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ABSTRACT

High peak-to-average power ratio of the
transmit signal is a major drawback of multicar-
rier transmission such as OFDM or DMT. This
article describes some of the important PAPR
reduction techniques for multicarrier transmis-
sion including amplitude clipping and filtering,
coding, partial transmit sequence, selected map-
ping, interleaving, tone reservation, tone injec-
tion, and active constellation extension. Also, we
make some remarks on the criteria for PAPR
reduction technique selection and briefly address
the problem of PAPR reduction in OFDMA and
MIMO-OFDM.

INTRODUCTION

Multicarrier transmission, also known as orthog-
onal frequency-division multiplexing (OFDM) or
discrete multitone (DMT), is a technique with a
long history [1-6] that has recently seen rising
popularity in wireless and wireline applications
[7-9]. The recent interest in this technique is
mainly due to the recent advances in digital sig-
nal processing technology. International stan-
dards making use of OFDM for high-speed
wireless communications are already established
or being established by IEEE 802.11, IEEE
802.16, IEEE 802.20, and European Telecom-
munications Standards Institute (ETSI) Broad-
cast Radio Access Network (BRAN) committees.
For wireless applications, an OFDM-based sys-
tem can be of interest because it provides greater
immunity to multipath fading and impulse noise,
and eliminates the need for equalizers, while
efficient hardware implementation can be real-
ized using fast Fourier transform (FFT) tech-
niques.

One of the major drawbacks of multicarrier
transmission is the high peak-to-average power
ratio (PAPR) of the transmit signal. If the peak
transmit power is limited by either regulatory or
application constraints, the effect is to reducee
the average power allowed under multicarrier
transmission relative to that under constant

power modulation techniques. This in turn
reduces the range of multicarrier transmission.
Moreover, to prevent spectral growth of the
multicarrier signal in the form of intermodula-
tion among subcarriers and out-of-band radia-
tion, the transmit power amplifier must be
operated in its linear region (i.e., with a large
input backoff), where the power conversion is
inefficient. This may have a deleterious effect on
battery lifetime in mobile applications. In many
low-cost applications, the drawback of high
PAPR may outweigh all the potential benefits of
multicarrier transmission systems.

A number of approaches have been proposed
to deal with the PAPR problem. These tech-
niques include amplitude clipping [10], clipping
and filtering [11, 12], coding [13-21], tone reser-
vation (TR) [22], tone injection (TT) [22], active
constellation extension (ACE) [23], and multiple
signal representation techniques such as partial
transmit sequence (PTS) [24-30], selected map-
ping (SLM) [30-32], and interleaving [33-35].
These techniques achieve PAPR reduction at the
expense of transmit signal power increase, bit
error rate (BER) increase, data rate loss, com-
putational complexity increase, and so on.

In this article we describe some important
PAPR reduction techniques for multicarrier
transmission with a few illustrative examples. We
also mention some of the criteria for selecting a
PAPR reduction technique. Finally, we briefly
discuss PAPR reduction in orthogonal frequency-
division multiple access (OFDMA) and multiple-
input multiple-output OFDM (MIMO-OFDM).

In fact, the PAPR problem also arises in
many cases other than multicarrier transmis-
sion. Typically, the PAPR is not an issue with
constant amplitude signals. With nonconstant
amplitude signals, however, it is important to
deal with the PAPR of those signals. For
example, a DS-CDMA signal suffers from the
PAPR problem especially in the downlink
because it is the sum of the signals for many
users. In this article, however, we limit our
attention to the PAPR problem in multicarrier
transmission only.
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THE PAPR OF A MULTICARRIER SIGNAL

A multicarrier signal is the sum of many inde-
pendent signals modulated onto subchannels of
equal bandwidth. Let us denote the collection of
all data symbols X,,, n = 0, 1, ..., N — 1, as a vec-
tor X = [Xy, X1, ..., Xn_1]7 that will be termed a
data block. The complex baseband representa-
tion of a multicarrier signal consisting of N sub-
carriers is given by

1 Nl )
0= Y X, eV 0<t<NT, (1)
n=

where j = V-1, Af is the subcarrier spacing, and
NT denotes the useful data block period. In
OFDM the subcarriers are chosen to be orthog-
onal (i.e., Af = 1/NT).

The PAPR of the transmit signal is defined as

max |x(t)|2
0<t<NT (2)

PAPR = NT S
VNT - [ 7 [x@)fdr

In the remaining part of this article, an approxi-
mation will be made in that only NL equidistant
samples of x(¢) will be considered where L is an
integer that is larger than or equal to 1. These
“L-times oversampled” time-domain signal sam-
ples are represented as a vector x = [x0, x1, ...,
xn1.-1]T and obtained as

. | Noly . e/2mknafTIL
X, =x(k- =—= .
= ) x/ﬁ,Zbk:O,l,...NL—l ®)
It can be seen that the sequence {x;} can be
interpreted as the inverse discrete Fourier trans-
form (IDFT) of data block X with (L — 1)N zero
padding. It is well known that the PAPR of the
continuous-time signal cannot be obtained pre-
cisely by the use of Nyquist rate sampling, which
corresponds to the case of L = 1. It is shown in
[36] that L = 4 can provide sufficiently accurate
PAPR results. The PAPR computed from the L-
times oversampled time domain signal samples is
given by

max x|
PAPR = 0<k<NL-1 , (4)
E|

where E[-] denotes expectation.

THE CCDF oF THE PAPR

The cumulative distribution function (CDF) of
the PAPR is one of the most frequently used
performance measures for PAPR reduction
techniques. In the literature, the complementary
CDF (CCDF) is commonly used instead of the
CDF itself. The CCDF of the PAPR denotes the
probability that the PAPR of a data block
exceeds a given threshold. In [37] a simple
approximate expression is derived for the CCDF
of the PAPR of a multicarrier signal with
Nyquist rate sampling. From the central limit
theorem, the real and imaginary parts of the
time domain signal samples follow Gaussian dis-
tributions, each with a mean of zero and a vari-
ance of 0.5 for a multicarrier signal with a large
number of subcarriers. Hence, the amplitude of
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M Figure 1. CCDFs of PAPR of an OFDM signal with 256 and 1024 subcarriers

(N = 256,1024) for OQPSK modulation and oversampling factor 4 (L = 4).

a multicarrier signal has a Rayleigh distribution,
while the power distribution becomes a central
chi-square distribution with two degrees of free-
dom. The CDF of the amplitude of a signal sam-
ple is given by
F(z) = 1 - exp(z). 5)

What we want to derive is the CCDF of the
PAPR of a data block. The CCDF of the PAPR

of a data block with Nyquist rate sampling is
derived as

P(PAPR > z)

1 - P(PAPR <z)
1-F@N (6)
=1-(1-exp(=2))N.

This expression assumes that the N time domain
signal samples are mutually independent and
uncorrelated. This is not true, however, when
oversampling is applied. Also, this expression is
not accurate for a small number of subcarriers
since a Gaussian assumption does not hold in
this case. Therefore, there have been many
attempts to derive more accurate distribution of
PAPR. Refer to [38-41] for more results on this
topic.

The CCDFs are usually compared in a graph
such as Fig. 1, which shows the CCDFs of the
PAPR of an OFDM signal with 256 and 1024
subcarriers (N = 256,1024) for quaternary phase
shift keying (QPSK) modulation and oversam-
pling factor 4 (L = 4). The CCDFs of the PAPR
after applying one of the PAPR reduction tech-
niques (i.e., the selected mapping, SLM, tech-
nique with 16 candidates) are also shown in Fig.
1. For details of the SLM technique, see the next
section. The horizontal and vertical axes repre-
sent the threshold for the PAPR and the proba-
bility that the PAPR of a data block exceeds the
threshold, respectively. It is shown that the
unmodified OFDM signal has a PAPR that
exceeds 11.3 dB for less than 0.1 percent of the
data blocks for N = 256. In this case, we say that
the 0.1 percent PAPR of the unmodified signal
is 11.3 dB. The 0.1 percent PAPR of the unmod-
ified signal is 11.7 dB for N = 1024. When SLM
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Data block X PAPR (dB) Data block X PAPR (dB)
[1,1,1,117 6.0 [1,1,1,1]7 2.3
[1,1,1,-1]7 23 [1,1,1,117 3.7
19,7=0,01 23 [1,1,1,117 6.0
[1,1,-1,-11" 3.7 [1,1,-1,-117 2.3
[1,-1,1,117 2.3 [=1,-1,1,117 3.7
[1,-1,1,-11" 6.0 [-1,-1,1,-1]T 2.3
[1,-1,-1,117 3.7 [-1,-1,-1,11T 2.3
[1,-1-1-1" 23 [-1,-1,-1,-117 6.0

M Table 1. PAPR values of all possible data blocks for an OFDM signal with
four subcarriers and BPSK modulation.

is used as a PAPR reduction technique, the 0.1
percent PAPR for N = 256 and that for N =
1024 reduce to 8.1 dB and 8.9 dB, resulting in
3.2 dB and 2.8 dB reductions, respectively.
Speaking roughly, the closer the CCDF curve is
to the vertical axis, the better its PAPR charac-
teristic.

PAPR REDUCTION TECHNIQUES FOR
MULTICARRIER TRANSMISSION

In this section we focus more closely on the
PAPR reduction techniques for multicarrier
transmission with some examples.

AMPLITUDE CLIPPING AND FILTERING

The simplest technique for PAPR reduction
might be amplitude clipping [10]. Amplitude
clipping limits the peak envelope of the input
signal to a predetermined value or otherwise
passes the input signal through unperturbed [42],
that is,

X, |x|£A
B)= AT <A’ ™

where ¢(x) is the phase of x. The distortion
caused by amplitude clipping can be viewed as
another source of noise. The noise caused by
amplitude clipping falls both in-band and out-
of-band. In-band distortion cannot be reduced
by filtering and results in an error performance
degradation, while out-of-band radiation
reduces spectral efficiency. Filtering after clip-
ping can reduce out-of-band radiation but may
also cause some peak regrowth so that the sig-
nal after clipping and filtering will exceed the
clipping level at some points. To reduce overall
peak regrowth, a repeated clipping-and-filtering
operation can be used [11, 12]. Generally,
repeated clipping-and-filtering takes many iter-
ations to reach a desired amplitude level. When
repeated clipping-and-filtering is used in con-
junction with other PAPR reduction techniques

described below, the deleterious effects may be
significantly reduced.

There are a few techniques proposed to miti-
gate the harmful effects of the amplitude clip-
ping. In [43] a method to iteratively reconstruct
the signal before clipping is proposed. This
method is based on the fact that the effect of
clipping noise is mitigated when decisions are
made in the frequency domain. When the deci-
sions are converted back to the time domain, the
signal is recovered somewhat from the harmful
effects of clipping, although this may not be per-
fect. An improvement can be made by repeating
the above procedures. Another way to compen-
sate for the performance degradation from clip-
ping is to reconstruct the clipped samples based
on the other samples in the oversampled signals.
In [44] oversampled signal reconstruction is used
to compensate for signal-to-noise ratio (SNR)
degradation due to clipping for low values of
clipping threshold. In [45] iterative estimation
and cancellation of clipping noise is proposed.
This technique exploits the fact that clipping
noise is generated by a known process that can
be recreated at the receiver and subsequently
removed.

CODING

Coding can also be used to reduce the PAPR. A
simple idea introduced in [13] is to select those
codewords that minimize or reduce the PAPR
for transmission. This idea is illustrated in the
following example.

Example: The PAPR for all possible data
blocks for an OFDM signal with four subcarriers
and binary phase shift keying (BPSK) modula-
tion is shown in Table 1. It can be seen from this
table that four data blocks result in a PAPR of
6.0 dB, and another four data blocks result in a
PAPR of 3.7 dB. It is clear that we could reduce
PAPR by avoiding transmitting those sequences.
This can be done by block coding the data such
that the 3-bit data word is mapped onto a 4-bit
codeword such that the set of permissible
sequences does not contain those that result in
high PAPR. The PAPR of the resulting signal is
2.3 dB, a reduction of 3.7 dB from that without
block coding. O

However, this approach suffers from the need
to perform an exhaustive search to find the best
codes and to store large lookup tables for encod-
ing and decoding, especially for a large number
of subcarriers. Moreover, this approach does not
address the problem of error correction. A more
sophisticated approach proposed in [14] is to use
codewords drawn from offsets from a linear
code. The idea is to choose the code for its error
correcting properties and the offset to reduce
the PAPR of the resulting coded signals. This
approach enjoys the twin benefits of PAPR
reduction and error correction, and is simple to
implement, but it requires extensive calculation
to find good codes and offsets. A computational-
ly efficient geometrical approach to offset selec-
tion is introduced in [15], but there is no
guarantee about the amount of PAPR reduction
that can be obtained with this approach.

On the other hand, it is discovered that the
use of a Golay complementary sequence [16]
as codewords to control the modulation results
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in signals with a PAPR of at most 2. It is found
in [17] that the large set of binary length 27
Golay complementary pairs can be obtained
from certain second-order cosets of the classi-
cal first-order Reed-Muller code. Thus, it is
possible to combine the block coding approach
(with all of the encoding, decoding, and error
correcting capability) and the use of Golay
complementary sequences (with their attrac-
tive PAPR control properties). Further
improvements and extensions to this approach
can be found in [18-21]. However, they can be
only applied to MPSK modulation and become
infeasible for larger values of N due to the
computations needed.

Considering that the usefulness of these
techniques is limited to multicarrier systems
with a small number of subcarriers and the
required exhaustive search for a good code is
intractable, the actual benefits of coding for
PAPR reduction for practical multicarrier sys-
tems are limited.

THE PARTIAL TRANSMIT SEQUENCE TECHNIQUE

In the PTS technique, an input data block of N
symbols is partitioned into disjoint subblocks.
The subcarriers in each subblock are weighted
by a phase factor for that subblock. The phase
factors are selected such that the PAPR of the
combined signal is minimized. Figure 2 shows
the block diagram of the PTS technique. In the
ordinary PTS technique [24, 25] input data
block X is partitioned into M disjoint subblocks
Xm = [Xm,0> Xm,1> ---7Xm,N—l]T> m = 1, 2, ...,M,
such that 2,11‘1’1=1Xm = X and the subblocks are
combined to minimize the PAPR in the time
domain. The L-times oversampled time domain
signal of X,,,, m = 1, 2, ..., M, is denoted x,,, =
[Xm’(), Xm,1> ""xm,NL—l]T' X, M = 1, 2, ceny M, is
obtained by taking an IDFT of length NL on
X,, concatenated with (L — 1)N zeros. These
are called the partial transmit sequences. Com-
plex phase factors, b,, = e/0n, m = 1,2, ..., M,
are introduced to combine the PTSs. The set of
phase factors is denoted as a vector b = [by, by,
..., by/]T. The time domain signal after combin-
ing is given by

M
x'(b)= z by Xy (8)

m=1

where x’(b) = [x¢'(b), x1"(b). ... xy7-1"(b)]7. The

objective is to find the set of phase factors that
minimizes the PAPR. Minimization of PAPR is
related to the minimization of

max |ij (b)|.
0<k<NL-1

In general, the selection of the phase factors is
limited to a set with a finite number of elements
to reduce the search complexity. The set of
allowed phase factors is written as P = {27/ |]
=0,1, .., W-1}, where Wis the number of
allowed phase factors. In addition, we can set by
= 1 without any loss of performance. So, we
should perform an exhaustive search for (M - 1)
phase factors. Hence, WM-1 sets of phase factors
are searched to find the optimum set of phase
factors. The search complexity increases expo-
nentially with the number of subblocks M. PTS
needs M IDFT operations for each data block,
and the number of required side information
bits is [ log,WM-1], where |y | denotes the smallest
integer that does not exceed y. The amount of
PAPR reduction depends on the number of sub-
blocks M and the number of allowed phase fac-
tors W. Another factor that may affect the PAPR
reduction performance in PTS is the subblock
partitioning, which is the method of division of
the subcarriers into multiple disjoint subblocks.
There are three kinds of subblock partitioning
schemes: adjacent, interleaved, and pseudo-ran-
dom partitioning [25]. Among them, pseudo-ran-
dom partitioning has been found to be the best
choice. The PTS technique works with an arbi-
trary number of subcarriers and any modulation
scheme.

As mentioned above, the ordinary PTS tech-
nique has exponentially increasing search com-
plexity. To reduce the search complexity, various
techniques have been suggested. In [26] itera-
tions for updating the set of phase factors are
stopped once the PAPR drops below a preset
threshold. In [27-29] various methods to reduce
the number of iterations are presented. These
methods achieve significant reduction in search
complexity with marginal PAPR performance
degradation.

Example: Here, we show a simple example of
the PTS technique for an OFDM system with
eight subcarriers that are divided into four sub-
blocks. The phase factors are selected in P =
{+1}. Figure 3 shows the adjacent subblock par-
titioning for a data block X of length 8. The

Considering that the
usefulness of these
techniques is limited
fo mulficarrier
systems with a
small number of
subcarriers and the
required exhaustive
search for a good
code is infractable,
the actual benefits of
coding for PAPR
reduction for
practical multicarrier
systems are limited.
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original data block X has a PAPR of 6.5 dB.
There are 8 (= 241) ways to combine the sub-
blocks with fixed b; = 1. Among them [by, by,
b3, by]T = [1, -1, -1, -1]T achieves the lowest
PAPR. The modified data block will be X’ =
M_b, X, =[1,-1,-1,1,-1, 1, 1, 1]T whose
PAPR is 2.2 dB, resulting in a 4.3 dB reduction.
In this case, the number of required IDFT oper-
ations is 4 and the amount of side information is
3 bits. The side information must be transmitted
to the receiver to recover the original data block.
One way to do this is to transmit these side
information bits with a separate channel other
than the data channel. It is also possible to
include the side information within the data
block; however, this results in data rate loss. [

THE SELECTED MAPPING TECHNIQUE

In the SLM technique, the transmitter gener-
ates a set of sufficiently different candidate
data blocks, all representing the same informa-
tion as the original data block, and selects the
most favorable for transmission [30, 31]. A
block diagram of the SLM technique is shown
in Fig. 4. Each data block is multiplied by U
different phase sequences, each of length N,
B() = [bu,07 bu,la ceey bu,N—l]T7 u=12,..,U,
resulting in U modified data blocks. To include
the unmodified data block in the set of modi-
fied data blocks, we set B(1) as the all-one vec-
tor of length N. Let us denote the modified
data block for the uth phase sequence X(®) =
[Xobu,0s X1bu,15 --os Xncibun-1]u = 1,2, ..., U.
After applying SLM to X, the multicarrier sig-
nal becomes

()=

on €2 0<t <NT,u=1,2,...U.

)
Among the modified data blocks X)), u = 1, 2,
..., U, the one with the lowest PAPR is selected
for transmission. Information about the selected
phase sequence should be transmitted to the
receiver as side information. At the receiver, the
reverse operation is performed to recover the
original data block. For implementation, the
SLM technique needs U IDFT operations, and
the number of required side information bits is
Llog,U] for each data block. This approach is
applicable with all types of modulation and any
number of subcarriers. The amount of PAPR
reduction for SLM depends on the number of
phase sequences U and the design of the phase
sequences. In [32] an SLM technique without
explicit side information is proposed.

Example: Here, we show a simple example of
the SLM technique for an OFDM system with
eight subcarriers. We set the number of phase
sequences to U = 4. The data block to be trans-
mitted is denoted X = [1, -1, 1, 1, 1, -1, 1, -1]T
whose PAPR before applying SLM is 6.5 dB. We
set the four phase factors as BO) =[1,1,1, 1, 1,
1, 1,17, B® = [-1,-1,1,1,1,1, 1, -1]7, B® =
-1,1,-1,1,-1,1,1,1]7, and B® = [1, 1, -1, 1,
1, -1, 1, 1]7. Among the four modified data
blocks X®), u = 1, 2, 3, 4, X(2), has the lowest
PAPR of 3.0 dB. Hence, X(® is selected and
transmitted to the receiver. For this data block,
the PAPR is reduced from 6.5 to 3.0 dB, result-
ing in a 3.5 dB reduction. In this case, the num-
ber of IDFT operations is 4 and the amount of
side information is 2 bits. The amount of PAPR
reduction may vary from data block to data
block, but PAPR reduction is possible for all
data blocks. O

THE INTERLEAVING TECHNIQUE

The interleaving technique for PAPR reduction
is very similar to the SLM technique. In this
approach, a set of interleavers is used to reduce
the PAPR of the multicarrier signal instead of a
set of phase sequences [33-35]. An interleaver
is a device that operates on a block of N sym-
bols and reorders or permutes them; thus, data
block X = [Xy, X1, ..., Xy_1]7 becomes X’ =
[XTE(O)> ch(l)’ ...,XR(N,l)]Twhere {n} Crd {TC(Vl)}
is a one-to-one mapping n(n)e{0, 1, ..., N -1}
and for all n. To make K modified data blocks,
interleavers are used to produce permuted data
blocks from the same data block. The PAPR of
(K - 1) permuted data blocks and that of the
original data block are computed using K IDFT
operations; the data block with the lowest
PAPR is then chosen for transmission. To
recover the original data block, the receiver
need only know which interleaver is used at the
transmitter; thus, the number of required side
information bits is | log,K|. Both the transmitter
and receiver store the permutation indices
{n(n)} in memory. Thus, interleaving and dein-
terleaving can be done simply. The amount of
PAPR reduction depends on the number of
interleavers (K — 1) and the design of the inter-
leavers.

1 Nil
— . X,b
\/ﬁn=0
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THE TONE RESERVATION TECHNIQUE

Tone reservation (TR) and tone interjection
(TT), explained below, are two efficient tech-
niques to reduce the PAPR of a multicarrier sig-
nal. These methods are based on adding a
data-block-dependent time domain signal to the
original multicarrier signal to reduce its peaks.
This time domain signal can be easily computed
at the transmitter and stripped off at the receiv-
er.

For the TR technique, the transmitter does
not send data on a small subset of subcarriers
that are optimized for PAPR reduction [22]. The
objective is to find the time domain signal to be
added to the original time domain signal x such
that the PAPR is reduced. If we add a frequency
domain vector C = [Cy, Cy, ..., Cy_1]7 to X, the
new time domain signal can be represented as x
+ ¢ = IDFT{X + C}, where c is the time
domain signal due to C. The TR technique
restricts the data block X and peak reduction
vector C to lie in disjoint frequency subspaces
(i.e., X, =0,ne {i},ip, ...,iryand C,, =0, n ¢
{iy, iy, ..., ir}). The L nonzero positions in C are
called peak reduction carriers (PRCs). Since the
subcarriers are orthogonal, these additional sig-
nals cause no distortion on the data bearing sub-
carriers. To find the value of C,,, n € {iy, ip, ...,
ir }, we must solve a convex optimization prob-
lem that can easily be cast as a linear program-
ming (LP) problem. To reduce the
computational complexity of LP, a simple gradi-
ent algorithm is also proposed in [22].

In the case of DMT for wireline systems,
there are typically subcarriers with SNRs too low
for sending any information, so these subcarriers
must go unused and are available for PAPR
reduction. In wireless systems, however, there is
typically no fast reliable channel state feedback
to dictate whether some subcarriers should not
be used. Instead, a set of subcarriers must be
reserved regardless of received SNRs, resulting
in a bandwidth sacrifice.

THE TONE INJECTION TECHNIQUE

The basic idea here is to increase the constella-
tion size so that each of the points in the original
basic constellation can be mapped into several
equivalent points in the expanded constellation
[22]. Since each symbol in a data block can be
mapped into one of several equivalent constella-
tion points, these extra degrees of freedom can
be exploited for PAPR reduction. This method
is called tone injection because substituting a
point in the basic constellation for a new point
in the larger constellation is equivalent to inject-
ing a tone of the appropriate frequency and
phase in the multicarrier signal.

Assume that M-ary square quadrature ampli-
tude modulation (QAM) is used as a modulation
scheme and the minimum distance between con-
stellation points is d. Then the real part of X,
R,,, and the imaginary part, I, can take values
{%d/2, £3d/2, ..., =(N\M -1)d/2} where M is
equal to the number of levels per dimension.
Assume that X, = d/2 + j - 3d/2. Modifying the
real and/or imaginary part of X,, could reduce
the PAPR of the transmit signal. Since we want
the receiver to decode X,, correctly, we must

>I<__.__.__.__.__.__._.

\ 4

M Figure 5. The ACE technique for QPSK modulation [23].

change X, by an amount that can be estimated
at the receiver. A simple case would be to trans-
mit X,, = X,, + pD + j - gD, where p and g are
any integer values and D is a positive real num-
ber known at the receiver. According to [22], the
value of D should be at least @M in order not to
increase BER at the receiver. Generally these
i:/guivalent signal points are spaced by D = pd

M with p 2 1. A simple algorithm to find the
appropriate subcarrier positions to be modified
and the value of p, g is also given in [22]. The
only addition to the standard receiver is a modu-
lo-D operation after the symbol decision. The
amount of PAPR reduction depends on the
value of p and the number of modified symbols
in a data block.

The TI technique may be more problematic
than the TR technique since the injected signal
occupies the same frequency band as the infor-
mation bearing signal. The TI technique may
also result in a power increase in the transmit
signal due to the injected signal.

THE ACTIVE CONSTELLATION
EXTENSION TECHNIQUE

Active constellation extension (ACE) is a PAPR
reduction technique similar to TI [23]. In this
technique, some of the outer signal constellation
points in the data block are dynamically extend-
ed toward the outside of the original constella-
tion such that the PAPR of the data block is
reduced. The main idea of this scheme is easily
explained in the case of a multicarrier signal
with QPSK modulation in each subcarrier. In
each subcarrier there are four possible constella-
tion points that lie in each quadrant in the com-
plex plane and are equidistant from the real and
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There are many
factors to consider
before a specific
PAPR reduction
fechnique is chosen.
These factors include
PAPR reduction
capability, power
increase in fransmit
signal, BER increase
at the receiver, loss
in data rate,
computational
complexity increase,
and so on.

imaginary axes. Assuming white Gaussian noise,
the maximum likelihood decision regions are the
four quadrants bounded by the axes; thus, a
received data symbol is decided according to the
quadrant in which the symbol is observed. Any
point that is farther from the decision bound-
aries than the nominal constellation point (in the
proper quadrant) will offer increased margin,
which guarantees a lower BER. We can there-
fore allow modification of constellation points
within the quarter-plane outside of the nominal
constellation point with no degradation in per-
formance. This principle is illustrated in Fig. 5,
where the shaded region represents the region
of increased margin for the data symbol in the
first quadrant. If adjusted intelligently, a combi-
nation of these additional signals can be used to
partially cancel time domain peaks in the trans-
mit signal. The ACE idea can be applied to
other constellations as well, such as QAM and
MPSK constellations, because data points that
lie on the outer boundaries of the constellations
have room for increased margin without degrad-
ing the error probability for other data symbols.
This scheme simultaneously decreases the BER
slightly while substantially reducing the peak
magnitude of a data block. Furthermore, there is
no loss in data rate and no side information is
required. However, these modifications increase
the transmit signal power for the data block, and
the usefulness of this scheme is rather restricted
for a modulation with a large constellation size.

It is possible to combine the TR and ACE
techniques to make the convergence of TR much
faster [46].

OTHER TECHNIQUES

It is also possible to avoid high-PAPR signals by
employing a technique named clustered OFDM
[47-49]. In this technique the subcarriers are
clustered into several smaller blocks and trans-
mitted over separate antennas. The PAPR is
reduced since there are fewer subcarriers per
transmitter. However, it has not been widely
employed since the increase in the number of
power amplifiers makes this proposal impractical
in many applications.

Another approach proposed in [50] uses two-
dimensional pilot symbol assisted modulation
(2D-PSAM), which is usually employed in coher-
ent OFDM for channel estimation, for distor-
tionless PAPR reduction as well as channel
estimation. By properly designing the pilot
sequence, the complexity of the scheme and the
amount of side information can be reduced.

CRITERIA FOR SELECTION OF
PAPR REDUCTION TECHNIQUE

As in everyday life, we must pay some costs for
PAPR reduction. There are many factors that
should be considered before a specific PAPR
reduction technique is chosen. These factors
include PAPR reduction capability, power
increase in transmit signal, BER increase at the
receiver, loss in data rate, computational com-
plexity increase, and so on. Next, we briefly dis-
cuss each item.

PAPR reduction capability: Clearly, this is

the most important factor in choosing a PAPR
reduction technique. Careful attention must be
paid to the fact that some techniques result in
other harmful effects. For example, the ampli-
tude clipping technique clearly removes the time
domain signal peaks, but results in in-band dis-
tortion and out-of-band radiation.

Power increase in transmit signal: Some
techniques require a power increase in the trans-
mit signal after using PAPR reduction tech-
niques. For example, TR requires more signal
power because some of its power must be used
for the PRCs. TI uses a set of equivalent con-
stellation points for an original constellation
point to reduce PAPR. Since all the equivalent
constellation points require more power than the
original constellation point, the transmit signal
will have more power after applying TI. When
the transmit signal power should be equal to or
less than that before using a PAPR reduction
technique, the transmit signal should be normal-
ized back to the original power level, resulting in
BER performance degradation for these tech-
niques.

BER increase at the receiver: This is also an
important factor and closely related to the power
increase in the transmit signal. Some techniques
may have an increase in BER at the receiver if
the transmit signal power is fixed or equivalently
may require larger transmit signal power to
maintain the BER after applying the PAPR
reduction technique. For example, the BER
after applying ACE will be degraded if the trans-
mit signal power is fixed. In some techniques
such as SLM, PTS, and interleaving, the entire
data block may be lost if the side information is
received in error. This may also increase the
BER at the receiver.

Loss in data rate: Some techniques require
the data rate to be reduced. As shown in the
previous example, the block coding technique
requires one out of four information symbols to
be dedicated to controlling PAPR. In SLM, PTS,
and interleaving, the data rate is reduced due to
the side information used to inform the receiver
of what has been done in the transmitter. In
these techniques the side information may be
received in error unless some form of protection
such as channel coding is employed. When chan-
nel coding is used, the loss in data rate due to
side information is increased further.

Computational complexity: Computational
complexity is another important consideration in
choosing a PAPR reduction technique. Tech-
niques such as PTS find a solution for the PAPR
reduced signal by using many iterations. The
PAPR reduction capability of the interleaving
technique is better for a larger number of inter-
leavers. Generally, more complex techniques
have better PAPR reduction capability.

Other considerations: Many of the PAPR
reduction techniques do not consider the effect
of the components in the transmitter such as the
transmit filter, digital-to-analog (D/A) converter,
and transmit power amplifier. In practice, PAPR
reduction techniques can be used only after
careful performance and cost analyses for realis-
tic environments.

In Table 2 we summarize the PAPR reduc-
tion techniques considered.
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Distortionless Power increase

Data rate loss Requires processing at transmitter (Tx) and receiver (Rx)

g, o
Coding Yes No
PTS Yes No
SLM Yes No
Interleaving Yes No
TR Yes Yes
Tl Yes Yes
ACE Yes Yes

M Table 2. Comparison of PAPR reduction techniques.

PAPR REDUCTION FOR
OFDMA AnD MIMO-OFDM

Since OFDMA and MIMO-OFDM are based on
OFDM, the PAPR problem also arises in both
cases. In this section, we briefly discuss the
PAPR reduction for OFDMA and MIMO-
OFDM.

PAPR RepuctioN FOR OFDMA

Recently, OFDMA has received much attention
due to its applicability to high speed wireless
multiple access communication systems. The
evolution of OFDM to OFDMA completely pre-
serves the advantages of OFDM. The drawbacks
associated with OFDM, however, are also inher-
ited by OFDMA. Hence, OFDMA also suffers
from high PAPR.

Some existing PAPR reduction techniques,
which were originally designed for OFDM, pro-
cess the whole data block as one unit, thus mak-
ing downlink demodulation of OFDMA systems
more difficult since only part of the subcarriers
in one OFDMA data block are demodulated by
each user’s receiver [51]. If downlink PAPR
reduction is achieved by schemes designed for
OFDM, each user has to process the whole data
block and then demodulate the assigned subcar-
riers to extract their own information. This intro-
duces additional processing for each user’s
receiver. In the following we describe some
modifications of PAPR reduction techniques for
an OFDMA downlink. The PAPR problem for
an OFDMA uplink is not as serious as that for
downlink transmission since each user’s trans-
mitter modulates its data to only some of the
subcarriers in each data block.

PTS for OFDMA: The PTS technique can
easily be modified for OFDMA. Subcarriers

Tx: Amplitude clipping, filtering

e Rx: None
Yes Tx: Encoding or table search
Rx: Decoding or table search
Yes Tx: M IDFTs, WM-1 complex vector sums
Rx: Side information extraction, inverse PTS
Yes Tx: U IDFTs
Rx: Side information extraction, inverse SLM
Yes Tx: K IDFTs, (K — 1) interleavings
Rx: Side information extraction, inverse interleaving
Tx: IDFTs, find value of PRCs
Yes ) . .
Rx: Ignore non-data-bearing subcarriers
Tx: IDFTs, search for maximum point in time, tones to be
No modified, value of p and q
Rx: Modulo-D operation
No Tx: IDFTs, projection onto “shaded area”

Rx: None

from one user are grouped into one or more
subblocks, and then PTS is applied to subblocks
from all users. One subcarrier per subblock is
reserved, and the phase factor for the subblock
is embedded into this subcarrier. When applying
PTS, the reserved subcarrier does not undergo
phase rotation, and this reserved subcarrier is
used as a reference for each subblock at the
receiver. The phase factor for each subblock is
extracted from the reserved subcarrier. Using
these phase factors, each user recovers the data
in the subblocks for that user.

SLM for OFDMA: The SLM technique can
also be modified for OFDMA. Some of the sub-
carriers are dedicated to transmitting side infor-
mation for SLM. All users use the information
on these dedicated subcarriers to obtain infor-
mation on which phase sequence is used. Using
this knowledge, the data for each user can be
restored from the subcarriers of that user only.

TR for OFDMA [51]: In the TR technique
for OFDM [22], the symbols in PRCs are opti-
mized for the whole data block in both ampli-
tude and phase. On the other hand, a number of
PRCs are assigned to each user only in the TR
technique for OFDMA. In order to reduce the
computational complexity, the PRCs for each
user are optimized for the subcarriers of that
user only, making the optimization for the whole
OFDMA data block suboptimal.

PAPR REDuCTION FOR MIMO-OFDM

Multiple transmit and receive antennas can be
used to improve the performance and increase
the capacity of wireless communications systems.
It is shown that when multiple transmit and
receive antennas are used to form a MIMO sys-
tem, the system capacity can be improved by a
factor of the minimum number of transmit and
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The TR technique
reserves a small
number of
subcarriers for the
purpose of PAPR
reduction. In the TR
for MIMO-OFDM, the
positions of these
reserved subcarriers
are the same for all
fransmit anfennas
and known to both
the transmitter and
the receiver.

receive antennas compared to a single-input sin-
gle-output (SISO) system with flat Rayleigh fad-
ing or narrowband channels [52, 53]. However,
for wideband channels OFDM has to be used
with MIMO techniques for intersymbol interfer-
ence mitigation and capacity improvement. This
MIMO-OFDM system is investigated in [54-56].
Since MIMO-OFDM systems are based on
OFDM, they also suffer from the problem of
inherent PAPR. In the following we describe
some modifications of the PAPR reduction tech-
niques for MIMO-OFDM with n, transmit anten-
nas and 7, receive antennas.

PTS for MIMO-OFDM: The extension of
the PTS technique can be used to reduce the
PAPR of an MIMO-OFDM signal. In the PTS
technique for MIMO-OFDM, input data sym-
bols are converted into n, parallel streams and
the PTS technique for OFDM is applied for
each stream or antenna with the sets of phase
factors being equal for all transmit antennas.
The maximum of the PAPR among all the
transmit antennas is reduced. Because the side
information is the same for all transmit anten-
nas, the amount of the side information per
transmit antenna is reduced. The PTS for
MIMO-OFDM, however, may not be as effec-
tive as that for OFDM since there are n, trans-
mit antennas to minimize.

TR for MIMO-OFDM: The TR technique
can be extended for MIMO-OFDM very easily.
The TR technique reserves a small number of
subcarriers for the purpose of PAPR reduction.
In TR for MIMO-OFDM, the positions of these
reserved subcarriers are the same for all transmit
antennas, and known to both the transmitter and
the receiver. In each transmit antenna, PAPR
reduction is performed independently. The
received data symbols in the reserved subcarriers
are simply ignored at the receiver.

CONCLUSIONS

Multicarrier transmission is a very attractive
technique for high-speed transmission over a dis-
persive communication channel. The PAPR
problem is one of the important issues to be
addressed in developing multicarrier transmis-
sion systems. In this article we describe some
PAPR reduction techniques for multicarrier
transmission. Many promising techniques to
reduce PAPR have been proposed, all of which
have the potential to provide substantial reduc-
tion in PAPR at the cost of loss in data rate,
transmit signal power increase, BER increase,
computational complexity increase, and so on.
No specific PAPR reduction technique is the
best solution for all multicarrier transmission
systems. Rather, the PAPR reduction technique
should be carefully chosen according to various
system requirements. In practice, the effect of
the transmit filter, D/A converter, and transmit
power amplifier must be taken into considera-
tion to choose an appropriate PAPR reduction
technique.
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