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Abstract: This paper proposes a novel peak-to-average power ratio (PAPR) reduction
scheme, which has several advantages, such as low-complexity candidate construction
and no side information (SI) transmission in direct current-biased optical orthogonal fre-
quency division multiplexing (DCO-OFDM) visible light communication (VLC) systems. In
the proposed scheme, the candidates can be generated by linearly combining time-domain
even and odd sequences with cyclic shift and phase rotation. Even and odd sequences
are obtained by adopting an inverse fast Fourier transform on the even and odd parts of a
Hermitian symmetry encoded signal, respectively. Furthermore, a deterministic and efficient
selection method of cyclic shift and phase rotation is derived to improve PAPR reduction
performance and ensure that each candidate is unique, so that the receiver can recover
the transmitted candidate signal without the use of SI. Simulation results show that the pro-
posed scheme can achieve comparable PAPR reduction performance with the conventional
selected mapping (CSLM) scheme with random and chaotic sequences, but at a consid-
erably low computational complexity. Moreover, the proposed blind Sl detection scheme
provides almost the same bit error rate (BER) performance as that of the CSLM scheme
with a perfect Sl detection and symmetric selected mapping for a DCO-OFDM VLC system
with 1024 subcarriers and 16-QAM. In contrast to other related time-domain sequences
that combine methods used for DCO-OFDM systems, the proposed scheme improves BER
performance with a slight increase in computational complexity and PAPR.

Index Terms: DCO-OFDM, SLM, sequence combination, Peak-to-average power ratio
(PAPR), visible light communication.

1. Introduction

Orthogonal frequency division multiplexing (OFDM)-based visible light communication (VLC) has
become a promising technology due to its advantages, such as high data rate, no harm to health,
license-free spectrum, and no electromagnetic interference [1]. To obtain a high bandwidth efficiency
and low complexity in implementation, direct current (DC)-biased optical orthogonal frequency
division multiplexing (DCO-OFDM) has been widely used in VLC systems. However, a high peak-
to-average power ratio (PAPR), which leads to severe light-emitting diode (LED) nonlinear clipping
distortion, has been a major problem for DCO-OFDM VLC systems [2].
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To overcome this problem, different PAPR reduction schemes conceived for DCO-OFDM VLC
systems have been developed. In [3], [4], tone injection was performed using semidefinite relaxation
and branch-and-bound methods, which achieve a substantial PAPR reduction. In [5], a modified
active constellation extension algorithm was proposed to reduce the volume of DCO-OFDM VLC
systems instead of PAPR. However, these methods can reduce the PAPR at the cost of transmission
power consumption and computational complexity. Recently, tone reservation (TR)-based PAPR
reduction schemes for avoiding transmission power consumption were proposed to DCO-OFDM
VLC systems [6], [7]. However, the computational complexity associated with the TR method is
high in searching peak-canceling signals. The research in [8], [9] introduced clipping and nonlinear
companding algorithm as a simple means of reducing PAPR at the expense of severe bit error rate
(BER) performance. In addition, pilot-aided methods for VLC systems were proposed in [10], [11]
to improve PAPR reduction performance with the pre-defined pilot sequences. However, bandwidth
efficiency is decreased due to the introduction of pilot sequences. Recently, a novel real-valued
interleaved single-carrier frequency-division multiplexing (I-SC-FDM) scheme was proposed for
optical systems. The PAPR reduction performance of I-SC-FDM is 10 and 7.5 dB smaller than
those of the OFDM with QPSK and 16-QAM at the cost of spectrum efficiency and the required
symbol duration, respectively [12].

In radio frequency (RF)-OFDM systems, the most popular technique for reducing the PAPR is se-
lected mapping (SLM), which can be seen as a distortionless scheme. To adopt the SLM concept in
DCO-OFDM VLC systems, various studies have been conducted [13]-[15]. The method proposed
in [13] is to combine chaos with the SLM technique to control the construction of phase rotation
factors. By contrast, [14] investigated SLM performance by using five different families of phase se-
quences, namely, chaotic, Shapiro-Rudin, pseudo-random interferometry code, Walsh-Hadamard,
and random sequences, which result in different levels of PAPR reduction. SLM methods require
a side information (SI) to indicate the transmitted candidate signal, which decreases bandwidth
efficiency. The scheme in [15] adopted a special set of symmetric vectors as phase sequences
to reduce the PAPR of DCO-OFDM VLC signals. Moreover, the magnitude difference between
the received signal and pre-defined phase sequences in the frequency domain was used to de-
tect the Sl blindly. However, these methods have high computational complexity because they
require multiple inverse fast Fourier transform (IFFT) operations to construct candidates. Although
numerous low-complexity PAPR reduction schemes have been developed, they may not be suit-
able for VLC systems because the VLC signal is real and positive [16]-[21]. Two similar methods,
namely, low-complexity selected mapping (LCSLM) [19] and cyclic selected mapping (CYSLM) [21],
were developed for RF-OFDM systems, but both schemes suffer problems, for instance, the resul-
tant frequency-domain phase sequences of the LCSLM and CYSLM schemes have an unequal
magnitude, thereby causing degradation in BER performance. To the best of our knowledge, high
computational complexity and Sl transmission are still major issues in the design of PAPR reduction
schemes for VLC systems.

In this paper, a novel PAPR reduction scheme using optimized even and odd sequence combi-
nation (OEOSC) technique is proposed for DCO-OFDM VLC systems to avoid Sl transmission and
a high computational complexity while maintaining the PAPR reduction capability. In the proposed
OEOSC scheme, the candidates are produced by applying the linear combinations of the time-
domain even and odd sequences with cyclic delay and phase shift. Th even and odd sequences are
obtained by adopting IFFT on the even and odd parts of the Hermitian symmetry encoded signal,
respectively. Moreover, we introduce the variance of correlation (VC) as a criterion for selecting
the optimal cyclic shift and phase rotation values, thereby resulting in enhanced PAPR reduction
performance and unique candidates. At the receiver, the natural diversity of cyclic shift and phase
rotation for different candidates can be used to detect the Sl blindly in the OEOSC scheme.

The main contributions of the OEOSC scheme used for DCO-OFDM VLC systems are as follows.
First, the PAPR reduction performance of the OEOSC scheme using 32 candidate signals is worse
than those of conventional selected mapping (CSLM) and symmetric selected mapping (SSLM)
only by approximately 0.4 dB. However, the computational complexity of the OEOSC scheme is
considerably lower than those of the CSLM and SSLM schemes. Second, in contrast to the LCSLM
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Fig. 1. The system block of the DCO-OFDM VLC transceiver with the proposed scheme.

and CYSLM schemes, the OEOSC scheme obtains improved BER performance because of the
equal magnitude of the corresponding frequency domain phase sequences. Third, the proposed
S| detection achieves almost the same BER performance as the CSLM scheme with perfect SI
detection and the SSLM scheme.

The remainder of this paper is organized as follows. Section 2 introduces the DCO-OFDM VLC
system model with the OEOSC scheme. The selection methods for candidate signals with Sl blind
detection and the improved PAPR reduction capability are also developed. Section 3 compares
the computational complexity of the proposed OEOSC scheme with those of other existing PAPR
reduction methods. Section 4 presents and discusses the simulation results for PAPR and BER
performance. Finally, Section 5 provides brief concluding remarks.

2. OEOSC Scheme and Sl Detector
2.1 OEOSC Scheme

Fig. 1 shows the system block of the DCO-OFDM VLC transceiver with the proposed OEOSC
scheme and the corresponding S| detector. First, input binary data are modulated through M-
ary quadrature amplitude modulation (M-QAM) from constellation ¢ To guarantee a real-valued
VLC signal, the frequency-domain symbols to the IFFT block are constrained to have Hermitian
symmetry:

XIN —kl=X[K], k=0,1,..,N/2 -1, (1)

where N is the number of subcarriers and X denotes the complex conjugate of X. Data symbol
X[K] presents the modulated symbol with zero-mean and variance Ex = E [|X[]|?], where E[]
refers to the expected value operation. Generally, the Oth and %th subcarriers are not loaded to
avoid any residual complex components, i.e., X[0] = X[N /2] = 0. In the OEOSC scheme, the input
data symbols after Hermitian symmetry encoding are decomposed into even and odd parts. For
simplicity, we denote these parts of the Hermitian encoded symbol as X 4, and X oqq, respectively,
where the kth element of X 4, and X ,4q can be written as

X[K], k=1,8,...,N/2 -1

Xodd[K] = { X[N — k], k=N/2+1,...,N -1 (2)
0, otherwise,
X[K], k=0,2,...,N/2-2

Xeven[K] = ¢ X[N — k], k=N/2+2,...,N -2 (3)
0, otherwise,

Vol. 11, No. 1, February 2019 7901115



IEEE Photonics Journal PAPR Reduction in DCO-OFDM VLC Systems

Then, frequency-domain sequences Xeven @and X,qq are transformed into two time-domain se-

quences, namely, Xgen = {xeven[n]}n 01 and Xyqq = {xodd[n]}n _o» respectively, which can be written

as

1 N—-1 . 2 N/2—-1 .
Xoaol] = D XoalKeP™N = —= 5 Re(X[Kle”™"/"), )
keodd keodd
1 N—1 ‘ 5 N/2—1 ‘
Xeven[N] = W ; Xeven[k]elzrrkn/N = W ; Re{x[k]ejznkn/N}’ (5)

keeven keeven

where Re{-} is the real part of a complex value. x,,6, and X,q, are real-valued because frequency-
domain sequences have the same Hermitian symmetry form as that of (1). Moreover, odd sequence
Xods has an anti-symmetric property in the time domain, whereas even sequence Xge, has a
periodical property as follows:

N

Xodd [n + E} = —Xodg[n], n=0,1,..,N/2 -1, (6)
N

Xeven |:n+5i| = Xeven[n], n=0,1,..,N/2 -1 (7)

Each time-domain sequence is independently cyclic shifted and then multiplied with a phase ro-
tation. Then, the uth candidate sequence xg)EOSC = {XOEosc[”]} 4 can be generated by performing

the linear combinations of the resulting time-domain sequences, glven by
X(OEOSC [n] = O‘ocl)dXOdd [(n EJ )d)N] + ag\j/LnXeven [(n - ff(av)en)N] (8)

Where (Xodd € {Zt‘l} aeven S {:l':1} T d S {0 1 — 1} and Teven S {0, 1, ey N — 1} ()N denOteS
the modulo N operation defined as (a)y = a — La/NJ x N, indicating that the result of the modulo N
operation in the proposed OEOSC scheme ranges from 0 to N — 1 rather than from —N /2 to N /2.

The PAPR of the uth transmitted signal xg’)EOSC in the electrical domain is defined as

max |XOEOSC [n]|?

0<n<N

PAPR(XS}osc) =
[|XOEosc [n] |2]

)

where the numerator is the maximum instantaneous power and the denominator represents the
relating average power. In the OEOSC scheme, the candidate sequence with the minimum PAPR
among U different candidates is selected for transmission, where the corresponding Sl { is defined
as

:arg m|n (PAPR(xg’)EOSC)>. (10)

The selected real-valued bipolar S|gnal XOEOSC [n]is then converted from parallel to serial. DC bias
Bpc is added to the bipolar signal XOEOSC [n] to ensure that the transmitted signal is unipolar. Bp¢

is denoted as Bp¢ = ky/ EHXOEOSC [n] 2], where k indicates the clipping factor to avoid an excessive
Bp¢ and minimize the transmitted optical power. In literature [2], this parameter is defined as a bias
of 10 -log,o(k? + 1) dB. Then, to fit the linear transfer characteristic of the LED and improve the
power efficiency, the biased signals are clipped at upper clipping level § and at zero to obtain the
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double-sided clipped signals as follows

v (0)
Xorosc [Nl =

5, xg’,)gosc [n]+ Bpc > 8,
0, X8 s [N+ Boe <0,

When the forward voltage of biased signal xg’,):-osc [n] + Bpc is above § or below zero, the nonlinear
clipping distortion of the signal occurs. Then, the resulting real-valued positive signal adopted to
drive the LED is represented as

%ep [n] = X5kose [n]+ Boc + n(Boo). (12)

where n(Bp¢) enotes the noise component from the clipping operation. A cyclic prefix is then added
to each real-valued positive clipped signal to avoid inter-symbol interference in optical multipath
channels. At the receiver, the photodiode transfers the received optical signals to the electrical
signals. After removing the DC bias and CP, the received frequency domain sequences with double-
sided clipping degradation can be obtained by using N-point fast Fourier transform (FFT) operation
as

N—1
Xoeosclk] = \/1— ZXOEOSC[n]e kN — X SL oo (KL ALK+ CLK] + WK, (13)

where A [k] and W[k] represent the channel frequency response and AWGN noise at the kth sub-
carrier, respectively, respectively. Clipping noise C[k] in (13) is inversely proportional to the DC bias.
Most of the CSLM-based PAPR reduction schemes can recover the transmitted signal by sending
the Sl through the dedicated channel and assuming a perfect Sl detection at the receiver. To avoid
the loss of bandwidth efficiency, we design a novel Sl detector that recovers the transmitted signal
in the following subsection.

2.2 Blind SI Detector

On the basis of Eq. (8), the OEOSC scheme can generate up to 4N? alternative candidates by
selecting cyclic shift and phase rotation of time-domain odd and even sequences. However, all 4N?2
candidates are not unique and may not improve PAPR reduction performance. Generally, a set of
U candidates from 4N?2 candidates is required in practice. Thus, we should construct U candidates
to improve PAPR reduction performance and ensure a correct recovery of U candidates at the
receiver without the use of Sl in the proposed OEOSC scheme. First, the criteria for constructing
different candidates are investigated to enable the receiver to detect the transmitted signal blindly
in this subsection. Selection criteria based on the correlation analysis of alternative candidates for

improving PAPR reduction performance will be derived in the following subsection.
The uth candidate sequence X(C[)II)EOSC can be generated using (8). By considering the FFT of both
sides of (8) and using the linear property of FFT, the kth element of the uth frequency-domain

candidate sequence can be given by
XE)EOSC [k] = aoddX odd [K] ejznkr"“"/N + Ole,,enxeven (K] ejanreve,,/N (14)
On the basis of Egs. (2) and (3), XL, s.[k] is a combination of X os[k] and X e,en[K], Where the

nonzero elements of X ,44[k] and X o.en[k] are located at odd and even indices, respectively. As a
result, X oqq[k] and X ¢ven[k] do not overlap, thereby simplifying (14) as

X8 oso K] = X [K] S¥2 o0 [K] (15)
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where Sg’,)gosc [k] is given by

i (u) i i
sw K] aggdejznmwd/’v, k € odd indices (16)
oeosc (Kl = o o
o) e2mkEm/N -k e even indices,

The OEOSC can be regarded as an SLM scheme with phase sequence Sg’)Eosc [k]. A primary
difference between the OEOSC and SLM-based schemes is that the phase sequence of the
OEOSC scheme is polyphase, whereas that of the SLM-based scheme is quadriphase. Although
the cyclic shift and phase rotation can be implemented in the frequency domain as shown in (14),
they cannot help reduce the computational complexities. Hence, the cyclic shift and phase rotation
of the proposed OEOSC scheme are implemented in the time domain.

To detect the selected candidate sequence blindly, each candidate sequence in the OEOSC
scheme must be unique, that s, X(OU)EOSC [k] # X(ovéosc [k]for u # v. In other words, the cyclic shift and
phase rotation between the uth and vth candidate sequences must satisfy the following conditions

to obtain S5 osc [K] # Syrose IK:

p (u) i (v) . .
o) erikte/N _ oY) g2rktsss/N 22 0 k € odd indices, (17)

u) o j2rktiih /N V) gl2mktln /N indi
all) el2rkrem/N _ o(1) glRmhiee/N -4 0 k € even indices, (18)

We denote a = [o!) alik] and ) = [74), t&k,] as the phase rotation and cyclic shift of the uth

candidate sequence, respectively. Similarly, the phase rotation and cyclic shift of the vth candidate
sequence is represented as ¥ = [o), a¥k,] and 7 = [z\) 74k, According to (17) and (18),
the conditions for constructing two different candidate sequences are derived in the following
propositions.

Proposition 1 Given that the uth and vth candidate sequences are constructed from (8) with
parameters a*) and 7 and oc(" and V) respectively, the uth candidate sequence is different from
vth candidate sequence if «*) = a(¥) |reve,, - reve,,| 7é N/2 and 12— 7| £ 0

Proof o = o means that %dd =a and amn = asven Suppose that ziven # tiven + N/2 and

RN Then substituting aodd =) and ), £ 1) into (17), o) (e/2mkes/N — glRmkeois/NY £ 0,

Substituting ek, = alk, and o # Tk + N/2 into (18), af;\’,Ln(efz”kfsven/N _ el2rktlin/NY £ 0. This
concludes the proof of proposition 1. [ ]

Proposition 2 Given that the uth and vth candidate sequences are constructed from (8) with
parameters a“) and ) and & and 7"),respectively, the uth candidate sequence is different from
vth candidate sequence the uth candidate sequence is different from vth candidate sequence if

E)d)d aﬁ,?d, Olg\l/)en = Oleven|feven - Tgven| #0orN/2, and |Tg‘2d - Todd| # Nj2.

Proof: Suppose that a'), = ') aliky = —alien, Toren ;é 4k + N /2 and fodd £ 1Y +N/2. Then,
substituting o), = o) and =), # <), + N/2 into (17), & (e/Z”k%dd/N — el2mkeogs/NY £ 0. Substituting
o), = —a¥h and th, # 74, into (18), a(e“an(efzﬂkf%/N - e/2ﬂkfeven/N) # 0. This concludes the proof
of proposition 2. [ ]

Proposition 3 Given that the uth and vth candidate sequences are constructed from (8) with
parameters a“) and ) and & and ©"),respectively, the uth candidate sequence is different from
vth candidate sequence, the uth candidate sequence is different from vth candidate sequence if
oy = —aly, alvbn = alllen | Thvkn — hhnl # 0 O N/2, and [z00 — 7| # N /2.

Proof: The proof of Proposition 3 is similar to that of Proposition 2 and is omitted for brevity. W

Propositions 1 and 2 allow the OEOSC scheme to select different candidate sequences, wherein
the receiver can verify which candidate was transmitted without the use of Sl. In practical systems,
only the U candidate sequences are required for construction. When U distinct candidate sequences
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are generated, the indices associated with the selected candidate sequence can be detected by
2

T i KN
(o o) = (“)mm Xl X ag [K] € 2N — X 049 [K] @A oa [K] (19)
@odgs odder odd . o% €
] . (u) 2
(@8 Toen) =, M Min | aen (6250 _ X o M alfael|  (20)
airen, Tobn €Q2 keeven Xeven[kl€C

where Q@ = {«), 7, 0 < u < U — 1} is the set of U cyclic shift and phase rotation indices, which
satisfies one proposition. A ,qq [k] and H ¢/en [K] refer to the estimated channel responses for odd and
even subcarriers, respectively.

2.3 Correlation Analysis of Alternative Candidate Sequences

As mentioned in the previous subsection, the OEOSC scheme can construct a set of U different
candidate sequences, which allows S| recovery associated with the selected candidate sequence
blindly based on propositions 1, 2, and 3. However, the PAPR reduction capability should also be
improved with the same set. In this subsection, a deterministic selection criterion for selecting cyclic
shift and phase rotation is developed on the basis of the correlation analysis among alternative
candidate sequences. The correlation between the uth and vth candidate sequences is expressed
as

Ruw[m,n]=E [X(éj)fosc [m]- Xk o0 [”]]

= v
1 ‘ i o
|:Z XGkosc [K1eP™mN N X 8L o K 672 kn/N:|

P

k=0

N-1N—1
£ |: Z X [K] X [ S5 osc (K185 kosc [ ej2”(mk_""/N:|
k=0 =0

Shkosc (K185 ko [K] €2m4/N (21)

where A =m —n and the last equal sign is generated from E[X [K]X [[[] = 1 if k = I, otherwise
E[X [K]1 X [] = 0. By substituting (16), (21) can be further expressed as

N—1
Ruli] = NZSOEosc[klS&”éosc[klefz"“/” T Y S8hoso 148550 (27

k=0
keodd keeven

TS
Z Sg%osc 2K +1] % kosc [2K + 1] /2N g2micr/(/2)

N/2—1
1 () v 2k (N2
+ N Z Sotosc [2K] Sorosc [2K] €27/ N/
k=0
4 N2
_ ! Z “%)d v ejZn(Zk’+1)( 9 NN o2 /N g2k 1/(N/2)
k=0
4 N2t

(v) i ,
+ _ Z aeven (e‘;)ene/2ﬂ2k (Teven Teven)/N e]27rkk/(N/2)

= Rodd[)“] + Heven[)\] (22)
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The correlation between the uth and vth candidate signals is highly dependent on the addition of
Roga[2] and Reven[A]. Rogd[A] @nd Reven[2] can be regarded as the N/2-point IFFT of the sequence
SY) osc [2K + 1184k ose [2K + 11 and S5k ose [2K15Yk0sc [2K], respectively. In principle, low Ryy[1]
indicates that X(Oul):'OSC [k] and X(ovzeosc [k] are poorly correlated. In [23], the VC was used to evaluate
the PAPR reduction capability of different candidate sequence sets in SLM-based OFDM systems.
VC is expressed as

N—1
. ZOgu,ng—Lu;ﬁv Var[|RUV[)‘]|2]A:O
= cU

2

VC (23)

where cg is the binomial coefficient and Var[-] denotes the variance. The CSLM is a pattern-specific
algorithm for PAPR reduction, wherein the optimal candidate sequence with minimal PAPR may
be different for each OFDM symbol. However, the optimal candidate sequence set in the proposed
OEOSC scheme is obtained from the minimization of the VC (Eq. (23)). The VC only depends
on Rogg[A] and Reyen[A] rather than Xeen and Xoqy. Thus, the optimal candidate sequence set is
irrelevant to the data symbols. Hence, we can determine the optimal candidate sequence set with
U candidate sequences prior to data transmission and then maintain each OFDM symbol. When
(19), (20) and (23) are combined, the OEOSC method aims to find an optimal set of candidate
sequences that yields the transmitted sequence with the lowest PAPR and detects the transmitted
sequence without SI. Consequently, the U candidate sequences can be obtained as

e Var[ R [A]2]"
argﬂmin ZO_u,v_ULu;évCU [' “V[ ]| ]A:O (24)
2

where Q is given by (19) and (20).

3. Analysis of Computational Complexity

In the CSLM-based transmitter, the computational complexity is often evaluated in terms of the
required number of IFFT operations because the candidate signals are constructed in the frequency
domain. However, calculating the additional operations in the time domain is necessary if the
candidate signals are constructed in the time domain. Thus, the overall computational complexity
for the CSLM, SSLM, LCSLM, CYSLM, and OEOSC schemes are analyzed by calculating the
required number of real multiplications and additions because the VLC signal is real and positive.
At the receiver, the computational complexity of the proposed blind SI detection is also compared
with that of the ML detector in the SLM-based blind S| detection.

3.1 Computational Complexity for the Transmitter

In analyzing computational complexity for the transmitter, we exclude the minimization computa-
tional complexity for obtaining the signal with the lowest PAPR because the complexity is identical
for all schemes. The number of candidate sequences is assumed to be U. The CSLM and SSLM
schemes require U IFFT operations with U candidate sequences. Each N-point IFFT operation
requires (N/2)log, N complex multiplications and N log, N complex additions. One complex mul-
tiplication involves four real multiplications and two real additions, whereas one complex addition
involves two real additions. Therefore, the total numbers of real multiplications and additions re-
quired in the CSLM and SSLM schemes are (2UN)log, N and (3UN) log, N, respectively. Additional
8US real multiplications are required by the SSLM scheme, where S is the number of subcarriers
that must be amplified within the first quarter of subcarriers. Thus, the total real multiplications and
additions for the SSLM scheme are (2UN)log, N 4+ 8US and 3UN log, N, respectively.
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TABLE 1
Computational Complexity Comparison of the CSLM, the LCSLM, CYSLM and the OEOSC Schemes

Real Multiplications Real Additions Number of Sl bits
CSLM [12] (2UN)log, N (3UN)log, N log, U
LCSLM [18]| (4N)logoN+ N | (6N)log,N + (U —2)N log, U
CYSLM [20] (2N)log, N (3N)log,N + (U —1)DN log, U
SSLM [14] |(2UN)log, N + 8U S (3UN)log, N 0
OEOSC (4N)log, N (6N)log, N + UN 0

In the LCSLM scheme [19], the uth candidate sequence of LCSLM is given as

X\ Soum M =
CSLM [l O<u<1
XCSLM [n] + OngéLM [(n - T(LUC)SLM)N] Co2<u<U-1 (25)
where 0 <« < 1 is a linear factor and r(L”C)SLM €{1,2,...,N — 1} denotes the amount of cyclic

shift for the uth (i.e., u > 2) candidate sequence. On the basis of Eq. (25), the LCSLM requires
two IFFT operations with two candidate sequences, namely, xCS,_M[n] and xCSLM[n] Moreover,
(U —2)N real additions are required to construct extra U — 2 new candidates as given by (25)
and N real multiplications are required to compute axC%LM (n— T(LUC)SLM)N]- Finally, the total numbers
of real multiplications and additions required for the LC-SLM scheme are 4N log,(N)+ N and
6N log,(N) + (U — 2)N, respectively.

In the CYSLM scheme [21], the uth candidate signal is constructed by combining the original
signal x[n] with D cyclic shift equivalents under the phase shift, given by

(u)
Xeysum [N =

X [n] ’ u=0
(26)
x[n]+ Y0, af'x [(n — e |, T=usU-T
where o) € {+1} and rCYS,_M s€11,2,. — 1} denote the amount of cyclic shift for dth branch

signal. As shown in (26), the CY-SLM scheme requires one IFFT operation to construct x[n] and
DN real additions to generate one candidate sequence when superposing x[n] and D phase shifted
cyclic delay signals. Finally, the generation of U candidate signals in (26) requires 2Nlog2(N) real
multiplications and 3Nlog2(N) 4+ (U — 1)D N real additions.

In the proposed OEOSC scheme, two IFFT operations are required to construct x,qq¢[n] and
Xeven [N]. Additional N real additions are required by the OEOSC scheme to combine x,4q [n] and
Xeven [N] 10 oObtain one candidate sequence. Thus, the total numbers of real multiplications and
additions for generating U candidate sequences are 4Nlog2(N) and 6N log2(N) + UN, respectively.

Table 1 summarizes the required number of the real multiplications, real additions, and Sl bits
of the five schemes. Fig. 2 shows the numerical results for the case of N = 1024 for a different
number of candidate sequences. D was set to be two in the CYSLM scheme. The SSLM scheme
has almost identical computational complexities to the CSLM scheme, but the SSLM does not
require S| transmission. The OEOSC scheme achieves a considerably reduced complexity than
the CSLM and SSLM schemes without BER degradation. In addition, the CYSLM scheme has the
lowest computational complexity at the cost of BER degradation and data rate loss. Although the
number of Sl bits for the CSLM, LCSLM, and CYSLM is small when high-order modulation types
are used, forward error coding is often required to prevent erroneous Sl detection, which causes
loss of data symbol. The introduction of forward error coding not only reduces the data rate but
also renders the receiver further complex. As a result, the total redundancy may exceed log, U
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Fig. 2. Total number of real multiplications and real additions for different U values with N = 1024.

TABLE 2

Computational Complexity Comparison of Differnet S| Blind Detection Schemes

Real Multiplications

Real Additions

ML [22] 2UMN UMN
SSLM [15] SNU 5NU
OEOSC | 4(1 +2M)UN |2(1+3M)UN

bits. Therefore, providing a quantitative analysis of the bandwidth efficiency is difficult because the
bandwidth efficiency depends on the adopted forward error coding. To be fair with other SLM-based
schemes, we only listed the number of Sl bits in Table 1 without considering forward error coding.

3.2 Computational Complexity for the Receiver

The receiver computational complexity of the proposed OEOSC scheme is evaluated in this sub-
section. For each odd subcarrier, (19) shows that the blind S| detector requires two complex
multiplications and one complex addition to calculate the squared absolute operation, wherein two

complex multiplications are required for X ;44 [K] e 275/ and X g [K] ag‘j}dlfl odd [K] and one complex

addition is required for the addition of X 544 [] e Pki/N | X g [K] (Xgij)(ﬂ:lodd [k]. Then, one complex mul-
tiplication is also required for the squared absolute operation. Given the U candidate sequences, N
subcarriers, and M-QAM constellation, the computational complexity of the proposed blind SI de-
tection is approximately (1 + 2M)UN /2 complex multiplications and UM N /2 complex additions by
omitting the operation of summation required in (19). On the basis of Eq. (20), the complexity is the
same as that in an odd subcarrier. As one complex multiplication involves four real multiplications
and two real additions and that one complex addition involves two real additions, the overall com-
putational complexities of real multiplications and additions for the OEOSC scheme are calculated
as 4(1+2M)UN and 2(1 + 3M)UN, respectively. Table 2 presents the computational complexity of
various blind Sl detection schemes. Numerical analysis indicates that the computational complexity
of the proposed Sl detection is considerably lower than that of the SLM with ML detection. Although
the computational complexity of the proposed Sl detection is slightly larger than that of the SSLM,
the relating transmitter has a considerably lower computational complexity, as shown in Table 1.
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TABLE 3
System Parameters for Simulation

Number of subcarriers, N 1024
Length of cyclic prefix N/16 = 64
Total number of OFDM symbols 106
Number of channel impulse response 10
Modulation scheme 16-QAM
QAM symbol energy,E x unity
Bpce 7 dB or 5 dB
k = /10(Boc/10) — 1 2,1.47
1) 4,2.94
T 50 ns

4. Simulation Results

In this section, simulation results of the proposed OEOSC scheme for DCO-OFDM VLC systems are
evaluated in terms of PAPR reduction and BER. For the purpose of comparison, the CSLM, SSLM,
LCSLM, and CYSLM schemes and direct clipping are considered in the simulations. Following [24],
the LED nonlinear model is regarded as the double-sided clipping in Eq. (11), where Bp¢ is set to
8/2 to ensure a steady dynamic region. The simulated channel impulse response of the multipath
optical channelis h(f) = 1;exp(‘T’)u(t), where u(t) represents the unit step function and = denotes the
exponential decay time constant [25]. In our simulations, we use simple least squares to estimate the
frequency-domain channel response in all methods. The PAPR reduction performance is evaluated
using a complementary cumulative distribution function (CCDF), defined as the probability that the
PAPR exceeds a given threshold y as follows:

CCDF () = Prob[PAPR(XG L gc) > 7. 27)

PAPR(XSosc

Table 3 lists the system parameters applied in the simulation. The clipping ratio depends on the
required DC bias level. In our simulations, we consider cases Bpc = 5 dB and Bp¢ = 7 dB, which
lead to clipping levels of § = 2.94 and § = 4, respectively. Moreover, the noise source used in our
simulation is AWGN noise.

4.1 Comparison With SLM-Based PAPR Reduction Scheme

In the proposed OEOSC scheme, the selection criterion of candidate signals is based on the mini-
mization of the VC defined in Eq. (23). Different sequence sets have different VC values. Simulation
results (figures omitted here for brevity) have shown that the improvement in the PAPR reduction
performance of the CSLM and OEOSC schemes is small in the case of 1024 subcarriers and
16-QAM modulation when U > 32. To provide the best balance between computational complexity
and PAPR reduction performance, a value of U = 32 is adopted in all PAPR reduction schemes
For Figs. 3 and 4, the Bp¢ is set to 7 dB, which leads to k = 2 and § = 4. Thus, when the forward
voltage of the biased signal is above four or below zero, the nonlinear clipping distortion of the
signal occurs.

Fig. 3 demonstrates the CCDF of the proposed OEOSC scheme, of which each «*) and 7(*)
belong to Q. In addition, we plot the CCDFs of the CSLM scheme with a set of Walsh-Hadamard,
chaotic, and random sequences as phase sequences for comparison. We observe that the CSLM
scheme with chaotic and random sequences has the best PAPR reduction performance because
the VC values of the random and chaotic sequence sets are the lowest. Although the performance
loss of the OEOSC scheme relative to that of the CSLM with these two sequence sets is found to be
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Fig. 3. Comparison of PAPR reduction performance of CSLM using different phase sequences sets(N =
1024 and U = 32).
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Fig. 4. Comparison of PAPR reduction performance for the original DCO-OFDM, direct clipping, CSLM,
the LC-SLM, CY-SLM and the TDEOSC schemes(N = 1024 and U = 32).

0.6 dB for U = 32 and Prob[PAPR(xg’)EOSC) > y] = 1078, the OEOSC scheme has the advantages
of considerably low complexity and no Sl transmission.

Fig. 4 displays the PAPR reduction performances of different PAPR reduction schemes in DCO-
OFDM VLC systems. In simulating the performance of the CSLM scheme, the phase sequences are
selected from random sequences. In the SSLM scheme, the best amplification factor for balancing
the BER and PAPR reduction performances is 1.8 when we set S = 1; as a result, four subcarriers
must be amplified. Moreover, the LCSLM and CYSLM schemes randomly select cyclic shifts r,(_‘g_CS,_M

and rg’\)(_S,_M’d between 1 and N — 1. Fig. 4 shows that the PAPR reduction performance of the CSLM
and SSLM schemes is exactly the same because the candidate sequences are constructed in the
frequency domain for both schemes. The results in Fig. 4 also indicate that the PAPR reduction
performance of the LCSLM and CYSLM methods is slightly worse than that of the CSLM and
SSLM. This finding can be demonstrated by the fact that the candidate sequences of the LCSLM
and CYSLM methods are constructed in the time domain. However, the computational complexities
of the LCSLM and CYSLM methods are considerably lower than those of the CSLM and SSLM
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Fig. 5. Comparison of BER performance for DCO-OFDM systems with various PAPR reduction schemes
(Bpec =7dB, U = 32).
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Fig. 6. Comparison of BER performance for DCO-OFDM systems with various PAPR reduction schemes
(Bpc =5dB, U =32).

schemes. The PAPR reduction performance of the proposed OEOSC scheme is slightly worse
than that of the LC-SLM and CY-SLM methods by approximately 0.1 ~ 0.2 dB for U = 32 and
Prob[PAPR(xg’,)EOSC) > y] = 1073. Nevertheless, the proposed scheme has better BER performance
than the LCSLM and CYSLM because of the equal magnitude of the corresponding frequency-
domain phase sequences, as demonstrated in the following simulation results.

Figs. 5 and 6 demonstrate the BER performance of different PAPR reduction methods in DCO-
OFDM VLC systems given by Bp¢c = 7 dB and Bp¢ = 5 dB, respectively. The linear transfer charac-
teristic of the LED as expressed by Eq. (11) is considered in both figures. The channel estimation
must be known at the receiver end for all schemes by using the simple least square method. In
Fig. 5, the proposed OEOSC scheme enjoys a remarkable BER performance improvement com-
pared with the LCSLM and CYSLM schemes because of the equal magnitude of the corresponding
frequency domain phase sequences. Moreover, the OEOSC scheme can provide almost the same
BER performance as the CSLM scheme with perfect Sl, but at a considerably low computational
complexity. However, for a low DC bias level of 5 dB, the DCO-OFDM system without PAPR reduc-
tion yields a BER plateau due to the large clipping noise. The OEOSC scheme can reduce the level
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Fig. 7. CCDF performance of the OEOSC scheme and direct clipping scheme for 16-QAM(Bp¢ =
5dB, U = 32).
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Fig. 8. Comparison of BER performance of direct clipping and the OEOSC scheme for 16-QAM and
64-QAM modulation (a) Bp¢c = 7 dB, (b) Bpc = 13 dB.

of error floor because of its improved PAPR reduction capability. Therefore, the PAPR reduction
scheme must be applied in DCO-OFDM VLC systems with a low DC bias level.

4.2 Comparison With Direct Clipping PAPR Reduction Scheme

In this subsection, we further present the simulation results that illustrate the performance compari-
son between the OEOSC and direct clipping schemes. The differences between these schemes are
stated as follows. First, direct clipping requires further filtering to reduce the out-of-band emission,
which may reintroduce additional peaks. On the contrary, the proposed OEOSC scheme does not
increase out-of-band emission with respect to pure DCO-OFDM without PAPR reduction. Impor-
tantly, clipping and filtering also produce in-band distortions that degrade the BER, whereas the
OEOSC scheme does not produce in-band distortions.

Fig. 7 shows that the maximum performance losses of the OEOSC scheme with 32 candidate
signals relative to the direct clipping scheme with CR = 9 dB and CR = 10 dB are approximately 1.2
and 0.2 dB for the CCDF of 102 under 16-QAM modulation, respectively. However, the OEOSC
scheme enjoys a remarkable BER performance improvement. For example, as shown in Fig. 8(a)
and given a 7 dB BDC (i.e., low biasing level), the SNR improvement of the OEOSC scheme is
3.5 dB at a BER of 10~* and 16-QAM modulation. Moreover, the proposed OEOSC scheme can
reduce the error-free level for 64-QAM modulation. By contrast, given a 13 dB BDC (i.e., large
biasing level) and at a BER of 104, the proposed OEOSC scheme achieves 0.2 and 3 dB gains
for 16-QAM and 64-QAM modulations, respectively.
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5. Conclusions

A novel PAPR reduction scheme based on the OEOSC is proposed for DCO-OFDM VLC systems.
Simulation results show that the OEOSC scheme has almost the same BER performance as the
CSLM scheme, but the OEOSC scheme has a considerably lower computational complexity. In com-
parison with the existing LCSLM and CYSLM schemes, the OEOSC scheme has the advantage of
improving the BER and PAPR reduction performances with only marginal computational complexity
cost. This condition is due to the equal magnitude of the corresponding frequency domain phase
sequences and the degree of freedom in selecting the cyclic shift values, respectively.
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