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Abstract— We propose a new PAPR reduction scheme for
OFDM systems. The idea is to reduce PAPR and control
clipping distortion simultaneously. The procedure includes setting
a proper distortion bound and recursive operations of clipping,
filtering and distortion control. The proposed scheme can achieve
significant PAPR reduction while maintaining low error rate. For
this scheme, PAPR reduction is obtained without any redundancy
and no side information is needed in the OFDM receiver. Hence,
OFDM systems using this scheme do not pay the price of the
reduction of transmission rate or reliability for achieving PAPR
reduction.
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I. INTRODUCTION

OFDM is a multicarrier modulation technique for broadband
communication, the advantage of which includes the strong
immunity to multipath fading, high spectral efficiency and easy
compensation for frequency-selective channel [1]. However, a
major disadvantage of OFDM is the inherent high peak-to-
average power ratio (PAPR) due to its approximately Gaussian
distributed waveform generated by the summation of many
subcarrier-modulated signals.

An OFDM system with high PAPR requires a large dynamic
range for the power amplifier of the transmitter. Alternatively,
power back-off in the amplifier can be used [2]. To avoid
operating the amplifiers with large back-off, we must allow
occasional saturation of power amplifiers or clipping the signal
before feeding to the amplifier. Such arrangement will cause
signal distortion and power spectral expansion [2], [3], [4].
Many PAPR reduction methods have been proposed. Some
methods are designed based on employing redundancy, such
as coding [4], [5], selective mapping with explicit or implicit
side information [6], [7], [8], or tone reservation [9], [10].
An apparent effect of using redundancy for PAPR reduction
is the reduced transmission rate. PAPR reduction may also
be achieved by using extended signal constellation, such as
tone injection [9], [11] or multi-amplitude CPM [12]. The as-
sociated drawback is the increased power and implementation
complexity. A simple PAPR reduction method can be achieved
by clipping the time-domain OFDM signal [2], [13], [14], [15].
The resultant problem is the high out-of-band spectral density.
If the out-of-band signal is filtered off, the reduced PAPR of
the clipped signal will regrow [9], [14], [15]. By repeating
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the same procedure several times, both low PAPR and low
out-of-band spectral density can be achieved in [16]. Such a
method is called recursive clipping and filtering (RCF) in this
paper. However, there is still one problem. As the number of
recursion increases, although the out-of-band spectral density
and the probability of the occurrence of high PAPR decrease,
the error rate will increase. The increased error rate is due
to the increase of in-band distortion(clipping noise) [2], [16].
With this observation, in this paper, we propose a scheme
called recursive clipping and filtering with bounded distor-
tion (RCFBD) to achieve PAPR reduction. Similar to [14],
[15], [16], the idea of oversampled digital clipping in the
time-domain and removing out-of-band components in the
frequency domain is used, but the additional constraint on in-
band distortion of each tone(subcarrier) is applied during the
recursive process. In this way, significant PAPR reduction can
be achieved without the penalty of the increased error rate.

In section II, some basics about OFDM, PAPR reduction,
and the operation of RCF are provided. Section III describes
the system model. Section IV describes the proposed RCFBD.
Complexity evaluation is given in section V. Section VI
describes the simulation results. Conclusions are given in
section VIIL.

II. SOME BASICS

Consider an OFDM system with N subcarriers. Each
OFDM block(OFDM symbol), s(t),0 < ¢t < T, consists of N
complex baseband data X, X1, -+, Xy_1 carried on the N
subcarriers respectively for a symbol period of T'. The OFDM
symbol s(t) is
N-1
Z Xpelh2mAft g <p<T
k=0

-
VN

where Af = 1/T is the subcarrier spacing and X, is the
complex baseband data modulating the k-th subcarrier for s(¢).
For the OFDM symbol s(t), the peak instantaneous power is

Praa(s(8)) = v | s(t) [ @)

An OFDM symbol sequence can be represented by
ey 8(t),s(t+T), -+, s(t+mT),---. We define the average
power of the OFDM symbol sequence following the approach
in [15], [17] as follows
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where E[|Xj|?] is the expected value of | X} |2. The peak to
average power ratio (PAPR) of the OFDM symbol s(t) is

Pmam(s(t))
Pav(XO: IR XNfl)

OFDM systems are usually implemented by discrete Fourier
transform(DFT). Consider the OFDM signal of (1) sampled
at time instant nAt, the associated discrete-time output is
s[n] = s(nAt). When the signal is sampled by interval
At =T/LN, where L is the oversampling factor (OSF). The
associated discrete-time output becomes

PAPR(s(t)) =

“4)

T

seln] = s(ny) = N Xyedk2m i

1
VN k=

S
for 0<n<LN-1

The oversampled signal can be obtained by padding LN — N
zeros in the frequency domain and taking the LN-point in-
verse discrete Fourier transform(IDFT). The symbol-wise peak
power definition in (2) can be approximated by Pr,q.(s(t)) =
maxo<n<rn | sr[n] |? for a large enough L.

To alleviate the problem of the occasional occurrence of
symbols with high PAPR, many methods have been proposed.
Among them, oversampled digital clipping and filtering [14],
[15] is a simple and effective method. The basic operations for
the oversampled digital clipping and filtering(OCF) are shown
in Fig. 1. Complex baseband data (Xg, X1, -, Xn_1) are
used as input and are converted to time domain data (s,[0],
<+, 8p[N —1], sg[N], - -+, sp[LN — 1]) by LN-point IDFT,
which are then clipped by the soft limiter model [9]. The input
and output of the soft limiter model are respectively

input : x = pel®, p=| x| (6)

and
T P
where A is  the  clipping  threshold.  Then

(9(sc[0]), g(sc[l]), -+, g(sL[LN — 1])) are converted to
(X0, X1, XNn—1,-+-,XrN—1) by using the LN-point
DFT, i.e.,

Xe= 0L glscln)e 2 ix

8
for 0<k<LN -1 ®)

The filtering operation removes the out-of-band components
and gets (Xo, Xy, -+, Xn_1,0,---,0). After the filtering
operation, the time domain signal becomes

sul) = o TR Xyedhinai

)
for 0<n<LN -1

which exhibits the problem of peak power regrowth. That
means the peak power P.(s(t)) &~ Pnaz(Spln]) =
maxo<n<zn | S[n] |? will be greater than A? again. The
average in-band power following (3) now becomes

N-1

POL’U(X()v"'7XN71) = % k=0 EHX]CP] (10)

which is lower than the original P,,(Xo, -, Xy_1) due to
the clipping and filtering operation. Since a single round of

the OCF operation encounters the problem of peak power
regrowth, it is proposed in [16] to repeat the OCF operation
several rounds to suppress the final peak power. We call such
a method recursive clipping and filtering (RCF).

III. SYSTEM MODEL

The system model considered in this paper consists of two
clipping processes. The first is used for PAPR reduction and
is called preClip, of which the clipping threshold is denoted
as A. The second is used to simulate the nonlinearity of the
power amplifier by the soft limiter according to (6) and (7).
The second clipping is called power amplifier clip(PA-clip) or
backoff, of which the clipping threshold is denoted as A,. We
also use two oversampling factors, i.e, L and L, respectively.
L = 2 is used in the preClip process since it can achieve
effective PAPR reduction with the least complexity compared
to L > 2. L, = 4 is used to approximate the analog signal
and the nonlinear behavior of the power amplifier in this paper.
Although larger L, can achieve more accurate results, L, = 4
is commonly used to demonstrate the performances of PAPR
reduction methods [9], [18].

The performance of a PAPR reduction technique for the
OFDM system can be evaluated by the complementary cumu-
lative distribution function (CCDF) of peak power, bit error
rate (BER) and out-of-band power spectral density (PSD).
Here, the CCDF of peak power is used instead of the con-
ventional CCDF of PAPR, since power amplifier is peak-
power-limited and the average power may vary for various
PAPR reduction techniques. Consider the 128-tone OFDM
system(/N = 128) having unit average symbol energy, i.e.
E[|Xk|*] =1, k=1,---,128. Simulation results using RCF
scheme, including the CCDF of peak power, BER and PSD,
are given in Fig. 2, 3 and 4 respectively for 16-QAM signal
constellation, where RCF-J, J = 1,2, 4, 8, indicates RCF with
J recursions. In the simulation, A and A, are both set to be
equal to 1.413, which corresponds to 3dB power backoff when
the input average power is 1. It is observed that while the the
number of recursions increases, the out-of-band PSD and the
probability of the occurrence of high PAPR decrease but the
error rate increases. The drawback of the increased error rate is
due to the increased distortion caused by the recursive clipping
operations. In the following section, we propose a method to
restrict the distortion.

IV. RECURSIVE CLIPPING AND FILTERING WITH
BOUNDED DISTORTION

The introducing of bounded distortion(BD) comes from
the idea of constellation perturbation(distorted approach) as
compared to the existing constellation extension(distortionless
approach) [9], [11]. When the power amplifier is operated
with small backoff, the distorionless approach will still face
the clipping distortion due to the insufficient PAPR reduction.
The idea of constellation perturbation is to disturb the signal
points on all tones under the constraint of the preset bound
in order to reduce PAPR while keeping the impact on BER
under control. With the help of RCF, we can use OCF to
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determine how the signal point on each tone is disturbed at
each recursion, then we can impose BD control to restrict the
range of the perturbation.

Consider the scheme of a single operation of clipping
and filtering with bounded distortion control(BD control) as
shown in the dashed box of Fig. 5. This scheme is simply
composed of the OCF operation followed by an operation of
BD control . The input and output of the OCF operation are
(X, X1,---,XN_1) and (XO, Xh e ,XN,l) respectively.
The operation of BD control has input (Xo,Xl, . ,X’ N_1)
and output ()N(O,f(l, . ~,)~( ~N—1) respectively, in addition to
the reference (Xg, X1, -+, Xy_1) and distortion bound §. The
goal of BD control is to adjust each X’k, k=0,1,---,N—1,
which comes from the OCF operation, so that the adjusted
resultant value X}, falls in a region determined by the reference
signal point X}, and the preset bound §.

For an M-QQAM OFDM system with constellation size M
being a square of even integer and having average energy 1,
the algorithm of BD control is as follows.

BD control for square M-QAM
* Input : X = (a,b)
* Output : X, = (a,b)

* Reference : X, = (a,b); a,b € {\/ﬁ,z =
+1,43,- -, £(VM - 1)}
*

. A _h_ _ _VM-2 .
Ar=a—a, Ay=b—>5, vy ek

a=a;

if (| Az |< )

elseif ((@ > 0 and Az < 0) or (a < 0 and Az > 0) or (Ja| < 7)) 3)

a = a + sign(Ax)d;
else a=a;

if (| Ay |< 6) b=b;

elseif (b > 0 and Ay < 0) or (b < 0 and Ay > 0) or (|b] < 7))«

b=>b+ sAz'gn(Ay)d;
else b="b;
*
where sign(z) € {+,—} is the sign of z and v is the
threshold for determining whether the real part or imaginary
part of a reference signal point is on the boundary of the
M-QAM constellation or not. Note that for M-QAM
OFDM systems, in case that the real part a of the reference
signal point is located on the boundary of the constellation
and the real part a of the distorted signal point X, is outside
the boundary and can enhance the capability against noise as
compared to the reference signal point, it is not required that
a be restricted in the region [a — J,a + J]. The release of
the constraint for the imaginary part is applied in the same
manner and is independent of the real part processing. The
desired regions of output signal points of BD control for
16-QAM constellation is shown in Fig. 6 respectively.

A single operation of OCF with BD control can not achieve
satisfactory PAPR reduction and BER simultaneously in gen-
eral. We need to repeat the same operation several times.
We call such a scheme recursive clipping and filtering with

bounded distortion (RCFBD). RCFBD operates in a manner
similar to RCF, while guaranteeing that the distortion be
bounded and providing more freedom in achieving PAPR
reduction and low BER. The distortion bound and clipping
threshold used at the jth recursion are denoted as 6\ and
AU) 0 < j < J respectively. The operation of RCFBD-J is
described as follows.

RCFBD-J

* Input : (Xo, X1, -+, Xn-1)

* Output : (Xo,f(l, e ,XN_l)

* Reference of BD control : (X, X1, -+, Xn-1)
* Number of Recursions: J

*

1) Setj =0;
Set X\ = X, for 0 < k< N —1;

2) While ( j < J ){
Use (Xéj),Xl(j), e ,X](\‘;),l) as input to the operation
of OCF with clipping threshold AU) and achieve output
X XD Xy

Use (Xéj),)%{j>, e ,)2'](\?)_1) as input to the operation
of BD control with distortion bound 6U) and achieve
output (X, X9 ... X))

Set

XFTV X x P =X XD X))
Setj=j5+1;

The final output is (X0, X1,--, Xn_1) =

(Xé‘lfl),f(lufl),~~~,)~(](\}]:11)). This is the data
block to be sent for OFDM transmission satisfying
the bounded distortion constraint and having reduced
PAPR.

The process of RCFBD is illustrated in Fig. 5. During the
recursive process of RCFBD, there will be benefit by properly
varying the distortion bound and the clipping threshold applied
at each recursion when large ¢ is used. In addition to the case
of constant bounds/thresholds(A) = A, 60) = §, for 0 < j <
J), we consider an OFDM system using RCFBD-J scheme
as follows of which the distortion bound is exponentially
decreasing and the clipping threshold is linearly increasing
as the number of recursions increases.

Varying Distortion Bounds and Clipping Thresholds

50— ad =P for 0<j < |e]]
- 0, for |eJ]<j<J (11)
AD = A A=A <<,

There are several parmaters such as A(O),n,ﬁ and ¢ which
are chosen through simulations. The idea of this design is
that the beginning clipping threshold A(®) is chosen to be
sufficiently smaller than the final clipping threshold A and
60 is larger than the preset & so that more distortion occurs
at the first recursion. As the number of recursion increases,
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6\ is gradually reduced and AU) is gradually increased to
achieve a better solution of low peak power and low error rate.

V. COMPLEXITY OF RCFBD SCHEME

Each recursion of RCFBD takes one IFFT(inverse fast
Fourier transform), one digital clipping, one FFT(fast Fourier
transform) and one BD control. One IFFT or FFT with
OSF = L, ie. LN-point transform, takes (LN/2)logs(LN)
complex multiplications and (LN)logs(LN) complex number
additions [19]; one digital clipping operation with OSF = L
takes LN complex multiplications to compute the power of
the LN time domain samples and compare with the clipping
power threshold, then clip the samples when necessary. Since
only a small fraction of samples are clipped, the complexity
of digital clipping is negligible as compared to FFT. Each
BD control takes 2LN real number additions. Hence, the
computational complexity is dominated by IFFT/FFT for each
recursion of RCFBD and can be roughly estimated as the
complexity of two LN-point FFT operations. The recursion
times, J, determines the total computational complexity of
RCFBD-J, which is equivalent to 2.J FFT operations.

In this paper, we consider RCFBD-J, where J = 8 recur-
sions are needed and oversampling factor L = 2 is used in the
recursive process for PAPR reduction. Hence, the complexity
of PAPR reduction of RCFBD-8 is approximately equal to that
of 16 FFT operations.

VI. SIMULATION RESULTS AND DISCUSSION

Simulation results of 16-QAM/128-tone OFDM systems for
RCFBD-J with recursion times J=8 under additive white
gaussian noise(AWGN) channel and 3dB PA-clip(4, = 1.413)
are presented in 2, 3 and 4 respectively. The preset distor-
tion bounds 6 = %L and § = %2 are considered. Both
constant and varying distortion bounds/clipping thresholds are
simulated. It is seen that RCFBD with varying 60) and A()
can be superior to RCFBD with constant ) and AY). The
parameters used for the case of varying bounds and thresholds
are A =1.413 (3 dB), A(®) =1.230 (1.8 dB), n=4.0, 3=0.38,
and ¢ = 0.75. The parameters used for the case of constant
bounds and thresholds are A = 1.39( which is actually the
value of AW/~1 of the varying case following (11) ). We see
that RCFBD has PAPR reduction similar to RCF-J, J > 2,
while achieving lower BER, especially at high signal-to-noise
ratio conditions. Simulation results for the 16-QAM RCFBD
with varying §(/) and AU) using § = O and § = %
are also provided to demonstrate the performance trend with
respect to 6. We see that § = % yield the best BER when
SNR is larger than 17.5 dB.

Note that the average power of the ideal case is 1 while the
average power of the original case is reduced to 0.865 due to
the clipping by power amplifier. Either RCF-J or RCFBD-J
yields lower average power as J increases. Moreover, RCFBD
has lower average power than RCF. Let V7, Vs, - - - | V3 denote
the M signal points of the signal constellation. Suppose
that many OFDM symbols are transmitted, the mean of all
the distorted data which are originally represented by the

signal point V; will have its amplitude smaller than |V;].
The phenomenon is called constellation shrinkage [20], [21].
The BER results for RCF-J shown in Fig. 3 are obtained
by considering the effect of constellation shrinkage in the
detection, which is implemented via dividing the received
signal by the shrinking factor. The shrinking factor is estimated
as the square root of the average power after PA-clip. However,
the BER results for RCFBD shown in Fig. 3 are obtained
without considering the effect of constellation shrinkage in
the detection. Although constellation shrinkage also occurs to
RCFBD, simulation results indicate that it is of no benefit to
take constellation shrinkage into account for RCFBD.

VII. CONCLUSIONS

The proposed RCFBD scheme achieves significant PAPR
reduction while keeping the distortion of the data carried on
each subcarrier under control. Such a scheme eliminates the
need of the side information and simplifies the work of the
corresponding OFDM receiver. Compared to RCF, RCFBD
provides more tunable parameters for achieving better PAPR
reduction, out-of-band emission and BER performance. The
simulation results show that RCFBD is more robust against
AWGN noise than RCF while achieving similar PAPR reduc-
tion and lower out-of-band emission.
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