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approach to estimate phase factors and detect transmitted symbols simultaneously without side information at the receiver.
This technique performs effectively under perfect channel state
information at the receiver (CSIR). However, it is observed
from our simulation that this method is sensitive to the channel
estimation errors, and it is complex to implement. Garcia et
al. [10] suggested the use of orthogonal sequences as the pilot
to reduce the PAPR. The receiver can easily determine which
sequence is used at the transmitter without side information
using the orthogonal property. However, the amount of PAPR
reduction is limited because this method exploits only pilot
subcarriers to reduce the PAPR.

Abstract— A new partial transmit sequence (PTS) technique
for orthogonal frequency division multiplexing (OFDM) signals
which does not require side information, is proposed. In the
proposed method, the transmitter applies PTS to reduce the
peak-to-average power ratio (PAPR) and does not send the side
information on the PTS phase factors to the receiver. Based
on the OFDM symbol structure having pilot subcarriers, the
receiver jointly estimates the channel and PTS phase factors
from the pilot subcarriers. The proposed technique inherently
causes bit error rate (BER) loss depending on the PTS subgroup
size. However, simulation results demonstrate that if the PTS
subgroup size is carefully chosen, the proposed method can
reduce the PAPR significantly with a negligible BER loss.
Key Words: OFDM, PAPR reduction, PTS, side information
free

In this paper, we propose a side information-free PTS
technique for a frame structure preceded by a known preamble
and an OFDM symbol structure where pilot subcarriers are
inserted regularly. As in [9], the transmitter applies the PTS
to reduce the PAPR and does not send the phase factor
information to the receiver. In the proposed scheme, the
receiver jointly estimates the channel and phase factors from
the pilot subcarriers by joint ML approach. The estimation
performance is proportional to the PTS subgroup size, while
the amount of PAPR reduction is inversely proportional to
that. Therefore, the PTS subgroup size is carefully chosen
to ensure negligible bit error rate (BER) loss and sufficient
PAPR reduction. The performance of the proposed method is
empirically demonstrated through computer simulation. When
the number of total subcarriers is 128; each subcarrier is
modulated by 16QAM; and 1/8 of total subcarriers are pilots,
subgroup size 16 (16 subcarrier in a subgroup) provides 6.2dB
PAPR reduction while negligible BER loss. In addition, it is
observed that the proposed technique is more robust to the
channel estimation error and has smaller complexity at the
receiver than the method in [9].

I. I NTRODUCTION
The orthogonal frequency division multiplexing (OFDM) is
a popular transmission technique in wireless communications
due to its high spectral efficiency and robustness against
frequency selective fading channels [1]–[3]. Since OFDM
is a multicarrier transmission technique, signals at different
frequencies can be added constructively, and this leads to a
high peak to average power ratio (PAPR) [4]. The high PAPR
limits the average transmission power due to the nonlinearity
of the power amplifier. Many techniques have been proposed to
reduce the PAPR, and a comprehensive review can be found in
[5]. Among the techniques, the partial transmit sequence (PTS)
is one of the effective methods [6]–[8], where the OFDM
subcarriers are partitioned into several subgroups and each
group of subcarriers is multiplied by a phase factor to reduce
the PAPR. In order to detect the data symbols properly at the
receiver, the phase factors are required. Hence, the additional
side information on the phase factors should be transferred
from the transmitter to the receiver, which leads to a loss in
spectral efficiency and data throughput. To relieve from this
loss, several techniques have been proposed [9], [10]. Jaylath
and Tellambura [9] proposed a joint ML (maximum likelihood)

The mathematical expressions used in this paper are defined
as follows. [A]m,n represents the (m, n) th elements of matrix
A, and ⌈a⌉ denotes the minimum integer bigger than a. E{·}
is the expectation and diag{a} is a diagonal matrix whose
(n, n) th diagonal element is n th element of vector a.

This work was supported by the IT R&D program of MKE/KEIT,
[KI001835].

978-1-4244-8016-6/10/$26.00 ©2010 IEEE

41

Yk

Zk

e

j

1,k

e

j

2 ,k

1 Frame
!j

1,k

!j

2,k

!j

M,k

e
Parallel
to
Serial

N-pt
IFFT

xk (i )

Add
CP

Rem.
CP

Ch.

X1

N-pt
FFT

e

Equalization

j

M ,k

e

Optimization for

e

j! m ,k

Fig. 1.

!

frequency

Noise

e

M
m 1

An OFDM system employing a PTS technique for PAPR
reduction is shown in Fig. 1. An OFDM symbol of
span N , denoted by Xk ≡ [Xk,0 , Xk,1 , · · · , Xk,N −1 ]T at
time k, is partitioned into M subgroups {Xk,1 , · · · , Xk,M }
S
where M divides N , M
m=1 Xk,m = Xk and Xk,m =
[Xk, (m−1)N , · · · , Xk, mN −1 ]T . Then a phase factor ejθk,m ,
M
M
m ∈ {1, 2, · · · , M }, is assigned to each subgroup and multiplied with the elements of Xk,m to yield Zk,m = ejθk,m Xk,m .
Let Zk ≡ [ZTk,1 , ZTk,2 , · · · , ZTk,M ]T . Then Zk ∈ CN ×1 can be
represented as
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Based on the system model described in the previous
section, this section proposes the joint estimation technique
for the PTS phase factors and the channel Hk without side
information.

(1)

A. Joint Estimation
Since the phase factors and the channel response are multiplied with each other, joint estimation is rather difficult.
However, noting that the PAPR reduction is not performed
on the preamble, the initial channel can be estimated during
the preamble period. Assuming that the channel is changed
slowly, the previous channel estimate can be used at the next
OFDM symbol. Further, introducing prediction techniques for
estimating the next channel, channel estimation performance
can be improved. Using this idea, the joint phase factor
and channel estimation problem can be separated into two
estimation problems. The detailed procedure for the proposed
method is as follows:
Step 1. k = 0 (Initial channel estimation)
Estimate the initial frequency-domain channel from the
preamble. First, the time-domain channel vector h0 ∈ CL×1 is
estimated where L is the channel length. Among various existing techniques, the least squares (LS) estimator is considered
[11]:
ĥ0 = ((PQ)H (PQ))−1 (PQ)H Y0 ,

where Dm ∈ RN ×N is a diagonal matrix whose (n, n) th entry
is defined as [Dm ]n,n = 1 if (m−1)N
≤ n ≤ mN
M
M − 1 and
[Dm ]n,n = 0, otherwise. The inverse fast Fourier transform
(IFFT) of Zk is denoted by xk = [xk (0), · · · , xk (N −
1)]T . If F−1 ∈ CN ×N is a IFFT matrix whose entry is given by [F−1 ]l,n = ej2πln/N , xk = F−1 Zk =
P
jθk,m
F−1 M
. The phase factors {ejθk,m }M
m=1 are
m=1 Dm Xk e
selected to minimize the PAPR given by
max |xk (i)|2

M

frame and pilot structures are based on commercial standards
[1]–[3].

m=1

P AP R ≡

M

Fig. 2. An OFDM frame consisting of a preamble and K OFDM symbols,
where Xk is an OFDM symbol and each subgroup contains NP equi-spaced
pilots (arrows in the OFDM symbols represent pilot subcarriers).

II. S YSTEM M ODEL

Dm Xk ejθk,m ,

L

subgroup

time

M
X

XK

M M

k=0

An OFDM system employing a PTS technique.

Zk =

X2

subgroup

Serial
to
Parallel

Preamble

Xk

(2)

In general, {ejθk,m }M
m=1 is found through exhaustive search.
The received signal after the fast Fourier transform (FFT) is
then written as
Yk = Hk Zk + nk ,
(3)
where Hk ∈ CN ×N is a channel matrix which is diagonal and
nk ∈ CN ×1 is a noise vector.
A frame, which starts with a preamble, is formed by
collecting OFDM symbols{Xk } (Fig. 2). A PAPR of the
preamble is assumed to be sufficiently low, and the PAPR
reduction is not performed on the preamble1. In addition, it is
assumed that each subgroup Xk,m of an OFDM symbol Xk
contains NP equi-spaced pilot subcarriers which are used for
both channel tracking and estimating PTS phase factors. Those

where P = diag{X0,0, X0,1 , ..., X0,N −1 } is a diagonal matrix
whose diagonals are frequency-domain preambles and Q ∈
CN ×N is the N -point discrete Fourier transform (DFT) matrix.
The estimate of frequency-domain channel matrix is obtained
by
Ĥ0 = diag{QLĥ0 }.
N ×L
where
is a submatrix of Q, defined as [QL ]p,q =
√ QL−j∈2πC(p−1)(q−1)
(1/ N )e N
for 1 ≤ P ≤ N, and 1 ≤ q ≤ L).

1 In

802.16e downlink [1], PAPR of the preamble is less than 5 dB, while
that of data OFDM symbols is usually greater than 10 dB.
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Step 2. k = k + 1 (channel prediction and phase factor
estimation)
The frequency-domain channel of the current OFDM symbol is predicted from the past channel estimates. The prediction is performed on the time-domain channel taps using the
recursive least squares (RLS) algorithm [12]. If the channel
estimates {ĥi }k−1
i=k−V are used for the prediction of hk , the
predicted channel vector h̃k is obtained by
V
X
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Fig. 3. Phase factor detection error probability under quasi-static fading
channels.

wvH ĥi−v k2

size leads to a trade-off between the PAPR reduction gain
and the BER performance. In general, the BER performance
is more important than the PAPR, thus the PTS subgroup
size should be determined carefully not to degrade the BER
performance significantly.

ej θ̂k,m = arg min kDpm Yk − ejθk,m H̃k Dpm 1k2 ,

B. Complexity comparison at the receiver

∀ejθk,m

N ×1

where 1 ∈ C
is all-one vector denoting pilot signals,
Dpm ∈ RN ×N is a diagonal matrix defined as

1 if n ∈ Apm
[Dpm ]n,n =
,
0 otherwise

The transmitter operation of the proposed method is the
same as a conventional PTS method. Hence, we compare
the complexities at the receiver between the proposed and
conventional methods. Table I summarizes the complexities
at the receiver in one subgroup. Here, Np ≡ ⌊ SpNM ⌋, Nd ≡
N
N
M − ⌊ Sp M ⌋, C are the number of pilots in one subgroup, the
number of data subcarriers excluding pilots, and the number
of data constellations, respectively. Sp is the interval between
adjacent pilots. The last column of table I represents the ratio
of the complexity when the PTS subgroup size is 16 and the
prediction memory length of the proposed method is 2.2 Note
that the prediction is used in the proposed method only, and the
method in [9] is not a function of prediction memory length.
According to table I, Proposed method has much smaller
complexity than the method in [9] at the receiver.

and Apm is a set of pilot subcarrier indices in m th PTS
subgroup.
Step 3. (Channel estimation update and data detection)
First, derotate the received signal using {ej θ̂k,m }M
m=1 :
M
X

−4

10

10

and it is assumed that ĥi = 0 for i < 0. The predicted
frequency-domain channel matrix H̃k is given by H̃k =
diag{QL h̃k }.
After obtaining H̃k , the PTS phase factors {ejθk,m }M
m=1 are
estimated from the pilot subcarriers. Specifically, the phase
factors are estimated based on the ML criterion:

Ŷk =

−3

10

−5

where
are the prediction weight vectors and V is the
prediction memory length. The weight vectors are designed to
minimize the following cost function:
k
X

−2

10

10

{wv }Vv=1

E=

Subgroup size 8
Subgroup size 16
Subgroup size 32

−1

Phase factor detection probability

h̃k =

0

10

e−j θ̂k,m Dm Yk

m=1

where Ŷk is a PTS phase-free frequency-domain received
vector. Then, the frequency-domain channel estimate Ĥk is
calculated by the similar approach in Step 1, and data is
detected from Ĥk and Ŷk by an equalizer. One example is
using a zero-forcing equalizer:

IV. C OMPUTER S IMULATION
In this section, the BER and PAPR reduction performances
are empirically evaluated through computer simulations. The
system model is as follows. The total number of subcarriers
in one OFDM symbol is 128 (N = 128), and data subcarrier
is modulated by 16QAM. The pilot subcarriers occupy 1/8
of total subcarriers, and every 8th subcarrier is the pilot. The
phase factors are chosen in θm,k ∈ {0, π/2, π, 3π/2}. The
channel is assumed to be 16-tap Rayleigh fading channel with
equal power profile. In the simulation, one frame is composed

X̂k,i = Ŷk,i /Ĥk,i 0 ≤ i ≤ N − 1
Step 4. (Iteration)
If k < K, goto Step 2 and repeat Steps 2–4.
In the proposed scenario, if the number of pilots in a
subgroup is big by enlarging the PTS subgroup size, the PTS
phase factor estimation performance will be improved, and so
will the BER. However, a large PTS subgroup size degrades
the PAPR reduction performance. Therefore, the PTS subgroup

2 It was observed that the memory length 2 provides a sufficient prediction
performance in most cases.
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TABLE I
C OMPLEXITY COMPARISON
Proposed scheme
9Np + L( 3V

Complex Multiplication

8Np +

Complex Addition

2

+3V
)
M
3V 2
L( M ) − 4

Joint ML in [9]

Complexity ratio in the example
scheme
( Proposed
× 100)
Joint ML in [9]

3Nd (2C + 1)

3.9%

4Nd (C + 1) − 4

4.0%

0

0

10

10

Reference (w/o PTS)
Proposed (subgroup size 16)
Joint ML[9] (subgroup size 16)
Proposed (subgroup size 8)
Joint ML[9] (subgroup size 8)

Reference (w/o PTS)
Proposed (fdTs=0.001)
Proposed (fdTs=0.01)
Proposed (fdTs=0.03)
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Comparison of BER performances in quasi-static channels.
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Comparison of BER performances for various Doppler frequencies.
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of 10 OFDM symbols (K = 10) and memory length (V ) of
the predictor is 2.
First, the phase factor detection error probability (PFDEP)
is examined. Since one phase factor detection error results in
a group of data errors, the PFDEP is important. Fig. 3 shows
the simulation result under the quasi-static fading channels.
As expected, the PFDEP is improved as the PTS group size
increases. Fig. 4 compares the BER performances of the proposed method and the joint ML method in [9] under imperfect
channel estimation in quasi-static channels. For the simulation
of the method in [9], the LS channel estimator (similar to Step
1 in Section III) is used. Two subgroup sizes are compared in
Fig. 4, and it is observed that subgroup size 16 provides a
negligible BER loss for the proposed method in the medium
to high SNR range. The joint ML technique in [9] exhibits
significant BER loss in the low to medium SNRs. For the PTS
subgroup size 8, however, both methods exhibits noticeable
BER losses for the entire SNR range of interest. This result
indicates that if we choose the subgroup size appropriately, the
proposed method outperforms the method in [9] and negligible
BER loss while requiring smaller computational complexity
at the receiver. Fig. 5 shows BER performances for various
normalized Doppler frequency, fd Ts . As fd Ts increases, channel prediction performance is degraded and so is the BER
performance. However, the degradation is negligible when
fd Ts ≤ 0.01. Fig. 6 shows the amount of PAPR reduction
when the PTS subgroup size is 16. The proposed method
can reduce the PAPR by 6.2dB at complementary cumulative
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Comparison of PAPR performances.

density function (CCDF) 10−3 whereas the method in [9]
exhibits a slightly inferior performance because the latter does
not use the pilot subcarriers for PAPR reduction. Note that
the proposed method uses both the pilot subcarriers and data
subcarriers to reduce the PAPR. These results indicate that the
proposed method can perform better than the joint ML method
in [9] in imperfect channel estimation scenario.
V. C ONCLUSION
A PTS phase estimation method for side information free
PTS technique was proposed. In the proposed scheme, the

44

phase factors and channel are jointly estimated from the pilot
subcarriers. Through computer simulation, it was verified that
the proposed scheme substantially reduces the PAPR with
negligible BER loss.
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