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Abstract—As a multicarrier signal can exhibit large peaks in band distortion. As the out-of-band radiation can intrasuc
the time domain, _the ar_nplifier used to transmit_ the multicgrrier severe interference with signa|5 in other frequency bands,
signal must be highly linear, and thus expensive, to avoid non- ¢inning is combined with filtering to mitigate the spectral

linear signal distortion. To reduce the high peak-to-average powe e
ratio, and hence to allow cheaper amplifiers, several techniques regrowth; this however comes at the cost of peak regrowth.

are described in the literature. However, the drawback of these Therefore, the clipping-filtering operation is repeatedesal
techniques is that they cause non-linear in-band distortion times to reach the desired PAPR level and to limit the out-of-
and out-of-band radiation, reduce the system throughput or pand radiation. The practical use of this technique is hewev
require side-information. To avoid these drawbacks, we propose a jimiteq by the difficulty to reconstruct the signal at theeier.
PAPR reduction technique that has none of the abovementioned A second type of PAPR reduction techniques is based on
disadvantages. In the proposed technique, we replace some of . . .
the transmitted data symbols by nulls, i.e we introduce errors in  the selection between different possible sequences detate
the transmitted signal. To counteract the effect of the introdued the data sequence to be transmitted, in order to minimize
symbol errors, thg transmitteq information is encoded. At Fhe the PAPR [9]-[12]. The partial transmit sequences (PTS)
receiver, an iterative decoder is used to correct the transmitr technique [9], [10] groups the data symbols in subblockshea
and channel errors. The performance of the proposed technicg ; . T L
is compared with the clipping technique. Although the clipping of the subblocks is then welg_hted_ v_wth its own pha_se whlch_ls
technique slightly outperforms the proposed technique with Selected such thatthe PAPR is minimal. The selective magppin
respect to the obtainable PAPR reduction and corresponding (SLM) technique [11] represents each data sequence by a
BER degradation, the proposed technique does not suffer from number of possible sequences by selecting one phase vector
non-linear in-band distortion and out-of-band radiation. out of a predetermined set of phase vectors; the phase vector
that minimizes the PAPR is selected. The SLM technique has
lower complexity than the PTS technique, but the search for

Multicarrier transmission has been selected as the pHysitiee optimal sequences is very complex in both cases. Althoug
layer for a large number of applications, as it combines & highese techniques do not suffer from the disadvantages of the
bandwidth efficiency with the robustness to channel dispers clipping technique, i.e. in-band distortion and out-ofida
[1]. However, as the data stream to be transmitted is splidiation, side information about the used phases is reguir
into a large number of lower rate streams that are tranaiitt® reconstruct the data sequence at the receiver. In the gumm
in parallel on different subcarriers, the time domain signa&arriers technique [13]-[15], some of the carriers are setu
of the multicarrier system consists of the sum of a largder data transmission, but are selected such that the PAPR
number of contributions; as a result the system exhibitsissminimized. Although this technique does not require side
large peak-to-average power ratio (PAPR). As the multiearr information at the receiver, it reduces the data throughput
system is highly sensitive to non-linear distortions [BE high Coding is an essential ingredient in present standards. It
PAPR introduces the need for a highly linear amplifier at the shown in the literature that coding cannot only correct
transmitter to avoid the peaks in the signal to be distortegkrors that occur in the channel, but can also be used for
In mass-produced systems, however, cheaper amplifiers BAPR reduction [16]-[18]. At the transmitter, some of théada
preferred, to keep the cost of the product as low as possitdgmbols are replaced by other symbols to reduce the PAPR.
One way to deal with the effect of the non-linear amplifierShe errors introduced by this technique can then be codecte
is to reduce the average signal power, such that the effeatsthe receiver by the error correcting code: part of thererro
of the amplifier non-linearities on the peak values of theorrecting capability is used for PAPR reduction. In [16Han
signal is reduced. However, this involves a power efficiendg7], a linear block code with hard decoding is considered.
reduction. Hence, other techniques to solve the PAPR problélowever, the computational complexity of this technique
are preferred. strongly increases with the number of carriers, becausheof t

In the literature, several techniques to reduce the PAPR halecoding complexity, and the PAPR reduction comes at the
been investigated [3], [4]. The technique with the lowesheo cost of a rather large BER degradation. Recent developments
plexity is the clipping technique [5]—-[8]. As in this teclguie in iterative decoding (e.g. turbo codes and LDPC codesvallo
the amplitude of the signal is cut off at a predeterminedljevdong codewords to be decoded with reasonable complexity.
the signal is subjected to non-linear distortion, causingng In [18], we introduced a symbol switching technique that
out-of-band radiation caused by the spectral regrowth and is decoded using an LDPC code. However, this technique

I. INTRODUCTION



Algorithm I: Symbol Nulling Algorithm
fori=1: M
forj=1: N
anyu = a, replace symbok,,,;;, ; = 0, compute corresponding APR;
end
q = argmin(PAPRj)
J

changeaq =0
end

N aghwbhe

TABLE |
ALGORITHM |: THE SYMBOL NULLING ALGORITHM.

introduces a large BER degradation. To avoid the large BERperformed on each time-domain sample separately, sath th
degradation encountered in the previous code-based PAfRR PAPR reduction operatd)(-) is given by

reduction techniques, we propose in this paper a new tegéniq )

that reduces the PAPR in a coded OFDM system by replacing 50 = Quiplss) = 4°¢ !f |se] < 3)
some of the data symbols by nulls; an iterative LDPC decoder P aed 28050 if s > a

is used at the receiver to correct the introduced errors.
turns out that the proposed symbol nulling technique outp
forms the symbol switching technique from [18], and is onl
slightly outperformed by the clipping technique with respe

to the PAPR reduction and BER performance. However, t . the sianal i led and th " P
proposed technique does not suffer from the drawbacks frofy e Vel (e signatis sampied and the resutting samp

- . lied to an FFT. The iterative decoder first computes the
?ned i!}%ﬂ'i?gstﬁgh;'gg?ﬁfgfgztgﬂt reduce the data through@?llgr probabilities that a coded bit equals= 0 or x = 1,

based on the FFT outpuis= {z,...,zn_1}:

G_ﬁlzq_aﬁ

In a coded OFDM system, the bit sequence to be transmitted”(b; = z) = Za:bi:fo‘Z —a?
is first split in information words of lengttt and encoded 2 2
using a code with code rat8. = k/n into code words of where the sample, in (4) corresponds to the sample in which
length n. Each code word is then mapped on a sequencethé bit b; contributes. The sum in the numerator ranges over
N = n/m data symbolsa = {ao,...,an—1}, where the data the constellation points for which b; = = only, whereas the
symbols belong to a constellation of si2&. The energy per sum in the denominator ranges over all constellation points
data symbol equalg’;. Without loss of generality, we assumeBased on the prior probabilities, the decoder tries to deitex
that the number of carriers equal. The data symbols arethe transmitted bit sequence in an iterative way. Note that
modulated on the carriers yielding the time-domain samplas no side information is available, the decoder cannot use

é/%erearg(w) is the phase of, and« is the clipping level.

In order to concentrate on the effect of the PAPR reduction
%peration, we consider the transmission of the sequen2e
Qyer an AWGN channel with noise spectral density At the

Il. SYSTEM DESCRIPTION

i=0,....n—1. (4

s =1{s0,...,8N_1}: knowledge on the PAPR reduction in the decoding.
N—-1
o = 1 Z aqeﬂ”qﬁe. ) III.. N UMFR|CA'L RE.SULTS | |
VN =0 The code used in the simulations is a systematic low-density

parity check (LDPC) code. The number of carriers equals
I?efining the PAPR red.uction operat@}(-), the transmitted x _'512 and the 2048 code bits from a (1025,2048) LDPC
time-domain samples yield = {so,...,5n-1}: code are mapped on a 16QAM constellation. Hence, one code
_ word corresponds to one OFDM symbol. The performance
s = Q(s). (2) . ; ! ) .
of the symbol nulling technique is considered in three cases
In the symbol nulling technique, the PAPR reduction ope(see Table Il). In the first case, the bits from the systematic
atorQ(-) is a vector operator, whe® of the data symbola LDPC code are Gray mapped on the data symbols, and all data
contained ins are replaced by a null in a systematic way, asymbols can be selected to be nulled by the symbol nulling
described in Algorithm I, in order to minimize the PAPR. Notéechnique. To investigate the effect of the mapping of thg bi
that asM of the data symbols are set to 0, the total energyn the constellation points, we interleave the code bitsrgef
of the signal is reduced. In order to keep the total transahittthey are mapped on the constellation points in the secorg] cas
energy constant, we increase the energy per symbol of #imilarly as in the first case, all symbols can be nulled. This
non-nulled data symbols with a factdf/(N — M); this will can be of importance for the decoder: in many situations, bit
have no effect on the PAPR. interleaved coded modulation (BICM), which makes use of an
The symbol nulling technique is compared with the clipinterleaver between the encoder and the symbol mapper, has
ping technique without filtering. We consider clipping withbetter performance than a simple Gray mapper. In the third
preservation of the phase content of the signal. The clgppicase, we use Gray mapping, as in the first case, but only data



Casel Case?2 Case3
81 parity symbols only| no no yes
interleaver no yes no

—— PAPR without symbol nulling TABLE I

—— PAPR with symbol nulling, Case 1 SIMULATION SETS.
—— PAPR reduction (dB), Case 1
—— PAPR with symbol nulling, Case 3

E S —A— PAPR reduction (dB), Case 3
= 60 - E—yeT
- M=5, Case 1
50 1 ---M=10, Case 1
- M=20, Case 1
g 40 1 M=40, Case 1
g ——M=5, Case 3
g 30 1 ——M=10, Case 3
8 —— M=20, Case 3
20 4 M=40, Case 3
number of nulled symbols, M
10 4
Fig. 1. PAPR reduction by symbol nullingy = 512 carriers, 16QAM. 01 .
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Fig. 3. PAPR distribution after symbol nullindy = 512 carriers, 16QAM.
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further increased, the gain in PAPR reduction becomes small

— PAPRwithout liopi This indicates that the strongest peaks in the time-domain
pping . Y

5 PAPR reduction clipping (dB) signal are caused by a limited number of data symbols. To

PAPR

—— PAPR after clipping

2 i compare, the average PAPR and average PAPR reduction (dB)
Toeees™ By for the clipping technique are shown in figure 2.
0 ‘ ‘ BaaeSs s = It is not only important to know how the average PAPR can

be reduced by a PAPR reduction technique, also the distrib-
ution of the PAPR after PAPR reduction is of importance. In
figure 3, the distribution of the PAPR after symbol nulling
Fig. 2. PAPR reduction by clippingy’ = 512 carriers, 16QAM. is shown, and in figure 4 we show the distribution of the
PAPR after clipping. The results are obtained by simulating
10* OFDM blocks. As expected from figure 1, the top of the
symbols corresponding to the parity bits can be nulled. Histribution, which is close to the average of the distrimt
the clipping technique that is considered for the comparisenoves to lower values of the PAPR whel increases.
with the symbol nulling technique, the same LDPC code Eurther, increasingl/ also results in a smaller variance, i.e.
considered as for the symbol nulling technique. the width of the distribution becomes narrower. As expldine
The average PAPR and average PAPR reduction (in dB)the previous paragraph, the presence of the interleaier w
for the symbol nulling technique are shown in figure 1 asave no effect on the PAPR distribution. Hence, only Cases 1
function of the number of symbols that are nulled. The resulnd 3 are shown in figure 3. When all symbols can be nulled
in these figures are obtained by averaging out over 10(Qase 1), the peak of the distribution is located at lowenesl
randomly generated data sequences. As the interleaveonvillthan for the case when only the parity symbols can be nulled
the average have no influence on the positions of the nullégdase 3). This was also observed in figure 1. Further, thenwidt
carriers, the average PAPR does not depend on the presedfdee peaks in Case 1 is narrower than in Case 3. As explained
of interleaver. We compare the average PAPR (reduction)imthe previous paragraph, this effect is caused by the esmtiuc
the case that all symbols can be nulled (Case 1), and the cdegrees of freedom in Case 3 as compared to Case 1.
that only the data symbols corresponding to parity bits canBased on figure 3, the complementary cumulative distrib-
be nulled (Case 3). The PAPR reduction that can be obtaingibn function (CCDF) can be obtained (see figure 5). From
in Case 3 is smaller than in Case 1. This can be explainttds figure, one can determine what is the probability that th
as in Case 3, the symbol nulling technique has less degr&$R is larger than a predetermined value. Above a certain
of freedom in selecting the positions of the data symbols théreshold, the CCDF decreases essentially log-linearth wi
can be nulled. It can be observed in figure 1 that when tliee PAPR. It can be observed that the CCDF becomes steeper
number M of nulled symbols is increased, first the averagehen M increases and the decay starts at lower PAPR levels.
PAPR drops sharply, but when the number of nulled symbols@ase 1 gives better results than Case 3. Hence, the prdipabili

level of clipping, o
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Fig. 4. PAPR distribution after clippingy = 512 carriers, 16QAM. Fig. 6. BER after symbol nulling' = 512 carriers, 16QAM.
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Fig. 5. Complementary cumulative distribution functiasi,= 512 carriers, ) o )
16QAM. Fig. 7. BER after clippingN = 512 carriers, 16QAM.

that the PAPR will be larger than a given value is much lowé€tween the transmitted and the received symbols is smll an
in Case 1 than in Case 3. Based on these simulation resulghin the error correcting capability of the code, whereas
an empirical model for the CCDF can be derived. the symbol nulling method, the deviations are concentrated
The BER corresponding to the different cases is shown #few symbols. However, in contrast with the clipping method
figure 6. It can be observed in the figure that there is esdigntighe symbol nulling method does not suffer from out-of-band
no difference between the BER performance in Cases 1 dddiation and in-band distortion.
2. Hence, it can be concluded that the mapping of the bits
on the data symbols has no influence on the symbol nulling
technique performance. Further, the BER degradation ire Cas In this paper, we have proposed a new technique for the
3, when only the parity symbols can be nulled, shows a smalleduction of the PAPR. In this technique, a predetermined
BER degradation than Case 1, where all symbols can be nudmount of data symbols are replaced by nulls in order to
The difference in BER degradation between Cases 1 andntimize the PAPR. To cope with the errors introduced in
increases when the numb@f of nulled symbols increases.this technique, we encode the transmitted informationhis t
However, for small BER degradation, i.e. whéi is suffi- paper, we used an LDPC code, but the technique can also
ciently small, the difference is small. As the PAPR reduttiobe applied to other iteratively decodable codes like e.dpatu
in Case 1 is larger in Case 3, we can conclude that for practicades. The performance of the symbol nulling technique is
situations Case 1 gives the best overall performance. Foewluated through simulations. When the numbkgof nulled
comparison, the BER degradation for the clipping techniguesymbols increases, the PAPR first drops sharply, but further
shown in figure 7. It can be observed that the BER degradatimereasingM yields only a small further improvement. This
for comparable PAPR reduction is slightly lower than in thandicates that nulling a limited amount of data symbols can
symbol nulling technigue. This can be explained as in tteready give a considerable PAPR reduction. Increasingot
clipping method, the distortion caused by clipping is spgreanly decreases the average PAPR, but also reduces the width
over all data symbols such that at the receiver, the dewiatiof the PAPR distribution or the variance. The gain in PAPR

IV. CONCLUSIONS ANDREMARKS



reduction and variance reduction is smaller in the case avhep] T. Jiang, W. Xiang, P.C. Richardson, J. Guo, G. Zhu, "PAR&luction

C,my parity symbols can be replaced by nulls, as the degrees of OFDM Signals Using Partial Transmit Sequences With Low Cemp
f freed in thi d d d h tational Complexity,” IEEE Transactions on Broadcasting|.\63, no
of freedom in this case are reduced as compared to the case 3 sep 2007, pp. 719-724.

where all symbols can be nulled. [10] H. Chen, H. Liang, "PAPR Reduction of OFDM Signals UsiRgrtial

i i iy Transmit Sequences and Reed-Muller Codes,” IEEE Communisatio
Comparing the BER degradation for the three cases consid Letters, Vol. 11, no 6, Jun 2007, pp. 528-530.

ered_ in this paper gives. rise to the following CondUSio_nS- A11] C.-L. Wang, Y. Ouyang, "Low-Complexity Selected MapgiSchemes
the interleaver has no influence on the PAPR reduction nor for Peak-to-Average Power Ratio Reduction in OFDM SystenzZE

on the BER, it can be stated that the mapping of the bits on Transactions on Signal Processing, Vol. 53, no 12, Dec 20054652-
the data symbols has no influence on the performance of pﬂg Y.J. Kou, W.-S. Lu, A. Antoniou, "A New Peak-to-Averagiower-Ratio
symbol nulling technique. The case where only parity symbol  Reduction Algorithm for OFDM Systems via Constellation Eien,”

are nulled has lower BER degradation than the case where all L%E'igzrg”fggons on Wireless Communications, Vol.6, no 5 BG07,
symbols can be nulled. However, the difference is small whm] M.J. Ferrandez-Getino Gafa, J.M. Faez—Borrallo, O. Edfors, "Or-

the number of nulled symbols is sufficiently small, such that thogonal Pilot Sequences for Peak-to-Average Power Rietudh

the BER degradation is small. As the latter case gives afarge E;P":J;:ticprgﬁy'ii'z O\’Cethiz%“(ﬁr "I)'Scrérécc))l%%):‘Conference, VTG02-
PAPR reduction than the former case, it can be concluded th@§ c.-1. Lam, D.D. Falconer, F. Danilo-Lemoine, "PAPR Retio Using

the symbol nulling technique where all symbols can be nulled Frequency Domain Multiplexed Pilot Sequences,” in Proc. eléss

; - - ; Communications and Networking Conference 2007, WCNC 2007gHon
has better overall performance in practical situationseneh Kong, Mar 2007, pp. 1428-1432.

the tolerable BER degradation is limited. [15] H.-G. Ryu, J.-E. Lee, J.-S. Park, "Dummy Sequence Inzer(DSI)
The performance of the proposed technique is also com- for PAPR Reduction in the OFDM Communication System,” IEEE

pared with the clipping technique. Although the clipping gge_lgzslactions on Consumer Electronics, Vol. 50, no 1, Feb 2pp4

technique slightly outperforms the proposed techniqué wif1e) AE. Jones, T.A. Wilkinson, S.K. Barton, "Block Codirgcheme for
respect to the obtainable PAPR reduction and corresponding Reduction of Peak to Mean Envelope Power Ratio of Multiearri

BER degradation, the proposed technique does not suffer fro ;’Lanzson;ig_szigg;cheme," Electronics Letters, Vol. 30, no 22; D@94,

non-linear in-band distortion and out-of-band radiation. [17] I. Shakeel, A. Grant, "Joint Error Correction and PAPRdRction of
The results in this paper are shown for a 16QAM constel- OFDM Signals,” in Proc. Information Theory Workshop 2006WT06,

: P : : Chengdu, China, Oct 2006, pp. 1-4.
lation, but similar results were obtained with other colate (18] D. Van Welden, H. Steendam, "Clipping Versus Symbol Shiilg for

tions. PAPR Reduction in Coded OFDM,” Symposium on Communications
and Vehicular Technology in the Benelux, SCVT'08, AntweBg|gium,
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