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Abstract–We propose three turbo coded
Orthogonal frequency-division multiplexing
(OFDM) systems which can mitigate the
peak to average power ratio (PAPR) problem.
For the first, we use long maximum-length
sequences as test sequences to increase the
capability of PAPR reduction and use a short
code to protect the side information. Sufficient
protection of the side information is obtained
by increasing the power of subcarriers corre-
sponding to the short code. For the second, we
use several distinct interleavers to yield output
symbols with various PAPR and then select
the one with the lowest PAPR. In this way, no
side information is needed. For the third, a
combination of test sequences and interleavers
are used. Simulation results show that all the
three systems can achieve significant PAPR
reduction and satisfactory error performance
over AWGN channels.

I. Introduction

A well known problem of the orthogonal frequency-
division multiplexing (OFDM) [1] system is the pos-
sible occurrence of high peak to average power ratio
(PAPR). Many techniques have been proposed to mit-
igate the PAPR problem. Except for the signal dis-
tortion techniques [2,3,4] such as clipping , peak win-
dowing and companding, redundancy is needed to con-
trol PAPR. The redundancy based PAPR reduction
techniques include selective mapping, partial transmit
sequence, tone reservation, tone injection and coding,
etc. [5,6,7,8]. In particular, selective mapping [5] has
the flexibility of adjusting PAPR depending on the size
of the set of test sequences or equivalently the size of
side information. In the applications over noisy chan-
nels, the protection of side information is essential. In
[9], the original data sequence is scrambled in a way

determined by side information and the scrambled se-
quence is protected by additional redundancy using a
coding scheme such as bit interleaved coded modulation
(BICM), where the side information appears explic-
itly in the scrambled sequence. The advantage of the
scheme in [9] is that no explicit protection is needed for
side information and the rate loss due to the side infor-
mation is small. However, since the scrambled sequence
is limited to the message part of the coded output, there
is room for further PAPR reduction. Furthermore, in
order to reduce the effect of error propagation resul-
tant from the usage of scrambler, the degree of feedback
polynomial must be small and hence the choice of pos-
sible scrambled sequences is further restricted. In this
paper, we consider three turbo coded OFDM systems
PAPR reduction capability. For the first, we propose
to use selective mapping technique for which the test
sequence is applied to the whole turbo codeword. We
choose maximum-length sequences (m-sequences) with
both length and period comparable to the length of
turbo codeword as test sequences. Such an arrangement
is equivalent to applying the turbo codeword through a
scrambler which can generate m-sequences with period
comparable to the length of turbo codeword under the
condition of zero input. In this way, the probability
of the occurrence of high PAPR can be significantly re-
duced. The problem of such an arrangement is that the
side information is not protected by the turbo coding
and hence additional redundancy is needed for protect-
ing the side information. We find that using simple and
short coding with increased subcarrier power to protect
the side information will be good enough. The second
system with PAPR reduction capability considered in
this paper is a turbo coded OFDM system equipped
with Q distinct interleavers. For each transmission of
information, the PAPR of the turbo coded OFDM sym-
bol resultant from one of the Q interleavers may be
different from the PAPR resultant from another inter-
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leaver. The turbo coded OFDM symbol with the lowest
PAPR is then transmitted to the receiver. The receiver
needs to use turbo decoding for each of the Q distinct
interleaver. The interleaver for the decoder that yield
the best reliability of the decoded information is con-
sidered as the interleaver used in the transmiiter. The
advantage of such a PAPR reduction technique is that
no side information is needed and there is no rate loss.
The disadvantge is the increased decoding complexity.
The third system considered in this paper is a turbo
coded OFDM system which uses a combination of test
sequences and interleavers to achieve PAPR reduction.
Tradeoff between the size of side information and the
decoding complexity can be achieved. Simulation for
an 256 BPSK subcarriers rate 1/2 turbo coded OFDM
example with oversampling factor of 4 shows that all
the three system can provide both significant PAPR
reduction and low bit error rate over the additive white
Gaussian noise (AWGN) channel.

II. System 1 : Turbo Coded OFDM System
Using m-sequences

We present this system by using an example for which
the transmitter given in Fig. 1. The 124-bit message se-
quence ū is encoded by a rate 1/2 binary turbo code to
result in a 248-bit turbo coded sequence v̄. The 4-bit
side information s̄ is used to select one sequence from
a set of 16 randomly chosen m-sequences of period 255,
the first 248 bit of which denoted by t̄(s̄) is then added
to the turbo coded sequence v̄. The side information
s̄ is encoded by a (8,4) Reed-Muller coded to yield an
8-bit codeword (s̄, p̄), where p̄ is the 4-bit parity check.
The 256 values of (v̄ ⊕ t̄(s̄), 1.5s̄, 1.5p̄) are mapped to
the 256 subcarriers of the OFDM system. The final
output is the one with smallest PAPR out of the 16
possible ouput resultant from 16 possible ū. Note that
to increase the reliability of side information, the am-
plitude of the 8 subcarriers corresponding to (s̄, p̄) is
increased by a factor of 1.5. The probabilities of oc-
currence of various PAPR obtained by simulation are
shown in Fig. 2. For comparison purpose, we include
the other three cases in Fig. 2. For both case A and
case B, the 128-bit message sequence added with test
sequence, ū′ ⊕ t̄′(s̄), is encoded into a 256-bit turbo
coded sequence v̄′ which are then mapped to the 256
subcarriers, where t̄′(s̄) is an m-sequence of length 128
with period 127 for case A and period 15 for case B
respectively. For case C, the 256 code bits of the rate
1/2 turbo coded sequence without any PAPR reduction
technique are mapped to the 256 subcarriers. From the
simulation results given in Fig. 2, we can see that the
system 1 has significantly better PAPR reduction. We
also note that restricting the length of test sequence
such as case A and case B does limit the capability of
PAPR reduction. The effectiveness of PAPR reduction
can also be found in Fig. 3, in which the power spec-

tra of case C and the proposed design under 3 dB, 6
dB, 7 dB and 9 dB clippers respectively are displayed.
These results match the observations in Fig. 2, where
we see that both the system 1 and case C will have
similar power spectra for the 3 dB clipper, the system
1 will have better power spectra for the 6 dB and 7 dB
clippers. Since we use a simple short code to protect
the side information, the resultant rate loss is small.
Simulation results over AWGN channel given in Fig. 4
show that for 3 dB and 6 dB, the system 1 has only
slightly inferior bit error rate (BER) performance as
compared to case C. The inferior performance of the
system 1 comes from the rate loss and the increased
power for subcarriers corresponding to the short code.
The loss of error performance is within the range of
10 log

[
(1.5)2×8+248

256

]
− 10 log 248

256 ≈ 0.3 dB. This phe-
nomenon demonstrates that the increased power for
subcarriers corresponding to the short code can pro-
vide sufficient protection for the side information.

III. System 2 : Turbo Coded OFDM System
Using Distinct Interleavers

Consider the transmitter as shown in Fig. 5, where Q
distinct interleavers are used. For the i-th interleaver,
we encode the 128-bit message sequence ū by a rate 1/2
binary turbo code to result in a 256-bit turbo coded se-
quence Āi, which is converted into āi through the IFFT
operation. Then, āj is selected for transmission if āj has
PAPR no greater than āi for i �= j. The structure of
the receiver is shown in Fig. 6, where (x̄k, ȳk) represents
the possibly error-corrupted form of the k-th informa-
tion bit and the k-th parity bit, k = 1, 2, · · · , 128. There
are Q decoders corresponding to Q interleavers respec-
tively. The i-th decoder computes the reliability

L̃r
i (dk) = log[

prob{dk = 1 | R}
prob{dk = 0 | R} ], (1)

for the k-th information bit at the r-th iteration, where
R = {(x̄1, ȳ1), (x̄2, ȳ2), · · · , (x̄128, ȳ128)}. At the S-th
iteration of decoding, βi =

∑128
k=1 L̃S

i (dk) is computed
for each i. The j-th decoder is selected if βj is no less
than any βi for i �= j. Only the j-th decoder needs to
continue its decoding until the I-th iteration and yields
the hard decision on L̃I

j as the decoded output. Note
that the complexity of such a receiver will be [(N −
1)S + I]/I times of the that of case C, i.e., the original
turbo coded OFDM system without PAPR reduction
design. In this paper, we use interleaver design based
on the results in [10]. The index mapping function Ω :
i → j is expressed by

j = Ω(i) =
k

2
+ i +

√
k2 + 8ki

2
(mod n) (2)

where n is the size of interleaver and k is an odd integer.
Let n = 128. Hence, it is possible to choose 64 distinct
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k values which corresponding to 64 interleavers. In
the simulation, we consider Q = 16 and choose k =
{35, 37, 39, 41, 45, 49, 57, 59, 69, 71, 81, 87, 89, 103, 107,
121}. From Fig. 2, we observe that a 2.5 dB PAPR
reduction can be achieved for clipping probability
below 0.0001 as compared to case C. The associated
power spectral density is given in Fig. 7. Compared to
case C, more than 1 dB can be saved in the backoff
for -40 dB out-of-band level in addition to the 0.5
dB improvement of BER at the level of 10−5. The
price to pay is that the decoding complexity is 8.5
times as great. We note that the PAPR reduction
of system 2 is not as significant as that of system 1
although system 2 has better BER performance. The
inferior performance of PAPR reduction of system 2 as
compared to system 1 may be due to the design that
different interleavers will only cause variation of the
64 parity bits resultant from systematic encoder 2 of
the turbo code. In case that highly PAPR reduction
and low decoding complexity are needed, we suggest
a combination of various test sequences and various
interleavers be used, which will be the system described
in section IV.

IV. System 3 : Turbo Coded OFDM System
Using Distinct m-sequences and Distinct

Interleavers

This system is almost a combination of case A de-
scribed in section II and system 3 described in section
III except that 2 message bits in the 128-bit sequence
ū′ must be replaced by 2 side-information bits and the
number of distinct interleavers are set to be 4. In this
way, in the transmitter, for each input of a 126-bit infor-
mation sequence, there are 16 distinct outputs of 256-
subcarriers OFDM symbol. The one with the lowest
PAPR is sent for transmission. The decoding complex-
ity of this sytem is 2.5 times of that of case C. In the
simulation, the k parameters for the 4 interleavers are
59, 87, 89 and 103 respectively. From Fig. 2, 3 and
8, we can see that the PAPR reduction capability of
system 3 is only slightly inferior to that of system 1.
However, system 3 has better BER performance and
higher transmission rate.

V. Conclusion

We have proposed three turbo coded OFDM systems
with PAPR reduction capability. The presentation is
this paper is given based on the subcarriers with BPSK
modulations. However, the idea can be easily adapted
to subcarriers with other modulations such as QPSK
and16QAM.
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Figure 1: Block diagram of system 1.
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Figure 2: Complementary cumulative distribution of
PAPR for several OFDM systems.
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Figure 3: Power Spectra of case C (represented by o)
and system 1 (represented by x) using various clippers.
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Figure 6: The decoder for system 2.
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Figure 7: Power Spectra of case C (represented by o)
and system 2 (represented by x) using various clippers.
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Figure 8: Power Spectra of case C (represented by o)
and system 3 (represented by x) using various clippers.
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