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Abstract Peak-over-average power ratio (PAPR) control
utilizing precoding technique based on square root-
generalized raised cosine function is proposed and verified
experimentally through a visible light communication system
employing phosphor-based white light-emitting diodes for
the first time. The simulation results show that the improved
precoding matrix can further reduce PAPR by nearly 1 dB
compared with existing precoding matrix based on square
root raised cosine function and significantly achieve 3.5 dB
improvement in contrast to original signals without precod-
ing. The experimental result also proves that the bit error rate
performance can be effectively improved by 1.62 dB at the
same bandwidth and 0.76 dB at the same raw data rate in
terms of quality factor when proposed precoding technique
is applied, which clearly demonstrates its benefit and feasi-
bility.

Keywords Visible light communication - Light-emitting
diodes - Peak-to-average power ratio - Precoding
1 Introduction

Visible light communication (VLC) based on light-emitting
diodes (LED) has been widely recognized as a promising
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technology considering its advantages such as being cost
effective, license free, immune to electromagnetic interfer-
ence, and highly secure. Compared with red—green—blue
(RGB) LED, phosphor-based white LED is more cost-
efficient due to its simple technological design and thus more
suitable for practical application. In order to improve the
spectral efficiency in VLC system, orthogonal frequency-
division multiplexing (OFDM) has been widely implemented
[1]. However, high peak-over-average power ratio (PAPR)
has been widely cited as one of the drawbacks of OFDM
modulation [2,3].

In the wireless OFDM case, there are a number of PAPR
problems, including multiple-input/multiple-output (MIMO)
multiplication due to simultaneously control of parallel trans-
mit signals particularly when considering a huge number of
transmit antennas, and multiuser systems put additional side
constraints on the parallel transmit signals which are diffi-
cult to implement on top of conventional approaches [4]. In
VLC context, an optimal OFDM signal power used to mod-
ulate the LED intensity is required in order to control the
LED nonlinearity induced distortion. However, PAPR will
not only degrade the performance of linear power amplifier
but also introduce high nonlinear effect. In this case, PAPR
reduction techniques are considered to reduce power back
off levels [5].

Till now, a series of solutions to the PAPR problem have
been proposed to achieve PAPR reduction at the expense of
transmit signal power increase, bit error rate (BER) increase,
data rate loss, and computational complexity increase. These
techniques include amplitude clipping, clipping and filter-
ing, coding, tone reservation (TR), tone injection (TI), active
constellation extension (ACE), and multiple signal represen-
tation techniques such as partial transmit sequence (PTS),
selected mapping (SLM), and interleaving [5—-8]. Above all,
we would like to highlight the precoding technique since
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it involves no nonlinear distortion to the original data and
the computational complexity is comparatively low. More-
over, it has no limit on subcarriers’ number and baseband
modulation format. Recently, we have already experimen-
tally demonstrated a novel 60 GHz RoF system with OFDM
signals generated by precoding technique based on SQRC
function [9]. However, none of PAPR reduction technique
mentioned above has been introduced to VLC system to solve
the PAPR issue of OFDM modulation.

In this paper, we propose the SQGNRC function and
further improve the precoding matrix based on that. Con-
sidering the data redundancy introduced by precoding, there
is a trade-off between PAPR improvement and sacrificed
data bandwidth. Hence, the parameter optimization of the
precoding matrix has also been discussed in detail. The
proposed precoding matrix with optimized parameters can
further reduce PAPR by nearly 1 dB compared with existing
precoding matrix used in [9] and significantly achieve 3.5 dB
PAPR reduction improvement in contrast to original OFDM
signals. We have also experimentally verified the effect of
the improved precoding matrix based on SQGNRC func-
tionin a VLC system employing phosphor-based white LED.
To our knowledge, this is the first time precoding technique
is utilized in VLC system to conquer the PAPR issue. The
experimental results show that 140 cm transmission of pre-
coded 32 quadrature amplitude modulation (QAM) OFDM
signals at raw data rate of 1.35 Gbps can be successfully
achieved below 7% forward error-correction (FEC) threshold
of 3.8 x 1073, Furthermore, precoded signals significantly
outperform original signals by BER performance of 1.62 dB
at the same data bandwidth and 0.76 dB at the same raw data
rate in terms of Q factor, which clearly demonstrates that the
proposed precoding technique is promising in future VLC
system.

2 Principle

Figure 1 shows the block diagram of precoding technique,
including transmitter and receiver.

At the transmitter of the precoding technique, the input
data is first modulated on baseband using QAM mapping.
The baseband-modulated symbols are then grouped into dif-
ferent blocks of size N x 1, which can be written as
X = [Xo, X1, Xz._XN_l]T. Then, each block is precoded
by a precoding matrix Pofsize L x N.So the original symbol
block X is transformed into precoded symbol block as ¥ =
PX = [Yo, Y1, Yz_uYL_l]T, in which the precoded symbols

can be written as Y,, = Z,],V:_ol PmnXn,m=0,1...L—1.

Finally, all precoded blocks are combined together and com-
pose the actual transmitted OFDM symbol block:
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where T is the symbol period.

It is noted that p,, , is the element of precoding matrix
which is waiting to be designed, L = N + N, is the actual
total number of subcarriers and N, is the redundant number
of subcarriers. We define the portion of the extra subcarriers
used by the precoder as the redundant factor, which is pre-
sented as ratio = Np/N = (L — N) /N. When no coding
is used, the matrix P reduces to an N x N identity matrix,
and no redundant subcarrier is applied.

As illustrated in [6], assuming the average power of each
symbol is equal, the PAPR of precoded OFDM signals at a
given time interval [0, T) is directly related to N positive
functions | P, (¢)|, which are determined by p, ,:
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Thus we define P, () as functions with cyclic shift within
each other as (3) so as to avoid the peak amplitudes of the
N functions | P, (¢)| occurring at the same time instant. As a
result, the PAPR will be reduced.

Py(t = nTy+T) 0<t <nT;

Py(t — nTy) nTy, <t <T &)

Pn(t) = {

By letting P, (¢) be the mother function of (3) and relate
all the other functions to it, we get the following result:

L—1
Pa(t) = pmoe 2T 2T @)

m=0

illustrating that entries from the columns other than the first
column are decided by the entry of the first column as follows:

—iogmn
Pm,n = Pm,0€ I (5)

In [6], we selected SQRC function as the precoding func-
tion to determine the first column of the precoding matrix and
thus get the whole matrix based on (4). To further achieve
better PAPR reduction performance, we consider improv-
ing the precoding matrix based on new precoding function.
We noticed that [10] has proposed generalized raised cosine
(GNRC) function which is defined as:
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where a is the roll-off factor and d is the shaping factor
which is introduced to generalized the conventional raised
cosine (RC) function by allowing multiple or fraction of

further propose the definition of SQGNRC function as illus-
trated in (7) and select it as the improved precoding function
to determine first column of the proposed precoding matrix
as shown in (8).

T (1 —ad)
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Ny _ LN _
¥ = § andg =

Here, we have « = ratio =
cos_l(% @). It is obvious that the proposed precoding
matrix directly depends on two parameters: the redundant
factor: ratio and shaping factor: d. The optimization of the
parameters mentioned above will be discussed in detail in
the following part.

As shown in Fig. 1b, at the receiver the decoding is per-
formed to recover the OFDM symbol block. The decoding
matrix is the inverse matrix of the precoding matrix which is
used to cancel out the influence of precoding on the actual
transmitted data.

The PAPR reduction performance of the proposed pre-
coding matrix is further measured by the complementary
cumulative distribution function (CCDF), which is defined
as the probability of PAPR exceeding the threshold PAPRO:

CCDF = P(PAPR > PAPRO) ©)

In the following, Figs. 2 and 3 present series of simula-
tion results. Figure 2 shows the influence of parameters (ratio
and d) on the threshold PAPRO when CCDF is fixed at 1072,
We limit the redundant factor ratio within 5-50% and adjust
shaping factor d from O to 2.5. As highlighted by circle 1,
there exists an ideal region for ratio and d in which the thresh-
old PAPRO can reach the minimum value of 5.5 dB, and thus
we will achieve the best PAPR reduction performance.

However, within such ideal regions, the redundant factor
ratio is quite high (> 25%). Actually, when ratio is set at
10%, the threshold PAPRO can already reach 6.5 dB if d is
selected within the appropriate range, just as labeled by circle
2. Considering the improved effect of increasing ratio from
10 to 25% is comparatively limited, we conclude that ratio

ratio

Fig. 2 Influence of ratio and d on threshold PAPRO when
CCDF = 102
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Fig. 3 CCDF of original OFDM signals and precoded signals based
on SQGNRC/SQRC function

at 10% keeps a wise trade-off between PAPR reduction and
the scarification of data bandwidth. Based on this premise,
we set d at 1.075 to obtain the minimal value of PAPRO.

At the optimum value of ratio and d, the CCDF curves of
original OFDM signals without precoding, precoded OFDM
signals generated by existing SQRC precoding matrix and
proposed SQGNRC precoding matrix are shown in Fig. 3.
As expected, the precoded OFDM signals based on proposed
SQGNRC precoding matrix have lower PAPR probability
than that of other two cases. In particular, when compared
with original OFDM signals without precoding, the PAPR
can be significantly reduced by nearly 3.5 dB at CCDF = 102
when the sacrificed data bandwidth is well controlled at 10%.
Moreover, when compared with the existing SQRC precod-
ing matrix, PAPR can be further reduced by 1 dB through the
proposed SQGNRC precoding matrix.

3 Experimental setup and results

Figure 4a presents the experimental setup for the proposed
VLC system utilizing phosphor-based white LED.

At the transmitter, the input bit sequence is first segmented
into blocks and mapped into complex symbol of 32QAM.
Precoding based on proposed SQGNRC function is per-
formed to original symbol blocks before inverse fast Fourier
transform (IFFT). After adding cyclic prefix, complex-to-
real-value conversion is achieved by up-conversion. The total
number of used subcarriers L is 256. The length of the cyclic
prefix is 1/16 of the symbol period. Finally, the offline gen-
erated precoded 32QAM OFDM signal is uploaded into an
arbitrary wavelength generator (AWG, Tektronix 710). Then
the output signal from AWG is equalized by a self-designed
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Fig. 4 a Experimental setup for the proposed VLC system utilizing phosphor-based white LED b Electrical spectrum of the received precoded
32QAM OFDM signal, AWG arbitrary wavelength generator, EA electrical amplifiers, DC direct current, PIN PD PIN photodiode, OSC oscilloscope

bridged-T pre-equalization circuit [11] to compensate the
frequency attenuation of LED at high frequencies. After
amplified by electrical amplifiers (EA), the resulting sig-
nal coupled with DC-bias voltage by a bias tee is applied
to the phosphor-based white LED as the transmitter. After
> 100 cm free space delivery, the modulated light is focused
onto the PIN photodiode (PIN PD, Hamamatsu 10784)
through a focusing lens. In front of the PIN PD, a blue filter
which compresses the phosphorescent component is imple-
mented. Then, the detected electrical 32QAM OFDM signals
pass through an EA and are sampled by a real-time digital
oscilloscope (OSC, Agilent 54855A). The sampled electrical
signals are differential detected at first and down-converted
for further offline processing, including OFDM demodula-
tion, decoding and 32QAM de-mapping. Post-equalization
based on training symbols is used for compensation of the
channel impairments. The measured electrical spectrum of
the received precoded 32QAM OFDM signal is presented in
Fig. 4b as well.

4 Results and discussion

At first, the influence of different bias voltages is investi-
gated to ensure the LED works at the optimal condition. We
measure the BER performance versus phosphor-based white
LED’s bias voltages both in the case of precoding and with-
out precoding. According to the results shown in Fig. 5, the
optimal bias voltages of the phosphor-based white LED for
both cases are the same, which should be set at 3.2 V.

On this basis, we further optimize signal drive voltage Vpp
for the phosphor-based white LED both for the precoding and
original signals. As shown in Fig. 6, when the bias voltage is
fixed at 3.2 V for both cases, the optimal Vpp for precoded
signals is 1.2 V which is 0.2 V smaller than that of original
signals. This is mainly because amplitude normalization is
conducted at the transmitter; thus, the effective amplitude
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Fig. 5 BER versus bias voltage of precoded/original signals

range of precoded signals with lower PAPR will be larger than
that of original signals under the same Vpp. To eliminate the
influence of normalization, larger Vpp is needed for original
signals.

The BER performance versus transmission distances with
and without precoding is measured and presented in Fig. 7.
Due to the expense of 10% redundant subcarriers, the raw
data rate of precoded 32QAM OFDM signals at 300 MHz
bandwidth is 1.35Gbps. Therefore, we evaluate the perfor-
mance of original signals at the same bandwidth and raw data
rate, respectively. The Q factor for each case is also marked
in Fig. 7 for reference. As shown in Fig. 7, by utilizing the
precoding technique based on SQGNRC function, 140 cm
transmission of 1.35 Gbps 32QAM signals can be success-
fully achieved below pre-FEC limit of 3.8 x 10~3. When the
distance is fixed at 125 cm, precoded 32QAM OFDM signals
obviously outperform original signals by BER performance
of 1.62 dB at the same bandwidth and 0.76 dB at the same
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raw data rate in terms of Q factor. The corresponding con-
stellations for each case are also inserted for comparison.
Furthermore, the luminance after the focusing lens, another
key factor relating to the transmission distance in VLC sys-
tem, is also measured and given as follows: 100 cm 120 Ix,
125 ecm 96 1x, 150 cm 72 1x, and 170 cm 51 1x, which are all
below the standard value for brightness (500 1x). It is believed
that distance can further improved by increasing the optical
power of LEDs or deploying a LED array.

5 Conclusions

A novel precoding matrix based on SQGNRC function
for PAPR control is proposed and experimentally verified
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through a VLC system utilizing phosphor-based white LED
in this paper. To our knowledge, this is the first time precod-
ing technique is utilized in VLC system to conquer the PAPR
issue. The simulation results show that the proposed precod-
ing matrix can achieve 3.5 dB improvement in contrast to
original signals without precoding at CCDF = 10~2. More-
over, the experimental results show that 140 cm transmission
of precoded 32QAM signals at raw data rate of 1.35 Gbps
can be successfully achieved below 7% FEC threshold of
3.8 x 1073, Finally, precoded signals effectively outperform
original signals by Q factor of 1.62 dB at the same band-
width and 0.76 dB at the same raw data rate, which clearly
demonstrates the benefit and feasibility of proposed precod-
ing technique in future VLC system.
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