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Abstract—Orthogonal Frequency Division Multiplexing the Bit Error Rate (BER) and increase adjacent out-of-band
(OFDM) suffers from a high Peak-to-Average Power Ratio  carriers [8].
(PAPR). Tone Reservation (TR) is a popular PAPR reduction Some techniques use coding, in which a data sequence
technique that uses a set of reserved subcarriers to carry ¢h . . ’
peak reducing signal. The major advantages of TR technique 1S embedded In-a Iarger_ sequence and only a subse_t of _aII
include no transmission performance degradation, no trans  the possible sequences is used to exclude patterns with high
mission of Side Information (SI) and downward compatibility. PAPR [9]. These techniques require receiver modifications
Because of all these benefits, TR seems to be promising for use to decode the received signal. Also, multiple signal rep-
in commercial standards such as Digital Video Broadcasting resentation techniques have been proposed. These include

Terrestrial (DVB-T2). Thanks to a frequency domain filtering . . .
. in this paper, which is an extension of [1], we propose Partial Transmit Sequence (PTS) technique [10], Selected

Classical Transformation (CT) and Adaptive Transformation ~ Mapping technique (SLM) [11] and interleaving technique

(AT) algorithms to transform Adding Signal techniques (like  [12]. Theses methods reduce the PAPR by controlling the
clipping techniques) to TR techniques in order to benefit of  phase of the data subcarriers, which provides an effective
the TR advantages. As the transformation is a low-complext  go1ytion, However, they are computationally expensive due

process (about the FFT/IFFT complexity), the obtained tech . . : .
nique results in a low-complexity TR technique. However, to multiple IFFTs and exhaustive search to find optimal

the transformation generates a loss of performance in PAPR Phase sequences; also they require transmitting continuou
reduction, which can be improved by iterating the process of Sl to the receiver, which degrades the capacity of the system
transformation. Later in the paper, several Adding Signal tech-  The overall BER performance may also be degraded if there
niques (as well-known clipping techniques) are transforme are errors in the SI [5].

to TR techniques. Performance comparisons are done based . . .
on Complementary Cumulative Distribution Function (CCDF), PAPR can be reduced by the Adding Signal techniques

Bit Error Rate (BER) and Power Spectral Density (PSD) [13], which are very simple techniques to implement and
metrics. The simulation results showed that, at the same PAR ~ have become very attractive. Tone Reservation (TR) [14],

reduction gain, CT algorithm is 2 times more complex than  which is a particular Adding Signal technique is a popular

AT algorithm. PAPR reduction technique that uses a set of reserved subcar-
Keywords-Orthogonal Frequency Division Multiplexing riers to design a peak reducing signal. TR technique does not

(OFDM), Peak-to-Average Power Ratio (PAPR), Frequency distort data-bearing subcarriers. Also, it not only eliatas

Domain Filtering, Clipping Techniques. the need for SI, but also prevents the BER degradation,
as occurs with other techniques. However, TR technique
. INTRODUCTION requires an efficient generation of the peak-reducing $igna

The optimal peak-reducing signal generation is obtained

Orthogonal Frequency Division Multiplexing (OFDM), by solving a Quadratically Constrained Quadratic Program
although used in standards such as IEEE 802.11a/g, IEE@)CQP), which is a type of convex optimization problem
802.16, HIPERLAN/2 and Digital Video Broadcasting [14]. Although the optimum of a QCQP exists, it is shown
(DVB) [2], suffers from high Peak-to-Average Power Ratio in [14] that the solution requires a high computational cost
(PAPR). Large PAPR requires a linear High Power Amplifierof O (N,‘NQL), where N, is the number of the reserved
(HPA), which is inefficient. Moreover, the combination of an subcarriers,V is the number of subcarriers and is the
insufficiently linear HPA range and large PAPR leads to in-oversampling factor. The authors of [15] propose an optimal
band and out-of-band distortion [3]. Several PAPR reductio peak-reducing signal based on Second Order Cone program-
techniques have been proposed [4-7]. The simplest way tming (SOCP) formulation of QCQP problem. Since finding
reduce PAPR is to deliberately clip and filter the OFDM the optimal solution to QCQP problem is computationally
signal before amplification. However, clipping is a nondine demanding, an iterative way to reduce PAPR was also
process and may cause significant distortion that degradgsoposed [14, 16].
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In [1], we proposed a tranformation algorithm to trans-
form Classical clipping in TR clipping. This paper is an N—1
extension of [1], in which we propose two transformation Tp = \/—% N XpedNE 0<n<N—-1. (2)
algorithms the classical algorithm (algorithm from [1])dan k=0
an adaptative algorithm. Moreover, we apply these two In this paper, the discrete-time indexing] denotes
transformations on several Adding Signal techniques likeNyquist Rate samples. Since oversampling may be needed in
Geometrical method [17] and several types of clipping [18].practical designs, we will introduce the notatiofin/L] to
The remainder of this paper is organized as follows:denote oversampling by.. Several different oversampling
Section Il introduces the OFDM systems. Section Il briefly strategies ofz [n/L] can be defined. From now on, the
reviews the Adding Signal techniques principle, gives someyversampled IDFT output will refer to oversample of (2),
examples of these techniques and focuses on the TR teclvhich is expressed as follows:
nigues, which are specific Adding Signal techniques. Sectio

IV describes the principle of the digital filter based on NL_1

FFT/IFFT pair and derives the CT and AT algorithms. In 2 [n/L] = \/—% > Xpe?"wrk 0<n < NL-1.
Section V CT and AT algorithms are applied for PAPR re- k=0

duction in a Wireless Local-Area-Network (WLAN) system, ®)

to two Adding Signal techniques and simulation results are  The above expression (3) can be implemented by using a
provided, while in Section VI a conclusion is drawn. length-(NL) IDFT operation with the input vector

II. OFDM SYSTEMS AND PAPRISSUE

The basic idea underlying OFDM systems is the divisiony (L) —
of the available frequency spectrum into several subaatrie
To obtain a high spectral efficiency, the frequency response L )
of the subcarriers are overlapping and orthogonal, hence Thus, X" is extended fromX by using the so-called
the name OFDM. This orthogonality can be completelyZ€ro-padding scheme, i.e., by insertilg — 1) N' zeros in
maintained with a small price in a loss in SNR, even thougihe middle ofX, i.e.,

——

X07"'7X%—17 07"'a0 X%f"aXN—l
(L—1)N zeros

the signal passes through a time dispersive fading channel, X keS
by introducing a cyclic prefix (CP). x = { 0’“’ . < Sl ,
The continuous-time baseband representation of an ’ € o2
OFDM symbol is given by where S; and S, are the set of in-band (IB) indices and
out-of-band (OOB) indices respectively.
N—-1 .
()= L 3 Xpel2ht 0<t< T, | (1) The cost of transceiver components depends on the dy-
VN S o namic range of the signals. In the literature, the envelope

where N data symbolsX;, form an OFDM symbolX =

variations are often described in terms of the crest-factor
[(Xo,---,Xn_1], fr = & andT, is the time duration of

(CF), peak-to-mean envelope power ratio (PMEPR) or sim-
the OFDM symbol. T ply peak-to-average power ratio (PAPR). In this paper, we
adopt the terms PAPR to quantify the envelope excursions
of the signal. The PAPR of the signal(¢) may be defined
as

In practice, OFDM signals are typically generated by
using an Inverse Discrete Fourier Transform (IDFT) as
described by the block diagram in Fig. 1.

— max |z (¢)]?

A t€[0,T]
PAPR, = ——
Ral 7.
z[n/L] ()
g N piskel L ¢ N % » where P, = E{|x(t)|2} is the average signal power and
: E{.} is the statistical expectation operator. Note that, in

IDFT DIGITAL . . . . . .
FILTER order to avoid aliasing the out-of-band distortion into the

CP

]

(4)

AAA

fe

P E data bearing subcarriers and in order to accurately describ
— the PAPR, an oversampling factér> 4 is required.
Figure 1: OFDM Transmitter Block Diagram. In the literature, it is customary to use the Complementary
Cumulative Distribution Function (CCDF) of the PAPR as
The OFDM symbol represented by the vectdr = a performance criterion. It is denoted as
[Xo--- XN,l]T is transformed via IDFT intd’s/N-spaced
discrete-time vectox = z [n] = [zo -+ -zn_1]", i.€. CCDRy () 2 pr {PAPR,) >} .
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If N is large enough, based on the central limit theorema Geometric approacls. Janaaththanaet al. propose, in
the real and imaginary parts of OFDM(¢) have Gaussian [16], to computec,, in frequency domain with the Gradient
distribution and its envelope will follow a Rayleigh distri algorithm, which is a low-complexity algorithm. In [13],
bution. This implies a large PAPR. In [19], it is shown that the reducing signat,, is computed in time domain based
the mean of the PAPR, which is a random variable, can ben a nonlinear functionf (.) called “function for PAPR
approximated to reduction”. Usingf (.) to reduce the PAPR of [n/L], the

peak reducing signal,, is written as

E[PAPR = Cgyien + In [N], () cn = f(|zn]) &% — zp, )
where Geyiep is the Euler’s constant defined bellow where,, is thez,, phase.

N o1 B. Some Examples of Adding Signal Techniques
C(euen = lim — —In[N]| ~0.57721.
—

oo | £ k As préviously mentioned, depending on the way to gener-

h ate the Adding Signal,,, we obtain many different methods.
Ill. ADDING SIGNAL TECHNIQUES FORPAPR In this section, we present the clipping techniques family
REDUCTION [18], which could be easily seen as adding method and the

There are several different techniques for PAPR reductiongeometrical method of [17].

in this section, we present the Adding Signal techniques 1) Clipping techniques familyln the first subsection we

principle and then we focus on the TR techniques, whichformulate the classical clipping as an Adding Signal tech-

are specific Adding Signal technigues for PAPR reduction.nique as described in Fig. 2, then in the second subsection

. . . . we describe briefly four clipping techniques.

A. Adding Signal Techniques Principle clipping technique formulated as an Adding Signal
In Adding Signal context, the PAPR is reduced by addingtechnique: Using the conventional clipping technique [8]

a signal called sometimes “peak reducing signal” or “peako reduce OFDM PAPR, the output signal, in terms of

canceling signal”. Many well known PAPR reduction tech- the input signal,, is given as follows:

nigues of the literature such us Tone Reservation (TR)

[14], Tone Injection (TI) [14, 20], Geometric Approach for Un = f (lzn]) €297,

PAPR reduction method [17] are known as Adding Signal

techniques. In [13], it is shown that any form of clipping can Wherey,, is thex,, phase and’ (.) is the clipping func-

be formulated as an Adding Signal technique. The Addingion. As f (.) is nonlinear function; according to Bussgang

Signal techniques consist of reducing the envelope of OFDMheorem [21], the output signgl, can be written as

signal by adding a peak-reducing signal just before the HPA

as shown in Fig. 2 Yn = Ty +d,, Where a = Ry (0)
Rue (1) and Ry, (1) are autocorrelation and cross-

correlation functions of the input signal and output signal

z, o Yn & w It is shown that the distortion termd, is uncorrelated with

(8)

the input signalz,,, i.e., R.q (1) = 0.
PEAK-REDUCING| . T From (6) and (8), the peak-reducing signalis expressed
SIGNAL as
GENERATOR fe
Figure 2: Adding Signal scheme for PAPR reduction. cn = (a—1)z, +d,. 9)
Let #,. n=0.--.NL—1 bethel-times oversam- We see from (9) that, the peak-reducing signal depends on

led time-d in O ianal. wh < th ber of the distortion term resulting in the nonlinear process ef th
pled time-domain OFDM signal, wher® is the number o OFDM envelope.

subcarriers. The PAPR reduced signal is therefore exptesse several clipping techniquesit is obvious that in

by Eq. 9, the nonlinear clipping function is included in the
« parameter. In this paragraph, we give some possible
nonlinear function therefore some clipping techniques.

The peak reducing signal, is computed according to 1) Classical Clipping (CC) technique

Yn =Tp +Cn, n=0,--- NL—1. (6)

PAPR reduction techniques. In [15], is computed based The Classical Clipping (CC) proposed in [8] is one of
on an optimization algorithm (SOCP) in frequency domain, the most popular clipping technique for PAPR reduc-
while in [17], ¢, is computed in time domain based on tion known in the literature [8, 22]. It is sometimes
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Figure 3: Peak-reducing signal generator block for cligpin
technique.

called hard clipping or soft clipping, to avoid any

confusion, it is called Classical Clipping (CC) in this

paper. In [8], its effects on the performance of OFDM,

including the power spectral density, the PAPR and

BER are evaluated. The function-based clipping used

for CC technique is defined below and depicted in Fig.
r, <A

5 (a).
fr) {A r>A

Where A is the clipping threshold. We derive now, a
bound for then parameter depending on the clipping
threshold. This derivation, could be performed for
every type of clipping function, but we restrict here
it to the classical clipping function Let us consider
the coefficiente defined in (8).

(10)

)

Ry (0)
e )
0 11
_E{rf(r)} 1
=5 = ,P—m/rf(r)p(r)dr,

where f (r) is the clipping functionP, is the OFDM
signal power,p (r) is the probability density func-
tion (PDF) of the OFDM envelope and{.} is
the statistical expectation operator. It can be shown
that, for a large number of subcarriers, the OFDM
envelope converges to Rayleigh envelope distribution.

Therefore,
p(’r):Q—Ze_%7 r>0 . (12)
Substituting the expressions ¢f(r) andp (r) given
by (10) and (12) into (11), we show that
i 2 ;i 2
o= PLI/TQ—me_;TdT—i— %/ATP—Ze_PTdT
0 0
A? 2 A? 2 A AV2
=1 (14+=)e Pr 4+ ¢ 7
( *Pz)e A +mﬁQ<m
A2 A A
=1l—e Po + —— —V2),
v ()
(13)
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Where% is the clipping ratio (CR) and) (.) is the
Q-function defined as

o0
A 1 _=
Q)= — /e T dr
27
xr

1
S 08
]
£
£ 06
&
c
Qo
S 04
=
()
o
o ‘ .
g 0.2 ‘ The coefficient a (Eq.7) F"
}_

0

-20 -10 0 10 20

A//P,indB
. ] i . A

Figure 4: The coefficientv as a function of =

Fig. 4 shows that the coefficient expressed in (13)
is an increasing function 0{/—% and converges ta
for 4= >5 dB.

Now, let us consider the clipping threshaltl suffi-
ciently large such a& =~ 1 but not very large, other-
wise any peak will be reduced, i.e\y—% approaches
5 dB. In this context, (9) becomes,

en=(a—1)x, +d,

~d,.

(14)

From (14), it can be concluded that, fe\/r% ap-
proaches5 dB, the peak-reducing signal is approx-
imately equal to the distortion term resulting in the
clipping of the OFDM envelope.

Heavyside Clipping (HC) technique: Often called hard
clipping, HC is used in [23] as a baseband nonlin-
ear transformation technique to improve the overall
communication system performance. The heavyside
function is expressed below and depicted in Fig. 5

(b).

2)

f(ry=A, ¥Yr>0.

The HC technique is a case of school, it is widely
used in theory but very rarely in practice. In [18] it is
demonstrated, that HC has the worse performances of
these four clipping techniques.

3) Deep Clipping (DC) technique
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Deep Clipping has been proposed in [24] to solveC. Geometric Method for PAPR Reduction

the peaks regrowth problem due to the out-of-band The Geometric Method (GM) is an Adding Signal tech-
filtering of the classical clipping and filtering method. nigue that was proposed for the first time in [17]. The GM
So, in DC technique, the clipping function is modified technique is a backward-compatible technique, which means
in order to “deeply” clip the high amplitude peaks. it does not require any additional information at the reizept

A parameter called clipping depth factor has beenang the receiver should not be changed.

introduced in order to control the depth of the clipping.

The function-based clipping used for DC technique is

defined below and depicted in Fig. 5 (c).

. Yn
. . r<A o B NPty e
1+8
fry=4 A=B(r=A) , A<r<=7A ADDING ANALOG
0 r> E8A A — SIGNAL FILTER
’ B Af —=|GENERATOR | a, 1.
where3 is called the clipping depth factor. Figure 6: Principle of GM technique for OFDM PAPR
4) Smooth Clipping (SC) technique reduction.

In [25], a Smooth Clipping technique is used to

reduce the OFDM PAPR. In this paper, the function  the principle of the technique is to first generate an “artifi-
based-clipping for SC technique is defined below and;jg) signal” o (t), which is then modulated into intermediate

depicted in Fig. 5 (d). frequencyA f for give rise to an “adding signal* (¢), which
s 5 is in principle outside the useful band of the OFDM signal
Tt TS A x (t). The reduced signa} (¢) = = (t) + ¢ (¢) is modulated
fr) = g into RF frequency and then amplified. Immediately after
A, r>5A amplification, the adding signal is removed by a bandpass

27 52 analog filtering placed in the transmitter side. Fig. 6 shows
whereb = A" the diagram of GM technique.
These four clipping functions are drawn on Fig. 5 and In [17], the “adding signalc(t) is determined using a
have been completely studied and compared in [18]. In thgeometric approach. It is expressed by the below equation
litterature it exists other clipping function, among there w
may cite the ‘invertible clipping’ of [26]. All these clippg 0, lz (1) < A
techniques could be formulated as Adding Signal technique c(t) = { [Ae7¢®) — z ()] 2T, |2 (1)) > A

(as previously done in Section IlI-B1 and therefore could . . L
be transformed in TR techniques (see following sections). The_ me(_:han_lsm of GM technique for PAPR reduction is
described in Fig. 7.

D. Distortion Reduction in Adding Signal Techniques

;\"Nithout Ciiping & Hefivyside Clipping Some of Adding Signal techniques can create the peak

EA ‘ El reducing signal without any in-band and out-of band dis-
:é: Classical Clipping & tortion; this is the case of TR technique; we will go back
5 | S to the details of this technique. However, when the peak
3 | S reducing signal is generated based on nonlinear functions,
A" nput Amplitude Input Amplitude some distortion are also generated. The well-know Adding
(@ ®) Signal technique, in which some distortion are createdds th
clipping [8].
rithout Gioping L witbout Giping In [27], it is shown thgt, the pegk reducing signal
ZA BA L o calculated based on nonlinear functions, can be decomposed
2 o3 mooth Clipping~
= Deep Clipping = as follow
5 5 en = clf®) + (099, (15)
(’; Input Amplitude ’?d) Input Amplitude where,c'®) is the peak reducing signal component created

_ ) . . . in the in-band of the OFDM signal, whilé”®® is the peak
Figure 5: Functions-based clipping for PAPR reduction reducing signal component created in the out-of-band of the

OFDM signal.
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e Some peak regrowth reduction methods have been pro-
posed in the literature [22, 28]. A straightforward way of
0 peak regrowth reduction is the repeated of Adding Signal
Step 0 SN p— f and out-of-band distortion filtering. This method is propos
P 9 in [22] in the case of clipping and filtering. In [28], a peak
e M J regrowth reduction method based on the “deeply” clip the
Alf] Alf +Af] high amplitude peaks of the signal.
Step 1 AMiiiiny Ay f ) _
Spectrum of artificial and adding signal E. Overview of TR TEChmqueS
Af ) The TR technique [14-16] is an Adding Signal technique.
X[ A This technique has been studied mainly on the OFDM
step 2 205050 mm ; signal, without specification of a particular standard and

can be generalized to all types of multicarrier systems. TR

Spectrum of resulting signal A ) ) . i g )
technique is a pioneering method, particularly since it was

PR A J the first to be modeled as a convex optimization problem.
77777777 LAl The precursor of this technique & Tellado[14].
Step 3 AN ¥ The principal idea of TR technique is to reseVg sub-

carriers in the OFDM symbol on which will be added a
relevant information in order to change the time signal, so
Figure 7: Mechanism of PAPR reduction. as to reduce the dynamics of the signal envelope. In this
technique, the transmitter and receiver agree on the number
and the positions of subcarriers, which are reserved ty carr
Note that,CgllB) iS reSpOI’lSib|e to in'band diStOI’tiOl’l that the corrective Signa' for decrease the PAPR.
causes degradation of the BER where@8® is responsible |t should be understood that at the beginning, TR tech-
to out-of-band radiation that causes adjacent channetintenique is not backward compatible. Indeed when it was in-
ference (ACI) and affects systems working in the neighbotroduced for the first time by. Telladoin [14], the positions
bands. of so-called “reserved subcarriers” are not fixed (known in
In [8], the out-of-band distortion is mitigated by suppress advance), it assumes that the receiver must be informed by
ing the out-of-band component®®® of the peak reducing the transmitter on the positions dedicated subcarrierd use
signal ¢,,. This distortion mitigation is done by a digital to bring the “signal PAPR reduction”.

Filtering of resulting signal after amplification

filter based on FFT/IFFT. But the in-band compon In this paper, the TR technique will be implemented
is kept, reason why in clipping and filtering technique of using the “unused subcarriers” so-called “null subcastier
[8], the BER of the system is degraded. of the standards in order to make the technique backward

The process of the suppression of the out-of-band discompatible. The schematic diagram of the method is given
tortion in Adding Signal is shown in Fig. 8 in frequency in Fig. 9.

domain.
‘ Xo,
X (/] X4 x(t)
OFDM Signal — N /\ /\ /\
(XXX HHIXXNX . - -
SR f S VARV D
B/2 +B/2 : -
Xn=1l
cly] —
- c L
/ R O L
-Bi2 +B/2 ’ B2 +BI2 . c(t) : // \
Filtered “Peak Reducing Signal” “Peak Reducing Signal” . N i X(t)"' C(t) \
. . . . © O IFFET ! |
Figure 8: Out-of band distortion mitigation structure ldhse c ff*" A
P - N=1 !
on FFT/IFFT digital filter. — \ K

One drawback of out-of-band distortion suppression in
Adding Signal techniques is peak regrowth due to the Figure 9: lllustration of Tone Reservation Structure.
filtering of the peak reduction signal. Indeed, the digitéfi
based on FFT/IFFT truncates some of the information that The peak reducing signal, is carried by the reserved
is used to reduce PAPR and create some peak regrowth. subcarriers and the peak-reduced signal is given by
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CO CO - Co L
| NEo1 1 Ci _ | FREQUENCY| o &
n=1Tp+Cp = —= X+ Cyp) eV 16 : NL | . .| NL
U = @nten = kz_o (X +Cr)e ., (16) C ol eerl D | DOMAIN | P | cer
. ) Cni1 | FILTERING | Cui- ENL-
where0 < n < NL—1andC = [Cp, ---Cnr_1] is the set Sy | NLL NGt ONg

of peak-reducing subcarriers.
Let R = {ig, -~ ,in,—1} be the locations of the reserved Figure 10: Digital filtering-based FFT/IFFT.

subcarriers and leR¢ be the complement oR in S; . In

TR technique, the constraint af, is that C must satisfy

Cr = 0 for £ € (R°US,). On the other handX must passed unchanged while the data subcarriers and the OOB

satisfy X;, = 0 for k € R. X andC are not allowed to be components are setted to zero, i.e,

nonzero on the same subcarriers, i.e.,
Chk, keR

X, keRe Ck—H[Ck]—{ 0, ke(ROUS)

Cr, keR N
. : . The IFFT operation transfornts;,, back to the time domain.
Because ofR 'R = (), the BER of the system is not Thjs results in the filtered peak-reducing sigral at the
degraded. Because 6f;, = 0 for k£ € Ss, there is not out- output of the filter-based FFT/IFFT.
of-band radiation. o The relation between the input and the output of the
The only drawback of TR technique is the loss of troughputcE1/1FET pair-based filter is written as:
due to the reserved carriers to carry out the “peak reducing
signal’( which is the case, for example, in the DVBT2 i~ FUHIF 19
standard [2]). To minimize this loss, we propose to use o (HIF (en))), (19)
unused or nulls carriers of the standards as reserved arriewhere F represents the FFT functiot—! is the IFFT
(see Section V). function and# is the digital filter response in frequency
domain.
V. FROMR'AI;E?JlgﬁOS’LGTI\(I)A_FFIETCI;';EI'\?IUEISE;:ORPAPR According to (18), only the components af on the re-
_ ) ] ) Q_ ) ~ served subcarriers) are used for OFDM PAPR reduction;
In this section, we first describe the principle of the digita that is why, the resulting PAPR reduction technique is a TR
filter based on FFT/IFFT pair, which is used for the transfor-echnjque.
mation pf Adding Signal technique§ in TR techniqu_es. Then The FET/IFFT pair-based filter complexity as well de-
we de_rlve the algonth_ms of clas§|cal a_nd adaptlve. transfined, depends only on the complexity of utilizing the
formation of Adding Signal techniques in TR techniques.FET/IFFT pair and is approximated @ (N L log, NL).
Finally, we evaluate their computational complexities. The principle of FFT/IFFT pair-based filter for transfor-

Using the same principle of out-of band distortion sup-mation of Adding Signal techniques in TR techniques is
pression based on FFT/IFFT digital filtering, we have pro-shown in Fig. 11.

posed in [1] for the first time the idea of the transformation
of PAPR reduction techniques into TR techniques based >§[/]0FDM Symbol
on FFT/IFFT digital filtering. In [1], the classical clipgin
technique is transformed in TR technique for WLAN (IEEE
802.11 a/g) PAPR reduction. In this paper we propose

(18)

Xy +Cp = { (17)

-
%3 Reserved Subcarriers

Data Subcarriers

SR,
K
B
SO

N DOOOOE
+ PO

@

B/2

an improvement of the classical transformation algorithm ®C[.f] Sl 4in
initially described in [1] by adaptively transform Adding AR 1 m r
Signal techniques to TR techniques. The new algorithm will @ | @ - Ry
be called adaptive transformation algorithm. Both aldnis -B12 +Bi2 f -B12 vB2 f
are very similar and are both based on FFT/IFFT digital Filtered *Peak Reduction Signal® "Peak Reduction Signal”
filtering. *
A. The Digital Filter Based on FFT/IFFT Principle Y] =Xf]+Cl]

Let ¢,, the signal at the output of the IFFT/FFT pair based R B
filter as shown in Fig. 10. RS

f

The FFT/IFFT pair-based filter consists of a FFT op- “Bi2

eration followed by an IFFT operation. The forward FFT ) ) )
transformsc,, back to the frequency-domain. The discrete Figure 11: FFT/IFFT pair-based filter for transformation to

frequency components ef, on the reserved subcarriers are TR technique.

B
PAPR Reduced Signal
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In the same way as the out-of band distortion mitigation, The scaling factoﬁf);)t is the solution of the optimization
the digital filter based on FFT/IFFT remove a part of problem, which is formulated as

the information, which is used for PAPR reduction and
create some peak regrowth. For both classical and adaptive

transformation algorithms, the repeated adding and filteri

B, = ] 23)

An exact solution of Eq. (23) exists but leads to a high

argmﬁin {max ’xﬁf) + B&S)

signal for PAPR reduction is used to reduce the pealf:omputation complexity. An alternative solution to Eq. )23

regrowth phenomena.

Now let go to the details of classical and adaptive translzg]

formation algorithms.

B. Classical Transformation (CT) Algorithm
In this subsection, we describe the classical transfoonati

algorithm of Adding Signal techniques for PAPR reduction

is a low computation complexity suboptimal solution. In

it is shown that, a suboptimal solution of Eq. (23) is

iven by minimizing the total power of the samples with

Engf) +E§f) > A, where A is the magnitude threshold.
olving Eq. (23) leads to

1t°'(|)tthe TR techniques, which is based on the FFT/IFFT digital 5(()2 = arg Inﬁin Z ’ng) + Bed (24)
ilter. e

In order to reduce as much as possible the PAPR, the e
CT algorithm is based on an iterative algorithm, which thewhere, S = {n: |2 +&7| > A}. The above mini-

principle is as follow:

« Set up the locations of the reserved subcarrférand
the maximum iteration numbeX/;.,., and choose the
function for PAPR reductiorf (.).

o Set upi = 0, Wherexéo) = z, is the time-domain
OFDM signal.

« Compute the(i)-iteration PAPR reduction signal as:

NG

wherefa = F~'oH o F is the FFT/IFFT based digital
filter response in time domain.
» Compute thgi + 1)-iteration PAPR reduced signal as:

(20)

gt = 20 4 &0 (21)

mization problem is
solution is given by

a linear least-squares problem and the

S @0
nGSI(f)

Blpe = e (25)
> ew
nesé“
where(.)* is the mathematical conjugate function.
The complexity of calculating ﬂf);)t is O(WN,),
where N, is the size of S,(f). After  Niier
iterations, the AT-algorithm complexity can be

approximated to A, [O (NLlogy NL) + O (N,)]
O (Niter NLlogy, NL).

V. TRANSFORMATION OFADDING SIGNAL TECHNIQUES

It must bear in mind that, the system complexity grows FORPAPRREDUCTION TOTR TECHNIQUES IN AWLAN

linearly with the number of iterations. The data processed

by this algorithm in this paper argé over-sampled OFDM
symbols. The complexity of computationnal & ) for each
iteration isO (N L log, N L) becausga, which is the digital

SYSTEM CONTEXT

In this section, based on the above analysis, using the CT
and AT algorithms, we propose to transform the classical
clipping technique [8] and the Geometric PAPR reduction

filter response is based on a backword FFT followed bytechnique [17] into TR techniques for PAPR reduction of the
a foreward IFFT. Assuming thadj., is the maximum Wireless Local-Area-Networks (WLAN) system based on
number of iterations, the CT-algorithm complexity can belEEE 802.11a/g standards. In the first subsection we provide
approximated t@ (Nier N Llogy NL). the caracteristics of the IEEE 802.11la/g standards.Then
using the two CT and AT algoritms in the second subsection,
we give the obtained results .

The AT-algorithm for the transformation of Adding Signal A. The IEEE 802.11a/g standards based WLAN system
techniques to TR techniques is based on the CT-algorithm. In |, \WLAN IEEE 802.11a/g standard IFFT size (N) is
distinction of the CT-algorithm, the AT-algorithm scalé®t 4 Oyt of these 64 subcarrierds subcarriers are used

PAPR reduction signal,’ by an optimal scaling factos{,,  for data, while4 subcarriers are used for pilots. The rest

C. Adaptive Transformation (AT)-Algorithm

. . opt
in order to outperform the PAPR reduction performance. s supcarriers are unused (null) subcarriers located at the
Whereby the PAPR reduced signal for AT-algorithm, atpositionsR = {0,27,---,37} of the IFFT input.

(i + 1)-iteration, is written as: The IEEE 802.11a/g Standard specifications are given in
[30] and the transmit spectral mask requirements is shown
in Fig. 12.

(D = o0 4 B0l (22)
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required PAPR of the signal(¢) to obtain a specific value
of the CCDF. Another aspect of performance evaluated in
this paper is the average power variation denaidsl and
expressed as

AE = 101log; <%> , [in dB]

x

b Lo L b whereP, is the average power of the signal(t), while
3 20 41 o0 e i1 20 30 P, is the average power of the signa(t).
frequency offset [MHz] We also draw PSD of the signal in order to check if, after
Figure 12: Spectral power mask of OFDM based WLAN. the TR mitigation method, the PSD still respects the WLAN
mask of Fig. 12.
Fig. 13 shows the peak power reduction results of
B. Simulation results Classical-TR-CC technique for different iterations. Simu
. “Classical-TR-CC” and “Adaptive-TR-CC” are the TR lation results from_ Fig. 1_3 shqws that the reduction in
. : . . PAPR increases with the iterations number. For example,
techniques resulting of the transformation of classical 9 T .
clipping technique based on the CT and AT algorithm at 10~ of the. CCDF, the reduction in PAPR for Classical-
respectively, STR-CC technique is about.75 dB, 1.75 dB and2.75 dB

« “Classical-TR-GM” and “Adaptive-TR-GM" are the TR for Niter = 1,3 and5 respectively.
techniques resulting of the transformation of Geometric

PAPR reduction technique on the CT and AT algorithms 10° iy
. - - IV ORNLE - - = Original WLAN Signal 4
respectivey. gz --gcocos =3 -~ Classical-TR-CC (N, =1)]
In this section, we evaluate the performance of the foul R - ©- Classical-TR-CC (N, =3).1
TR techniques in a WLAN PAPR reduction context. For T T R T I\ [ Glessiea TRCC (N, 9
simulation results, only the unused subcarriers of the WLAN  g10"===5zczpzocex = Nszzzgz2:2:23
standard shall be utilized for PAPR reduction. The configu- & [~--7---7°°- 3%5 aSa e
. . . . . . & fmmm s =S B e e
ration, which is used for the simulations shown in Tab.l. o T D o
:|‘_ 777"\777T777\7\\77®777\7777777\7777
8 | | [BEAY \\ |
System Parameter Parameter Value "’107?55gzzz%zzz:z"zzlf\:::—— £Izzizzzg
: s Rt o e e B it ettt
Modulation Scheme 16-QAM DDt SRl SO S SRS 72 W A
Number subcarriers N =64 SRS N SO T M U ~ol]
Number of data subcarrier 48 . ; ; ; ; ;
10
Number of pilot subcarrierg 4 4 5 6 7 (p[ir?dB] 9 10 n 2
Oversampling Factor L=14
Channel Model AWGN Figure 13: PAPR reduction performance for
Clipping Ratio (CR) A _5dB Classical-TR-CC technique for different iterations.
Py
Table I: Simulation Environment The reduction PAPR performance of the Adaptive-TR-

CC technique for iterations numb@f;;.,. = 1,3 and5 are

The distribution based on the CCDF is used to evaluate thBlotted in Fig. 14 based on the CCDF curve. This figure
performance in terms of PAPR reduction of the system, thérovides the same conclusion as Fig. 13, i.e., the reduction
BER metric is used to evaluate the transmission performand® PAPR increases with the iterations number.
of the system over an AWGN channel and the Power From Figs. 13 and 14, it is shown that the performance
Spectral Density (PSD) of signals will be evaluated. in PAPR reduction from CT algorithm as well from AT

We evaluate also the high signal fluctuations of the PAPRIGOrithm increases with the number of total iteratigtg.,.
by determining the performance in terms of PAPR reduction Simulation results also shows that, for a givéf.,

defined as Adaptive-TR-CC technique is better than Classical-TR-CC
technique in terms of PAPR reduction and Adaptive-TR-CC
APAPR=PAPR,, — PAPR,, in dB] technique withA\:., = 3 gives the same PAPR reduction

performance as Classical-TR-CC technique wifh., = 5.
where PAPR is the required PAPR of the signal(t) to It must bear in mind that, the system complexity grows
obtain a specific value of the CCDF, while PARRis the  linearly with the number of iterations.
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—O—"Classical-TR-GM” pourN., = 1

s e e e |

Original WLAN Slgnal = 35 J J “ ical-TR- ” =
_ 3K~ Adaptive-TR-CC (N,_=1) ! : —</—"“Classical-TR-GM” pourN, = 3
- ©- Adaptive-TR-CC (N, =3)| -| Bpom d-—momn| —k—"Classical-TR-GM” pourN., = 5
-7/~ Adaptive-TR-CC (N, =5)| | " — A “Classical-TR-GM” pourNj, = 10
= ! D |
z | !
x ks
S
£ 3
: L
Q —
() «T
)
e
@
o
,,,,,,,,,,,,,,,,,,,,,,, <
4
@[in dB]
Figure 14: PAPR reduction performance for 7= [dB]
Adaptive-TR-CC technique for different iterations. Figure 15: PAPR reduction performance of the
Classical-TR-GM technique for different iterations humbe
Mter-

AT algorithm provides significant reduction in PAPR than
CT algorithm at the same number of iterations; and AT
algorithm with ;.. = 3 provides the same PAPR reduction
performance as the CT algorithm witN;;., = 5. This
means that at the same PAPR reduction gain, CT algorithm
is 5/3 ~ 2 times more complex than AT algorithm.

Fig. 15 shows the PAPR reduction performance accordm@
to A for different iterations. It shows that the reduction o
in PAPR increases with the numbaf,., of iterations. It
also shows that, for a givenfzter, the maximum in PAPR
reduction is achieved forf ~ 4 dB and drops td) dB
from ip > 11 dB. The maximum PAPR reduction of
the ClasélcaI—TR—GM technique at the valuel6f? of the
CCDF is2 dB, 2.5 dB, 2.75 dB and3 dB for N, = 1, 3, -0.05
5 et 10 respectively.

The reduction in PAPR decreases wi increases for
the simple reason that, when the “ thresholdi”increases
(i.e whenf increases), there are fewer and fewer samples
of the multicarrier signal that satisfy the conditipn,| > A.
Therefore, there will be fewer and fewer PAPR reduction.

The study of variation in the average power in thelndeed, the different techniques used for PAPR reductien ar
Classical-TR-GM technique (refer to Fig. 16) shows thatTR techniques, as in TR techniques the data subcarriers and
the average power of the transmitted signal increases witthe PAPR reduction subcarriers are orthogonal, so the BER
the reduction of PAPR. It is clear that fdf;;.,, = 10 where  of the system is not corrupted.
the PAPR reduction is most significant, the increasing of the Fig. 19 and Fig. 20 show the PSD of signals after inves-
average power is the most important. tigating the PAPR-reduction algorithms. All the spectrums

Fig. 17 shows the transmission performance for Classicalrespect the WLAN spectral specifications. However, the
TR-CC and Adaptive-TR-CC techniques over an AWGN level of spectrum under the PAPR reduction subcarriers with
channel. Fig. 18 is the BER performance for Classical-TR-AT algorithm is higher than the level of spectrum with CT
GM and Adaptive-TR-GM techniques, algorithm. Indeed at the same level of iteration, the povier o

These simulation results show that the BER performancéhe PAPR reduction signal with AT algorithm is higher than
of the system using the different PAPR reduction techniquethe PAPR reduction signal power with CT algorithm, that is
matches with the conventional BER; this means that the BERvhy the performance in PAPR reduction with AT algorithm
of the system is not degraded by the different techniqueds better than whose with CT algorithm at the same number

T T T
-| —&—“TR-MGA" pour N, = 1 E
—¢— “TR-MGA’ pour Ny, =3

—%— “TR-MGA’ pour N, =5
— e “TR-MGA" pour N, = 10

Py/Pe

AF

25 é 7.5 10 12‘.5 15
% [dB]
Figure 16: Average power ratio of the Classical-TR-GM
technique for different iterations numbaf;., ..
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—— Original WLAN Signal 0 WLAN Spectrél Mask
10 | - >-Classical-TR-CQ N, = 3) = 5 ____Classical-TR-CC
-0 Adaptve TRCOWue = 8) g ——Adaptive-TR-CC
r RN T i > 10
2 R R 2
T D R g -15
Q T -20
[¢] =1
— 8]
% % -25¢
° g 30
m =
e N S 35t
)
-40
_45 L
_50 A L L
0 10 20 30 40
Frequency [MHz]
Figure 19: PSD of signals using “CT-CC” and “AT-CC”
Eb/NO [in dB] PAPR reduction techniqué\j;e, = 3).
Figure 17: BER performance for Classical-TR-CC and
Adaptive-TR-CC techniques over an AWGN channel. 0 1
o 5 —— WLAN Spectral Mask ||
el .
—— Original WLAN Signal > -10} Xijasstl_cal-;l'g-gl\l\//ll
10 | - ¥-Classical-TR-GM N, = 3) @ aptve- -
- - Adaptive-TR-GM(Ny., = 3) 8 51
G 10 S S A T -20f
r i 8 -25
W b AN joR
o P -30
8 107 b =
£
§ [ -40
| I -45
10—3 L. 5 10 15 20 25 30 35 40
E P Frequency [MHz]
S s s Figure 20: PSD of signals using “CT-MC” and *AT-MC’
IS R S ! PAPR reduction technique\{;., = 3).
107 L i : i K
0 2 4 6 8 10 12
Eb/NO [in dB] In this paper, thanks to a Frequency Domain filtering, we

Figure 18: BER performance for Classical-TR-GM and have proposed two transformation algorithms to transform

Adaptive-TR-GM techniques over an AWGN channel. &1 Adding Signal techniques into TR techniques in order
to benefit of the TR advantages. As the transformation

in TR technique is a low-complexity process (about the
of iterations. FFT/IFFT complexity), the obtained technique results in

Despite the high level of the PAPR reduction signal® low-complexity TR technique. In order to increase the

spectrum resulting to AT algorithm, the WLAN spectral Performance in PAPR of the obtained TR technique, the
specifications are respected. process of the peak reducing signal computation followed

by filtering must be repeated several times.
VI. CONCLUSION Later in the paper, the classical clipping technique [8]
TR is a popular PAPR reduction technique that uses a setnd the Geometric PAPR reduction technique [17] are trans-
of reserved subcarriers to carry the peak reducing signaformed into TR techniques for PAPR reduction. CT and
Because of its many advantages, TR seems to be promisirAl algorithms proposed in this paper are applied and the
for use in commercial systems. performances of these two techniques are evaluated through
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the BER, PAPR reduction, as well as DSP of resulting
signals, in the WLAN context.

From simulation results, it is shown that, AT algorithm
provides more reduction in PAPR than CT algorithm at the
same computational complexity; but leads to an increas
in the level of the PAPR reduction signal spectrum that
nevertheless respects the standard spectral specifigation

We can conclude that: to transform any Adding Signal
technique into TR technique, AT transformation algorithm
should be preferably used.
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