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Fig. 3 shows the mean square error as a function of the term����� ,
parametrized in �. The curve is expected to give a reasonable prediction
of the best achievable MSE for low values of the ratio ����� , that
is, in the low-power region. Further, when we let � grow by moving
from the lowermost curve (purely Gaussian case with �� � �) to the
uppermost one (purely Gaussian case with �� � �), the MSE increases
monotonically.

V. CONCLUSION

There have recently been a number of results on decentralized esti-
mation in which the inherent additive fusion rule of a MAC is exploited.
The results in [7] are particularly interesting, in that they show that
the SNR-maximizing data-forwarding rule is proportional to the local
MMSE, as opposed to the amplify-and-forward procedure that one
might expect. Here that result is shown to apply directly to minimum
fused-MSE estimation. By basing our analysis on an assumption, sim-
ilar to that in locally-optimized detection, of vanishing received signal
power, we are able to show that the optimal sensor-level forwarding
rule is proportional to the local MMSE estimator even for exchange-
able sensors. We also provide the optimal fusion post-processing rule,
which, unlike cases in which the asymptotics relate to arbitrarily large
numbers of sensors, depends strongly on the channel noise statistics.
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Abstract—In this correspondence, preamble-based least squares (LS)
channel estimation in orthogonal frequency division multiplexing (OFDM)
systems of the QAM and offset QAM (OQAM) types is considered. The
construction of optimal (in the mean squared error (MSE) sense) pream-
bles is investigated, for sparse (a subset of pilot tones, surrounded by nulls)
preambles. The two OFDM systems are compared for the same transmit
power, which, for cyclic prefix (CP) based OFDM/QAM, also includes the
power spent for CP transmission. OFDM/OQAM, with a sparse preamble
consisting of equipowered and equispaced pilots embedded in zeros, turns
out to perform at least as well as CP-OFDM. Simulations results are
presented that verify the analysis.

Index Terms—Channel estimation, cyclic prefix (CP), discrete Fourier
transform (DFT), least squares (LS), mean squared error (MSE), offset
QAM (OQAM), orthogonal frequency division multiplexing (OFDM), pi-
lots, preamble, quadrature amplitude modulation (QAM).

I. INTRODUCTION

Orthogonal-frequency-division multiplexing (OFDM) is currently
enjoying popularity in both wired and wireless communication sys-
tems [2], mainly because of its immunity to multipath fading, which
allows for a significant increase in the transmission rate [18]. Using the
cyclic prefix (CP) as a guard interval, OFDM can “reform” a frequency
selective channel into a set of parallel flat channels with independent
noise disturbances. This greatly simplifies both the estimation of the
channel as well as the recovery of the transmitted data at the receiver.
However, these advantages come at the cost of an increased sensitivity
to frequency offset and Doppler spread. This is due to the fact that,
although the subcarrier functions are perfectly localized in time, they
suffer from spectral leakage in the frequency domain. Moreover, the
inclusion of the CP entails a loss in spectral efficiency, which, in
practical systems, can become as high as 25% [2].

An alternative to CP-OFDM, that can mitigate these drawbacks, is
provided by a filter bank-based variant employing offset quadrature
amplitude modulation (OQAM), known as OFDM/OQAM [8]. In this
scheme, pulse shaping is included via an IFFT/FFT-based efficient
filter bank, and staggered OQAM symbols, i.e., real symbols at twice
the symbol rate of OFDM/QAM, are loaded on the subcarriers [16].
This allows for the pulses to be well localized in both the time and
the frequency domains. As a consequence, the system’s robustness
to frequency offsets and Doppler effects is increased [7] and at the
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same time an enhanced spectral containment, for bandwidth sen-
sitive applications, is offered [1], [17]. Furthermore, although the
two OFDM schemes can be seen to exhibit similar peak-to-average
power ratio (PAPR) performances, the presence of spectral leakage
in OFDM/QAM may, ultimately, generate higher peak power values
[19]. Moreover, the use of a CP is not required in the OFDM/OQAM
transmission, which may lead to even higher transmission rates [16].1

Since nothing is free in this world, the previously mentioned advan-
tages of OFDM/OQAM come at the cost of subcarrier functions being
now orthogonal only in the real field, which means that there is al-
ways an intrinsic imaginary interference among (adjacent) subcarriers
[6]. This makes the channel estimation task for OFDM/OQAM systems
more challenging, compared to OFDM/QAM. OFDM/OQAM channel
estimation has been recently studied for both preamble-based [9], [11]
and scattered pilots-based [6], [10] training schemes.

The focus of this correspondence is on the channel estimation task
based on a preamble consisting of pilot tones. The question of selecting
these tones so as to minimize the channel estimation mean squared error
(MSE), subject to a given training energy, is addressed. The case of a
sparse preamble, built with isolated pilot tones embedded in nulls, is
treated.2 It is shown that an optimal sparse preamble for OFDM/OQAM
can be constructed with �� equispaced and equipowered pilot tones,
where �� denotes the channel length.

Related results have previously been derived for the case of
CP-based OFDM/QAM (CP-OFDM) channel estimation. In [15], it
was shown that uniform spacing is the best choice given that the pilot
tones are equipowered.3 Equispaced and equipowered pilot tones were
shown in [3] to be the optimal CP-OFDM preamble for a given training
energy that accounts only for the useful signal, excluding the CP. This
correspondence also revisits the problem of optimally selecting the
pilot tones in CP-OFDM, when the training energy constraint also
includes the CP part. It is shown that, in this case, the pilots should
also be equal. The effects of such a choice on the resulting PAPR
are also discussed. The comparison of optimal sparse preambles for
CP-OFDM and OFDM/OQAM turns out to be generally in favor of
the latter. We present simulations results that confirm the theoretical
analysis.

The rest of the correspondence is organized as follows: In
Section II, we describe the discrete-time baseband equivalent model
for the OFDM/OQAM and CP-OFDM systems. The optimal sparse
preambles for the two OFDM systems are derived in Section III. In
Section IV, the MSE performances of the optimal sparse preambles
associated with the two systems are compared. Simulations results are
reported in Section V. Section VI concludes the correspondence. A
more detailed version of this correspondence, including more results
and proofs, can be found in http://arxiv.org/abs/0910.3928.

Notation: Vectors and matrices are denoted by bold lowercase and
uppercase letters, respectively. Superscripts � and � stand for transpo-
sition and conjugate transposition. The complex conjugate of a com-
plex number � is denoted by ��. Also, � �

���. � � � is the Euclidean
norm. For a matrix ���� �������� denotes its ��� �� entry. The expectation
and matrix trace operators are denoted by �� � � and ��� � �, respec-
tively. 			� denotes the 
th-order identity matrix, while ���� is the
all zeros 
 � � matrix.

1Nevertheless, this advantage was partly given up in [12] and a CP-based
OFDM/OQAM system was proposed for the sake of facilitating the data recep-
tion process.

2This pilot arrangement is also referred to as comb-type [5].
3This is no longer valid if there are suppressed (virtual) subcarriers. In such

a case, the optimal placement is non-uniform [14].

II. SYSTEM MODELS

In this section, the CP-OFDM and OFDM/OQAM system models
are described, along with some basic concepts that will be used in the
sequel.

A. CP-OFDM

Given � subcarriers, the result of the OFDM modulation of a (com-
plex) � � � vector  is

��� �
��
�
����

where��� is the��� DFT matrix, with entries �������� � ��	�
���� ,
�� � � �� �� � � � �� � �. Prior to transmission, a CP of length � is
prepended to the previous vector, to yield

������ �

������ 			
� � � � � � � � � � � � � � � � � �

			�

���� (1)

Assume that the CP length is chosen to be the smallest possible one,
namely equal to the channel order: � � ���� [15]. Moreover, perfect
timing and frequency synchronization is assumed. The channel impulse
response (CIR), ��� � 	�� �� � � � �� ��


� , is assumed to be constant
over the duration of an OFDM symbol. The input to the OFDM de-
modulator, after the CP removal, can then be expressed as

��� �����������

where ��� is the Toeplitz circulant matrix with its first row given by
	�� ������� � �� �� � � � �� �� 
 and ��� is the noise at the
receiver front end, assumed to be white Gaussian with zero-mean and
variance ��. The action of the DFT (FFT) then results in

��� �
��
�
������ � ��� ���� ��� � � � � ������ ��� (2)

where �� � � ��
�	� ���

�	�
���� , 
 � �� �� � � � �� � � is the
� -point channel frequency response (CFR) and ��� � ���

�
�������� is

the frequency domain noise, with the same statistics as ���. The CFR
estimates, in the least squares (LS) sense, can then be computed as

��� �
��
�

� �� �
��
�

� (3)

B. OFDM/OQAM

The baseband discrete-time signal at time instant �, at the output of
an OFDM/OQAM synthesis filter bank (SFB) is given by [16]

�
������ �

���

�	� �

����������� (4)

where ���� are real OQAM symbols, and

������� � � �� �
�

�
�	 ���� ��	� �

with � being the real symmetric prototype filter impulse response (as-
sumed here of unit energy) of length ���� being the even number
of subcarriers, and ���� � �� � ������
 � �� ��� �, where ��
can be arbitrarily chosen4 [16]. The filter � is usually designed to have
length �� � �� , where � , the overlapping factor, takes on values
in � � � � � in practice. The double subscript � � ���� denotes the

4For example, in [16], � is defined as ��� �����������.
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��� ��th frequency-time (FT) point. Thus, � is the subcarrier index
and � the OQAM symbol time index.5

The pulse � is designed so that the associated subcarrier functions
���� are orthogonal in the real field, that is

�

�

��������
�
������ � �������� (5)

where ���� is the Kronecker delta (i.e., ���� � � if � � � and 0 other-
wise). This implies that even in the absence of channel distortion and
noise, and with perfect time and frequency synchronization, there will
be some intercarrier (and/or intersymbol) interference at the output of
the analysis filter bank (AFB), which is purely imaginary, i.e.,

�

��������
�
������ � 	
������ (6)

and is known as intrinsic interference [6]. Adopting the commonly used
assumption that the channel is (approximately) frequency flat at each
subcarrier and constant over the duration of the prototype filter [9],
which is true for practical values of �	 and �
 and for well time-lo-
calized �’s, one can express the AFB output at the �th subcarrier and
th OFDM/OQAM symbol as

���� � �������� � 	

���

��� �

����� �������

��������

���
���

�

����� (7)

where ���� is the CFR at that FT point, and ���� and ���� are the asso-
ciated interference and noise components, respectively. One can easily
see that ���� is also Gaussian with zero mean and variance ��.

For pulses � that are well localized in both time and frequency, the
interference from FT points outside a neighborhood���� around ��� �
is negligible. If, moreover, the CFR is almost constant over this neigh-
borhood, one can write (7) as

���� � �������� � ���� (8)

where

���� � ���� � 	
�������

����

���
���� (9)

When pilots are transmitted at ��� � and at points inside its neighbor-
hood ����, the quantity in (9) can be approximately computed. This
can then serve as a pseudo-pilot [9] to compute an estimate of the CFR
at the corresponding FT point, as

����� �
����
����

� ���� �
����
����

� (10)

III. OPTIMAL SPARSE PREAMBLES

For the CP-OFDM system, the preamble structure will consist of one
complex vector symbol, as it is common in the literature [15]. Note
that each complex CP-OFDM symbol is equivalent to two real vector
symbols in the OFDM/OQAM system. We consider an equivalent pre-
amble structure for the OFDM/OQAM system, which consists of one
nonzero training vector followed by a zero vector symbol. The latter

5The latter should not be confused with the sample time index �. In fact, the
temporal distance between two successive symbol instants�� ��� equals���
sample time instants.

aims at protecting the nonzero part of the preamble from the intrinsic
interference due to the data section of the frame [9].6

Definition 1: By sparse preamble vector we will mean an � � �
training vector containing �	 isolated pilots and zeros at the rest of its
entries.

In this correspondence, we make the assumption that ���	 is an
integer number, with � being (as usually in practice) a power of two.
The channel length, �	, will thus also be assumed to be a power of
two.7 The following result provides the optimal sparse preamble for
CP-OFDM:

Theorem 1: For CP-OFDM, the sparse preamble that minimizes the
MSE of the CFR estimates (3), subject to a constraint on the energy
of both the useful part of the transmitted signal and the CP, consists of
equispaced and equal pilot tones.

Proof: See Appendix I.
Remark: Recall that the MSE-optimal sparse preamble for

CP-OFDM is built with equispaced and equipowered, not necessarily
equal pilots, if for the training energy the CP part is not included [15].
However, at least in theory this is not fair since the total amount of
energy actually spent for training includes the transmission of the CP
as well. According to Theorem 1, if the preamble optimization is to
be performed in a fair way, then the pilots should necessarily be all
equal. Of course, such a preamble would suffer from a high PAPR. In
practice, this can be overcome by transmitting equipowered instead of
equal tones, at the expense of a small performance loss.

For the OFDM/OQAM system, the corresponding result is as fol-
lows.

Theorem 2: For OFDM/OQAM, the sparse preamble that minimizes
the MSE of the CFR estimates (10), subject to an energy constraint, is
built with equispaced and equipowered pilot tones.

Proof: See Appendix II.
In view of the above results, preamble vectors containing equal sym-

bols are the only or one of the optimal solutions. Hence, and for the
sake of analytical convenience, optimal preambles will henceforth be
assumed to consist of all equal pilots.

IV. OFDM/OQAM SPARSE PREAMBLE VERSUS

CP-OFDM SPARSE PREAMBLE

Let us now compare the estimation performances of the two
systems, when using optimal sparse preambles, and with the same
transmitted power for training. Clearly, in both cases the same model
for the received signal, (2), will hold. Moreover, if the spacing of
the pilots, ���	, is large enough (theoretically equal to or larger
than 2), the noise components at the corresponding outputs of the
AFB for the OFDM/OQAM system will be uncorrelated. If we do
not equalize the powers at the SFB outputs, the two MSEs will
obviously be related as �	
�	
� � �

	
�
 ���	
� �	
	
�,

with �
	
�
 � ��	
� being the energies of the QAM and OQAM

symbols, respectively. Defining the power ratio for the two systems,
��	
���	
�, as the ratio of the training power in CP-OFDM over
that in OFDM/OQAM, and scaling the output of the OFDM/OQAM
SFB by ��	
���	
�, we end up with

�	
�	
� �
�
	
�


�
�	
�


�	
	
�
��	
���	
�

�

6Note that in wireless standards (e.g., WiMAX [2]), there are sufficiently long
guard periods between the uplink and downlink subframes and between frames.
Thus, there is no need to worry about intrinsic interference on the preamble
vector from previous frames.

7It this is not the case, one may zero pad the CIR to � taps.
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It can be shown that the transmit energies in the two systems are given
by

����� � ���
����
�

and

���� � ���
���
� �

The OFDM/OQAM sparse preamble generates �� nonzero samples at
the output of the SFB, while the CP-OFDM sparse preamble yields
� � � � � � �� � � samples. The sampling rate at the output of
the SFB’s is the same for both systems. Hence, to equalize the energies
per time unit for the two schemes, we have to form the power ratio as
follows:

����������� �

�
��� ��

���
���
�

�
�
���

����
�

�

�

�
��

� � �� � �
(11)

and finally

��	���� �
� � �� � �

��
��	���� (12)

For example, let �� � 
�. Then, for �� � � , the CP-OFDM sparse
preamble turns out to be superior to the corresponding OFDM/OQAM
sparse preamble, while for �� � �� , with � � � � �, the OFDM/
OQAM sparse preamble is approximately 3–9 dB better.

Remarks:
1) Note that � � �� � ����� is the ratio of the time durations of

the transmit pulses employed by the two systems.
2) The performance difference can be even greater if we want to

achieve a lower PAPR in the CP-OFDM system. We will then have
to use unequal equipowered pilots, which leads to a slightly worse
performance of the CP-OFDM sparse preamble.

3) Nevertheless, at the cost of increasing the bandwidth in the
OFDM/OQAM system, the OFDM/OQAM and CP-OFDM sparse
preambles can become MSE equivalent, in the following way.
Note that, due to the good time localization of the OFDM/OQAM
pulse, there is always a subinterval of the total pulse dura-
tion in the OFDM/OQAM system with the same length as the
CP-OFDM modulator output, that carries almost all of the energy
of the pulse. In view of the even symmetry of �, we can consider
the subinterval ���� � �� � ������ �� � �� � ������
around its center, where �	� denotes the smallest integer that is
not smaller than 	. Then, for practical values of ����, it can be
easily verified than

����� ����	�

�
������ ����	�

�	������� 
� � �����

Therefore, we only need to observe this interval to approximately
reconstruct the preamble vector at the receiver. Then the transmit
pulses in the two systems have approximately the same duration
(albeit with OFDM/OQAM bandwidth increased), thus leading to
almost the same MSE performance for the two sparse preambles.
Again, the OFDM/OQAM sparse preamble can be slightly better
if we use unequal equipowered pilots in the CP-OFDM sparse
preamble for a lower PAPR.

4) Clearly, the two systems would exhibit the same MSE perfor-
mance if they were compared on the basis of equal transmit energy
instead of equal transmit power.

Fig. 1. NMSE performance of the CP-OFDM and OFDM/OQAM sparse
preambles: (a) � � ���� � � �; (b) � � ������ � �.

V. SIMULATIONS

In this section, we present simulation results to verify our analysis.
The channel follows the veh-A model [2]. The CIR is initially gener-
ated with 29 taps and then zero padded to the closest power of two,
that is, �� � 
� taps. We plot the normalized MSE (NMSE), i.e.,
����� � �����	������	�, versus the ratio of the transmit power to the
power of the noise. The curves are the result of averaging 200 channel
realizations. For each channel realization, 300 different noise realiza-
tions are considered. QPSK modulation is employed.

The optimal sparse preambles for the CP-OFDM and OFDM/
OQAM systems are compared in Fig. 1. For the OFDM/OQAM
system, we have used filter banks as given in [13], [4]. The superiority
of the OFDM/OQAM sparse preamble, when the entire transmit
pulse duration is considered, is evident. The analytical results can be
seen to be approximately verified. Thus, for Fig. 1(a), the theoretical
difference is �� ���������� � �� � ��� � 4.5 dB, while for
Fig. 1(b), it is approximately 5.9 dB. These values agree with the
difference of the experimental curves.
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VI. CONCLUSION

Optimal preamble design for LS channel estimation in CP-OFDM
and OFDM/OQAM systems was addressed in this correspondence, for
sparse preambles. In contrast to earlier related work on CP-OFDM,
the energy spent for the CP transmission was also taken into account
when assessing the energy budget for training. This turned out to lead
to the requirement of equal instead of simply equipowered pilot tones
for the CP-OFDM sparse preamble. Equipowered and equispaced pilot
tones were shown to comprise the optimal sparse preamble for OFDM/
OQAM. The OFDM/OQAM optimal sparse preamble was compared
with that of CP-OFDM and shown to allow for a significantly better
performance, provided the whole pulse is transmitted when training.
Nevertheless, it will perform similarly to CP-OFDM, at the cost of
bandwidth expansion, if the tails of the (well time-localized) pulse are
left out in the transmission of the preamble. Our analytical results were
confirmed via simulations.

APPENDIX I
PROOF OF THEOREM 1

Let �� � ���� ��� � � � � �� ��� be the set of indexes of the nonzero
pilot tones in the sparse preamble. Stacking the �� CFR estimates in
the vector ����� , we can find the CIR as ���� � ������ ��

����� � ��� �

������ �� ���, where ��� is the���� vector with entries ��	
�� � � �� ,
and ���� �� is the �� � �� submatrix of the � �� DFT matrix
��� consisting of its �� first columns and its rows corresponding to the
indexes in �� . Thus, the MSE of the above estimate is given by

���� � 	
 ���� ���� �� ����
� ��

��

(13)

where ���� � ������	�
� �
�� �	�
� �

�� � � � � �	�
� ��� is the co-
variance of ���.

We want to minimize this, subject to the constraint � ��
��� �
� ���

�
�



�� ���������

�
���


� 	 
 , where ������ is the � � � matrix

consisting of the last � columns of ��� and 


� is the � � � sparse
preamble vector, with 
� � �� � 	� �� . One can easily verify that
the class of equal and equispaced training symbols for the CP-OFDM
sparse preamble yields an MSE equal to ��

�	
 , while it zeroes the
CP-energy ��	��


�� ���������

�
���


� . It is obvious that, since the

CP is a wasted part of energy, the MSE would be minimized if somehow
we were able to collect all the energy of the CP and put it in the useful
part, namely the first sum of the constraint. To obtain the minimum
MSE we can possibly imagine, we consider the relaxed problem8:

���
� 	���� ��

���� (14)

��	�

� ��

���

�
� �� 	 
 � (15)

However, it is known [15], [3] that the optimal solution for this problem
is the sparse preamble of �� equispaced and equipowered pilot tones.
The minimum achievable MSE is ���	
 , which is also achieved by
a sparse preamble of equispaced and equal pilot tones. Therefore, we
only need to verify that this is the unique class of sparse preamble vec-
tors that achieve this minimum MSE. This is equivalent to proving that
the class of sparse preambles with equispaced and equal pilot tones is
the only one that zeroes the CP energy.

The submatrix of ���������
�
��� involved in the evaluation of




�� ���������
�
���


� is given by �����������

�
�����	
 ��	
�� where

8This is a “genie-aided” problem, i.e., a problem that is unrealistic in practice
and only a genie can help us to obtain, since it would lead to the minimum
possible achievable MSE.

�� is now any set of the form ��� � ��	���� � �� �� � � � � �� � ��
with �� � �� �� � � � ��	�� � �. This submatrix has a very special
form:

Lemma 1: All diagonal entries of the submatrix
�����������

�
�����	
 ��	
�� are equal to � � �� � �, while

all its off-diagonal entries equal ��.
Proof: The general entry of the above submatrix is given by:

���������
�
���

�	

�

�

���

�
� � � ����������

�

� ��

���

�
� � � ����� ���

where � � �� � ���	�� and similarly for �. Obviously, for � �
�� ����������

�
�����	� � �� � �� � � �� �� � � � � �� � �. If � �� �, and

setting � � �
 � ��,

���������
�
���

�	

�

� ��

���

�
� ���� ���

�

� ��

���

�
� �

with the assumptions made previously for ����. But

� �

� ��

���

�
� �

� � � ���������
�
���

�	

�

hence

���������
�
���

�	

� ��� � �� ��

The question now concerns the type of vectors 


� that make the
term 


�� ���������

�
���


� � ����

���


� � vanish. Suppose that
there is such a sparse vector with equispaced and equipowered sym-
bols 
� � �
���� . Then, there should hold ����

���


� � �, hence
���������

�
���


� � �. Consider, for example, the inner product of

the first row of ���������
�
��� with 


� . Then, according to the pre-

vious lemma, there should hold �
������ � �

��� �
�� � � � or

���� � �

��� �
�� . Taking the modulus in both sides, we should

have � � � �

��� �
�� �. But this can only happen when all the ex-

ponentials in the sum are collinear and of the same direction in the
complex plane, i.e., when all these exponentials are equal.

Conclusion: Among all sparse preamble vectors, it is those with eq-
uispaced and equal pilot symbols that yield the globally minimum MSE
for CP-OFDM.

APPENDIX II
PROOF OF THEOREM 2

Define the vector of the nonzero SFB output samples for a sparse
preamble input:

���
�

�	
� �
���

��	���	����
���

��	���	���� � � �

���

��	���	���� � ��

�

�

Clearly, for a sparse preamble, we have �	�� � �. We first show the
following.

Proposition 1: If �	�� � �, then ���
�

�	
�
� �

���
���	�,

i.e., the energy transmitted for training is equal to the energy of the

Authorized licensed use limited to: National Observatory of Athens. Downloaded on April 16,2010 at 08:30:43 UTC from IEEE Xplore.  Restrictions apply. 



2916 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 58, NO. 5, MAY 2010

training vector at the AFB output of the associated ideal (channel- and
noise-free) OFDM/OQAM system.

Proof:
���
�

����

�

�

� ��

��� ���

�����������

�

�

� ��

���

�� ��

� ��

���

�� ��

� ��

���

�� ������
�
� �����

�

� ��

���

��� ��

� ��

���

��� ������
�

�

� ��

������� ���

�� ���� ��

� ��

���

�� ������
�
� ������

Obviously,
� ��

��� ��� ������
� �

� ��

��� ����� � � and
� ��

��� �� ������
�
� ����� � �� �� � � �� �� � � � � 	� � ��� �� �

due to our assumption that 
�	� � � and a good frequency localiza-
tion of �. Therefore, ����������

� � � ��

���
��� ��� �� � �� .

The (time domain) MSE expression for the sparse preamble with 	�
nonzero pilot tones in the OFDM/ OQAM system is the same as in the
CP-OFDM system, i.e., 	
�� � ������ �� �� �

� �� ����.
Our optimization problem can therefore be stated as follows:

���
	 �� ��

	
�� (16)

����

� ��

���

��� �� 	 
 � (17)

But the solution to this problem is known. It is the class of equipowered
and equispaced pilot tones [15], [3].
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Novel Low-Complexity SLM Schemes for
PAPR Reduction in OFDM Systems

Chih-Peng Li, Sen-Hung Wang, and Chin-Liang Wang

Abstract—Selected mapping (SLM) schemes are commonly employed
to reduce the peak-to-average power ratio (PAPR) in orthogonal fre-
quency division multiplexing (OFDM) systems. It has been shown that
the computational complexity of the traditional SLM scheme can be
substantially reduced by adopting conversion vectors obtained by using
the inverse fast Fourier transform (IFFT) of the phase rotation vectors in
place of the conventional IFFT operations [C.-L. Wang and Y. Ouyang,
“Low-Complexity Selected Mapping Schemes for Peak-to-Average Power
Ratio Reduction in OFDM Systems,” IEEE Trans. Signal Process., vol.
53, no. 12, pp. 4652–4660, Dec. 2005]. To ensure that the elements of these
phase rotation vectors have an equal magnitude, conversion vectors should
have the form of a perfect sequence. This paper presents three novel classes
of perfect sequence, each of which comprises certain base vectors and their
cyclically shifted versions. Three novel low-complexity SLM schemes are
then proposed based upon the unique structures of these perfect sequences.
It is shown that while the PAPR reduction performances of the proposed
schemes are marginally poorer than that of the traditional SLM scheme,
the three schemes achieve a substantially lower computational complexity.

Index Terms—Orthogonal frequency division multiplexing (OFDM),
peak-to-average power ratio (PAPR).

I. INTRODUCTION

Orthogonal-frequency-division multiplexing (OFDM) is a
promising technique for high data rate transmission due to its high
spectral efficiency and robustness against the interference inherent in
multi-path channels. However, OFDM systems suffer the drawback
of a high peak-to-average power ratio (PAPR) of the transmitted
signal. The literature contains various methods for PAPR reduction in
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