nedge

-N/2 0 N/2-1
subcarrier index

Fig. 4. Illustration of active/null subcarrier spectral mask m
with M = 20, Npiqdie = 2 and Nedge =3

Our aim is to design a precoding matrix that provides full
control over the null subcarriers. This allows for completely
eliminating the effects of DC baseline fluctuations that BB mod-
ulation is subject to.

The idea is to combine an FFT-like precoding with the IFFT-
based operation in the OFDM transmission chain such that the
resulting matrix is close to the identity matrix. This way, the
PAPR of the resulting OFDM signal is reduced to near the level
achievable by baseband transmission (unmodulated constella-
tion symbols), while preserving the locations of the null subcar-
riers. In brief, the proposed precoded transmission is a modified
BB transmission that allows for flexible subcarrier nulling (by
using a subcarrier nulling filter).

The proposed precoding matrix stems from the Fast Fourier
Transform (FFT) matrix, which is modified by nulling certain
contiguous regions, while preserving its unitary property. Fig-
ure 3 illustrates the energy transformation concept by visualizing
the heat map of the proposed precoding matrix. More specif-
ically, the FFT matrix is modified by acting on the magnitude
of several entries that are grouped in rectangular regions. The
energy is redistributed among these rectangular regions of the
matrix while preserving the total energy. The resulting matrix
exhibits a checkerboard-like pattern. Imposing such a pattern
on the precoding matrix is essential since it allows for the preser-
vation of the null subcarriers. Since this pattern is at the core of
the proposed precoder, we call the proposed precoding method
“Unitary Checkerboard Precoded OFDM”, henceforth simply
abbreviated as UCP-OFDM.

Let us first define the binary active/null subcarrier spectral
mask m as an N x 1 vector which allows for a flexible subcarrier
nulling pattern. Its entries are either one, if the corresponding
subcarrier index belongs to the set of active subcarriers, which
we denote by A, or zero for the null subcarriers. The k-th entry
of vector m is given by

1, ifke A
m; = . 4)
0, otherwise

In most practical OFDM transceivers, the subcarrier in the mid-
dle of the spectrum, as well as the subcarrier at the lower edge
of the band are unmodulated (null). The middle subcarrier is
null to avoid the unstable baseline voltage of the OWC signal,
whereas the lower edge subcarrier is null to preserve the spec-
trum symmetry (give the even FFT size, usually a power of
2). We further generalize the idea of null subcarrier control by
assuming that there are Nj,j4q1e additional null subcarriers on
each side of the middle subcarrier, Nogee + 1 null subcarriers
at the lower edge of the band and Negge null subcarriers at the
upper edge of the band. Therefore, the total number of active
subcarriers is M = N — 2(Npiddle + Nedge + 1) An example

of active/null subcarrier spectral mask m is illustrated in Fig-
ure 4, assuming N = 32 subcarriers, of which M = 20 are active.
There are Np,iqqie = 2 null subcarriers on each side of the middle
subcarrier, Negge + 1 = 4 null subcarrier at the lower edge of
the spectrum, and Negge = 3 null subcarriers at the upper edge.
Such a null subcarrier assignment is sufficiently general for most
practical OFDM systems, not only OWC. For example, in Wi-Fi
(the IEEE 802.11a/g/n standard), N = 64, M = 52, Nyniqdle = 0
and Negge = 5. However, this particular type of spectral mask is
not a strict requirement for the proposed precoder. As long as
spectrum symmetry is preserved, null and active subcarriers can
be assigned arbitrarily, for example, to enable multi-user access.

In order to be able to ensure the desired subcarrier nulling,
let us define the two-dimensional spectral mask matrix:

M =mm' + (1y —m)(1y —m)T, (5)

where 1, is an n x 1 vector of ones, and ()T denotes the matrix
transpose. The structure of matrix M exhibits a special binary
pattern which looks like a checkerboard, as shown in Figure 3.
From now on, we will call a patterned matrix, any matrix whose
zero entries exhibit the same structure as the zeros in matrix
M in Eq. (5), and has arbitrary entries in rest (in place of the
unit elements in M). Similarly, we further call a patterned vector,
any vector whose zero entries exhibit the same structure as the
zeros in vector m in Eq. (4), and has arbitrary entries in rest.
Since rows and columns of any patterned matrix whose indices
correspond to null subcarriers are orthogonal to any patterned
vector of matching dimensions, this pattern allows the preserva-
tion of the null subcarriers. Therefore, is important to impose
the checkerboard pattern on the proposed precoder. The multi-
plication of a patterned matrix by a patterned vector produces
another patterned vector. Hence locations of null subcarriers are
preserved. A patterned precoding matrix may be obtained, for
example, by multiplying element-wise an arbitrary square ma-
trix by the checkerboard-like spectral mask matrix M. However,
this needs to be invertible, in order to ensure perfect symbol
recovery.

The proposed precoding matrix W is chosen to satisfy the
following criteria:

1. be as close as possible in Frobenius norm to the FFT matrix,
in order to produce very low PAPR (like the FFT-precoded
OFDM)

2. be a patterned matrix in order to preserve the location of
null subcarriers.

3. be unitary (like the FFT matrix), in order to avoid noise
coloring, and at the same time, ensure full-rank for lossless
symbol recovery at the receiver (RX).

Therefore, we formulate the problem of finding the precoding
matrix as a matrix optimization problem under the constraint
that Wis an N x N unitary patterned matrix, i.e.:

W:argrrgn{||Q_FH®MH12:} (6)

subject to WHW = Iy and W = W © M, where || - || represents
the matrix Frobenius norm, ® denotes the Hadamard (element-
wise) matrix product, and (-)H is the Hermitian transpose of a
matrix. The solution to the above problem is the orthogonal pro-
jection (under the standard Euclidean metric) of the patterned
matrix F © M onto the Lie group of N x N unitary matrices
WU(N) [40, 41]. The orthogonal projection of an arbitrary matrix
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Fig. 5. Heat map of magnitude and angle of the elements of
the proposed UCP-OFDM precoding matrix W.

A onto U(N) can be obtained from its singular value decompo-
sition A = ULVH as projU(N>{A} = UVH [41]. Therefore, the
desired precoder matrix is obtained as:

W= projU(N){FH oM} @

The result of this projection is a patterned unitary precoding
matrix W, as required. The matrix W in Eq. (7) is essentially a
modified FFT matrix FH such that the locations of the null sub-
carriers defined by the vector m are preserved after multiplying
by it. The modification is minimal as measured by Frobenius
norm, and therefore, the proposed scheme may be seen as a
quasi-baseband modulation. The heat map of magnitude and
angle of its elements are illustrated in Figure 5. The zero entries
obey the imposed checkerboard-like pattern, as shown by the
magnitude heat map in Figure 5(a). In addition, similarly to
the FFT matrix, W exhibits Hermitian-symmetry w.r.t the index
of the middle subcarrier, as seen in Figure 5(b). Consequently,
after applying the IFFT operation, this property ensures that the
resulting combined precoding-modulation matrix is real-valued.
Then, since our composite precoding-modulation matrix is real-
valued, the input signal must be real-valued as well, in order to
obtain a real-valued baseband OWC signal. This is the reason
why the complex constellation needs to be split into real and
imaginary parts prior to precoding.

5. PRACTICAL ASPECTS

In this section we address the computational complexity and
storage required in order to implement the proposed UCP-
OFDM transceiver. Numerical issues are also briefly addressed.

A. Implementation of Precoding and Modulation

First, we may notice in Figure 1 that on the TX side, both IFFT
and multiplication by full-rank W precoding matrix are required.
Therefore, the direct implementation of the proposed precoder
would exhibit complexity of order N?, i.e. squared in the num-
ber of subcarrier, which for large N, would be much higher
compared to the complexity Nlog, N of the radix-2 FFT/IFFT
operations in the conventional OFDM transceiver. Apart from
that, an additional IFFT operation would still be required. For
this reason, the precoding matrix W should not be implemented
separately.

In order to circumvent this complexity issue, we exploit the
fact that W is close (in Frobenius norm) to the IFFT matrix. There-
fore, the composite precoding-modulation matrix which consists
of the multiplication of IFFT and the proposed precoding matrix

Fig. 6. Efficient implementation of the proposed UCP as a
quasi-baseband transmission via SVD.

W, defined as
P=FW (8)

is close to the N x N identity matrix Iy. The composite
precoding-modulation matrix P has the following three key prop-
erties:

(P1) Itis unitary, i.e., PP = I, being a product of two unitary
matrices.

(P2) Most of its eigenvalues are equal to one, due to its nearness
to identity matrix I.

(P3) Itis real-valued (hence orthogonal), since IFFT is applied to
W, whose columns exhibit Hermitian symmetry.

We exploit the three properties above in order to achieve a com-
putationally efficient implementation solution based on Singular
Value Decomposition (SVD). Let us define the matrix

E=P-1Iy C)]

Due to property (P2) above, E exhibits low-rank. Its compact
(rank-r) SVD is given by

E=Ux Vvl (10)
Therefore, the efficient implementation of the composite
precoding-modulation matrix P is as follows:

-’

P=1Iy+UZx VI 11
———

E

We may notice in Eq. (11) that the composite precoding-
modulation matrix P is expressed as the N x N identity ma-
trix Iy plus the SVD of low-rank matrix E. In other words, the
output signal consists of the original baseband signal plus a
subcarrier nulling signal that ensures the desired null subcarrier
pattern defined by vector m. The subcarrier nulling signal is
obtained by multiplying the original baseband signal by matrix
E (written in SVD form), which we call subcarrier nulling matrix.

The equivalent block diagram of the combined precoding-
modulation matrix P = FW, which contains both the proposed
UCP and the IFFT matrix is given in Figure 6. We may no-
tice the quasi-BB nature of our proposed transmission scheme,
the main (upper) branch corresponds to the original BB signal,
whereas the secondary (lower) branch corresponds to the sub-
carrier nulling signal. In this implementation, no FFT/IFFT
operations are required on the TX side (IFFT operation is moved
on the RX side).



Research Article ‘

The subcarrier nulling matrix E exhibits low rank r = 2Z,
Thus, precoding only requires 2NZ scalar real-valued multi-
plications/additions. In general, 2Z < log, N, thus the pro-
posed precoding-modulation operation is computationally sim-
pler than radix-2 FFT/IFFT operations used in conventional
OFDM transceivers, which amount for N log, N. In most practi-
cal OFDM-based OWC transceivers, the middle subcarrier, as
well as the subcarrier at the lower edge of the band are unmod-
ulated (null). Hence, Z = 2, and the number of operations
required by the precoding-modulation would only be 4N, i.e.,
linear complexity in number of subcarriers. In terms of required
memory, the N x 2Z real-valued matrix multiplication result
U, XL, and the N x 2Z real-valued matrix V; need to be stored. If
Z = 2, this only amounts to 8N real-valued numbers.

B. Demodulation and Decoding Implementation

It is important to mention that P is a real-valued orthogonal
matrix, i.e., PTP = Iy. Therefore, a real-valued input signal
produces a real-valued output signal. Decoding is trivial, the
symbol recovery is achieved via multiplication by its transpose
PT. The real-valued orthogonal decoder (which jointly performs
the OFDM demodulation and undoes the precoding operation)
is very similar to the encoder in Figure 6, with the only exception
that ET needs to be used instead of E. Again, in order to achieve
ultra-low implementation complexity, the demodulation and
decoding is achieved relying on the SVD representation of E.
P’ = Iy + V,Z,U] (12)
——
ET
On the receiver side, both FFT and IFFT are required in order
to perform the trivial single-tap frequency-domain equalization.
This is a way to avoid the multiplication by the decoding matrix
WH alone, whose complexity would be of order N2. Instead
of multiplying by WH the equivalent multiplication by PTFis
used, whose complexity is much lower, i.e., Nlog, N + 2NZ
(demodulation-decoding exhibits lower complexity than FFT,
i.e., 2NZ). Single-tap channel estimation and equalization re-
quire M operations each (as they are only applied to active
subcarriers). Thus, the benefit of simple channel estimation and
equalization fully justifies moving the IFFT from the TX side to
the RX side. This difference becomes less significant if radix-4
FFT is used. In conclusion, the overall computational complexity
of the proposed receiver that includes single-tap channel estima-
tion, frequency-domain channel equalization, OFDM demodula-
tion and symbol decoding is of order of 2N log, N +2NZ + 2M
scalar operations (assuming radix-2 FFT), very similar to the
conventional OFDM. The amount of memory required at RX is
the same as for TX.

C. Spectral Efficiency of UCP-OFDM

Assuming an input constellation whose complex-valued sym-
bols carry b bits/symbol and the baseband Nyquist sampling
period T, the proposed UCP-OFDM scheme transmits M /2
complex-valued symbols across M = N — Z active subcarriers.
This is equivalent to b(N — Z)/2 bits in each OFDM symbol
of duration (N + L)Ts that occupies bandwidth! B = 1/(2Ts).
Therefore, the spectral efficiency of UCP-OFDM is

b(N — Z)

N+L
Since usually Z < N and L < N, ucp-orpm ~ b bits/s/Hz.

JUCP-OFDM = ~ bbits/s/Hz (13)

1By bandwidth, we mean the one-sided bandwidth corresponding to a real-
valued signal (the spectrum enclosed between zero and Nyquist frequency).
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Modulation | Spectral efficiency | Chosen constellation
scheme [bits/s/Hz] for equal throughput
DCO-OFDM | = b 16-QAM
ACO-OFDM | = b/2 256-QAM
U-OFDM ~b/2 256-QAM
UCP-OFDM | = b 16-QAM

Table 1. Spectral efficiency for different schemes assuming the
same input constellation with b bits/symbol and the chosen
constellation type to ensure equal throughput for all schemes.

6. EVALUATION

In this section, we assess the performance of the proposed UCP-
OFDM transmission scheme w.r.t. state-of-the-art schemes. The
following relevant schemes are considered in the comparison:
BB (i.e., single carrier) modulation, which can be considered a
lower bound in terms of PAPR, as well as well-known multicar-
rier schemes: the classical DCO-OFDM, as well as two unipolar
schemes, ACO-OFDM and U-OFDM.

We assume N = 256 subcarriers that span a bandwidth
B = 625 MHz, and a CP length L = 16 which can accommodate
a maximum delay spread value of about 13 ns. We assume Z = 2
null subcarriers corresponding to —N /2 and 0 indices. The BB
modulation scheme is regarded a FFT-precoded OFDM scheme,
and has the same parameters, except for the fact that there are
no null subcarriers. The constellation size has been selected to
ensure approximately equal throughput for all the schemes. For
DCO-OFDM and UCP-OFDM, we assume a 16-QAM input con-
stellation, whereas for ACO-OFDM and U-OFDM, the number
of bits per constellation symbol is doubled (e.g. 256-QAM is be-
ing used), as also done in [37]. This is necessary to compensate
for the half spectral efficiency loss caused by modulating only
half of the subcarriers in case of ACO-OFDM, respectively by
doubling the symbol length in the case of U-OFDM. The modula-
tion parameters are listed in Table 1. In the case of UCP-OFDM,
after splitting the 16-QAM symbols into real and imaginary
parts, each of the resulting PAM-4 symbols are sent across all
active subcarriers.

The transmitted packets consist of P = 10 OFDM symbols
preceded by a preamble symbol that is used for channel esti-
mation. The frequency-domain training sequence is a Zadoff-
Chu sequence with Hermitian symmetry, in order to ensure a
real-valued time-domain output sequence. Pulse shaping and
oversampling are performed by using a poly-phase root-raised
cosine filter with oversampling ratio of 8, roll-off factor of 0.25,
and group delay of 8 samples at the lower rate. Clipping and
DC-biasing is applied after pulse-shaping in the case of bipolar
schemes (DCO-OFDM and UCP-OFDM), prior to PAPR compu-
tation. In order to have a fair comparison, we fix the dynamic
range of the TX signal to be the same for all methods, according
to the TX front-end limitations (here, without loss of generality,
the lower and upper limit are 0 and 1, respectively). The receiver
noise figure is set to be the same for all schemes. We separately
optimize the transmit power of every scheme, in order to mini-
mize the BER in the moderate SNR region (around 20 dB). Hence
each scheme will experience different clipping threshold values,
such that the signal amplitude is optimally scaled within the
available dynamic range. The optimal clipping probabilities for
the unipolar schemes ACO-OFDM and U-OFDM are quite mild,
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0.69 x 1073 and 0.97 x 1073, respectively. DCO-OFDM and the R CCDF of PAPR
proposed UCP-OFDM tolerate more severe clipping, the opti- 10—, M ‘
mal clipping probabilities are 4.4 x 1072 and 2.2 x 1072, respec- .
tively, which ultimately results into higher average transmitted o
power. For the bipolar schemes, the DC biasing value is set to % 107"
be equal to the clipping threshold such that the output signal is A
always positive. Unipolar signals (ACO-OFDM, and U-OFDM) T
are clipped only on the positive limit, whereas bipolar signals é 2l ---BB
(DCO-OFDM and UCP-OFDM) are being clipped on both sides. 8 10 DCO-OFDM
The channel corresponding to every packet is estimated from e —Q—G?C)OI;S&DM
the corresponding preamble, and single-tap frequency-domain —&—UGCP-OFDM
channel equalization is performed for all methods by using a 10'30 s 10 15

zero-forcing equalizer.

Within the settings listed above, the proposed UCP-OFDM
scheme achieves a raw data rate of 2.12 Gb/s (including all the
overhead due to cyclic prefix, null subcarriers and preamble
used for channel estimation and equalization.).

This section is organized as follows. In Section A we analyze
the PAPR levels of different modulation schemes. Resilience
against low-frequency disturbances is shown in Section B. In
Section C, we compare the bit error rate performance of the
proposed UCP-OFDM method to other modulation schemes.

A. PAPR Analysis

In this section, we analyze the PAPR levels of the considered
OWC waveforms after pulse shaping and oversampling. The
PAPR complementary cumulative distribution function (CCDF)
of the pulse-shaped time-domain signals is shown in Figure 7.
We may notice in Figure 7 that the proposed UCP-OFDM
achieves PAPR levels which are just about 1-2 dB higher than the
levels corresponding to a baseband signal, assuming the same
constellation type. However, unlike BB, the proposed scheme
offers flexible subcarrier nulling to completely mitigate the low
frequency disturbances. Due to the quasi-BB nature of UCP-
OFDM signal, when lower order constellations are being used,
PAPR levels are even lower, unlike the other schemes, for which
the constellation type does not impact much the PAPR levels,
due to the large number of subcarriers. The PAPR gap between
the proposed UCP-OFDM and DCO-OFDM is not significant.
However, the bit error rate performance of the proposed scheme
is superior to DCO-OFDM, the SNR gain in multipath chan-
nels is about 5 dB, and higher compared to ACO-OFDM and
U-OFDM subject to same throughput, as it will be shown later
in Section C.

B. Resilience against low-frequency disturbances: UCP-
OFDM vs. BB modulation

In general, low frequency disturbances manifest as slow fluctua-
tions in baseline voltage (baseline wander). They may be caused
by variations of ambient light in the vicinity of the receiver (es-
pecially in mobile scenarios), flickering effect from fluorescent
lights [14, 15], as well as a DC-imbalanced waveforms undergo-
ing AC-coupling in the OWC front-end [21, 22] (loss of lower fre-
quency components). In general, baseline wander is not an issue
for DCO-OFDM, as shown experimentally in [22]. However, un-
like DCO-OFDM, baseband signals [23, 35], are unable to avoid
low-frequency spectrum, unless up-conversion is employed, as
in [35]. Furthermore, practical experiments in [22] demonstrate
that baseline wander was a problem not only for baseband, but
also for some unipolar OFDM waveforms. Both ACO-OFDM
and U-OFDM suffer from baseline wander issue due to the zero-
level clipping in presence of bandwidth limitation, which lead
to severe bit error rate degradation. Consequently, they require

PAPR [dB]

Fig. 7. The proposed OFDM precoding scheme outperforms
state-of-the-art schemes in terms of PAPR, and is just 1-2 dB
above the level of baseband modulation in 99.9% of time.

a additional DC biasing. In summary, the low-frequency dis-
turbances should not be ignored in any practical OWC design,
including some OFDM-based designs.

In this section, we demonstrate the robustness of the pro-
posed UCP-OFDM scheme against signal baseline fluctuations.
We vary the signal baseline according to a sinusoidal function
whose root-mean-square (RMS) value equals the time-domain
waveform standard deviation, and whose period spans about 45
OFDM symbols. Such fluctuations may be caused, for example,
by fluorescent lights (flickering), or parasite harmonic signals
captured from the environment (low-frequency electro-magnetic
interference). We compare the proposed quasi-BB UCP-OFDM
scheme with conventional BB scheme by showing the demod-
ulated constellations corresponding to a time interval of 200
OFDM symbols, assuming AWGN channel and noise power of
—40 dB. Figure 8 shows the time-domain waveforms (top) and
the corresponding demodulated constellations (bottom), for BB
(left) and UCP-OFDM (right), respectively. The DC baseline fluc-
tuations produce high interference among the demodulated BB
symbols, whereas the UCP-OFDM constellation points remain
clearly separated. The resilience of the proposed UCP-OFDM
against low frequency disturbances is enabled by nulling the
middle subcarriers (in this case the DC subcarrier only), which
is not achievable in the conventional BB modulation.

C. Bit Error Rate Analysis

In this section, we evaluate the bit error rate (BER) perfor-
mance of the proposed UCP-OFDM transmission scheme vs
state-of-the-art schemes such as DCO-OFDM, ACO-OFDM, and
U-OFDM. We have implemented eACO-OFDM scheme as well,
but unfortunately, we were only able to get it to work in AWGN
channels, the BER performance degraded fast in multipath chan-
nels. In this evaluation, we do not include coded schemes such
as LACO-ODFM [38] and SC-GTIM [39].

We compared the BER performance of the schemes by con-
sidering three types of OWC channels: additive white Gaussian
(AWGN), where only noise is present, and channel is a unit im-
pulse, directed line-of-sight (DLOS) multipath channel, where
the LOS component dominates over multipath, as well as non-
directed line-of-sight (NDLOS) multipath channel, where user
is slightly beyond the cell edge, and multipath dominates over
the LOS component. The multipath channel model is derived
from [42] and [43], which provided the way of calculating the
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BB signal

UCP-OFDM signal

Instantaneous value

Instantaneous value

signal with baseline wander
= ==baseline wander component
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Fig. 8. The impact of signal baseline wander on the BB mod-
ulation (left hand side) vs. the proposed UCP-OFDM (right
hand side). The time-domain signals affected by baseline wan-
der are shown in the upper subplots. The resilience to baseline
fluctuations is clearly visible in the two lower plots showing
the corresponding demodulated constellations.

Comparison of different modulation schemes - AWGN channel
100 . . . . .
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DCO-OFDM
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Noise Power [dB]

Fig. 9. Bit error rate comparison in AWGN channels.

DC channel gains of the direct path and reflected paths. An
office environment channel is considered, and the link-related
parameters are summarized in Table 2. A number of 1000 in-
dependent runs are performed, each having a different channel
realization, which for fairness, is identical to all methods. In
each run, a number of 5 packets is transmitted (50 OFDM sym-
bols). The BER is averaged over all runs, for each type of OWC
channel.

Figure 9 shows the BER performance of the different schemes
in AWGN channel vs. receiver noise power in dB, as Py =
20log;, o, where ¢ is the noise standard deviation. We may
notice that the proposed UCP-OFDM scheme outperforms all
the other schemes. There is a gain of less than 1 dB w.r.t. DCO-
OFDM, and 5 dB or more w.r.t. the unipolar schemes ACO-
OFDM and U-OFDM. In addition, the unipolar schemes expe-
rience quickly an error floor, which is caused by the clipping,
combined with the higher order constellation used compared to
the other two schemes.

In Figure 10, we compare the methods in DLOS multipath

Con?)parison of different modulation schemes - DLOS channel
10 T

101 E % |

DCO-OFDM

1074 & |-ACO-OFDM 4

-$-U-OFDM

-©-UCP-OFDM

10»5 | | |

-10 -20 -30 -40 -50 -60
Noise Power [dB]

Fig. 10. Bit error rate comparison in DLOS multipath channels.

Conaparison of different modulation schemes - NDLOS channel
10 T T T T T

107"
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1074 & |- ACO-OFDM 4
--U-OFDM

-©-UCP-OFDM

-10 -20 -30 -40 -50 -60
Noise Power [dB]

10°°

Fig. 11. Bit error rate comparison in NDLOS multipath chan-
nels.

Total Transmitted Power: 20W
Angle of irradiance in half 30°
FOV (field of view) of detector in half | 60°
Detector area 7.8 x 107"m?
PD Concentrator refractive index 1.46
Optical filter gain 1dB
Optical concentrator gain 1dB
Reflectivity of walls 0.7
Room size 5m x 5m X 3m
Height of transmitter 1.8 m
Coordinate of transmitter (0,0)

Coordinate of receiver (0,0) for DLOS;

(1.5,1.5) for NDLOS.

Table 2. The parameters of simulation in Figures 10 and 11.

channels. We may notice a performance degradation for all meth-
ods. However, the gain of the proposed UCP-OFDM scheme
vs. DCO-OFDM becomes significant in the high SNR region
(about 5 dB). The performance of the unipolar schemes degrades
further in the presence of multipath.

Figure 11 shows the BER performance of the four considered
modulation schemes in NDLOS multipath channels. The perfor-
mance gap between the proposed UCP-OFDM and DCO-OFDM
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is around 5 dB, and much higher w.r.t the unipolar schemes
ACO-OFDM and U-OFDM, subject to equal throughput.

In conclusion, the superior properties of the proposed
schemes are manifold: ultra-low PAPR, high spectral efficiency,
total control over the null subcarriers, better BER performance
in multipath channels, as well as low computational complexity.
To date, we are not aware of any other methods to perform well
w.r.t. all the above criteria.

7. CONCLUSIONS

The main idea of this contribution consists in combining the
IFFT operation in the traditional OFDM transmitter chain with
a novel precoder derived from the IFFT matrix to obtain a quasi-
baseband modulation. Thanks to this measure, ultra-low PAPR
is achieved at the level comparable to the baseband modula-
tion. From a practical perspective is important that this effect
was achieved without sacrificing any bandwidth — the proposed
scheme attains the spectral efficiency of DCO-OFDM. By exploit-
ing several properties of the proposed precoder, we also ensure
that subcarriers can be blanked on demand without sacrificing
the overall performance. This feature is considered as a key
precursor for DC subcarrier nulling as well as multi-user fre-
quency domain multiplexing. From a practical perspective, the
proposed precoder can be implemented by using basic linear
matrix multiplication. All of the above features are considered
key enablers for ultra-high-speed optical light communications.
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