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ABSTRACT

One of the limitations of using OFDM technique is its higher PAPR in the time domain signal. The higher PAPR
OFDM signal would cause the fatal degradation of BER performance and undesirable spectrum regrowth in the non-
linear channel. One of the promising PAPR reduction methods for OFDM signal is the Partial Transmit Sequence (PTS)
method which can achieve better PAPR performance with reasonable computation complexity. However the PTS
method is required to inform the phase coefficients of PTS as the side information to the receiver for the correct de-
modulation of data information through the data or separate channels. To simplify the transceiver of OFDM system
with the PTS method, the phase coefficients of PTS are usually embedded in the data information. However since the
phase coefficients of PTS are obtained after the PTS processing only for the data information at each OFDM symbol, it
is hard to embed the phase coefficients of PTS in the data information separately without degradation of PAPR per-
formance. To solve this problem, this paper proposes a new PAPR reduction method based on the packet-switched
transmission systems in which all the clusters within the certain number of OFDM symbols have the sequential cluster
ID numbers embedded in the header of each cluster. The salient features of the proposed method are to reduce the
PAPR performance by re-ordering of clusters (ROC) in the frequency domain at the transmitter and to reconstruct the
original ordering of clusters by using the cluster ID number demodulated from each cluster at the receiver. This paper
also proposes a reduction technique of computation complexity for the proposed ROC method by using the feature of
IFFT processing. This paper presents various computer simulation results to verify the effectiveness of the proposed
ROC method with the reduction technique of computation complexity.
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1. Introduction adjacent channel interference due to the undesirable
spectrum regrowth which are caused by the intermodula-
tion noise occurring at the non-linear amplifier.

To solve the PAPR problem in OFDM systems, vari-

ous PAPR reduction methods have been proposed up to

The OFDM (Orthogonal Frequency Division Multiplex-
ing) technique has received a lot of attention especially in
the field of wireless communications because of its effi-
cient usage of frequency bandwidth and robustness to the

multi-path fading. From these advantages, the OFDM
technique has already been adopted as the standard
transmission technique in the wireless LAN [1], the ter-
restrial digital TV broadcasting [2] and the next gen-
eration of mobile communication system (LTE: Long
Term Evolution) [3,4]. One of the limitations of using
OFDM technique is the larger peak to average power
ratio (PAPR) of its time domain signal [5,6] as compared
with the single carrier transmission method. The OFDM
signal with larger PAPR would lead the severe degrada-
tion of bit error rate (BER) performance and the larger
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today including such as the Clipping and Filtering meth-
od [7,8], Selected Mapping method (SLM) [9,10], and
Partial Transmit Sequence method (PTS) [11,12]. One of
the promising methods among these methods is the PTS
method which can achieve the better PAPR performance
with reasonable computation complexity. In the PTS
method, each transmission OFDM symbol is divided into
several clusters in the frequency domain and all subcar-
riers in each cluster are weighted by one of the predeter-
mined phase coefficients in the time domain so as to re-
duce the PAPR performance. Although the PTS method
can achieve the better PAPR performance with reason-
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able computation complexity, this method is required to
inform the phase coefficients of PTS to the receiver as
the side information through the data or separate chan-
nels. To simplify the transceiver of OFDM system with
the PTS method, the phase coefficients of PTS obtained
after the PTS processing are usually embedded in the
data information separately. However since the phase
coefficients of PTS are obtained after the PTS processing
only for the data information, the PTS method is unable
to reduce the PAPR performance both for the data infor-
mation and phase coefficients of PTS simultaneously.
From this fact, the PAPR performance after embedding
the information of phase coefficients into the data infor-
mation would be degraded from the original PAPR per-
formance.

To solve the problem of conventional PTS method as
mentioned above, this paper proposes a new PAPR re-
duction method for the OFDM signal based on the pack-
et-switched transmission systems. In the proposed
OFDM system, one packet is composed of all the clusters
over the certain number of OFDM symbols in which
each cluster has the sequential cluster ID number em-
bedded in the header of each cluster. The reduction of
PAPR performance is performed for each packet by Re-
Ordering of Clusters (ROC) in the frequency domain.
The proposed ROC method can reduce the PAPR per-
formance over the certain number of OFDM symbols
simultaneously which include both the data information
and the cluster ID numbers. At the receiver, the proposed
ROC method enables the correct demodulation of data
information for each cluster independently, because the
ROC method only changes the locations of clusters in the
frequency domain over the certain number of OFDM
symbols at the transmitter. From this fact, the cluster ID
number embedded in the header of each cluster can be
identified from the demodulated data information for
each cluster. By using the demodulated cluster ID num-
ber for each cluster, the original ordering of clusters over
the certain number of OFDM symbols can be recon-
structed correctly at the receiver. The proposed ROC
method is completely different from the PTS method
which is required to inform the phase coefficients of PTS
as the side information to the receiver separately. This
paper also proposes a low computation complexity tech-
nique for the ROC method which enables the re-ordering
of clusters in the time domain by using the feature of
IFFT algorithm.

In this paper, Section 2 presents PAPR properties of
OFDM signal. Section 3 presents the proposed ROC
method of using the low computation complexity tech-
nique. Section 4 presents the various computer simula-
tion results to verify the effectiveness of the proposed
method as compared with the conventional OFDM, and
finally Section 5 concludes this paper.
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2. PAPR Propertiesof OFDM Signals

Let {X R }::01 denotes the frequency domain OFDM
signal, where N is the number of FFT/IFFT points and n
is the frequency index. The discrete time domain OFDM
signal is obtained by taking the N-point Inverse Discrete
Fourier Transform (IDFT) for X, as given by the follow-
ing equation:
! NZ_IX Wy 1

Xk IN & (1)
where k is the discrete time index, WN=e_j2“/N (known as
the twiddle factor of IFFT), and j* = —1. From (1) it can
be seen that the time domain signal is generated by sum-
mation of complex independent random information data
of X,. From this fact, the distribution of time domain
signal has the property of Gaussian which has larger peak
amplitude as compared with the single carrier transmis-
sion signal. To evaluate the envelop variations of OFDM
time domain signal, the peak to average power ratio
(PAPR) is usually employed as given by:

Max ka |2J

0<k<(N-1)

Q5 | 2

) |xk |2

NS

PAPR =10log,,

Here it should be noted that the discrete time PAPR
can be evaluated precisely by taking more than four
times oversampling ratio for the OFDM signal [13].

3. Proposal of Re-Ordering of Clusters
(ROC) Method

This section proposes the ROC method [14] which can
improve the PAPR performance with low computation
complexity.

3.1. Re-Ordering of Clusters

Figure 1 shows the structure of OFDM symbol in the
frequency domain to be used in the proposed ROC
method. The OFDM symbol consists of M data sub-car-
riers and (N — M)/2 null sub-carriers (zero padding) in-
serted at the both ends of M data sub-carriers. M data
sub-carriers are divided into V clusters in which each
cluster has M/V sub-carriers.

In the proposed ROC method, one packet is con-
structed by all the clusters within the certain number of
OFDM symbols which have the sequential cluster ID
numbers based on the packet-switched transmission sys-
tems. The cluster ID number for assigning each cluster is
ordered sequentially from the 1-sz to the (P-V)-th when
the number of clusters in one OFDM symbol is 7 and the
re-ordering of clusters is performed over P OFDM sym-
bols. In the ROC method, the processing for the reduc-
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Figure 1. Structure of frequency domain OFDM symbol for
the proposed ROC method.

DATA

tion of PAPR performance is conducted over the con-
secutive P OFDM symbols by changing the order of
clusters in the frequency domain. Figure 2 shows an
example of the proposed ROC method when V' = 4 and P
= 2. In this example for the proposed ROC method, the
locations of 8 clusters are changed over two OFDM
symbols in the frequency domain so as to achieve the
better PAPR performance at the transmitter. From Fig-
ures 1 and 2, it can be observed that the proposed ROC
method can reduce the PAPR performance both for the
data information and cluster ID numbers simultaneously.
This is completely different from the conventional PTS
method which can reduce the PAPR performance only
for the data information and the obtained phase coeffi-
cients of PTS is required to inform the receiver sepa-
rately.

3.2. Low Computation Complexity Technique
for ROC Method

In the proposed ROC method, the re-ordering of clusters
is conducted in the frequency domain as mentioned
above. However, when employing the frequency domain
approach, the IFFT processing is required for each re-
ordering of clusters in the frequency domain because the
PAPR performance is required to evaluate in the time
domain. This means that the computation complexity for
the proposed ROC method becomes larger to achieve the
better PAPR performance, because the computation com-
plexity increases proportionally to the required number
of IFFT processing. To solve this problem, this paper
proposes a low computation complexity technique for the
ROC method which can perform the re-ordering of clus-
ters in the time domain by using the feature of /FFT al-
gorithm.

When the number of clusters in one OFDM symbol is
4 (V = 4) and the re-ordering of clusters is performed
over two symbols (P = 2) as shown in Figures 1 and 2,
the data information including the cluster ID number for
each cluster in the frequency domain is given by the fol-
lowing equation:
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Figure 2. An example of ROC method when the number of
clustersV and P are4 and 2, respectively.
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where X ) is the data information at n-th sub-carrier of
l-th symbol (1 < ¢ <2) for the v-th cluster (1 <v < 4).

In the proposed method, the time domain signal for each
cluster is firstly calculated by the following equation:

NUTER S e
x(/,k :W Z Xf‘,n-%—n
n=0

where n, (1 <v <4) is the first sub-carrier number for the
cluster v as given in (3). The time domain signal given in
(4) corresponds to that the data information for the clus-
ter v is located from the sub-carrier number 0 to M/V — 1

in the frequency domain. By using (4), the time domain
signal for all clusters (1 < v < 4) over two symbols (1 </

< 2) can be obtained. By using these time domain signals,
the re-ordering of clusters can be conducted in the time
domain. When the i-th cluster is changed to the j-th clus-
ter in the frequency domain, its time domain signal can
be given by the following equation:

2mnk

¢V (0<kSN-1). (@4

T M-l .2"(””’”‘/‘)"
xﬁ,jk \/> Z N
2mn ;k _ 2mnk
J 1o jok
SRR S (5)
\/N );) l,n+n;
=0, . %} (0<k<N-1)
where 3?5',){ is the time domain signal for the i-¢4 cluster

given in (4) and O w is the time domain coefficient for
changing the 1ocat10n of cluster to the j-th cluster which
is given by the following equation:

_21[an
J
0,,=¢ " . (©)

From (5), it is concluded that the re-ordering of clus-
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ters in the frequency domain can be conducted in the
time domain by using (6). The required number of com-
putation processing for the proposed method is N times
multiplications as shown in (5) which is smaller compu-
tation complexity than Nlog,N when using the IFFT
processing. This means that the proposed method can
reduce the computation complexity by log,N times as
compared with that for using the /FFFT processing.

As mentioned above, the proposed ROC method can
reduce the PAPR performance by using the time domain
signal obtained after /FFT processing for each cluster as
given in (4). From this fact, the computation complexity
required in the proposed ROC method would increase as
increasing the number of clusters V. To solve the above
problem, this paper employs the sprit-radix DIF-IFFT
technique [15] for the ROC method to reduce the com-
putation complexity required in the /FFT processing.

Table 1 shows the computation complexity for the
processing of IFFT when using the various radix tech-
niques [15]. From the table, it can be observed that the
split-radix IFFT which is combined by the radix-2 and
radix-4 IFFTs can reduce the computation complexity by
33.3% as compared with the conventional IFFT. From
these results, this paper employs the split-radix IFFT for
the proposed ROC method to reduce the computation
complexity of /FFT processing.

Figure 3 shows the block diagram of the proposed
ROC method with the reduction of computation com-
plexity technique when V' =4 and P = 2. In the proposed
method, the time domain signals for all clusters which
are re-ordered in the frequency domain, are calculated
over two OFDM symbols by using (5) with small com-
putation complexity. And the time domain signals for the
1-st and 2-nd symbols after re-ordering of clusters over
two OFDM symbol can be obtained by the summation of
time domain signals over 4 clusters which is given by the
following equation:

,
o= Y (0<k<N-1).

vp=1

(7

where x;, is the aggregate time domain signal of 4
clusters for the £-th symbol and v, is the cluster number
in the ¢-th symbol after re-ordering of clusters over two
OFDM symbols.

In the proposed ROC method, the maximum number
of iterations (MAX,.) for changing the re-ordering of
clusters and the threshold level of PAPR (THpypg) are
pre-determined to reduce the computation complexity.

Figure 4 shows the flow chart for the proposed ROC
method when employing MAX;,, and THp,pg. Firstly, all
the sequence patterns for re-ordering of clusters are gen-
erated of which the number of sequences is the same as
the maximum number of iterations MAX;,.. The sequence
patterns are generated by changing the order of clusters
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Table 1. Comparisons of computation complexity for
varous Radix IFFT techniques.

Technique Computation multiplications complexity (N = 256)

100

Conventional N x logosN

Radix-2 (N/2) * logsN 50%

Radix-4 (3N/8) x logoaN 37.5%

Split-radix (N/3) x logoN =333%
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Figure 3. Block diagram of the proposed ROC method.

Repeat )

Set
MAXie and THpapr

Y

Calculate
PMAXe in (8)

l

PMAXite < THpapr

- Ite=ite+1

A

Min[PMAX; ---, PMAXuaxite]

End

Figure 4. Flow chart for the low computation complexity
technique for the proposed ROC method.

over two symbols randomly. By using the time domain
signal given by (7) for each sequence pattern, the PAPR,
and PAPR, are calculated for the 1-s¢ and 2-nd symbols,
respectively. The maximum PMAX, at the ite-th itera-
tion is selected by:

PMAX,, = Max[PAPR,, PAPR, ] . (®)

Then the PMAXj, is compared with the given thresh-
old level of THp,pg. If the PMAX;, is smaller than the
THp,py, the iteration is stopped and the time domain sig-
nals both for the 1-st and 2-nd symbols are transmitted to
the channel. If not the iteration is continued by using the
next sequence pattern for the re-ordering of clusters. The
above procedures are performed up to either the PMAX,

IJCNS



392 T. MATA ET AL.

is smaller than the THp,pgr or the iteration number is
reached to the MAX;,. If the iteration number is reached
to the MAX,,, the time domain signals corresponding to
the minimum PMAX;, obtained among all iterations are
transmitted to the channel.

By following the above procedures, the average num-
ber of iterations to satisfy the THp,pr would become rela-
tively smaller than the MAX;, and consequently the
computation complexity which can achieve the better
PAPR performance would become smaller.

3.3. Demodulation of Data I nformation for ROC
Method

At the receiver the received time domain signal is con-
verted to the frequency domain signal by FFT which is
given by the following equation:

R/.,n = Hé,n : X/(,‘;/) + I/Vf‘,n . (9)

where R, is the received signal, X[(;[) is the data
information given in (3), H,, is the channel frequency
response, W, isthe AWGN at the n-th sub-carrier of the
¢ -th symbol, and v, is the cluster number within the

£ -th symbol after re-ordering of clusters at the transmitter.

After the frequency domain equalization for (9), all the
sub-carriers within each cluster can be demodulated cor-
rectly, because the proposed method changes only the
location of clusters in the frequency domain at the trans-
mitter. Therefore the cluster ID number embedded in the
header of each cluster as shown in Figure 1 can be de-
modulated without any side information. By using the
obtained cluster ID numbers, the original order of clusters
over two OFDM symbols can be reconstructed and the
data information over two symbols can be demodulated
correctly.

4. Performance Evaluation of Proposed
ROC Method

This section presents the various computer simulation
results to verify the effectiveness of the proposed ROC
method as compared with the conventional PTS method.
Table 2 shows the list of simulation parameters to be
used in the following evaluations.

The computation complexity both for the conventional
PTS and proposed ROC methods when employing the
predetermined PAPR threshold level THp,pr and the
maximum number of iterations MAX;, can be given by
the following equations:

Pos=N(V=1)(W + AVE

ite

)+V-N/3~log2N (10)

Peoc = N(V=1)(V + AVE,

ite

)+V-N/3-log, N (11)

where the computation complexity of the ROC method is
evaluated per one OFDM symbol. In (10) and (11) both
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Table 2. Simulation parameters.

Information Parameter
Modulation for data symbol 16 QAM
Demodulation Coherent
OFDM occupied bandwidth 10 MHz
Number of /FFT-points (N = Z + M) 256
Number of zero-padding (Z) 192
Number of data sub-carriers (M) 64
Number of samples in Guird interval (V) 25
Symbol duration (75) 6.4 us
Guard interval duration (7) 0.625 us
Number of clusters per symbol (V) 4
Number of phase coefficients for PTS (W) 4
Number of symbols for ROC (P) 2

for the PTS and ROC methods, the first term of the right
hand is the required number of multiplication processing.
In (10), W is the number of predetermined phase coeffi-
cients for the PTS. The second term and the third term
both for (10) and (11) are the required number of addition
processing and the required processing load when using
the sprit-radix IFFT technique as shown in Table 1, re-
spectively. From (10) and (11), it can be seen that when
the number of phase coefficients W for the PTS method is
the same as the number of clusters J both for the PTS and
proposed ROC methods, the computation complexities
both for the PTS and ROC become the same.

Table 3 shows the computation complexity for achiev-
ing the PAPR performance of 7 dB at CCDF = 107 for
the proposed ROC and the conventional PTS methods
when using the conventional IFFT and the sprit-radix
IFFT techniques. The computation complexity is evalu-
ated based on the averaged iteration numbers (4VE;,)
which is required to satisfy the predetermined threshold
level of PAPR (THp,pg). In Table 3, “Improvement from
PTS” shows the percentage of reduction in the computa-
tion complexity as compared with the PTS method with
the conventional IFFT technique when all possible com-
binations of phase coefficients over V clusters (MAX;, =
64) are performed which can achieve the best PAPR
performance. From the table, it can be observed that the
AVE;, for the proposed ROC method would be increasing
as decreasing the THp,pg. This is the reason that the re-
quired number of iterations to satisfy the lower THp pr
becomes larger. The proposed ROC method with THp,pr
= 6.5 dB and the conventional PTS method with THppr=
6.1 dB can reduce the computation complexity by 48%
from the conventional PTS method with the conventional
IFFT technique.

Figure 5 shows the PAPR performance for the pro-
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Table 3. Comparisons of Computation complexity for the
proposed ROC and conventional PTS methods.

: Complexity I mprovement
Methods — THeaer  AVEie |(10) g (1) from PTS (%)
Conventional N/A 64 60,416 100
PTS
w/o Split-Radix 6.1 dB = 30 = 34,304 =57
Conventional N/A 64 54,955 91
PTS
w/Split-Radix 6.1 dB =30 = 28,843 =48
6.5dB =30 = 34,304 =57
Proposed
ROC 6.4 dB =40 = 41,984 =69
w/o Split-Radix
6.3 dB = 60 = 57,344 =95
6.5dB =30 =~ 28,843 = 48
Proposed
ROC 6.4dB =40 = 36,523 =60
w/Split-Radix
6.3 dB =60 = 51,883 = 86

Conventional-OFDM
2N~ O - - Z| & PTS[V=4W=4] w/ Split-Radix
F—— 4 - —2M — 4 N\ -1 - — | —%— PTS(TH=6.1dB) w/ Split-Radix
. I_ — _| —— ROC(TH=65dB) w/ Split-Radix
—A— ROC(TH=64dB) w/ Split-Radix
—4@— ROC(TH=6.3dB) w/ Split-Radix

[

[

CLdtiau

CCDF(PAPR>PAPR )

ES
o — —

Figure 5. PAPR Performance for the proposed ROC
method with sprit-radix |FFT technique.

posed ROC method with the proposed low computation
complexity and the split-radix IFFT techniques. In the
figure, the conventional OFDM and the PTS methods
with the sprit-radix IFFT techniques are also shown. The
modulation technique is 16QAM, the number of /FFT-
points N is 256, the number of data subcarriers M is 64
and the number of zero padding Z is 192. The over sam-
pling ratio is taken by 4 to evaluate the PAPR perform-
ance precisely. The PAPR performances for the proposed
ROC method are evaluated when the MAX;, is 256 and
the THp4pg are 6.3, 6.4, and 6.5 dB, respectively. In the
figure, the PAPR performance is evaluated by using the
Complementary Cumulative Distribution Function (CCDF).
From the figure, it can be observed that the proposed
ROC method with THp,pr = 6.5 dB shows better PAPR
performance than the conventional OFDM by 2.8 dB at

Copyright © 2013 SciRes.

CCDF = 10" and almost the same PAPR performance as
the conventional PTS method with THp pr = 6.1 dB.
From Table 3 and Figure 5, it can be concluded that the
proposed ROC method with the low computation com-
plexity technique can achieve almost the same PAPR
performance with the same computation complexity as
that for the conventional PTS method. The advantage of
proposed ROC method is to reduce the PAPR perform-
ance both for the data information and cluster ID num-
bers simultaneously which is completely different from
the conventional PTS method. In the conventional PTS
method, the phase coefficients of PTS are obtained after
the PTS processing only for the data information at each
OFDM symbol which leads the difficulty to embed the
phase coefficients of PTS into the data information sepa-
rately without degradation of PAPR performance.

5. Conclusions

This paper proposes the new PAPR reduction method
based on the packet-switched transmission systems in
which all the clusters within the certain number of
OFDM symbols have the sequential cluster ID numbers
embedded in the header of each cluster. The salient fea-
tures of the proposed method are to improve the PAPR
performance both for the data information and cluster ID
numbers simultaneously by re-ordering of clusters in the
frequency domain at the transmitter and to reconstruct
the original order of clusters by using the cluster ID
numbers embedded in the data information at the re-
ceiver. This paper also proposes the computation com-
plexity reduction technique for the ROC method by using
the feature of IFFT processing. The proposed ROC
method is completely different from the PTS method
which is required to inform the phase coefficients ob-
tained after the PTS processing as the side information to
the receiver separately. From this fact, The PTS method
has a difficulty to embed the phase coefficients of PTS
into the data information separately without the degrada-
tion of PAPR performance.

From the computer simulation results, it is concluded
that the proposed ROC method can achieve almost the
same PAPR performance and the computation complex-
ity as those for the conventional PTS method. The ad-
vantage of the proposed ROC method is to reduce the
PAPR performance both for the data information and
cluster ID numbers simultanecously which enables the
realization of transmitter and receiver much simpler than
that for the PTS method.
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