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Abstract
HIGH Peak-to-Average Power Ratio (PAPR) is a well known 
drawback of Orthogonal Frequency-Division Multiplexing 
(OFDM) systems. Selected Mapping (SLM) is a technique used 
to reduce the peak-to-average power ratio (PAPR) in Orthogonal 
Frequency-Division Multiplexing (OFDM) systems. In this 
reported work, rows of normalised Riemann matrices are selected 
as phase sequence vectors for the SLM technique. MATLAB 
simulations show PAPR reduction of around 2.3 dB using 
the proposed method compared with methods reported in the 
literature.
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I. Introduction
OFDM is a promising technique for high bit rate transmission 
systems. It is used in many applications owing to its robustness 
to frequency selective fading or narrowband interference, high 
bandwidth efficiency and efficient implementation [2]. One major 
drawback of OFDM is the large peak-to-average power ratio 
(PAPR) of the transmitted signal. Some of the PAPR reduction 
schemes are clipping, coding, selected mapping (SLM) [1], tone 
injection, tone reservation, constellation extension and partial 
transmit sequence; see [2] and references thereafter [3–9]. Among 
them, the SLM scheme is relatively attractive since it can obtain 
better PAPR by modifying the OFDM signal without distortion. 
The selection of proper phase sequences to achieve good PAPR 
reduction is very important in the SLM technique. An amount of 
literature exists on phase sequence sets for SLM. A brief look at 
these follows. 

II. Background
The SLM technique was first described by Bauml et al., where phase 
sequences are generated randomly [1] from set f+1, +jg. Neumann 
phase sequences are used as the phase sequence set in [3]. Zhou et 
al. used monomial phase sequences [5] for SLM and found that the 
cubic phase sequences offer better PAPR reducing capability. In 
[6], Yang et al. proposed a phase sequence where a small number 
of components of the phase sequences have magnitude larger than 
one while the rest of the components are exactly one. The rows 
of the Hadamard matrix are selected as the phase sequence set 
for PAPR reduction in the SLM technique in [7]. In [8], Chang 
et al. found that the chaotic phase sequence set outperforms the 
Walsh- Hadamard sequence and the Shapiro-Rudin sequence 
set. A pseudorandom interferometry code sequence was used to 
reduce PAPR in MCCDMA in [9]. Generation of phase sequence, 
which is one of the important aspects of the SLM technique is 
very random in existing phase sequence sets. For example, in 
the Shapiro-Rudin sequence, which is constructed recursively 
[8], the initial sequence is random. The same is the case with the 
phase sequence set defined in [1], chaotic sequence [8], etc. In 
the proposed method, the row vectors of the normalised Riemann 
matrix are selected as the phase sequence set for PAPR reduction 

in the SLM technique. The Riemann matrix has a definite structure 
which will be seen in the following Section. Moreover, in all the 
existing SLM techniques with different phase sequences, reduction 
in PAPR was 4–6.6 dB compared to the original OFDM (without 
any PAPR reduction techniques). In the proposed method, through 
simulations, a reduction of 8.9 dB was observed compared with 
the original OFDM. 

III. Proposed Approach
In the proposed approach, rows of normalized Riemann matrices 
(B) are used as phase rotation vectors. The Riemann matrix (R) 
[4] is obtained by removing the first row and first column of the 
matrix A, 
where
A(i,j) = i - 1 if i divides j
          = -1   otherwise                   (1)
If the Riemann matrix (R) is of size M ×M, the entries in the 
normalized Riemann matrix (B) will be (1/M) R.
The algorithm is as follows:
Step 1: Sequences of data bits are mapped to constellation points 
M-QAM or BPSK to produce sequence symbols X0, X1, X2….
Step 2: These symbol sequences are divided into blocks of length 
N.  Where N is the number of subcarriers.
Step 3: Each block X = [X0, X1, X2. . . XN21] is multiplied 
(pointwise multiplication) by U different phase sequence 
vectors 

B(u) = 

Where each row of the normalised Riemann matrix B is taken as 
B(u),u = 1,2, . . ., U.
Step 4: A set of U different OFDM data blocks X(u) = 

 are formed, where Xn
(u) = Xn. B(u), 

n=0, 1, . . ., N-1, u = 1, 2, . . . ,U.
Step 5: Transform X(u) into time domain to get x(u) = IDFT{X(u)}
Step 6: Select the one from x(u) ,where u= 1, 2, . . .,U, which has 
the minimum PAPR and transmit. The block diagram of the SLM 
technique is given in fig. 1.

Fig. 1: Block Diagram of SLM [2]

A. Complexity
In SLM techniques [1, 5, 6, 8], the phase sequences, which 
are random, have to be sent to the receiver before the actual 
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communication. It is not necessary to send this information to the 
receiver using the proposed method. This is because the Riemann 
matrix has a particular structure so the receiver can generate the 
Riemann matrix. However, compared with other SLM techniques, 
an extra scaling of 1/M for the whole matrix is required for getting 
the normalised matrix. 

B. Simulation Results
We used MATLAB simulations to evaluate the performance of the 
different phase sequences for the SLM technique. As a performance 
measure, the complementary cumulative density function (CCDF) 
of the PAPR is used. The mean and variance of the PAPR of the 
whole data blocks are taken as the second criteria for performance 
measurement among different phase sequence sets. The OFDM 
system with 64-subcarriers is simulated with BPSK, 64-QAM, 
256- QAM modulations. The Hadamard sequence and chaotic 
sequence are compared with the proposed phase sequence set. 10 
000 OFDM data blocks were generated to obtain the CCDF of the 
PAPR. For simulation, the number of phase sequences U is taken 
as 64. The length of each data block N is taken as 64.

Fig. 2: CCDF plot for 256 QAM and BPSK for Riemann, 
Hadamard, Chaotic Sequence Sets

The mean and variance of the PAPR observed for all data blocks 
obtained using different phase sequences is tabulated in Table 1, 
from which it is seen that the proposed sequence has the lowest 
mean and lowest variance of PAPR for all the data blocks compared 
to other sequences. Fig. 2 shows comparison of the Hadamard, 
chaotic and proposed phase sequence set using the CCDF plot. 
Fig. 2 shows comparison among different sequence sets for BPSK, 
64-QAM, 256- QAM modulations. It is clearly evident, from the 
CCDF plots that the proposed sequence set outperforms other 
sequences as the phase sequence set for SLM.

Table 1: Mean and variance of PAPR for different phase sequences 
for whole data.

IV. Conclusion
The mean and variance of the PAPR of the whole data block 

for the proposed sequence set is very much less compared to 
other phase sequence sets. Also, it is evident from Fig. 2 that use 
of the proposed phase sequence vectors gives lower PAPR than 
Hadamard and chaotic sequences. So, from both performance 
criteria, the proposed technique of using the normalised Riemann 
matrix as a phase sequence set outperforms existing techniques 
by offering very low PAPR.
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