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ABSTRACT

One of the major drawbacks with multi-carrier (MC) modula-
tions is the large Peak-to-Average Power Ratio (PAPR) of the
transmitted signal which significantly reduces the power am-
plifier efficiency and the system performance. Several PAPR
reducing methods which do not decrease the system perfor-
mance have been proposed. In this paper, we present a new
low complexity PAPR reduction technique based on the con-
trolled spectral outgrowth (CSO) of the nearby subcarriers
which neither requires the transmission of additional informa-
tion nor reduces the system performance and is independent
of the mapping scheme. The proposed method can be easily
combined with most of the methods in the literature to provide
a further peak reduction in any MC or MC Spread Spectrum
(MC-SS) system. An analog PAPR reduction about 2.5 dB at
10~* symbol clip probability and a power increase about 0.12
dB are obtained for a 256-subcarrier OFDM transmission.

1. INTRODUCTION

MC modulations have become popular in most of the wireless
communication systems due to their high spectral efficiency
and robustness against multipath fading channels. One of the
major drawbacks with MC modulations is that when the sinu-
soidal signals of the N subcarriers add constructively the peak
envelope power is as much as N times the mean envelope
power. The ratio between the instantaneous power of these
peaks and the average power of the signal (PAPR) is too large
and requires the use of power amplifiers (PA) with a large lin-
ear margin working at a back-off approximately equal to the
PAPR for distortionless transmissions, additional back-off is
necessary for nonlinear PA. PAPR is specially critical for very
large distance HF communications where the received signal-
to-noise ratio is very low and the interference level is usually
higher than the level of the desired signal [1]. In this environ-
ment, increasing the average transmitted power by reducing
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the peak values and setting the PA to lower back-offs becomes
a design key, particularly when expensive linear high power
amplifiers are used.

Several PAPR reducing methods can be found in the liter-
ature. Recently, some methods based on tone reservation and
non-bijective constellations have shown low complexity with
no performance degradation and no transmission of additional
information. Tone reservation methods [2]-[3] use reserved
tones to introduce a peak canceling signal that reduces the
peak power of the MC symbols. Since extra tones are added,
symbol power increments up to 1 dB may be found for a 5%
bandwidth increase [2]. Non-bijective constellations based
methods reduce the peak power by modifying the constella-
tion points. Each symbol is not mapped to a certain point but
to a set of constellation points. A proper definition of those
can assure no performance degradation. Two methods of this
type can be found, tone injection [2] and active constellation
extension [4].

In this paper a new PAPR reduction technique is presented
which is based on the controlled spectral outgrowth of the
nearby subcarriers. The peak reduction is achieved by apply-
ing a more severe clipping to the one required to achieve the
target PAPR and subsequently restoring the original data sub-
carriers and limiting the spectral outgrowth. The whole pro-
cedure is iterated to achieve the maximum peak reduction. A
first approach to this idea was introduced in [5] by the authors
of this paper.

2. DESCRIPTION OF THE CSO METHOD

Let A be a length-M OFDM symbol vector, then the L times
oversampled symbol vector X is created by inserting (L —
1)M zeros at the | M /2]-th position of A;V L > 1 such that
N = LM € N. By applying the IFFT and clipping the re-
sulting signal x, the time domain clipped symbol is obtained,

if oy, < A
otherwise

x[n]

xdl = { 3,

where A is the clipping threshold and x[n] = a,,¢7%". From x
and x. we can compute the peak reducing signal as ¢ = x.—x
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and transform it to the frequency domain by means of the FFT
to finally get C. Let S¢ be the set of subcarrier indexes of the
nearby subcarriers

Sc = ([M/2],---,[M/2] + [nM/2] -1,
N —[M/2] = [qM/2],--- N — [M/2] — 1)

where 7 is the spectral outgrowth factor satisfying nM € N,
so an integer number of out-of-band subcarriers are added.
Furthermore n < % — 1 to assure Nyquist sample rate. Next
we define the peak reducing signal with controlled spectral
outgrowth in the frequency domain as

~.. | Clk] VkeSc
Clk] = { 0 otherwise )
and apply an IFFT to obtain its time domain representation c.
Finally the peak reduced OFDM symbol can be computed as

X=x+¢ 3)

Let Sx be the indexes of the nonzero subcarriers in X, since
Sx and S¢ are disjoint sets and all subcarriers are orthogonal
no loss of performance is introduced, i.e. bit error rate (BER)
is not increased.

2.1. Iterative implementation

The previously described method can be applied iteratively to
achieve larger peak reductions. The proposed algorithm is as
follows:

1. Compute X by oversampling A and apply an IFFT to
get x. Define X(°) = x and set i = 0.

2. Clip X to get x7).

3. Compute ¢ = x{” — %) and C = FFT(c®).

4. Obtain C® as described in (2). If C) = 0 return X(*)
and terminate. Otherwise, apply an IFFT to get ¢(*).

5. Compute X( 1D = x() 4 €00,

6. Increment ¢, go to step 2 if the maximum number of
iterations has not been reached and the target PAPR not
been achieved. Otherwise, return X(*) and terminate.

Since ¢ is obtained by filtering c(*) in the frequency do-
main as stated in (2), it can not be assured that |x(") +¢() | <
A. Nevertheless, ¢*) can be rescaled by a scaling factor 1 in
order to assure that |x(9) + (| is minimized. This will
result in a much faster approach to the maximum achievable
PAPR reduction, i.e. fewer iterations will be required. The
optimum scaling factor at each iteration is

o = argmin X 4 20| )

Finding this optimum scaling factor requires a large comput-
ing complexity since methods such as successive approxima-
tion have to be used. A reduced complexity approach known
as smart gradient-project (SGP) is proposed in [4] by assum-
ing that at the optimal p two different samples will have the
same magnitude. One of those is considered to be the largest
magnitude sample in % denoted as Nynax, and the other is
obtained by finding the minimum g that balances the magni-
tude of the tested sample with the magnitude of n,,4,. This
minimum £ is the reduced complexity approach of 1i,;.

2.2. Parameters choice

Three parameters describe the behavior of the CSO method:
the clipping threshold, the number of iterations and the spec-
tral outgrowth (n). Optimum parameters must be determined
by simulations and depend on the number of subcarriers and
the used mapping scheme (assuming OFDM). In this paper,
a 256-subcarrier OFDM system employing QPSK, 16-QAM
and 64-QAM has been evaluated. Maximum peak reductions
have been achieved with n = 0.375, four iterations (using
the SGP approach) and a clipping threshold of 4.8 dB, 5 dB
and 5.3 dB for QPSK, 16-QAM and 64-QAM, respectively.
However, very close results to the maximum achievable can
be obtained with 7 = 0.25 and 3 iterations.

3. RESULTS

The PAPR reduction is evaluated in terms of its complemen-
tary cumulative density function (CCDF), that is, the proba-
bility that the PAPR exceeds a given threshold. The PAPR
is computed as stated in (5) assuming the nomenclature from
Section 2, this assures that the peak reduction of the OFDM
symbols does not affect its average power computation.

|12
PAPR(X) = — Xl

NI/ ©)

A total oversampling L = 8 has been used to better approx-
imate the analog PAPR, which is of great interest since it re-
presents the PAPR of the transmitted signal at the input of the
PA and, hence, determines its input back-off if distortionless
transmissions are desired. In order to reduce the computa-
tional complexity an oversampling of L = 4 has been used
in the CSO method and the obtained peak reduced signal has
subsequently been oversampled to L = 8. Lower oversam-
pling factors in the CSO method computation lead to poorer
peak power reductions. Simulation results have been obtained
by using 5 - 10® randomly generated OFDM symbols.

3.1. Effect of the number of iterations

Figure 1 shows the peak power reduction results of the CSO
method at different iterations over an OFDM system with 256
subcarriers and QPSK mapping. A peak reduction of 2.31 dB
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is obtained at a symbol clip probability of 10, the maxi-
mum peak reduction is not obtained until the 9-th iteration.
Figure 2 shows the PAPR reduction of the CSO method at
different iterations when the peak reducing signal is scaled by
the SGP approach of p. There are two advantages with res-
pect to the non-SGP implementation: larger peak reductions
are achieved and only 4 iterations are needed to achieve the
maximum peak reduction. Furthermore, it is also interesting
to notice that a 2.2 dB PAPR reduction at 10~* symbol clip
probability is achieved with just one iteration.
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Fig. 1. Iterations effect on the PAPR of the CSO method ap-
plied to a QPSK-mapped 256-subcarrier OFDM system.
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Fig. 2. Iterations effect on the PAPR of the CSO-SGP method
applied to a QPSK-mapped 256-subcarrier OFDM system.

3.2. Effect of the spectral outgrowth

The effect of 1 over the PAPR is shown in Figure 3. As it
might be expected, the PAPR reduction increases as 7 in-
creases. However, there is no need to increase 7 beyond 0.375
since the optimum reduction is achieved for that value. In
fact, n = 0.25 almost reaches this maximum peak reduction.
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—o— CSO, n=0.5
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Fig. 3. n effect on the PAPR results of the CSO method ap-
plied to a QPSK-mapped 256-subcarrier OFDM system.

Figure 4 shows the power spectral density (PSD) of a
CSO based peak reduced OFDM system with 256-subcarrier
employing QPSK. Several simulations are shown at different
values of 7, for n = 0.375 the PSD of the described OFDM
system with 16-QAM and 64-QAM mapping is also shown.
Two statements shall be made: (¢) the larger the spectral out-
growth is, the smaller the amplitude of the out-of-band sub-
carriers will be, and (:¢) lower power increase occur when
larger constellation sizes are used (assuming the same spec-
tral outgrowth and peak power reduction). It is interesting to
notice that low values of 7 in CSO lead to an addition of ex-
tra tones with an average power close to the one of the data
tones. This suggests that the proposed method could be used
to compute the added tones in the tone reservation method.

Power increase (dB) | QPSK | 16-QAM | 64-QAM

n=0.125 0.238 0.227 0.202
n=0.25 0.172 0.159 0.133
n=0.375 0.136 0.124 0.101
n=0.5 0.111 0.101 0.080

Table 1. Power increase in dB of a 256-subcarrier OFDM
system due to the peak power reduction by CSO.

Table 1 shows the power increase of the transmitted signal
when the peak power is reduced by CSO using several values
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Fig. 4. PSD results of the CSO method applied to a 256-
subcarrier OFDM system.

of n and different mapping schemes. It can be appreciated
that a lower increase of the signal power is obtained at larger
values of 7. Therefore, the choice of the appropriate n will
strongly depend on the wireless system scenario.

3.3. Effect of the mapping scheme in OFDM

Figure 5 shows the CCDF of the PAPR in a 256-subcarrier
OFDM system employing no PAPR reduction, CSO method
(n = 0.25 and the clipping thresholds in Section 2.2) and
active constellation extension (ACE) method with the param-
eters defined in [4]. QPSK, 16-QAM and 64-QAM mapping
schemes are shown. As it can be appreciated the peak power
reduction of the CSO method is independent of the modula-
tion scheme. ACE achieves better peak reductions if large
PAPR can be accepted (over 5.8 dB, 7.38 dB and 8.24 dB in
QPSK, 16-QAM and 64-QAM respectively), CSO offers bet-
ter results below this values. It must be taken into account
that the PAPR reduction capabilities of the ACE method will
decrease if some of the subcarriers are used as pilots (no mod-
ification of their amplitude and phase is allowed). Further-
more, the PAPR reduction by ACE depends on the modula-
tion scheme and the symbol power increase is greater than in
CSO. ACE’s power increase is 0.907 dB in QPSK, 0.472 dB
in 16-QAM and 0.428 dB in 64-QAM.

4. CONCLUSIONS

In this paper a new PAPR reduction technique based on the
controlled spectral outgrowth of the nearby subcarriers has
been presented. Peak reductions similar to the ones achieved
by other methods in the literature are achieved with low com-
plexity, no performance degradation, no transmission of ad-
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Fig. 5. PAPR results of the CSO and ACE methods applied to
a 256-subcarrier OFDM system.

ditional information and by scarcely decreasing the power ef-
ficiency. An analog PAPR reduction about 2.5 dB at 10~*
symbol clip probability and a power increase about 0.12 dB
are obtained for a 256-subcarrier OFDM transmission. The
proposed method can be easily combined with most of the
methods in the literature to provide further peak power reduc-
tions in any MC or MC-SS system. Appropriate parameters
should be chosen to fit specific scenarios.
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