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 Orthogonal Frequency Division Multiplexing (OFDM) has become a 

preferable scheme for most high data rate wireless communication standards. 

However, the non-linear power amplifier effect experienced in the OFDM 

system has increases the peak-to-average power ratio (PAPR). This paper 

proposed a Median Codeword Shift (MCS) as a new solution to alleviate the 

effect of high PAPR. MCS takes advantage of the codeword structure and bit 

position changes through the manipulation of the codeword structure and 

permutation process to achieve a low PAPR value. Additionally, the enhanced 

version of MCS is also being proposed by merging MCS with the Discrete 

Hartley matrix transform (DHMT) precoding method to boost the PAPR 

reduction. Simulation results show that MCS is capable of minimizing PAPR 

of conventional OFDM with 24% improvement and at the same time 

outperform Selective Codeword Shift (SCS) with a 0.5 dB gap. A remarkable 

result was also achieved by MCS-DHMT with a 15.1% improvement without 

facing any bit error rate (BER) degradation. 
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1. INTRODUCTION  

Orthogonal Frequency Division Multiplexing (OFDM) is a well-known multicarrier modulation 

technique that has become the fundamental technology for the next generation of wireless communication 

systems. The popularity of OFDM is influenced by its unique features such as high spectral efficiency, 

resistance to inter symbol interference (ISI) and robustness against multipath fading. Due to these advantages, 

OFDM has been adopted in many wireless applications including Wireless Local Area Network (WLAN), 

Worldwide Interoperability for Microwave Access (WiMAX) and Long Term Evolution (LTE). An OFDM 

signal comprises multiple numbers of orthogonal narrowband signals transmitted simultaneously at different 

frequencies. Linear combination of a large number of a narrowband signal having an identical phase will cause 

the peak value of OFDM signal becomes significantly higher than the average power. Consequently, the OFDM 

signal is facing a high PAPR value, which is the major limitation of the OFDM system that will contribute to 

severe nonlinear distortion, efficiency degradation and increasing the cost in practical implementations of the 

high power amplifier (HPA) [1,2,3]. Therefore, it is crucial to overcome the high PAPR problem in the OFDM 

system.  

The most commonly used techniques to counter high PAPR are categorized into signal distortion, 

multiple signalling technique and probabilistic, and coding technique [4,5]. Companding, clipping and filtering, 

peak windowing and peak cancelation are examples of techniques under the signal distortion category. Signal 

distortion gets less attention from the researcher due to out of band radiations caused by this technique which 

lead to BER degradation. By far, multiple signalling technique and probabilistic such as selected mapping 
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(SLM) [6], partial transmit sequence (PTS) [7], data position permutation (DPP) [8] and selective codeword 

shift (SCS) [9-12] are the most dominant techniques in PAPR reduction. The aforementioned techniques do 

not experience BER performance degradation but instead the system complexity increases resulting from the 

repetitive calculation of IFFTs. As the number of iterations and subcarriers increases, the system complexity 

will also be increased exponentially. Then the coding technique is applied to code the input data in such a way 

so that the output of the IFFT blocks will have lower peaks.  Block coding, convolutional coding and 

concatenate coding are some examples of the technique. Unfortunately, the coding technique is less effective 

in terms of PAPR reduction as it manages to slightly reduce the PAPR value. On the bright side, the BER 

performance can be improved using error-correcting capabilities. 

Selective codeword shift (SCS) is one of the methods that take advantage of bit positioning of a 

codeward to reduce the PAPR through the shifting process without altering the codeword structure itself. The 

shifting process enables SCS to generate an alternative codeword in which the lowest PAPR among the 

alternative codeword will be selected for transmission. This method is better in terms of PAPR reduction and 

computational complexity compared to SLM and DPP. The computational complexity increases linearly upon 

increasing the number of IFFT blocks used. On top of that, to the best of the author’s knowledge, there is no 

research is being done to reduce the computational complexity of SCS without compromising its PAPR 

performance. 

Every PAPR reduction method has its limit on how much it can reduce the peak power in the OFDM 

system. Therefore, to further improve its reduction capability a hybrid method has been proposed as a solution 

for this issue [13,14,15]. Through hybridization, two or more methods can be combined to produce a new 

method with better PAPR reduction and at the same time will slightly increase the complexity. Precoding is 

one of the methods that is frequently used in hybridization because of its simplicity to implement. The 

fundamental of the precoding technique is to multiply each block of modulated symbols with a precoding 

matrix before the IFFT operation being conducted. The advantage of using a predefined precoding matrix is 

that the transmission of side information becomes unnecessary to the receiver. But unfortunately, the 

computational complexity needs to be sacrificed due to the additional multiplication process. Some of the 

predefined matrices that have been used in precoding based OFDM signals including Walsh-Hadamard matrix 

transform (WHMT), discrete cosine matrix transform (DCMT) [16], discrete Hartley matrix transform 

(DHMT) [17] and Vandermonde-like matrix transform (VLMT) [18]. 

In this paper, a new method is proposed to counteract the high PAPR problem in the OFDM system 

namely Median Codeword Shift (MCS). MCS is based on the SCS scheme and requires the codeword structure 

to be altered before the shifting process can be performed. MCS achieves a significant reduction in PAPR 

without degrading the bit error performance (BER) of the system compared to SCS. To push the limit of MCS 

reduction capability, the MCS-DHMT method is proposed which is the combination of MCS and DHMT. 

MCS-DHMT outperforms MCS performance without experiencing any BER degradation. 

 

2. OFDM SYSTEM MODEL AND PAPR  

In conventional OFDM system, the conversion of information data to OFDM signal begins when the 

input of binary sequences is grouped into blocks of symbols through the serial-to-parallel converter. The 

incoming information symbols passed through the digital modulator which converted it into a complex vector 

of size N. The final stage of this whole conversion process ended when Inverse Fast Fourier Transform (IFFT) 

transform the modulated symbols into an OFDM signal. Figure 1 summarizes the OFDM system. 

 

 
 

Figure 1. Conventional OFDM transceiver 

 

Mathematically, a complex baseband OFDM signal having N number of subcarriers can be expressed as [9] 
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where N represent the number of subcarrier and T is the symbol duration. PAPR is defined as the ratio between 

maximum peak power to the average power of the complex signal in time domain and can be written as [9] 
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Therefore, by substituting (1) into (2), the PAPR of the OFDM signal can be rewritten as 
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where the average power is denoted as 𝐸|ℎ(𝑡)|. Complementary cumulative distribution function (CCDF) is a 

method used to evaluate the PAPR reduction capability and it gives information on the probability of the 

transmitted OFDM symbols exceeds a preset threshold value. The CCDF of the PAPR is given by [15] 

 

( )00 )( PAPRPAPRPPAPRCCDF r =  (4) 

 

3. DHMT PRECODING 

  DHMT is a linear transform in which each element of the precoder matrix 𝑀 having 𝑝th row and 𝑞th 

column is defined as follow [17] 
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The DHMT matrix engaged with real arithmetic only and has an identical inverse. To be more specific, the 

DHMT and inverse DHMT matrices are the same (𝑀 = 𝑀−1). For that reason, the DHMT precoding method 

necessitates low implementation complexity. A precoder matrix 𝑀 having a dimension of 𝑁 × 𝑁 is 

implemented between digital modulator and IFFT in order to minimize the PAPR. Let 𝐿 be the baseband 

modulated symbol and after the multiplication with precoder matrix 𝑀, a new sequences �̂� are produced which 

can be represented as 

 

MLL =ˆ  (6) 

 

Afterward, the signal �̂� will go through 𝑁-point IFFT operation and this may be expressed as 

 

( ) ( )MLIFFTLIFFTL == ˆˆ  (7) 

 

The demodulation at the receiver is a very straightforward process, where the FFT data is multiplied by the 

inverse DHMT matrix. 

  When DHMT is applied to the OFDM system, the autocorrelation of the modulated data is lower. 

Research conducted in [19] concludes that the PAPR of the OFDM signal depends on the aperiodic 

autocorrelation function (ACF) of the input vector 𝐸. Suppose that 𝜑(𝑖) is the ACF of signal 𝐸, and thus [18] 
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where * signify the complex conjugate. Therefore, the PAPR of the transformed signal is bounded [18] 
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where 𝛾 is specified as [18] 
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Where |𝜑(𝑖)| is the absolute aperiodic ACF. 

 

4. MCS AND MCS-DHMT 

  As explained in the previous section, data symbol, 𝐻𝑘 and orthogonal sinusoids IFFT, 𝑒𝑗2𝜋𝑓𝑘𝑡 are the 

two components involved in the formation of the OFDM signal and to measure PAPR. Data symbol sequences 

are the complex form of data modulated by the 𝑀-ary digital modulation QAM to the codeword bits. MCS is 

a method that manipulates the codeword structure and codeword bits through structure alteration and circulant 

shift respectively. The purpose of these two manipulations is to allow an alternative codeword to be generated 

with a low PAPR value. Since MCS is dealing with a codeword, therefore its whole operation will be executed 

between serial-to-parallel and digital modulator as illustrated in Figure 2. 

 
Figure 2. Block diagram of the MCS technique 

 

  Referring to Figure 3, the input data 𝐺 having a total number of bits, 𝑑 is represented as 𝐺 =
[𝑔1, 𝑔2, 𝑔3, … , 𝑔𝑑] are divided into sub-blocks, 𝐺𝑏 = [𝐺1, 𝐺2, 𝐺3, … , 𝐺𝑠] by serial-to-parallel block where 𝑠 =
𝑑 𝑒⁄  is the total number of sub-blocks and 𝑒 is the number of bits per symbols. The divided codeword 𝐺𝑏 in 𝑠 

number of sub-block is represented as 
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Figure 3. MCS sub-block 

 

where 𝐺1 = [𝑔1, 𝑔2, … , 𝑔𝑒], 𝐺2 = [𝑔𝑒+1, 𝑔𝑒+2, … , 𝑔2𝑒] and so on until 𝐺𝑠. The first stage of the MCS method 

is to modify the codeword structure by splitting it into half and each section is denoted as part A and part B as 

shown in Figure 4. Next, the altered codeword structure will undergo a shifting process to generate an 

alternative codeword. The shifting process is performed to both parts of the codeword structure but at different 

times of execution. For instance, when the shifting process is conducted in part A, part B will stay in its original 

state until the process is completed and the same goes for part A when part B is performing the shifting process. 

The total number of shifting, 𝜎 for both part A and B can be expressed as 
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Figure 4. MCS codeword structure 

 

  Table 1 shows the bits position after the implementation of the shifting process to both part A and part 

B for one sub-block. Codeword 𝐺1,0 represent the original codeword and its initial bits position. The first two 

alternative codewords generated from the codeword 𝐺1,0 is produced when the shifting process occurred in part 

A and codeword 𝐺1,1 and 𝐺1,2 symbolized its new bit position. When codeword 𝐺1,0 go through shifting process 

in part B, the last two alternative codewords are generated and its bit position is denoted by the codeword 𝐺1,3 

and 𝐺1,4. 

Table 1. Bit arrangement of codeword for MCS technique 
Sub-block codeword bits Position of bits 

Codeword 0,1G  654321 ,,,,, gggggg  

Codeword shift 1, 1,1G  654213 ,,,,, gggggg  

Codeword shift 2, 2,1G  654132 ,,,,, gggggg  

Codeword shift 3, 3,1G  546321 ,,,,, gggggg  

Codeword shift 4, 4,1G  465321 ,,,,, gggggg  

 

Hence, the new expression for the alternative codeword can be written as �̅�𝑏 = [�̅�1, �̅�2, �̅�3, … , �̅�𝑠] and the 

alternative OFDM symbol sequence is given by 
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where 𝜛(𝑡) is 𝑀-ary digital modulation. Thus, the 𝑁 number of transmitted alternative OFDM signals in the 

time domain can be represented directly as 
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  Lastly, the minimum PAPR among the 𝑁 number of alternative OFDM signals will be selected for 

transmission. For the data recovery purpose at the receiver, the transmission of side information is necessary 

alongside the selected alternative OFDM signal. The combination of MCS and DHMT is a viable solution to 

enhance the MCS PAPR reduction where the multiplication of the precoding matrix is applied between digital 

modulator and IFFT as shown in Figure 5. 

 

 
Figure 5. Block diagram of MCS-DHMT technique 
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The alternative OFDM symbol sequence �̅� in (10) will go through the multiplication process with precoding 

matrix 𝑀 that will cause the generation of coded alternative OFDM symbol sequences. The new coded 

alternative OFDM symbol can be written as 

MHH
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Finally, the coded alternative OFDM signals can be represented as 
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5. RESULTS AND DISCUSSION  

Throughout this section, the performance of MCS and MCS-DHMT will be evaluated in terms of 

PAPR reduction and BER degradation by using MATLAB. The simulation parameters are based on the 3rd 

Generation Partnership Project Long Term Evolution (3GPP-LTE) standards [20]. Table 2 outlines the 

parameters used during the simulation process. To plot the CCDF graph, 104 random OFDM symbols are taken 

into consideration. The number of phase sequences used in SLM was set to be the same as the number of bits 

per symbol, 𝑒 used in the proposed technique, to make the computational complexity equal. 

 

Table 2. Simulation parameters 
Parameter Value 

Bandwidth (BW) 1.25 MHz 

Sampling frequency 1.92 MHz 

Sampling time 5.208 × 10-7 sec 

IFFT size 128 

Used subcarrier 76 

Modulation technique 64-QAM 

Cyclic prefix length 1/4 

Channel model Rayleigh fading 

 

5.1.  PAPR and BER Performance for MCS  

Figure 6 shows the PAPR performance for MCS. The simulation results reveal that MCS has 

successfully reduced the PAPR value of the OFDM system by 2.6 dB which is equivalent to 24% improvement 

while SLM with 6 different phase sequence and SCS manages to reduce the PAPR value by 1.1 dB (10.5% 

improvement) and 2.1 dB (19.2% improvement) respectively. This result can be explained by the fact that 

altered codeword structure has improved significantly the PAPR value. Divided codeword structure in MCS is 

found to cause a reduction in codeword distance hence, it would lead to better PAPR performance. This finding 

is consistent with [21] which stated that lower codeword distance can improve the reduction of PAPR. 

Furthermore, MCS also took the advantage of shifting process as a way to improve PAPR performance. The 

shifting process enables MCS to generate multiple alternative codewords and allows the system to choose the 

signal with lower PAPR to be transmitted. Since conventional OFDM has only one output signal, therefore the 

system has no other choice for signal transmission. 

Figure 7 compares the BER performance for conventional OFDM, SLM, SCS and MCS. The result, 

as shown in Table 2, shows that MCS can maintain the same BER performance as conventional OFDM and 

SCS without any degradation while SLM is found to be the worst one. These findings suggest that MCS has a 

better resistance against fading channel. 

 

 
 

Figure 6. PAPR performance for MCS 

 
 

Figure 7. BER performance for MCS
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5.2.  PAPR and BER Performance for MCS-DHMT 

Result shown in Figure 8 prove that DHMT is capable to enhance the PAPR performance of MCS. 

Comparative analysis demonstrates that as an individual PAPR reduction method, DHMT exceed MCS 

performance by reducing the PAPR of conventional OFDM by 32.08% while MCS manage to achieved 25.47% 

of reduction only. The 0.7 dB differences in PAPR reduction performance between DHMT and MCS is because 

of DHMT reduces the autocorrelation of the modulated data as a way to achieve better PAPR performance. It 

is clear from (9) and (10) that the input vector that possess lower 𝛾 will lead to better PAPR reduction. 

Meanwhile, MCS relies on codeword manipulation in order to obtain an OFDM signal that has a satisfactory 

PAPR value. MCS-DHMT proven to be a compatible match between MCS and DHMT whereby its PAPR 

performance is almost twice as compared to the MCS itself with 40.57% improvement. This outstanding 

performance of MCS-DHMT is driven by the capability of DHMT to lower the autocorrelation of alternative 

modulated OFDM symbols. Meanwhile, the PAPR performance of SLM and SCS is still far behind MCS-

DHMT with a reduction of only 1.1 dB and 2.1 dB respectively. 

 Figure 9 presents the BER performance for the conventional OFDM, SLM, SCS, MCS, DHMT and 

MCS-DHMT in Rayleigh fading channel. The simulation result shows that DHMT is comparable to SCS and 

MCS by not experience BER degradation but unfortunately, not for SLM which has worse BER performance. 

As mentioned in [22], all precoding matrix including DHMT are unitary, in which they satisfy Parseval’s 

theorem that state energy is conserved when a signal is converted from the frequency domain to the time 

domain. Due to this property, DHMT is able to prevent loss of total energy and this condition cause no 

degradation in the BER performance. As expected, this property also applicable to MCS-DHMT which lead to 

identical BER performance as MCS and DHMT. 

 

 
Figure 8. PAPR performance for MCS-DHMT 

 
Figure 9. BER performance for MCS-DHMT 

 

6. CONCLUSION  

In this paper, a new method under multiple signalling technique and probabilistic scheme called MCS 

is proposed and thoroughly investigated as a countermeasure to reduce the PAPR in OFDM transmission. 

Computer simulations demonstrate that MCS successfully fulfill its objective and managed to reduce the PAPR 

of conventional OFDM by 24% without having any BER degradation. On top of that, the effectiveness of MCS 

in minimizing PAPR also surpasses SCS with 4.8% improvement. Although DHMT has slightly increases the 

computational complexity of the system due to additional stage of multiplication, but it is still worth it, when 

the simulation result of MCS-DHMT indicates that 15.1% of improvement can be achieved through the 

combination of MCS and DHMT. This achievement is considered an acceptable trade-off between 

computational complexity and PAPR reduction. 
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