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Dear editor,

Visible light communication (VLC) has raised great interests since it supplements the unlicensed spectrum
resource for ultra-high data rate transmission [1]. In order to resist time dispersion and guarantee the
real-valued and non-negative constraint in VLC channel, DC-biased optical orthogonal frequency-division
multiplexing (DCO-OFDM) and asymmetrically clipped optical OFDM (ACO-OFDM) techniques have
been utilized in VLC systems [2]. Unlike DCO-OFDM which requires high DC bias [3], ACO-OFDM
enjoys an advantage of high power efficiency and wide light emitting diodes (LED) dynamic region.

The inherent peak-to-average power ratio (PAPR) issue of VLC OFDM leads to severe LED nonlinear
distortion, which deteriorates the bit error rate (BER) performance [1]. Several methods reported in [4-7]
have been investigated to reduce PAPR and mitigate LED nonlinear distortion of OFDM-based VLC
systems. However, the costs such as data rate and performance loss induced by the above algorithms
could not be neglected.

As an effective method for PAPR reduction, partial transmit sequence (PTS) technique has an advan-
tage of negligible performance degradation and no power increase. However, side information is required
at the receiver, which results in data throughput loss [8]. In this letter, we propose a modified PTS-based
PAPR reduction scheme for ACO-OFDM in VLC systems by exploiting the unoccupied subcarriers to
transmit side information. A novel transmitter is presented to apply the PTS technique in ACO-OFDM
VLC system without data throughput loss and an original power allocation method is also proposed to
mitigate the power efficiency loss induced by the side information signals. Simulation results demonstrate
that the proposed scheme achieves a significant PAPR reduction performance without data throughput
loss as well as an improved BER performance when LED nonlinearity exists.

Methodology. At the transmitter, the quadrature amplitude modulation (QAM) symbols Xaco of
N-point ACO-OFDM block is divided into V' disjoint clusters {XX)CO i=0,1,..,V — 1} by adjacent
partitioning scheme. By taking V' clusters of inverse fast Fourier transform (IFFT) operation, XXE;O

is converted to the time-domain cluster vector XX)CO, which is denoted as PTS. The phase factor b;

* Corresponding author (email: zcwang@tsinghua.edu.cn)



Tan J D, et al. Sci China Inf Sci  August 2015 Vol. xxxxxx:2

is introduced to multiply X(Aféo and adjust the phase of PTS, which is given by b; = eXp(jQW”l,-),li =
0,1,..,W — 1. The time-domain signal xaco (b) of modified ACO-OFDM is generated by combining
the PTSs (bixgéo). For the sake of minimizing PAPR of the ACO-OFDM block, b is calculated with

a low-complexity suboptimal algorithm proposed in [8]. In order to avoid data throughput loss induced
by the transmission of side information, this letter exploits N/2 unoccupied subcarriers to transmit the
side information. In the proposed transmitter architecture, the integer indexes 1 are mapped to natural
binary vector ¢; = [Cz,o, Cl1yeees Cl,Vlog2W71]~ All elements of ¢; are mapped to BPSK constellations and
assigned on the even non-zero subcarriers of PAM-DMT signal as Yar1o = /FEs gpsk (2¢1,5 — 1), where
E; Bpsk denotes the average energy per BPSK symbol. The PAM-DMT signal carrying side information
is obtained as

YPAM - [O; OanQa O;jY47 "'7jY2V10g2W; 07 "'707 7.].}/2V10g2W) O, 7jY2V10g2W72703 ey 7])/2,0] (1)

The N-point IFFT block converts the side information block Ypay to PAM-DMT time-domain signal
ypaMm- The transmitted signal x could be directly generated by adding up the clipped data signal in
ACO-OFDM and side information signal in PAM-DMT and used for modulating LEDs. In the proposed
PAPR reduction scheme, the side information is modulated on the unoccupied even subcarriers and the
total odd subcarriers are occupied by the data symbols, which helps the proposed scheme avoid the data
throughput loss and achieve the same data throughput as conventional ACO-OFDM scheme.

It has been proved that the asymmetric clipping distortion of PAM-DMT signal only falls on the real
part of even subcarriers, which has no effect on the data in ACO-OFDM [9]. Hence, the receiver can
regenerate the ACO-OFDM and PAM-DMT signals to recover the phase factors and data sequentially [10].
In the proposed scheme, ACO-OFDM data and PAM-DMT side information are demodulated at the same
signal-to-noise ratio (SNR) level in VLC channel. Since the gap between the demodulation SNR threshold
of M-ary QAM constellation and BPSK is high, the allocated power of BPSK symbol could be decreased.
In the proposed PTS-based ACO-OFDM scheme, power allocation ratio 1 denoted as the ratio of Es gam
and E ppsk is calculated as

2

FE, 2(M — 1 _ v Mlog, M _
n= QAM ( ) Q! 7g2Pb,QAM Q' (P, ppsk) (2)
E, Bpsk 3 4 (\/M — 1)

In order to restrict the performance loss induced by the error estimated phase factor at negligible level,
the power allocation ratio 7 is calculated at P, ppsk = 1072 and B, qam = 1072, This high power
allocation ratio n mitigates the overall time-domain signal power Pgjecan effectively, which is formulated

4Viog, W 4V1og, W
Pgiec,an = (1 T Ng2 +2 52 > Pgiec,aco- (3)
n TN

as

Simulation Results. Both the PAPR reduction and BER performance of the proposed PTS-based ACO-
OFDM scheme are demonstrated in comparison to its conventional ACO-OFDM counterpart depicted
in Fig. 1. In the simulated VLC ACO-OFDM system, the subcarrier number N was set as 512 and
the bandwidth B was assumed as 200 MHz. 64QAM was adopted with the power allocation n = 7.1dB
calculated from (2) in the proposed ACO-OFDM. AWGN channel was assumed and the LED nonlinear
transfer characteristic model given in [1] was applied. The data throughputs of the conventional and the
proposed PTS-based ACO-OFDM schemes are both 300 Mbps.

Fig. 1-(a) illustrates the PAPR reduction performance of the PTS-based ACO-OFDM scheme. In the
case of V.= 4, W = 16, the proposed scheme offers the best PAPR reduction performance of around
5.1dB at CCDF = 10~* in comparison to other PTS parameters. Therefore, we can conclude that
larger available phase factor number W could enhance the PAPR reduction performance when the total
bit number of side information is kept unchanged. BER performance over AWGN channel with and
without incorporating the LED nonlinear transfer characteristic is depicted in Fig. 1-(b). The proposed
ACO-OFDM scheme suffers from performance losses of 0.45dB and 0.54dB at BER = 10~* for the



Tan J D, et al. Sci China Inf Sci  August 2015 Vol. xxxxxx:3

T T T T T

COnvéntional A‘CO—OFD‘M ) Conventional ACO-OFDM w/o LED nonlinearity
A— Proposed ACO-OFDM V=4 W=8 1070 & Proposed ACO-OFDM V=4 W=8 w/o LED nonlinearity
_ . ~ —#&— Proposed ACO-OFDM V=4 W=16 w/o LED nonlinearity|
— — — Proposed ACO-OFDM V=4 W=8 Optimal > Sa Conventional ACO-OFDM w. LED nonlinearity
—#— Proposed ACO-OFDM V=4 W=16 E ~ Proposed ACO-OFDM V=4 W=8 w. LED nonlinearity
Proposes ACO-OFDM V=8 W=4 : N - A - Proposed ACO-OFDM V=4 W=16 w. LED
—+— Proposed ACO-OFDM V=16 W=2

CCDF(Probability(PAPR>PAPR)))

i i i i H 1
10 11 12 13 14 15 16 17 18 15 16 17 18 19 20 21 22 23 24 25 26
PAP%(dB) E/N(dB)

Figure 1 Performances of the PTS-based and the conventional ACO-OFDM. (a) PAPR CCDF curves; (b) BER curves.

side information number Vlog,W of 12 and 16. The performance degradation mainly results from this
slightly power increase induced by the transmitted side information signal, which is calculated as low
as 0.43dB and 0.51dB according to (3). Besides that, Fig. 1-(b) shows that performance loss of the
conventional ACO-OFDM scheme reaches a level of 6.3dB at BER = 10~ when taking into account the
LED nonlinear characteristic in VLC channel. In contrast to the convention ACO-OFDM, the proposed
scheme achieves a significant performance gain of 5.0dB at BER = 1074,

Conclusions. In this letter, we propose a PTS-based PAPR reduction scheme for ACO-OFDM in VLC
systems in order to mitigate high PAPR issue of ACO-OFDM. The proposed scheme avoids the data
throughput loss by transmitting the side information on unoccupied subcarriers and an effective power
allocation strategy is derived to enhance the performance. Simulation results demonstrate that the PTS-
based PAPR reduction scheme for ACO-OFDM achieves a tremendous PAPR reduction and mitigates
the negative effect of the LED nonlinear distortion significantly.
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