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 In this paper, the selective mapping (SLM) technique possessing the powerful and distortionless 

peak to average power ratio (PAPR) reduction capability was employed in universal filtered 

multicarrier (UFMC) waveform that is considered as one of the most promising fifth generation 

(5G) waveform candidates in order to provide a solution to the PAPR issue encountered in the 

related waveform. Owing to our SLM-based PAPR reduction implementation performed by 

employing the SLM scheme between the quadrate amplitude modulation (QAM) mapping and 

bandwidth-subdivision operations at the transmitter side, successful PAPR reduction results were 

achieved in a straightforward and effective manner. In the simulations, the effect of the related 

way of SLM application on alleviating the PAPR and spectral leakages of the UFMC signal 

amplified via the solid state power amplifier (SSPA) was investigated for various number of phase 

factor combinations. Besides, the impact of SLM on the bit error rate (BER) of the UFMC 

waveform was analyzed for varied values of SSPA parameters called smoothness (p) and input 

back off (IBO) controlling the linearity and operation point of the SSPA, respectively. 
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1. Introduction 

Universal filtered multicarrier (UFMC) [1] is a newly 

proposed waveform having the potential to replace the 

conventional orthogonal frequency division multiplexing 

(OFDM) which is unable to provide the next generation 

telecommunication standards. The disadvantages such as 

the requirement of synchronization, sensitivity to 

frequency offsets and the problem of high side lobes 

posing a real obstacle for OFDM to be employed in the 

fifth generation (5G) systems were successfully resolved 

by the UFMC while maintaining the key features of the 

conventional OFDM. In the UFMC scheme, the whole 

bandwidth is divided into multiple sub-bands to be filtered, 

fragmentally. Thanks to the filtering per sub-band 

operation, it is possible to use low length filters making the 

UFMC suitable for short burst communication. Moreover, 

the out of band (OOB) radiation which makes any 

waveform vulnerable to the problem of inter carrier 

interference (ICI), can be alleviated significantly by the 

UFMC scheme. Having the low side lobes enhances the 

suitability of UFMC waveform to be used in the 

fragmented spectrum. As well as these superior features, 

possessing the fundamental OFDM features makes the 

UFMC waveform quite flexible to be used in multiple 

services [2-4].  

Due to the fact that UFMC is a kind of waveform using 

multicarrier transmission strategy as the OFDM 

waveform, the aforementioned superior features don’t 

prevent the UFMC from being exposed to the high peak to 

average power ratio (PAPR) problem. As known, a 

nonlinear high power amplifier (HPA) is employed at the 

transmitter end in order to amplify the signals prior to the 

transmission process and such amplifiers which are 

preferred in real applications cannot perform a healthy 

amplification out of a certain range. Therefore, the high 

PAPR signals which push the related type of amplifiers to 

exceed the linear amplification range and reach to the 

saturation region cannot be amplified without any 

degradation which results in the increase of both OOB 

radiation and bit error rate (BER). In order to minimize 
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such signal distortions, many type of PAPR reduction 

algorithms such as tone injection (TI) [5], active 

constellation extension (ACE) [6], selective mapping 

(SLM) [7, 8], tone reservation (TR) [9], clipping and 

filtering [10], coding [11], partial transmit sequence (PTS) 

[12, 13] and interleaving [14] were suggested in the 

literature.  

In case of considering the aforementioned classical 

PAPR reduction algorithms given in [5-14], SLM 

technique takes part in the most prominent ones with its 

significant PAPR reduction capability. The SLM 

technique provides an efficient and distortionless PAPR 

reduction by multiplying the original quadrate amplitude 

modulation (QAM) modulated data sequence with the 

certain number of alternative phase rotation factor 

combinations to generate different candidate signals to be 

transmitted and picking the one with minimal PAPR for 

transmission [7, 8]. In this study, the SLM technique which 

was primarily suggested for the conventional OFDM was 

flawlessly applied to the UFMC waveform.     

Some of the works handling the PAPR issue in the 

UFMC signal are as follows [15-18]: Baig et al. [15] 

embedded a type of linear precoder based on discrete 

Hartley transform to the transmitter side of the UFMC 

scheme to eliminate its PAPR problem. Taşpınar and 

Şimşir [16] suggested a practical and effective way of 

implementing PTS-based PAPR alleviation in the UFMC 

transmitter. In the related paper, they gave detailed 

mathematical expressions clarifying the operations 

performed in the PAPR minimization process. Tipan et al. 

[17] compared some types of clipping techniques to each 

other on the basis of their achievements on the amount of 

PAPR improvement in the UFMC transmission signal. In 

the same paper, an investigation regarding how much 

effect each of the related clipping methods has on the BER 

results of the UFMC waveform was also carried out. Rong 

et al. [18] applied the PTS to the UFMC waveform in a 

high complex manner and the complexity of the related 

application was reduced without causing almost any 

performance lost in the PAPR reduction process. 

The outline of our paper is as follows: In Section 2, the 

acquisition of UFMC signal was described and the PAPR 

definition of the related signal was given. In Section 3, the 

PAPR improvement using SLM technique in the UFMC 

waveform was explained in detail. In Section 4, the 

simulation results were investigated and at last, the article 

was finished by yielding the conclusions of our study in 

Section 5.  

 

2.  UFMC Signal Acquisition and PAPR Definition 

The UFMC signals are produced by fulfilling the 

transmitter operations demonstrated in Figure 1 via the 

block diagram [1-4].  

 

Figure 1. Signal generation at the UFMC transmitter 

As clearly understood from the Figure 1, the UFMC 

transmitter operations start with modulating the 

information bits by the QAM modulator. Then the QAM  

symbols  obtained  from  the  modulator output is allocated 

to the certain positions in the multiple sub-bands that are 

acquired by dividing the whole band into the multiple parts 

with certain sizes. Subsequent to the inverse fast Fourier 

transform (IFFT) operation performed on each symbol 

group, the time domain signal belonging to the bth sub-

band is obtained as follows [16]: 
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In Equation (1), ( )bX k represents the bth sub-band 

frequency domain signal. N, k and B denote the subcarrier 

number, subcarrier indices and the total sub-band number, 

respectively. Following the operation of cyclic prefix to 

the time domain signals ( )bx n , the related signals are 

filtered one by one through the finite impulse response 

(FIR) filters and then added together to generate the 

UFMC signal specified by ( )s n . Hereby, the PAPR 

definition of the time domain signal acquired from the 

UFMC transmitter output is expressed in the following 

manner [16]: 
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where LCP and Lf represent the lengths of cyclic prefix and 

FIR filter, respectively. 

3.  SLM-Based PAPR Improvement in UFMC 

Signal 

Our way of applying the SLM technique [7, 8] to the 

UFMC transmitter was expressed visually in Figure 2. As 

demonstrated in Figure 2, in the first instance, the 
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information data acquired from the output of QAM 

modulator is given to the input of SLM block. The signals 

optimized by the SLM algorithm are then subjected to the 

fast Fourier transform (FFT) process in order to make the 

related signals suitable for being applied to the UFMC 

transmitter input. The frequency domain data sequence 

acquired from the output of FFT block are given to the input 

of  UFMC  transmitter.  Finally,  the  signals  achieved  from  

the UFMC transmitter output will possess the minimized 

PAPR values. The operations performed for achieving the 

UFMC signal with minimum PAPR employing the SLM 

technique are clarified below: 

At first, the information bits are subjected to any type 

of QAM modulation and in consequence of this, the 

following data sequence consisting of QAM symbols is 

obtained: 

             ( ) (0), (1),..., ( 1)X k X X X N= −                      (3) 

The sequence of ( )X k is then multiplied by the N length 

alternative phase rotation factor sequences 
( ) ( ) ( ) ( )( ) (0), (1),..., ( 1)u u u ub k b b b N = −   generated 

randomly where  ( ) ( ) 1, 1 , 0,1,...,ub k u U − = . U 

specifies the number of randomly generated phase factor 

combinations. Following the multiplication process, the 

phase rotated data sequence denoted by 
( ) ( )uX k can be 

expressed as follows: 
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(4)                                                      

Later on, 
( ) ( )uX k  is oversampled via the zero padding 

process in which (L − 1)N zeros are inserted into the related 

N length sequence: 
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(5) 

where L corresponds to the oversampling factor. The 

oversampled phase rotated data vector is subjected to the 

IFFT operation to attain the following signal in time 

domain: 
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The optimum phase rotation combination 
*( )b k  

minimizing the PAPR of 
( ) ( )ux n  signal can be found as 

follows: 
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where the arg min { } operator finds the optimum 
( ) ( )ub k  

minimizing the value of expression in the brackets. 

Subsequent to finding the optimum phase rotation 

sequence 
*( )b k , the optimized signal in time domain is 

acquired from the SLM output in the following way: 

21
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After that, 
*( )x n  is subjected to the FFT operation for 

being able to be used as an input data sequence in the 

UFMC transmitter. 
* ( )osX k  data sequence acquired from 

the FFT output corresponds to the zero inserted frequency 

 

Figure 2. The block diagram of PAPR reduction process employing SLM technique in the UFMC waveform 
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domain optimal data sequence *( )X k  which is equal to 

the multiplication of ( )X k  by the optimum phase factor 

combination *( )b k . After the FFT process, the resulting 

data vector * ( )osX k  is allocated to B sub-bands. The 

frequency domain data sequence belonging to the sub-band 

b is denoted by *( )bX k . Subsequent to fulfilling the next 

operation which is performing the IFFT process for every 

sub-band, two more operations called cyclic prefix and 

filtering are applied to the time domain signal *( )bx n , 

respectively and after that, the resulting signals on the 

multiple sub-bands are combined. Finally, the optimal 

UFMC signal denoted by *( )s n  with minimized PAPR is 

acquired from transmitter end. Exhaustive mathematical 

expressions of the operations performed after the 

acquisition of 
*( )x n to achieve the *( )s n can be found 

from [16]. 

 

4.  Simulation Results 

The SLM technique initially suggested for the OFDM 

was optimally integrated to the transmitter of UFMC 

scheme  in  order  to  get  the  maximum  PAPR  reduction 

performance from the related technique. In the simulations, 

the efficiency of SLM scheme on minimizing the PAPR of 

UFMC waveform was analyzed for varied number of phase 

sequence vectors each of which are generated in a random 

way. The complementary cumulative distribution function 

( CCDF = Pr[ PAPR>PAPR0 ] ) was utilized in the 

simulations for the analysis of PAPR reduction 

achievement. Following the analyses made on the PAPR 

improvements achieved in the UFMC signal, the effect of 

SLM technique on the level of side lobes and BER 

belonging to the UFMC signal amplified by one of the most 

commonly used nonlinear HPAs called solid state power 

amplifier (SSPA) [19], was investigated for various SLM 

and SSPA parameters such as the number of randomly 

generated phase factor combinations (U), input back off 

(IBO) value and the value of smoothness (p) coefficient. 

The parameters appointed for the simulations are yielded in 

Table 1. 

In Figure 3, an investigation on the SLM’s ability to 

reduce the PAPR of UFMC signal was carried out for 

various number of phase sequences. Figure 3 clearly 

demonstrates that the PAPR of original UFMC signal can 

be reduced significantly by increasing the value of U. For 

instance, since the performance of SLM technique 

escalates with the increase in the number of alternative 

phase sequences, the enhancement in the value of U from 

4 to 256 provides 5.8 dB PAPR improvement at CCDF = 

10−3. 

 

Table 1. Simulation parameters 
 

Number of subcarriers 32 

Type of modulation 4-QAM 

Value of oversampling factor L=8 

Size of FFT 256 

Number of sub-band 2 

Type of filter Dolph-Chebyshev 

Length of cyclic prefix LCP =16 

Frequency of sampling 3.84 MHz 

Type of HPA SSPA 

Type of channel AWGN 

 

 

Figure 3. The PAPR improvements achieved by the SLM 

scheme for different values of U 

 

Figure 4. The performance of SLM technique on suppressing 

the SSPA originated side lobe escalation in the UFMC 

waveform for several U values (IBO = 7, p = 1) 

 In Figure 4, the SLM performance on suppressing the 

side lobe escalation arisen from the usage of SSPA for 

amplifying the UFMC signal with high PAPR before the 

transmission process, was analyzed via the power spectral 

density (PSD) graph for several U values. As can be seen 

from the Figure 4, the side lobes of the original UFMC 
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signal were reduced from above the level of −30 dB to 

approximately −65 dB by enhancing the value of U from 

4 to 256. Since the signals with high PAPR are exposed to 

nonlinear amplification originated distortion by the SSPA, 

reducing the signal PAPR through the SLM technique 

leads to less distortion while amplifying the signal and 

consequently, high level side lobes arisen from the signal 

distortions are reduced as well. 

In Figure 5, the capability of the SLM procedure was 

evaluated with regard to its effect on the BER of the UFMC 

waveform for several IBOs. As distinctly viewed from the 

Figure 5, for each of the IBO values determined for this 

simulation, in case of increasing the number of phase 

sequences, the PAPR of UFMC is further improved and  

depending  on  this,  the amplification  of  the  related  

 

Figure 5. Performance of SLM procedure on reducing the SSPA 

originated BER increase in the UFMC waveform for different 

IBO values (p = 2) 

 

Figure 6. Performance of SLM scheme on reducing the 

SSPA originated BER increase in the UFMC waveform for 

different smoothness values (IBO = 0) 

signal via the SSPA is carried out with less degradation 

which results in a significant improvement in the BER 

performance. For instance, if the BER results at 20 dB 

signal-to-noise ratio (SNR) value for IBO = 5 dB are taken 

into consideration, the BER values achieved for 4, 16, 64 

and 256 phase sequences are equal to 4×10-5, 2.64×10-5, 

2.1×10-5 and 1.66×10-5, respectively while the BER of the 

original signal is equal to 6.75×10-5. Apart from this, 

increasing the value of IBO corresponding to the parameter 

that determines the distance of the operating point to the 

threshold value beyond which the SSPA reaches the 

saturation, gives rise to BER improvement in the UFMC 

waveform since the frequency of reaching the saturation 

region leading to signal distortions during the amplification 

process decreases. 

In Figure 6, the BER graph of the UFMC waveform 

utilizing the SLM technique for PAPR reduction was 

obtained with respect to the varied smoothness values. As 

can be easily realized from the Figure 6, the value of BER 

belonging to the UFMC waveform scales down with the 

increase in the number of alternative phase factor 

combinations generated for minimizing the PAPR of 

transmission signal. Besides, the enhancement in the value 

of smoothness coefficient symbolized by p escalates the 

linearity of SSPA. With an increased linearity of SSPA, 

the amount of degradation on the signals during the 

amplification process decreases and depending on this, a 

significant BER decrement occurs in the UFMC 

waveform. For instance, with the increase of coefficient p 

from 2 to 3, the BERs acquired by the SLM scheme for 4, 

16, 64 and 256 phase sequences at 20 dB SNR value 

decrease from 2.14×10-3, 1.81×10-3, 1.56×10-3 and 

1.39×10-3 to 3.34×10-5, 2.5×10-5, 1.87×10-5 and 1.56×10-5, 

respectively. 

 

5.  Conclusions 

In this paper, optimal integration of SLM technique 

initially suggested for OFDM was carried out in order to 

exploit full of its potential PAPR alleviation capability in 

the UFMC waveform. The amount of PAPR improvement 

carried out by the SLM scheme was demonstrated via the 

PAPR0 – CCDF( Pr[ PAPR>PAPR0]) graph in the 

simulations. From the related graph, the probability that the 

PAPR of the signal taken from the output of UFMC 

transmitter is greater than a certain PAPR value (PAPR0) 

can be easily seen. Besides, the capability of SLM strategy 

on lowering the SSPA originated spectral regrowth and 

BER increase was evaluated for different values of U, IBO 

and p via the PSD and BER graphs, respectively. The 

simulation results obviously demonstrates that it is possible 

to achieve serious improvements through the SLM 

technique in the PAPR, spectral characteristic and BER 

performance of the UFMC waveform. 
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