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Numerical results are shown to be in perfect agreement with those
obtained via Monte Carlo simulations, thus verifying the accuracy of
our theoretical analysis.
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Abstract—In this paper, we consider the peak-to-average power ratio
(PAPR) reduction problem for orthogonal frequency-division multiplex-
ing with offset quadrature amplitude modulation (OFDM/OQAM). In
particular, the OFDM/OQAM signal is generated by summing over M
time-shifted OFDM/OQAM symbols, where successive symbols are inter-
dependent with each other. The alternative-signal (AS) method, which
directly leads to the independent AS (AS-I) and joint AS (AS-J) algorithms,
is employed to reduce the PAPR of the OFDM/OQAM signal. The AS-I
algorithm reduces the PAPR symbol by symbol with low complexity,
whereas the AS-J algorithm applies optimal joint PAPR reduction among
M OFDM/OQAM symbols with much higher complexity. To balance the
performance and the computation complexity, we propose a sequential
optimization procedure, which is denoted AS-S, which achieves a desired
compromise between performance and complexity.

Index Terms—Alternative signals (ASs), orthogonal frequency-division
multiplexing with offset quadrature amplitude modulation (OFDM/
OQAM), peak-to-average power ratio (PAPR).

I. INTRODUCTION

As a promising candidate multicarrier modulation technique for
Long-Term Evolution Advanced (LTE-A) and other future wireless
standards, orthogonal frequency-division multiplexing with offset
quadrature amplitude modulation (OFDM/OQAM) has drawn more
and more attention due to its high spectrum efficiency [1]–[3]. In
OFDM/OQAM systems, the OFDM/OQAM signal is obtained by
summing over M time-shifted OFDM/OQAM symbols, each of which
is obtained by letting N QAM symbols pass through a prototype
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Fig. 1. Typical OFDM/OQAM transmitter.

filter [4]–[6] and be modulated with N orthogonal subcarriers. Com-
pared with traditional OFDM systems, the OFDM/OQAM systems
own some noticeable advantages: 1) The cyclic prefix is no longer
required [4], [5]; and 2) the sidelobe of its power spectrum density
is very low [4], [5]. The main disadvantages of OFDM/OQAM are the
heavier computation cost due to the extra filtering operations and the
more complex channel equalization. For the multicarrier modulation
systems (including both the OFDM and OFDM/OQAM), one of the
critical issues for implementations is their relatively high peak-to-
average power ratio (PAPR) [7]. For OFDM systems, various schemes
(including companding [8], clipping [9], partial transmit sequence
(PTS) [10], and selective mapping (SLM) [11]) have been proposed
in the literatures for PAPR reduction. For example, the companding
scheme [8] compressed the large samples and expanded the small sam-
ples. The clipping method [9] limited the OFDM signal at a given am-
plitude threshold to reduce the PAPR. The PTS [10] and the SLM [11]
methods generated several candidate OFDM symbols by multiplying
the original symbol with different phase rotation vectors, and chose
the one with the lowest PAPR for transmission. For OFDM/OQAM
systems, the clipping scheme [12]–[14], the SLM method [15], and
the precoding scheme [16] have been employed for PAPR reduction.
In [12], the clipping scheme was introduced to the OFDM/OQAM
systems, and it increased the bit error rate (BER) and enlarged the
sidelobe. To avoid the BER increasing, an iterative noise cancelation
technique called Bussgang noise cancelation was applied at the re-
ceiver [13], but it may increase the decoding complexity at the receiver.
In [14], the clipping-based schemes (including the tone reservation
and active constellation extension) were employed to reduce the PAPR
of OFDM/OQAM signals. However, these schemes may sacrifice the
throughput. In [15], the SLM method was applied. It divided each
OFDM/OQAM symbol into two parts (real and imaginary), randomly
adopted the phase rotation vectors for the first 2K parts, with K
being the parameter associated with the length of the prototype filter,
and then optimized the (2K + 1)th part to reduce the PAPR. Due to
the random choice of the phase rotation vectors, the PAPR reduction
performance was poor when the length of the prototype filter was long.
In [16], the single-carrier OFDM/OQAM system was considered, in
which a precoding matrix was inserted between the multiplexer and
the OFDM/OQAM modulator to reduce the PAPR.

In this paper, we employ the alternative-signal (AS) method to re-
duce the PAPR of OFDM/OQAM signals. We first apply the traditional

SLM scheme to the OFDM/OQAM systems to obtain the independent
AS (AS-I) and joint AS (AS-J) algorithms. Specifically, AS-I reduces
the PAPR of each OFDM/OQAM symbol independently, and AS-J
applies joint PAPR reduction among M OFDM/OQAM symbols.
AS-J intuitively should yield a better performance than AS-I.
However, the computation complexity of AS-J exponentially increases
with M , which is impractical. To balance the performance and
the computation complexity, we propose a sequential AS (AS-S)
algorithm, which adopts a sequential optimization procedure over
time with the computation complexity linearly increasing with M .
Simulation results will be provided to compare the performance
among the three algorithms.

The remainder of this paper is organized as follows. Section II
briefly describes the OFDM/OQAM transmitter structure and the
procedure to compute the PAPR of the considered system. Then, the
AS method is presented in Section III. Simulation results are shown in
Section IV. Section V concludes this paper.

II. ORTHOGONAL FREQUENCY-DIVISION MULTIPLEXING

WITH OFFSET QUADRATURE AMPLITUDE

MODULATION SYSTEM MODEL

The OFDM/OQAM transmitter structure is shown in Fig. 1, which
consists of N subcarriers. After the QAM modulation, the input QAM
symbols are first serial-to-parallel converted to data matrix X, which is
defined as

X = [X0,X1, . . . ,XM−1] (1)

where M is the number of data blocks, and Xm is the mth data block,
which is defined as

Xm =
[
Xm

0 ,Xm
1 , . . . ,Xm

N−1

]�
(2)

with � denoting the transpose and Xm
k denoting the mth QAM symbol

on the kth subcarrier, which is defined as

Xm
k = cmk + jdmk (3)

where cmk and dmk denote the real and imaginary parts of Xm
k ,

respectively.
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Fig. 2. Structure of the OFDM/OQAM signal.

The real and imaginary parts of Xm
k are staggered by T/2 and

passed through the prototype filter to obtain

xm
k (t) = cmk h(t−mT ) + jdmk h

(
t− T

2
−mT

)
(4)

where T denotes the symbol period [4], and h(t) is the response of
the prototype filter satisfying the perfect reconstruction condition [5].
It is worth noting that the length of h(t) is KT , with K being an even
integer [4], [5]. In this paper, we adopt K = 4, similar to [4] and [5].

Then, xm
k (t), k = 0, 1, . . . , N − 1 are modulated with N orthogo-

nal subcarriers to obtain

smk (t) =
{
cmk h(t−mT ) + jdmk h

(
t− T

2
−mT

)}
ejk(

2π
T

t+π
2 ),

k = 0, 1, . . . , N − 1. (5)

Next, smk (t) on all the N subcarriers are added up together to obtain
the mth OFDM/OQAM symbol sm(t) as

sm(t) =

N−1∑
k=0

smk (t), mT ≤ t ≤
(
m+K +

1
2

)
T. (6)

Note that the length of each OFDM/OQAM symbol sm(t) is (K +
1/2)T .

Finally, the desired OFDM/OQAM signal s(t) is obtained by sum-
ming over the M OFDM/OQAM symbols, i.e.,

s(t) =

M−1∑
m=0

sm(t), 0 ≤ t ≤
(
M +K − 1

2

)
T. (7)

Thus, we show the structure of OFDM/OQAM signal in Fig. 2.
It is shown that the symbol rate is 1/T , and the length of each
OFDM/OQAM symbol is equal to (K + 1/2)T . Compared with s0(t),
sm(t) is right-shifted with mT . Obviously, sm(t) overlaps with the
next K OFDM/OQAM symbols. The OFDM/OQAM signal s(t) is
obtained by summing over the M OFDM/OQAM symbols, and the
length of s(t) is (K +M − 1/2)T .

In the conventional OFDM systems, the OFDM symbol is obtained
by taking the inverse fast Fourier transform operation over the N
QAM symbols, and the length of each OFDM symbol is T . Since
the OFDM symbol rate is 1/T , there is no overlap between any
adjacent OFDM symbols, and the PAPR of each OFDM symbol is
defined as the ratio of the peak power to the average power [8]. Due
to the special signal structure, the PAPR definition for the proposed
OFDM/OQAM systems needs to be modified. OFDM/OQAM signal
s(t) is first divided into M +K intervals, each of which is with length
T (except the last one, with length T/2). Then, the PAPR for s(t) in
the pth interval is defined as

ξp = 10 log10

max
pT≤t≤(p+1)T

|s(t)|2

Pave

, p = 0, 1, . . . ,M +K − 2

ξp = 10 log10

max
pT≤t≤(p+1/2)T

|s(t)|2

Pave

, p = M +K − 1 (8)

where Pave is the average power of s(t).
We now summarize the notations that we have defined so far.

• X is the input data matrix.
• Xm is the mth data block.
• Xm

k is the mth QAM symbol on the kth subcarrier.
• sm(t) is the mth OFDM/OQAM symbol.
• s(t) is the OFDM/OQAM signal.

III. ALTERNATIVE-SIGNAL METHOD

A. AS-I Algorithm

Inspired by the SLM method, the AS-I algorithm reduces the
PAPR by optimally choosing one phase rotation vector from a given
set for each OFDM/OQAM symbol. Over different OFDM/OQAM
symbols, the phase rotation vectors might be different. Denote the set
of candidate phase rotation vectors as

B = {b0, b1, . . . , bU−1} (9)

where U is the size of B, and bu, 0 ≤ u ≤ U − 1, is the uth phase
rotation vector, which is defined as

bu =
[
bu0 , b

u
1 , . . . , b

u
N−1

]�
(10)

with buk = ej(2πi/W ), i = 0, 1, . . . ,W − 1 [10]. In this paper, we
adopt W = 2 for simplicity. For convenience, denote bm,u =
[bm,u

0 , bm,u
1 , . . . , bm,u

N−1]
� as the phase rotation vector used by the mth

OFDM/OQAM symbol sm(t). Usually, B is assumed to be known at
both the transmitter and the receiver [10], [11].

After smk (t) is generated as in (5), AS-I generates s̃mk (t) by multi-
plying the corresponding element in the selected phase rotation vec-
tor, i.e.,

s̃mk (t) = smk (t)bm,u
k . (11)

Then, the new OFDM/OQAM symbol s̃m(t) is expressed as

s̃m(t) =

N−1∑
k=0

smk (t)bm,u
k . (12)

Thus, the PAPR reduction problem with the AS-I algorithm for
the mth OFDM/OQAM symbol sm(t), m = 0, 1, . . . ,M − 1, can be
formulated as

(P1) : min
bm,u

max
mT≤t≤(m+K+ 1

2 )T

∣∣∣∣∣
N−1∑
k=0

smk (t)bm,u
k

∣∣∣∣∣
2

subject to : bm,u ∈ B. (13)

Note that we adopt the peak power as the design metric throughout this
paper. This is because the PAPR reduction should come from the peak
power reduction rather than the average power increasing [11]. Given
the finite dimensionality of B, exhaustive search is adopted here to
search the optimal bm,u. For each sm(t), the complexity of searching
the optimal bm,u is on the order of O(U), i.e., for each sm(t), we take
U searches. Thus, the complexity for all sm(t), m = 0, 1, . . . ,M − 1,
is on the order of O(UM).

Remark 1: After obtaining the PAPR-reduced OFDM/OQAM sig-
nal ŝ(t), the transmitter should send side information to the re-
ceiver about which phase rotation vector is selected for sm(t), m =
0, 1, . . . ,M − 1. Obviously, log2(U) bits are needed for such side
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Fig. 3. Structure of the AS-S algorithm.

information transmission [11] of each OFDM/OQAM symbol and,
thus, M log2(U) bits for all the M symbols in total. At the receiver,
if the side information is correctly received, the original data matrix X

can be thus successfully recovered.
We will illustrate the PAPR reduction performance achieved by the

AS-I algorithm in Section IV. As we will discussed later, the AS-I
algorithm does not perform well enough since it ignores the structure
of the OFDM/OQAM signals, i.e., the correlation among adjacent
OFDM/OQAM symbols, whereas reducing the PAPR of sm(t) in-
dependently is strictly suboptimal. To improve the PAPR reduction
performance, the AS-J algorithm is proposed in the following to fully
explore the intersymbol correlations.

B. AS-J Algorithm

For each OFDM/OQAM symbol sm(t), the AS-J algorithm first
chooses one phase rotation vector from the given B; then, it applies
a joint PAPR reduction scheme among all the M OFDM/OQAM
symbols.

Similarly, after s̃mk (t) is generated, as we did in the AS-I algorithm,
the PAPR reduction problem could be formulated as

(P2) : min
b0,u,...,bM−1,u

max
0≤t≤(M+K− 1

2 )T

∣∣∣∣∣
M−1∑
m=0

N−1∑
k=0

smk (t)bm,u
k

∣∣∣∣∣
2

subject to : bm,u ∈ B, m = 0, 1, . . . ,M − 1. (14)

It is easy to check that the complexity of exhaustive searching to solve
Problem (P2) are on the order of O(UM ), which makes the exhaustive
search method impractical. Similarly, the number of bits for the side
information is equal to M log2(U).

It is earlier shown that the AS-I algorithm is simple but performs
badly, whereas the AS-J algorithm performs well but bears high
complexity. To balance the PAPR reduction performance and the
complexity, the AS-S algorithm is proposed in the following.

C. AS-S Algorithm

The main idea of the AS-S algorithm is shown in Fig. 3, which
shows that the AS-S algorithm adopts a sequential optimization
procedure. In the mth block, by taking into account the previous
OFDM/OQAM symbols, i.e., s0(t), s1(t), . . . , sm−1(t), we reduce
the peak power of sm(t). A detailed illustration of the proposed
algorithm is described as follows.

In the zeroth block, we multiply s0(t) by different phase rotation
vectors and choose the one with the minimum peak power, which is
denoted as ŝ0(t). Then, ŝ0(t) is sent to the first block to solve the
following problem:

min
b1,u

max
2T≤t≤4T

∣∣∣∣∣ŝ0(t) +
N−1∑
k=0

s1k(t)b
1,u
k

∣∣∣∣∣
2

subject to : b1,u ∈ B. (15)

The optimal phase rotation vector is denoted as b1,u
∗

, and the new
generated symbol is cast as

ŝ1(t) =

N−1∑
k=0

s1k(t)b
1,u∗

k . (16)

Next, ŝ1(t) and ŝ0(t) are both sent to the second block to calculate the
new symbol ŝ2(t). We repeat the given procedure until the (M − 1)th
block.

Thus, AS-S is a sequential optimization procedure. Specifically, in
the mth block, m = 1, 2, . . . ,M − 1, the optimization problem could
be cast as follows:

(P3) : min
bm,u

max
(m+1)T≤t≤(m+Γ)T

∣∣∣∣∣
m−1∑
l=0

ŝl(t) +

N−1∑
k=0

smk (t)bm,u
k

∣∣∣∣∣
2

subject to : bm,u ∈ B. (17)

Note that Γ is a key parameter that significantly affects the PAPR
reduction performance and will be discussed in Remark 2. In Problem
(P3), the search complexity for each symbol sm(t) is on the order of
O(U), and the complexity for all the M symbols is on the order of
O(UM). Similarly, the number of bits to transmit the side information
is also equal to M log2(U).

Remark 2: We plot the amplitudes of h(t−mT ) and sm(t) in
Fig. 4, where the parameters of the prototype filter are the same as
those in [2], [4], and [5]. It can be seen that the large-amplitude
samples of h(t−mT ) are located within {(m+K/2 − 1/2)T ≤
t ≤ (m+K/2 + 1/2)T}. For h(t−mT − T/2), its large-amplitude
samples are located within {(m+K/2)T ≤ t ≤ (m+K/2 + 1)T}.
According to (5) and (6), we could obtain that the large-amplitude sam-
ples of sm(t) are located within {(m+K/2 − 1/2)T ≤ t ≤ (m+
K/2 + 1)T}. Intuitively, to obtain a good PAPR reduction perfor-
mance, the large-amplitude samples of sm(t) should be included in
the optimization duration {(m+ 1)T ≤ t ≤ (m+ Γ)T} in Problem
(P3), i.e., Γ should satisfy Γ ≥ K/2 + 1. Furthermore, since sm(t)
only spans over {mT ≤ t ≤ (m+K + 1/2)T}, it follows that Γ ≤
(K + 1/2). Thus, we conclude that K/2 + 1 ≤ Γ ≤ (K + 1/2) is a
good choice.

Thus, the AS-S algorithm is summarized as follows.

Step 1: Initialization: m = 1. Multiply s0(t) by different phase
rotation vectors and denote the one with the minimum peak
power as ŝ0(t). Then, ŝ0(t) is sent to the first block.

Step 2: In the mth block, solve Problem (P3), and the new symbol
is denoted ŝm(t). Send ŝ0(t), ŝ1(t), . . . , ŝm(t) to the next
block.

Step 3: Set m = m+ 1, if m ≤ M − 1, go to 2); otherwise, calcu-
late ŝ(t) =

∑M−1

m=0
ŝm(t) and output the value.

IV. SIMULATION RESULTS

Here, simulations are conducted to evaluate the PAPR reduction
performance of the proposed AS-S algorithm. For all the simulations,
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Fig. 4. Amplitudes of h(t−mT ) and sm(t), respectively.

the oversampling factor is adopted as L = 4. Filter response h(t) is set
as the same as those in [2], [4], [5], which is given by

h(t) = α

(
c(0) + 2

K−1∑
i=1

(−1)ic(i) cos
( 2iπ
KN

t
))

(18)

where α is the normalization factor, and c(i), i = 0, 1, . . . ,K − 1, are
given as

c(0) = 1

c(1) = 0.97195983

c(2) =
1√
2

c(3) = 0.23514695. (19)

In total, 104 simulations are executed to average the result. As usual,
complementary cumulative distribution function (ccdf) is utilized to
measure the PAPR performance, which is defined as the probability
that the PAPR ξ exceeds a given threshold PAPR0, i.e.,

P (PAPR0) = Pr[ξ ≥ PAPR0]. (20)

Note that the average power of PAPR-reduced signal ŝ(t) may slightly
increase compared with s(t). To fairly compare the performance, when
calculating the ccdf of ŝ(t), we set the average power as the same as
that of s(t). Thus, all the PAPR reduction must come from the peak
power reduction.

In Fig. 5, we plot the ccdf curves for all the AS algorithms, where
4-QAM is employed, and choose N = 32, U = 8, and Γ = 4. To
obtain the ccdf curve for AS-J, we set M as a small number, i.e., M =
4. For comparison, we also plot the ccdf curve for the overlapped SLM
(OSLM) method in [15]. It is observed that the PAPR could be reduced
by about 1.7 dB with OSLM, by only 1.5 dB with AS-I, and by almost
3.8 dB with AS-S, compared with the original OFDM/OQAM signals

Fig. 5. CCDF versus PAPR0 for different schemes, 4-QAM, M = 4, N =
32, U = 8, and Γ = 4.

Fig. 6. CCDF versus PAPR0 for AS-I and AS-S with different U , 16-QAM,
M = 103, N = 128, Γ = 4.

when ccdf = 10−4. In addition, AS-J could improve the performance
by about 1 dB over AS-S. However, for AS-J, we run 84 searches,
which is much more than the 8 × 4 searches for AS-S.

In Fig. 6, we show the performance with different U values when
AS-I and AS-S are deployed, where 16-QAM is adopted, M = 1000,
N = 128, Γ = 4, and U is selected as U = 4, 16, 64, 128, respectively.
Since UM = U1000 is a relatively huge number, we do not plot the
curves of AS-J. Obviously, compared with the original OFDM/OQAM
signal without PAPR reduction at ccdf = 10−4, AS-S could provide
PAPR reduction gains of 2.8, 4, 4.5, and 4.7 dB when U = 4, 16, 64,
128, respectively. Therefore, increasing U could significantly improve
the PAPR reduction performance for AS-S. However, as U increases,
the PAPR reduction performance barely improves for AS-I.

As we showed in Remark 2, Γ is a key parameter for the PAPR
reduction performance with AS-S. In Fig. 7, the ccdf curves of
AS-S with distinct Γ values are shown, where 16-QAM is used,
M = 1000, N = 128, and U = 32. It is observed that the PAPR
reduction performance with Γ = 2 is much worse than those with
Γ = 3 and 4. When Γ = 2, the AS-S algorithm only provides about
0.3-dB PAPR reduction at ccdf = 10−4. However, AS-S with Γ = 3
and 4 could provide about 4.4-dB PAPR reduction at the same ccdf
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Fig. 7. CCDF versus PAPR0 for AS-S with different Γ, 16-QAM, M = 103,
N = 128, and U = 32.

level. When we set Γ = 2 in Problem (P3), the optimization duration
is {(m+ 1)T ≤ t ≤ (m+ 2)T}. Since the large-amplitude samples
of sm(t) are located within {(m+ 3/2)T ≤ t ≤ (m+ 3)T}, they
cannot be minimized by solving Problem (P3), which leads to the
poor PAPR reduction performance. When Γ = 3 and 4, the high-
amplitude samples are located within the optimization duration; thus,
good performance is achieved.

V. CONCLUSION

In this paper, we have employed the AS method, leading to
the AS-I, AS-J, and AS-S algorithms, for the PAPR reduction of
the OFDM/OQAM signals. The three algorithms required the same
amount of side information. The computation complexities of AS-I
and AS-S are on the order of O(UM ) with U being the number of the
phase rotation vectors and M being the number of the OFDM/OQAM
symbols, which was much lower than that of AS-J, i.e., on the order
of O(UM ). Simulation results depicted that the AS-S algorithm is a
good choice since it can provide a much better PAPR reduction perfor-
mance than the AS-I algorithm and incur much lower computational
complexity than the AS-J algorithm.
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