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A Novel PAPR Reduction Scheme for SC-OFDM with
Frequency Domain Multiplexed Pilots

Fumihiro Hasegawa, Akihiro Okazaki, Hiroshi Kubo, Damien Castelain, and David Mottier

Abstract—In this letter, a novel data-pilot multiplexing scheme
with reduced peak to average power ratio (PAPR) is introduced
for single carrier (SC)-orthogonal frequency division multiplex-
ing (OFDM) systems. In the proposed scheme, phases of SC-
OFDM symbols are rotated adaptively such that PAPR is reduced
and circular shifts are introduced in the time domain (TD). To
index the amount of phase rotation applied at the transmitter, a
sequence of pilot symbols, which is unique for each phase rotation
angle, is chosen from a predetermined set and multiplexed
with the phase rotated SC-OFDM symbols in the frequency
domain. Simulation results indicate that the proposed method
can reduce the PAPR dramatically, and yield superior bit error
rate (BER) performance compared to conventional methods.

Index Terms—SC-FDE, SC-OFDM, PAPR, adaptive tech-
niques.

I. INTRODUCTION

S INGLE CARRIER-orthogonal frequency division multi-
plexing (OFDM) is an attractive transmission method

due to its low peak power and robust performance against
multipath fading channels [1]. To achieve frequent channel es-
timation in fast fading environments, pilot symbols need to be
multiplexed with discrete Fourier transform (DFT)-precoded
symbols in single carrier (SC)-frequency domain equalization
(FDE) systems1. However, insertion of pilot symbols in a SC-
OFDM symbol destroys its single carrier property, causing the
peak to average power ratio (PAPR) to increase [2].

To overcome the problem, the authors in [2] proposed an
adaptive hybrid SC-OFDM transmission method, namely fre-
quency domain superimposed pilot technique (FDSPT). The
disadvantage of the FDSPT is the penalty on bit error rate
(BER) performance due to the superimposition of DFT pre-
coded symbols with pilot symbols. Proposals to improve
the BER performance of FDSPT exist [3] [4] but the proposed
methods require additional computations at both transmitters
and receivers to minimize the BER performance degradation.
Moreover, the methods in [3] [4] are not optimized to mini-
mize the PAPR of data-pilot multiplexed SC-OFDM symbols.

In this letter, a novel PAPR minimizing adaptive hybrid
(A-Hyb) SC-OFDM transmission method is proposed. Unlike
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1In this letter, a group of DFT precoded symbols is referred to as a “SC-

OFDM” symbol.
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Fig. 1. Block diagram of the proposed A-Hyb SC-OFDM transmitter.

FDSPT which utilizes pilot symbols to lower the peak trans-
mission power, the proposed method applies phase rotation
to data symbols in frequency domain (FD) to minimize the
PAPR. A sequence of pilot symbols chosen uniquely for each
phase rotation angle is inserted at predetermined positions in
FD to index the phase rotation angle applied at the transmitter.
The pilot symbols used in this letter are chosen from a
predetermined set. The receiver then determines the phase
rotation angle applied at the transmitter by identifying the
transmitted pilot sequence.

II. PROPOSED HYBRID SC-OFDM TRANSMISSION

A block diagram of the proposed A-Hyb transmitter is
shown in Fig. 1. In the proposed scheme, two groups of
ND information symbols d0 and d1 are precoded by ND-
point DFT to create two sets of SC-OFDM symbols, sn =
[s0,n, s1,n, · · · , sND−1,n]

T
= WNDdn where the (k, l)th

element of ND × ND DFT precoding matrix WND is given
by [WND ]k,l =

1√
ND

e−j2πkl/ND and E
[|sj,n|2] = ES . The

mth precoded symbol in the nth group is denoted by sm,n
with 0 ≤ m ≤ ND − 1 and 0 ≤ n ≤ 1. Following the
DFT operation, a pilot sequence which consists of NT pilot
symbols is multiplexed with precoded data symbols to create a
hybrid SC-OFDM symbol. The Chu sequence [5] with circular
shifts a(k),

p(k)m = ejπ(mod(m−a(k),NT ))
2
/NT , (1)

is used as the pilot sequence p(k) =
[
p
(k)
0 , p

(k)
1 , . . . , p

(k)
NT−1

]T
for the kth phase rotation candidate, where the modulo op-
eration is denoted as mod(·). There are N = 2ND + NT
symbols in a data frame where N is assumed to be an
even number and divisible by NT . The phase rotation is
performed after the insertion of pilot symbols. As shown
in Fig. 2, the pilot symbols are placed in FD at indices
IP = {0, PD, 2PD, . . . , (NT − 1)PD} with PD = N/NT ,
and the hybrid symbols are separated by TD data symbols in
the time domain (TD).
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In this letter, the kth phase rotation candidate is defined
as ψ

(k)
n where ψ

(k)
0 = 0 is assumed for simplicity. The

phase rotated symbols multiplexed with pilot symbols u
(k)
n =[

u
(k)
0,n, · · · , u(k)N/2−1,n

]T
are defined as

u(k)m,n =

{
p
(k)
m+n·NT /2

m+ n ·N/2 ∈ IP

sm′,n · θ(k)m,n otherwise
(2)

for 0 ≤ m ≤ N/2 − 1 with θ
(k)
m,n = ej2πmψ

(k)
n /(N/2) and

m′ := m−�m/PD�−1. If phase rotated symbols are denoted
as s(k)m′,n = sm′,n · θ(k)m,n with θ(k)m,0 = 1 for 0 ≤ m ≤ N/2− 1,
the hybrid SC-OFDM symbol in FD for the kth phase rotation
candidate can be represented as

v(k) =
[
p
(k)
0 , s

(k)
0,0 , . . . , s

(k)
ND−1,0, p

(k)
NT /2

, . . . , s
(k)
ND−1,1

]T
.

(3)

Let us define the PAPR as X(k) =
max |y(k)

n |2
E

[∣∣y(k)
n

∣∣2] for 0 ≤

n ≤ LOS · N − 1 where LOS denotes the oversampling
rate and y(k)n is the time-domain signal of v(k) in (3). Then,
the normalized phase rotation angle ψ(k)

1 that minimizes the
PAPR is chosen as kOPT = argmin0≤k≤C−1X

(k) where C is
the number of phase rotation angle candidates. After insertion
of the length-NCP cyclic prefix (CP), y(kOPT ) is transmitted

where y(kOPT ) =
[
y
(kOPT )
0 , y

(kOPT )
1 , · · · , y(kOPT )

N−1

]T
is the

optimized time-domain signal.
Let us denote the N ×N inverse discrete Fourier transform

(IDFT) matrix WH
N , diagonal phase rotation matrix Φ(k) =

diag
{[
θ
(k)
0,1 , . . . , θ

(k)
ND−1,1

]}
, N ×ND data symbol placement

matrix

[Pn]k,l =

{
1 k /∈ IP , l = k − �k/PD� − 1
0 otherwise

(4)

with n ·N/2 ≤ k ≤ (n+1) ·N/2− 1 and N ×NP , and pilot
symbol placement matrix

[Q]k,l =

{
1 k ∈ IP , l = �k/PD�
0 otherwise

(5)

Then y(k) can be written as

y(k) = WH
N

⎛
⎜⎜⎝P1Φ

(k)WND︸ ︷︷ ︸
X

(k)
1

d1 + P0WND︸ ︷︷ ︸
X0

d0 +Qp(k)

⎞
⎟⎟⎠ (6)
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Fig. 3. Time domain representation of A-Hyb transmitter.

If normalized phase rotation angles are chosen as

ψ(k)
n = φ(k)/2 (7)

for φ(k) = 0,±1,±2, · · ·, it can be shown that the mth row
of WH

NX
(k)
1 is given by[

WH
NX

(k)
1

]
m

= (−1)m · [WH
NX0

]
mod(m+φ(k),N)

. (8)

Let us define the following TD signals, q0 =

WH
NP0WNDd0, p

(k)
t = WH

NQp(k) and q
(k)
1 =

WH
NP1Φ

(k)WNDd1. It is clear from (8) that the phase
rotation angle in (7) creates a circular shift in q

(k)
1 . Thus, the

goal in the proposed method is to find a phase rotation angle
that introduces a circular shift in q

(k)
1 so that a peak location

in q
(k)
1 is aligned with a peak-cancelling location of q0, or

vice versa, resulting in destructive interference. To illustrate
the time-frequency duality, a TD model of the proposed A-
Hyb transmitter in Fig. 1 is depicted in Fig. 3.

As an example, the real and imaginary part of q0, q(k)
1 and

p
(k)
t , and |y(k)m | are shown in Fig. 4 when N = 32, ND =

12, NT = 8, LOS = 4, φ(k) ∈ {0,+1,−1,+2,−2}, and
a(k) ∈ {0, 1, 2, 3, 4}. The received signal with and without
circular shifts are shown in Fig. 4 (a) and (b), respectively.
From Fig. 4 (a), it is apparent by observing |y(0)m | that the
peak is located at m = 29. However, it is evident from |y(4)m |
in Fig. 4 (b) that PAPR reduction is achieved since the real
part of the peak location of q

(0)
1 at m = 29 is aligned with

peak-cancelling portion of q0 when k = 4.

III. RECEPTION METHOD

In this letter, a Rayleigh frequency selective channel model
f (t) =

∑L−1
l=0 hlδ(t− lTC) is considered where TS = N ·TC ,

δ(·) and L denote the SC-OFDM symbol duration, delta func-
tion and number of multipaths, respectively. It is assumed that
the channel remains constant during one SC-OFDM symbol
interval and E[hl · h∗m] = δ (l −m) for ∀l,m where the
asterisk denotes the complex conjugate. The channel state
information (CSI) in FD is related to the CSI in TD by f =
WN,Lh where h = [h0, · · · , hL−1]

T , f = [f0, · · · , fN−1]
T

and [WN,L]l,k = ej2πlk/N [6]. The received signal in

FD can be represented by rm = fm · v(kOPT )
m + wm where

v(kOPT ) =
[
v
(kOPT )
0 , · · · , v(kOPT )

N−1

]T
and wm is additive white

Gaussian noise (AWGN) with E
[|wm|2] = σ2

w. A vector of
received signals corresponding to pilot indices can be written
as rP =

[
r0, rPD , · · · , r(NT−1)PD

]T
. Using rP , an estimate of

the received signal for the kth pilot sequence can be obtained
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Fig. 5. Block diagram of the proposed receiver.

TABLE I
PARAMETER TABLE FOR A-HYB AND FDSPT

k 0 1 2 3 4

C = 3
a(k) 0 2 4 - -
φ(k) 0 +1 −1 - -

C = 5
a(k) 0 2 4 6 8
φ(k) 0 +1 −1 +2 −2

with r̂
(k)
P = WP

(
WH

P WP

)−1
WH

P S
(k)H
P rP , where WP can

be obtained by extracting rows with indices IP from WN,L,
and S

(k)
P = diag{p(k)}. The transmitted pilot sequence can be

detected as kOPT = argmin0≤k≤C−1 e
(k), where

e(k) =
∣∣∣rP − r̂

(k)
P

∣∣∣2 . (9)

As shown in Fig. 5, pilot symbol removal and FDE are
performed following the pilot sequence identification. In this
letter, the minimum mean square error (MMSE) equalizer
is used where the equalization weights are given by ζm =

f̂∗
m/

(∣∣∣f̂m∣∣∣2 + σ2
w

)
for 0 ≤ m ≤ N − 1 and ζm = 0 if

m ∈ IP . The estimated channel coefficients are given by
f̂m. Flowcharts of the proposed transmission and reception
algorithms are shown in Fig. 6.
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IV. SIMULATION RESULTS

The complementary cumulative distribution function
(CCDF) of the PAPR, P

(
X(k) > δ

)
, of A-Hyb and

FDSPT for quadrature phase shift keying (QPSK) and 64
quadrature amplitude modulation (QAM) are shown in Fig. 7
and 8 with LOS = 4. As the performance benchmark, the
CCDF performance of SC-OFDM with no pilot symbols
is also shown in the figures. The parameters used in the
simulation are set as N = 256, NT = 64, ND = 96,
NCP = 16 and C = {3, 5}. The normalized phase rotation
angles φ(k) and a(k) in (1) used for A-Hyb and FDSPT for
C = {3, 5} are summarized in Table I. From Fig. 7, it is
clear that A-Hyb outperforms FDSPT by about 0.5 dB at
CCDF= 10−4 for QPSK. It is also observed that A-Hyb
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yields similar PAPR performance as SC-OFDM when C = 5.
From Fig. 8, it is clear that A-Hyb outperforms FDSPT by
0.8dB at CCDF= 10−4 for 64QAM when C = 5.

The uncoded average BER performances of A-Hyb and
FDSPT in Rayleigh frequency selective channels with C = 3
for QPSK and 64QAM are presented in Fig. 9 and 10,
respectively. The BER performance is plotted for different
values of average signal to noise ratio (SNR) per symbol
Es/σ

2
w, where Es indicates the energy per symbol. The iter-

ative signal reconstruction scheme [7] with three iterations is
applied to FDSPT. We consider Rayleigh frequency selective
fading channels with L = {1, 2, 4, 8} with the normalized
Doppler frequency fDTS = 2.7 × 10−4. Linear interpolation
is implemented to estimate CSI between four hybrid symbols
with TD = 4 and F = 13. In the simulation, we assume that
nonlinearity due to a power amplifier is not present at the
transmitter. From Fig. 9 and 10, it is clear that the proposed
A-Hyb scheme outperforms FDSPT in all scenarios.

V. CONCLUSION

In this letter, a novel adaptive pilot insertion method
for SC-OFDM systems to lower the PAPR was introduced.
The simulation results have demonstrated that the proposed
method outperforms the conventional method in both BER and
PAPR performance.
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