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OFDM has been popularly applied to many
modern communication systems. However, one of the
major disadvantages is the inherent high
peak-to-average power ratio (PAPR). 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,
proposed scheme can achieve significant PAPR

filtering and distortion control. The

reduction while maintaining low error rate. For this
scheme, PAPR reduction is obtained without any
redundancy and no side information is needed. Hence,
OFDM systems using this scheme do not pay the
price of the reduction of transmission rate. The
OFDM receiver can work as usual without any
change. This is of extra benefits to DAB/DVB

applications.
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Keywords: OFDM, peak-to-average power ratio,

recursive clipping and filtering.

(Goals)
( OFDM)
OFDM [ 1]

efficiency)
fad

(Spectral
( mul t i - piantgh)

(frequency-select

fading channel) (equali zat
(DSL) (DVB, DAB)
(Wirel Bl3s LA OFDM

(Single-carrier modul at
- - (high PAPR) o
(subcarrier)
(Gaussian
di strbhpt
(Transmitter) ( Pow
amplifier) (8turation
mo d e)
(nonlinear
di stortion) (out -of -ban
spectrum)

OFDM

( SLM,

mapping)|[ 2] o cidugpn)dadlt[ 4]
(toneeservation)][ 5]

selective

8dB



(tEipping)l[ 6]

(71, [8]

OFDM-symbol. The constraint af -1 should be
T

satisfied to achieve orthogonality. The peak power
and PAPR for the mth OFDM-symbol are defined
respectively as:

PeakP™ = max |s™(t) |
clippg$s™hhg and

(2)
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PAPR™ = (3)
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(Methods and
Results)

Consider an OFDM system with N subcarriers.

An OFDM-symbol transmits the N complex data in

parallel, and is often called an OFDM-block
interchangeably. Consider the OFDM-symbol
sequence consisting of OFDM-symbols

s'(t),s'(t—T),A ,s"(t—mT),A
OFDM-symbol, s™(t) , can be represented as follows:

The m-th

N-1
D X{exp(jk2nAf t),0<t<T

. |

S (t) = W
k=0

(D

where N is the number of subcarriers, Af is the

subcarrier spacing, 1 is the OFDM-symbol

duration, X' is the complex baseband data to be
k-th

modulated on the subcarrier in the m-th

interval At, the discrete-time output sample at

time instant t=mT +nNAt for the mth

OFM-symbol is then expressed as
s™(n) =s"(mT +nAt —mT) =s™(nAt) (5)

Without loss of generality and for simplicity, the
superscript index m for the OFDM-symbol sequence
is omitted in the following if not confused. When the
signal is sampled by interval At=T/N, (called

critically sampled), the discrete-time output become

s =sn) -—NZ X, exp(ik2n )

=NIDFTN({XO,X1,A Xyah) (6)

for 0sn<sN-1

where IDFTYy stands for the N-point inverse discrete

Fourier transform (IDFT). From (6), we see that
OFDM can be implemented by inverse fast Fourier
transform (IFFT) in practice. For a better
approximation of the peak power and PAPR of the
continuous-time signal that is fed into the power

amplifier, oversampling is required. When the signal



is oversampled by interval At =T /LN, where L is
the oversampling factor, the discrete-time output
become
T 1 & . n
n=s(h—)=— > X, exp(jk2n—
s.(m =$( LN) me? « exp(] LN)

= N IDET, (10, XA L X0 0.0,A 0})

JN
for0OSNn<LN-1

(7

where the subscript L means the signal is obtained
with oversampling factor L , IDFTy stands for the
LN-point IDFT. It can be seen that the critically
sampled signal s(n) is a special case of the
oversampled signal s(n) got when L=1. The
symbol-wise peak power is approximated by the

following equation with large enough L

PeakP™ = max | s"(n) |’ (8)

0<n<LN

Since the OFDM signal consists of the summation of
many subcarrier-modulated signals, when the number
of subcarriers is large, the real part and imaginary
part of the output signal can be approximated by
Gaussian distribution. Hence high peaks arise
occasionally. The worst case occurs when all
subcarriers are modulated with exactly the same data
and PAPR is equal to N, which gets worse as N gets
large.

Among the various methods to combat the high
PAPR problem, oversampled digital clipping and
filtering(OCF) [7], [8] is a simple and effective
method. There is no need of side information, neither
constellation extension nor special designed receiver.
However, the cost is the in-band distortion (clipping
noise) [10] and the regrowth of peak power after
filtering. OCF operation is described as follows:

OCF operation
Input of OCF are the

N original baseband

data(complex number), Xg, Xq,..., Xn1, and output

are the clipped baseband data X, X,,/A , Xn-1.
The oversampling in time domain is done by (LN-N)
in frequency

IDFT

zero padding to Xo, Xi,... , Xyt
domain and then performing LN-point
according to (7). The discrete-time oversampled
output §(n) are then clipped according to soft
limiter model [5] as follows

x=pe® , p=x|

x, for psA (9
Ae'®, for p>A

Input :
Output: g(x) = {

where A is the clipping threshold.

A

The oversampled clipped time-domain signal, s, (n),
n=0,1,2, ..., (LN-1) are obtained from replacing the

inputx by s (n) foreachn into(9). Then

A

S, (n) are converted back to frequency domain by
LN-point DFT and remove the out-of-band

A A A

components to get X, X,,/A , Xn-1, ie.

. VLS o
Xk =—— sL(nN)exp(j2n—
KN nzzo“ L(n)exp(] LN)

= % DFT, ({;L (0), st IA, 5L (LN -1)})

forO0<k<N-1
(10

In this report, soft limiter is used as the model not
only for digital clipping, but also for the nonlinearity
of power amplifier. Since a single round operation of
OCF encounters the peak power regrowth problem,
RCF scheme is proposed in [9]. Although more
recursions applied in RCF can achieve more PAPR
reduction, recursion times greater than 2 bring minor
help in reducing PAPR but causing much more BER

degradation.

A single round operation of OCFBD, OCF with
bounded distortion (BD) control, is shown in Figure 1,
which is similar to OCF, except that the bounded
distortion constraint is imposed. Bounded distortion

control is represented as a black box with



A

Xk : input, the clipped data on the k-th tone from
OCF operation

X« : output, the output data on the k-th tone
satisfying BD constraint

XIEO) : reference, the original data on the k-th tone
0 : preset distortion bound

The region of the modified output data Xk

satisfying the bounded distortion constraints for
QPSK(4-QAM) signal constellation is located within
the shaded area shown in Fig. 2. Imposing the
bounded distortion constraint makes the modified
output data be located within the region decided by
the specified bound 8. Data falling within the region
can be recovered at receiver automatically (without
doing modulo operation as [ 5] ), at the cost of the
controlled loss of signal strength (i.e. controlled
impact to BER) determined by the preset bound .
The implementation algorithm of the bounded
distortion control for QPSK(4-QAM) signal

constellation is as follows:

Bounded Distortion Algorithm for QPSK

&

Input: X, =(a ,b)
X, =(a,b,)
Reference: X" =(apbg), presel bound=3

Cuiput

{ p= (a-ay); Ay= (b-by)

if |Ax]<=&
a,=a

elseif ( (a,>0 and a< a;) or (a;<0 and a> &, ) )
a, = a,+ sign(4x) &;

else
a,=g

if |Ayl< = &
b, = b
elseif ( (b,>0 and b< by, ) or (b,<C0 and b> by ) )
| b, = by, + sign(Ay) & ;
€else

\ Behk

The operation of bounded distortion control is
imposed on the real part and imaginary part

independently and does not require the complex

number operation. The distortion bound is released
when the modification can enhance the original
signal point against noise. Such release of constraint
helps find a better location of the modified output
data to further reduce PAPR. BD control can be
applied to higher order signal constellation such as
16-QAM, 64-QAM etc. with little modification. The
region of BD control for 16-QAM is shown in Fig. 3.
The implementation algorithm of the bounded
distortion for higher order M-QAM square signal
constellation is as follows:

Bounded Distortion Algorithm for M-QAM

Input: ;(k =(a.b)
Ouput X, (axby)
Reference: )f? =(ag,by), preset bound= &
A -2
[ A= A= (b-by),  ampth = —————
ifIAx(IE(I—:%). y= (b- by ); X ISWED
a=8

a, = & + sign(Ax ) 5,
else

BH=a
if|Jayl<=8
b, =b;

b, = by + sign(Ay) &,
else
b, =b;

where ampth is the threshold to decide whether the
original data is on the edge of the constellation or not.
For those data on the edge, the distortion bound is
released when the modification can enhance the
signal. For non-square constellation, the bounded
distortion scheme can be also applied by modifying
the edge criterion.

Single OCFBD operation cannot achieve
significant PAPR reduction when the specified bound
is small, but if the distortion bound is too large, the
operation will cause severe BER degradation.
Henceforth, RCFBD shown in Figure 5 is developed

to get more PAPR reduction in a manner similar to

elseif ( (2,0 and a< a; ) or (2,<0 and a> a; ) or (|ag|<ampth) )

elseif ( (bge>0 and b< by } or (by<Q and b> by } or (|bgj<ampth) }



RCF. RCFBD operation procedures are as follows:

0. store the original input baseband data x©
initialize j=0, J = the recursion times;
1. while (j<J)
input X9 to OCF with clipping threshold A
get output X 0,
input )A( © to BD control with distortion bound
oY and reference X© get output )N( W,

XUV =X O i
end

2. X9 is the final modified baseband data block to be
sent for OFDM transmission satisfying the
bounded distortion constraint and has the reduced

PAPR.

Unlike RCF which causes severe clipping distortion,
RCFBD guarantees that the distortion is bounded and
is more flexible to optimize the tradeoff between
PAPR reduction and BER degradation. During the
recursive process of RCFBD, the distortion bound
and the clipping threshold are allowed to vary with
recursions. We propose a heuristic formula for the
varying 8" and AY, which presents better
performance than the constant case.
oW =ase PV | for 0<j<|d]
oV =35 , for |&l|<j<1
AD = A +(A-AjT, for 0<j<] (12)

(11)

where 09 stands for the distortion bound and AY
stands for the clipping threshold at the j-th recursion.
There are several parameters such as A, Ay, q, 3,
€ required to initiate the recursive process. The
parameter A may be determined from the target peak
power P (dB) of the power amplifier simply by
A=10""  (13)

Ay is chosen significantly smaller than A with the
corresponding distortion bound 0 larger than the

preset bound & in order to generate more distorted

samples in the beginning of the recursion to excite
more random distribution of the distortion across all
subcarriers. As the recursion goes on, the distortion
bound is gradually decreased and the clipping
threshold is gradually increased to find a better
solution which has lower peak power and meets the
specified bound constraint at last.

The system model considered in this report
consists of two clipping processes. The first is used
for PAPR reduction by RCF/RCFBD and is called
preClip. The second is used to simulate the
nonlinearity of the power amplifier by the soft limiter
according to (9). The second clipping is called power
amplifier clip (PA-clip). We also wuse two
oversampling factors L and La respectively. L = 2 is
used in the preClip process since it can achieve
effective PAPR reduction with the least complexity
compared to L>2. La = 4 is used to approximate the
analog signal and the nonlinear behavior of the power
amplifier in this report. Although larger La can
achieve more accurate results, La= 4 is commonly
used to demonstrate the performances of PAPR
reduction methods.

The performance of a PAPR reduction technique
for the OFDM system can be evaluated by the
complementary cumulative distribution function
(CCDF) of peak power, bit error rate (BER) and
out-of-band power spectral density (PSD).
the CCDF of peak power is used instead of the CCDF

Here,

of PAPR, since power amplifier is peak-power
limited and the average power may vary for various
PAPR reduction techniques.

Simulation results of RCF and RCFBD for
16QAM/128-tone OFDM systems under additive
white Gaussian noise (AWGN) channel and 3dB
PA-clip are presented in Fig. 5-10. In addition to RCF
and RCFBD, another 2 cases are included in the
figures for comparison reference. ‘Original’ case

means that no preClip is made before feeding the



OFDM signal into power amplifier, only PA-clip is
made. ‘Ideal’ case assumes that the power amplifier
is perfectly linear, no PA-clip will occur and no
preClip is needed. As far as the CCDF prior to power
amplifier is concerned, ‘Original’ case and ‘Ideal’
case are the same. The parameters used for RCFBD-8
with varying bounds and thresholds are A = 1.413 (3
dB), A=1.230 (1.8 dB), a = 4.0, B = 0.38, and € =
0.75.

Let V,V,, ...,V denote the M signal points of the
signal constellation. After many OFDM symbols are
transmitted, the mean of all the PA-clipped data
which are originally represented by a signal point V;
will have its amplitude smaller than |V |. This
phenomenon is called

[11],[12]. Fig.11-13

constellation shrinkage
illustrates the constellation
shrinkage caused by PA-clip modeled by soft limiter.
Considering the effect of constellation shrinkage,
there may be advantage for the receiver to divide the
received signal by the shrinking factor. The shrinking
factor is estimated as the square root of the average
power after PA-clip by simulation. The average
power of ‘Ideal’ case is 1 while the average power of
‘Original’ case is reduced to 0.865 due to PA-clip.
Either RCF or RCFBD yields lower average power as
recursion increases. Moreover, RCFBD has lower
average power than RCF.

Fig. 9

shows the BER results of RCF-J

considering (denoted as CS-RCF-J) and not
considering the effect of constellation shrinkage
(denoted as NCS-RCF-J) in the detection. Fig. 9 tells
us that for RCF and Original, considering the effect
of constellation shrinkage does bring benefit.
Although the phenomenon of constellation shrinkage
also occurs to RCFBD, simulations indicate that it is
of no benefit to take constellation shrinkage into
account for RCFBD. Hence, the BER results of
RCFBD shown in Fig.10 are obtained without

considering the effect of constellation shrinkage in

the detection. However, the reduction of the average
power is taken into account in the calculation of
Eb/No in the BER performance shown in Fig.9,10.
We see that RCFBD-8 can achieve significant
PAPR reduction (6.2dB at CCDF=10") similar to
RCF-J, ] 2, while achieving even lower BER
than ‘Original’ case when SNR is large enough. Fig.
5,7,9 demonstrate the performance trend of RCF

with recursion times J. Fig. 6,8,10 demonstrate the

performance trend of RCFBD-8 with respect to 8. We

see that o =£ yield the best BER when SNR is

V10

larger than 17dB.

(Concluding
Remarksand Future Work)

The proposed RCFBD scheme achieves
significant PAPR reduction while keeping the
clipping distortion under control. The controlled
distortion saves the side information and makes the
OFDM receiver work as usual without any change.
Compared to RCF, RCFBD can achieve similar
PAPR reduction and out-of-band PSD while
providing much lower BER when SNR is large
enough. In the future, we shall evaluate the
performances of RCF/RCFBD in turbo coded or
LDPC coded OFDM systems. We shall also consider
the combination scheme of RCFBD with tone
reservation to reduce PAPR in those OFDM systems

containing reserved blank tones or very noisy tones

which are not worth carrying data.
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(Fig.1) Oversampled clipping and filtering with
bounded distortion control (OCFBD)
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(Fig.2) Regions of bounded distortion control for
QPSK (4-QAM) signal constellation
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(Fig.3) Regions of bounded distortion control for
16-QAM signal constellation
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(Fig.4) Recursive clipping and filtering with bounded

distortion
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(Fig.6) CCDF of RCFBD with A = 1.413 (3 dB), A
=1.230 (1.8 dB), a =4.0, 3 =0.38, and £ = 0.75

(Fig.7) PSD of RCF with A =1.413 (3dB preClip)
under 3dB PA-Clip
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(Fig.8) PSD of RCFBD under 3dB PA-Clip with A =

1.413 (3 dB), A®=1.230 (1.8 dB), a = 4.0, B = 0.38
and €=0.75
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(Fig.9) BER of RCF with A= 1.413 (3dB preClip)
under 3dB PA-Clip



(Fig.10) BER of RCFBD under 3dB PA-Clip with A
=1.413 (3 dB),A”=1.230 (1.8 dB), a = 4.0, B =
0.38, and € =0.75

(Fig.11) Constellation of original case after 3dB
PA-Clip

(Fig.12) Constellation of RCF-2 after 3dB PA-Clip
with A =1.413 (3dB preClip)

(Fig.13) Constellation of RCFBD-8§ after 3dB
0.3

Jio

=1.230 (1.8 dB), o = 4.0, B = 0.38, and € = 0.75

PA-Clip with & = ,A=1413 (3 dB), A”



