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Abstract
Orthogonal Frequency Division Multiplexing (OFDM) is 
an efficient method of data transmission for high speed 
communication systems. However, the main drawback of 
OFDM system is that, it exhibits high Peak to Average Power 
Ratio (PAPR) of the transmitted signals. OFDM consist of large 
number of independent subcarriers, as a result of which the 
amplitude of such a signal can have high peak values. The 
Selected Mapping (SLM) technique is one of the promising 
PAPR reduction techniques for OFDM. This technique however 
increases the computational and phase search complexity 
and PAPR reduction is performance largely dependent on the 
selection of random phase sequences. It is also required to 
transmit the selected phase sequence to recover the original 
data at the receiver end. In this paper, we propose the use 
of Circulant, Hadamard and Hilbert matrices to obtain phase 
sequences for the SLM technique. The experimental results 
clearly prove that Hilbert matrix approach offers the best PAPR 
reduction in comparison with the conventional SLM scheme. 
This approach also avoids randomness in phase sequence 
selection, which makes it simpler to decode at the receiver. As 
an added benefits, the matrix can be generated at the receiver 
end to obtain the data signal and hence it is not required to 
transmit Side information (SI). 
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I. Introduction
Multicarrier modulation, also known as Orthogonal frequency 
division Multiplexing (OFDM), is a spectrally efficient modulation 
technique for data transmission in channels with fading and 
multipath [13]. It distributes the data over a large number 
of carriers that are spaced apart at precise frequencies that 
are transmitted in parallel. Sub carrier spacing selected such 
that they are mathematically orthogonal to each other. Each 
sub-carrier is then modulated with a conventional modulation 
scheme, such as quadrature amplitude modulation or phase-
shift keying. In a conventional OFDM system, the orthogonality 
between the subcarriers is achieved by means of the Fast 
Fourier transform (FFT).
OFDM consists of a block of ‘N’ data streams Xn [*1](n=0,1,…
,N-1), which will be modulated by a conventional modulation 
scheme such as BPSK, QPSK, QAM and transmitted in parallel. 
These ‘N’ parallel data streams then modulate ‘N’ orthogonal 
subcarriers fn [*2](n=0,1,…,N-1). The resulting baseband 
OFDM signal x(t), which multiplexes N modulated subcarriers 
can be expressed as
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where xn is the nth complex data symbol (typically taken from 
a PSK or QAM symbol constellation), NT is the length of the 

OFDM symbol and )(tnφ is the nth subcarrier. )(tnφ  can be 

expressed as
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where, nf is the nth subcarrier frequency. The subcarrier 

frequencies nf  are equally spaced

,     (3)

which makes the subcarriers )(tnφ  on 0 < t < NT  
orthogonal.

OFDM has several advantages such as high bandwidth efficiency, 
robustness against frequency selective fading channel and 
implementation is also straight forward [10]. OFDM is mainly 
used in broadband communication related applications such 
as Digital Audio Broadcasting (DAB), Digital Video Broadcasting 
(DVB), Asymmetric Digital Subscriber Line (ADSL), Wireless LAN 
(IEEE 802.11a, g, n), Broadband Wireless Access (BWA) and 
Mobile Broadband Wireless Access (MBWA).

The main drawback of OFDM signal is that, it has high Peak to 
Average Power Ratio (PAPR) due to its nature of multicarrier 
modulation [11]. This high PAPR causes an increase in bit error 
rate and out-of-band distortion. PAPR is defined by (4)
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In general, most of the signals work in discrete time domain 
signals, therefore we need to oversample the continuous signal 
x(t) by a factor L, to approximate the value of PAPR. The L time 
oversampled signal, )(knφ  and PAPR can be expressed as
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     k = 0,1,…,LN-1                  (6)
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where )( 2
kxε  denotes the average value over the time 

duration of OFDM symbol.
The Cumulative Distribution Function (CDF)  and Complimentary 
CDF (CCDF) of PAPR are commonly used performance measures 
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for PAPR reduction. The probability that the PAPR given by 
equation (7) exceeds a threshold Po known as CCDF, can then 
be defined by [17,18]  

P (PAPR > Po) = 1- (1-exp(-Po))N                  (8)

The rest of the paper is organized as follows. In section II, we 
discuss the existing techniques for PAPR reduction. In section 
III, the proposed system is discussed and section IV shows the 
simulation results supporting the ideas presented. Finally, the 
results are summarized our results in section V.

II. Related Work
Several techniques have been proposed to solve the PAPR 
reduction problem in OFDM system. These include Amplitude 
Clipping and Filtering [1], Coding [1] Selected mapping (SLM)
[1,2,3,8,16,20], Partial Transmit Sequence (PTS)[1,12,20], 
Interleaving [1], Tone reservation (TR) [1], Tone injection (TI) 
[1], and Active constellation extension (ACE) [1]. Amplitude 
Clipping and Filtering [1], Coding [1] are statistical technique 
which modify the time domain signal but introduce distortion 
in signals. Selected mapping (SLM), Partial Transmit Sequence 
(PTS) are probabilistic schemes which generate a set of 
sufficiently different candidate data blocks and then selects 
the suitable one  with the minimum PAPR for transmission. 
These techniques reduces the PAPR with some loss of data 
but  increases the computational complexity.

Selective mapping is an efficient distortion less scheme for 
PAPR reduction [1,4,9]. In the SLM technique, the transmitter 
generates a set of sufficiently different candidate data blocks, 
all representing the same information as the original data block 
and selects the most favourable one for transmission. A block 
diagram of the SLM technique is shown in Fig. 1. Each data block 
is multiplied by B number of different phase sequences, each 
of length N, resulting in B number of modified data blocks. 

Fig. 1: Block diagram of the conventional SLM scheme

Among the modified data blocks, the one with the lowest PAPR 
is selected for transmission. Information about the selected 
phase sequence should be transmitted to the receiver as 
Side Information (SI). At the receiver, the inverse operation is 
performed to recover the original data. The conventional SLM 
technique requires B number of IDFT blocks and  B2log  
number of SI bits [1, 9]. This approach is applicable for all types 
of modulation and any number of subcarriers. PAPR reduction 
performance is based on the number of phase sequences and 
the design of the phase sequences.

III. Proposed method
We proposed to use of spatial matrices to generate phase 
sequence required for SLM scheme. In conventional SLM phase 
sequences are selected at random and may not always yield 
optimum result. We have used three different types of special 
matrices, namely, Circulant, Hadamard and Hilbert to generate 
the phase sequences for the multiplication of data blocks. A 
comparative analysis of the performance of these matrices in 
PAPR reduction  has also been carried out.

The block diagram of the proposed model is given in Fig.2.

Fig.2: Block diagram of the matrix based approach

Sequences of data bits are mapped to constellation points of 
BPSK to produce sequence symbols. These symbol sequences 
are divided into blocks of length N, where N is the number of 
subcarriers. Each block is multiplied by B number of different 
phase sequence vectors, where each row of a proposed 
matrices is taken as the phase sequence for multiplication. 
Set of B different modified OFDM data blocks are formed. IFFT 
is applied to transform into B different OFDM data blocks. The 
data block with minimum PAPR is selected and transmitted.

A. Phase sequence generation using Circulant Matrix
A circulant matrix is a special kind of toeplitz matrix where 
each row vector is rotated one element to the right relative to 
the preceding row vector. A toeplitz matrix is an nn×  matrix, 
defined as

[ ]1,...,1,0,;, −== njktT jkn  ; jkjk tt −=,  (9)

Matrix Tn  can then  be expressed as 
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Circulant matrices are significant because they are diagonalized 
by a Discrete Fourier Transform, and hence linear equations that 
contain them can be quickly solved using a Fast Fourier 
Transform.

The first coloum of circulant matrix is obtained by choosing  any 
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row of the Riemann matrix [16]. Our experiment results show 
that choosing row 4 or 5 yields the best performance. The 8x8 
circulant matrix C is obtained as 

 

Let us consider a data block S=[1 0 0 1 1 1 1 1]. When mapped 
to BPSK constellation the data block S would be Sm=[1 -1 -1 
1 1 1 1 1].   PAPR obtained for S would be 5.1644 dB. When  
circulant matrix C is applied to Sm the minimum PAPR obtained 
was 3.0103 dB which is 2dB less than the actual value. 

B. Phase sequence generation using Hadamard Matrix
Hadamard matrix is a square matrix whose entries are either 
+1 or -1 and whose rows are orthogonal [6]. Hadamard matrix 
is defined recursively as,
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So H3 8x8 Hadamard matrix is obtained as,
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It can be noted that any two rows in the matrix have matching 
entries in exactly half of their columns and mismatched entries 
in the remaining columns. Hence the rows are  orthogonal.

Data block S=[1 0 0 1 1 1 1 1] is  multiplied with each row of 
the Hadamard Matrix  H3 and PAPR obtained was 1.7609 dB. 
This is 3.403 dB less than the actual value of 5.1644dB.

C. Phase sequence generation using Hilbert Matrix
Hilbert matrix is a special case of Cauchy matrix [15]. Cauchy 
matrix of dimension m × n with elements aij is derived as
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where ix  and jy  are elements of field F and .0≠− ji yx
Hilbert matrix is calculated from the Cauchy matrix using 

;1−+=− jiyx ji
              
Hilbert matrix with dimensions m=n=8 is given as
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15/114/113/112/111/110/19/18/1
14/113/112/111/110/19/18/17/1
13/112/111/110/19/18/17/16/1
12/111/110/19/18/17/16/15/1
11/110/19/18/17/16/15/14/1
10/19/18/17/16/15/14/13/1
9/18/17/16/15/14/13/12/1
8/17/16/15/14/13/12/11

A

  
Data block S=[1 0 0 1 1 1 1 1] is  multiplied with each row of 
the Hilbert matrix A and PAPR obtained was 1.3777dB. This is 
3.8 dB less than the actual value of 5.1644dB.

Comparison of PAPR for Circulant, Hadamard, Hilbert Matrices 
PAPR obtained for different data blocks by applying the three 
different spatial matrices are given in Table 1.

Table 1: Comparison of PAPR for Circulant, Hadamard, Hilbert 
Matrices

Data Original Circulant Hadamard Hilbert
1 1 1 1 1 1 
1 1

9.0309 9.0309 5.3329 4.3449

1 0 0 1 1 1 
0 0

4.6452 3.0103 3.0103 2.9600

1 0 0 0 0 1 
1 1

5.3329 3.7600 3.0103 2.0668

1 1 0 1 1 0 
1 0

4.6452 3.0103 1.7609 1.4941

1 1 1 0 0 1 
0 0

5.2577 3.7600 3.0103 1.9841

1 0 0 1 1 1 
1 1

5.1644 3.0103 1.7609 1.3777

The results clearly indicate that application of the spatial 
matrices gives significant reduction in PAPR. It is also further 
observed that Hillbert matix offers a greater reduction in 
comparison with Circulant and Hadamard matrices.

IV. Simulation results 
Extensive simulation has been carried out using MATLAB to 
evaluate the PAPR reduction performance of the proposed 
approach. OFDM system with N=8 subcarriers was used for 
simulation with BPSK modulations. The parameters used for 
simulation are given in Table 2.
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Table 2: Simulation Parameters
Modulation BPSK
Number of data subcarriers (M) 8
Total number of data symbols 20000
Size of the phase sequence 8
Carrier Frequency 103

A total of 20000 OFDM data blocks were generated to obtain 
the CCDF plot of PAPR. Fig.3 shows the CCDF plot of the OFDM 
system with SLM technique. 

Fig.3: CCDF plot of SLM technique

Fig.4 shows CCDF of PAPR using circulant matrix with M = 8. 
The total number of optimized phase sequence and size of the 
phase sequence is 8.

Fig.4: CCDF plot of PAPR using Circulant matrix

From the simulation results, it is observed that PAPR reduction 
performance of circulant matrix is almost similar to SLM 
technique. But, Circulant matrix approach shows a significant 
reduction in the search complexity required to select the phase 
sequences. However, side information about the rows of the 
matrix need to be sent to the receiver. The size of the SI would 
be 4 bits.

Fig.5 shows CCDF of PAPR using Hadamard matrix approach 
with M = 8. The total number of optimized phase sequence 
used is 8. The size of the Phase sequence is 8 bits.

Fig. 5: CCDF plot of PAPR using Hadamard matrix

Simulation results show that PAPR reduction using Hadamard 
matrix is better than conventional SLM and Circulant matrix 
approach. Side information about the rows of the matrix, which 
offers low PAPR is required to send to the receiver. The size of 
the SI would be 4 bits.

Fig. 6 shows CCDF of PAPR using Hilbert matrix approach with 
M = 8. The total number of optimized phase sequence used is 
8. The size of the Phase sequence is 8 bits.

Fig. 6: CCDF plot of PAPR using Hilbert matrix

Simulation results proved that the Hilbert matrix offers greatest 
PAPR reduction when compared to the other schemes. At 
0.001% of CCDF original scheme offers 8dB reduction while 
Hilbert matrix offers 6.4 dB, which is 1.6 dB less than the 
original value. Additionally it is not necessary to send SI about 
the row of the matrix which is used to generate the modified 
data sequence with lowest PAPR.  This is because Hilbert matrix 
has a special structure and at the receiving end Hilbert matrix 
can be generated to recover the actual phase sequences. 

V. Conclusion
We have proposed the novel approach of use of spatial matrices:  
Circulant, Hadamard and Hilbert to generate phase sequences 
for modifying data block in the SLM scheme. Experimental 
results clearly prove that there is a significant reduction in PAPR 
and phase search complexity. For Circulant and Hadamard 
matrix approaches, SI of 4 bits have to be transmitted to 
recover the data signal at the receiver end. In Hilbert matrix 
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approach, because of its unique structure the matrix can be 
generated at the receiver end and hence SI need not be sent. 
As future work we proposed to extend this scheme by applying 
various normalization procedures for the matrices for further 
optimization of PAPR. 
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