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Abstract—There are several different waveforms used by the 

latest generation of wireless communication technologies. 

The Universal Filtered Multicarrier (UFMC) was selected 

because of its compatibility with a wide variety of 

numerology systems and its symmetrical nature. However, 

the high peak-to-average power ratio (PAPR) is a significant 

challenge for UFMC designs. While the Power-Averaged 

Perceived Roughness (PAPR) metric pinpoints the signal's 

highest point, the Cubic Metric (CM) pinpoints its out-of-

band (OoB) and in-band (IB) distortion. Scrambling 

techniques like Selection Mapping (SLM) increase BER 

efficiency, while A-law and -law companding has been 

advanced to cut down on out-of-band interference (OBI) and 

PAPR, respectively. For companding techniques that don't 

introduce any distortions to the signal but increase PAPR and 

system complexity, the composite approach is utilized. 

Through simulation in MATLAB, we find that the SLM-

companding UFMC model provides superior CM 

performance. For high-order modulation (256QAM), the 

CCDF-CM was reduced to 52% relative to eight-phase 

rotation vectors, a significant improvement over the standard 

UFMC.   

 

Keywords—cubic metric reduction, 5G networks, universal 

filtered multicarrier  

 

I. INTRODUCTION 

New wireless communication technology has been 

expanding with larger data rates, which naturally leads to 

bigger bandwidths with low latency and good Quality of 

Service (QoS) [1, 2]. This is all due to the increasing 

popularity of online games and other multimedia services. 

According to [3], it is expected that 5G technology would 

have a greater data rate, system capacity by more than a 

factor of 1000 cell throughput by more than a factor of 25, 

and spectral efficiency by more than a factor of 10. 

Different topologies, modulation symbol formats, and/or 

sizes are required by the evolving waveform network 

 
 Manuscript received April 27, 2023; revised June 5, 2023, accepted June 

9, 2023.  

communications standards [4, 5]. Frequency division 

multiplexing (FDM), orthogonal frequency division 

multiplexing (OFDM), and state-of-the-art cyclic prefix-

orthogonal frequency division multiplexing (CP-OFDM) 

are all examples. As a part of 4G's Long-Term Evolution 

(LTE), CP-OFDM has seen widespread commercial 

deployment. But CP-OFDM fell short in LTE due to the 

need to accommodate a variety of numerologies and 

communication circumstances. Other forms of 

multiplexing include Filter Bank Multicarrier (FBMC), 

filtered Orthogonal Frequency Division Multiplexing (f-

OFDM) [6, 7], and Universal Filtered Multicarrier 

(UFMC), also known as universal filtered OFDM (UF-

OFDM) [8]. It is widely agreed that the UFMC is the 

optimal waveform for 5G networks [9−11]. 

The time-domain coherence of subcarriers is the 

primary cause of the high Peak-to-Average Power Ratio 

(PAPR) that plagues multicarrier modulation schemes [12]. 

The fundamental problem with the CP-OFDM system is 

the high PAPR, which has a detrimental effect on bit error 

rate (BER) performance and causes spectral corruption. 

High-performance HPAs are the standard method for 

avoiding the PAPR issue [13]. However, they are often 

costly and bulky. Besides, operating the HPA in the linear 

zone requires a considerable input back-off power, which 

reduces the efficiency of the power amplifier and increases 

the system's overall power consumption. Another 

approach that has been offered to battle the PAPR value is 

to increase the average power of the signal. However, this 

solution decreases the signal-to-noise ratio, which in turn 

degrades the BER performance [14, 15]. Therefore, 

decreasing the peak strength of the CP-OFDM signal 

before transmission is the proper answer to the high PAPR 

value. Many methods for reducing PAPR have been 

proposed in the literature to address this issue (see Fig. 1), 

and these methods may be roughly divided into two groups: 

one group introduces distortion, and the second group does 
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not introduce distortion [16, 17]. The former enhances 

signal characteristics in the frequency domain or time 

domain to lessen PAPR before transmission, while the 

latter destroys the high peak of the CP-OFDM signal in the 

time domain before transferring. 

The signal to the HPA. At the price of in-band distortion 

and out-of-band radiation, signal-distortion methods may 

drastically lower the PAPR value [18, 19]. As a result, the 

OFDM system's BER performance and frequency 

spectrum will degrade in ways that are not acceptable [20, 

21]. Clipping the signal, clipping and filtering, peak 

windowing, and companding transformations are all 

examples of methods that distort the signal [22−25]. 

 

Figure 1. PAPR reduction techniques. 

Since CP-OFDM signals likewise have prominent peaks, 

they are subject to the distortion technique known as 

companding [26]. M-law and A-law companding 

transforms are used to compress the OFDM signal and 

decrease PAPR while maintaining a manageable BER and 

minimal complexity [27, 28]. Probabilistic methods may 

also be used to alter the OFDM signal by adding or 

multiplying phase or optimization variables [29]. Selected 

Mapping (SLM) and SLM UFMC for the 5G waveform 

produce several OFDM symbols and then choose the one 

with the lowest PAPR[30]. Partial Transmit Sequences 

(PTS) are generated by slicing the OFDM symbol into 

independent subblocks [31, 32]. Moreover, combining 

them using weighted phase factors and finally selecting the 

phase factors such that the PAPR of the resulting signal is 

minimized. Any of these strategies may be coupled with 

others to form hybrid approaches that are tailored to the 

specifics of each system. Combining approaches like PTS 

with others like linear or non-linear companding [33] or 

SLM with PTS may minimize hardware and 

computational difficulties by lowering PAPR compared to 

using only one of these methods alone [34, 35]. 

One of the emerging waveform candidates for 5G 

networks is the UFMC system. High spectral efficiency is 

anticipated from UFMC because of its low latency, 

resistance to frequency offset, and suppression of radiation 

[36]. As was previously indicated, the UFMC system's 

multicarrier transmission technology benefits come at the 

expense of high PAPR [37, 38]. Therefore, in this research, 

it is suggested to combine the UFMC signals with a hybrid 

SLM-Mu Low companding. As a result, the hybrid SLM-

Mu-low companding method's mathematical model is 

provided with an analysis of its PAPR, BER, and 

computing complexity. The performance of the approach 

in terms of the nonlinearity of the high-power amplifier is 

estimated using the Cubic Metric (CM) [39]. To determine 

how the power amplifier affects the signal, the CM is 

utilized in [40]. In conclusion, decreasing the number of 

candidates will decrease the reserved bits as side 

information and reduces the computational complexity at 
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the same time. Hence, it is worth controlling the number 

of candidates to get perfect results. Thus, there is a trade-

off between the reduction performance and the 

computational complexity. Table I summarizes the 

previous related studies in the frequency domain, time 

domain, and the limitation of the applicable techniques.  

TABLE I: SUMMARY OF THE IMPORTANT PREVIOUS WORKS 

Author Problem Waveform 

Method in  

Frequency 

domain 

Method in 

Time domain 

Method in 

hybrid 

domain 

Limitations 

(Sameh et al. )[41]  PAPR UFMC SLM   

It produces a very high 

computational complexity 

and does not using cubic 

matric as evaluate 

(Pooja et al.) [42] PAPR UFMC SLM 

Clipping, 

companding 

and (clipping 

&filtering) 

 
It does not use cubic matric 

as evaluate and the PRV 

(Rani et al.) [43] PAPR UFMC SLM clipping SC-UFMC 

It produces a very high 

computational complexity 

and does not using cubic 

matric as evaluate 

(Deepa et al.) [44] PAPR OFDM SLM   

It does not use cubic matric 

as evaluate and the PRV and 

high complexity as well aa 

using IFFT adding to the 

system 

(Pushkarev et al.) 

[45] 
PAPR OFDM SLM PTS 

SLM-PTS 

 

It produces a very high 

computational complexity 

and side information bits 

(Satyavathi et al. ) 

[46] 
PAPR OFDM SLM PTS 

Applying 

(IDHT) on 

the hybrid 

algorithm 

(SLM-PTS) 

It produces a very high 

computational complexity 

and side information bits 

(Singh et al.)  [47] PAPR OFDM SLM PTS SLM-PTS 

It produces a high 

computational complexity 

and side information bits 

(Wang et al.) [48] PAPR OFDM SLM PTS SLM-PTS 

It produces a high 

computational complexity 

and side information bits 

(Tiwari et al.) [49] PAPR OFDM SLM PTS SLM-PTS 

Its PAPR performance is 

lower than that of PR-PTS 

and does not using cubic 

matric as evaluate 

TABLE II. LIST OF ACRONYMS  

Adjacent channel leakage ratio ACLR 

Bit Error Rate BER 

Complementary Cumulative Distributive Function CCDF 

Cubic Metric CM 

Cyclic prefix-orthogonal frequency division multiplexing CP-OFDM 

Filter Bank Multicarrier FBMC 

Frequency division multiplexing FDM 

Filtered Orthogonal Frequency Division Multiplexing F-OFDM 

High-Power Amplifier HPA 

Inverse Discrete Fourie Transform IDFT 

Long-Term Evolution LTE 

Orthogonal frequency division multiplexing OFDM 

Peak-to-Average Power Ratio PAPR 

Physical Resource Block PRB 

Partial Transmit Sequences PTS 

Raw Cubic Metric RCM 

Selected Mapping SLM 

Quality of Service QoS 

Universal Filtered Multicarrier UFMC 

Wide-Code Division Multiple Access W-CDMA 

Journal of Communications, vol. 18, no. 9, September 2023

557



 

Finally, Table II presents the list of acronyms. This 

article is structured as follows. In Section II, the details of 

the resources and procedures are presented. In Section III, 

the mathematical models of the suggested procedure SLM-

UFMC are laid out. Section IV presents the findings and 

discussion. Section V presents the study's findings and 

suggestions for further investigation. 

II. SUBSTANCES AND TECHNIQUES 

A. Conditions for the Experimental Model 

The simulation's experimental experiments hope to 

boost 5G performance by reducing PAPR. It is 

recommended to use the Hybrid Method SLM-Mu low 

UFMC to identify the optimal wave with the minimum 

PAPR and CM. After that, the Hybrid Method SLM-Mu 

low UFMC is compared to the results of a simulation 

program testing three different waveforms. In Fig. 2, the 

primary procedures for implementing the simulation of the 

Hybrid Method SLM-Mu low UFMC and the other 

waveforms are shown. The core of the simulation model is 

made up of five distinct parts.  

To begin, simulation environments are built using the 

Parameter sitting for the simulation. The core features of 

5G, such as data rate, packet size, and the number of 

devices, are all included in this module. In the second place, 

the 5G waveform (UFMC, CP-OFDM), and then the 

implementation of the Hybrid Method SLM-Mu low 

UFMC model and the already existing UFMC and Hybrid 

Method SLM-Mu low-CP-OFDM models. Multiple 

solution-tracking windows have been included with this 

component [50].  

To evaluate the performance of the proposed model in 

comparison with the tested waveforms, testing scenarios 

with varying states are generated using a range of QAM 

counts (e.g., 4, 8, 16, 64, 256). In each iteration of a given 

waveform, the situations are varied slightly. In the 

Evaluation metric section, the Hybrid Method SLM-Mu-

UFMC, Mu-low UFMC, Mu-low CP-OFDM, Hybrid 

Method SLM-Mu-CP-OFDM, and traditional UFMC and 

CP-OFDM are compared using the performance metrics of 

CCDF and BER. Finally, windows-based graphs of the 

findings and visualizations are shown. 

 

 

Figure 2. Simulation design-Please provide higher resolution figures 

B. The Criteria for Assessment 

The PAPR of a Complementary Cumulative 

Distributive Function (CCDF) is the likelihood that the 

CCDF has a positive expected value [51]. 

 𝑃𝐴𝑃𝑅 = 10 log10 [
max|𝑥(𝑘)|2

𝐸[|𝑥(𝑘)|2]
]                                     (1) 

where 𝐸[|𝑥(𝑘)|2]  is the mathematical operation that, 

when applied to the signal 𝑥(𝑘), yields its mean strength. 

High peaks delivered into the high-power amplifier (HPA) 

will cause it to enter its saturation area, leading to system 

damage. This means that the peaks can't be too steep. New 

evidence suggests that the PAPR measure cannot reliably 

forecast HPA power de-rating; as a result, the 3GPP has 

moved to a new metric, the cubic metric (CM) [52]. 

𝐶𝑀 =
20 log10{𝑟𝑚𝑠[𝑥𝑛𝑜𝑟𝑚

3 (𝑘)]}−20 log10{𝑟𝑚𝑠[𝑥𝑟𝑒𝑓
3 (𝑘)]}

𝐾
 𝑑𝐵    (2) 

The RCM of a Wide-Code Division Multiple Access 

(W-CDMA) speech signals is represented by the 

expression where 20 log10{𝑟𝑚𝑠[𝑥𝑛𝑜𝑟𝑚
3 (𝑘)]}  is the raw 

cubic metric (RCM) of the signal 𝑥(𝑘)  and  

20 log10{𝑟𝑚𝑠[𝑥𝑟𝑒𝑓
3 (𝑘)]}  is a constant reference. It was 

determined that the reference signal was 1.25 dB [53]. The 

numerator represents a wide variety of signals suggested 

for LTE applications, while the denominator is the 

empirical slope factor, which is found experimentally to be 

1.56. Additionally, 𝑟𝑚𝑠(𝑥) may be determined by 

 𝑟𝑚𝑠(𝑥) = √
𝐱𝐱

𝑁
 (3) 

 

and 

 𝑥𝑛𝑜𝑟𝑚(𝑘) =
|𝑥(𝑘)|

𝑟𝑚𝑠(𝑥(𝑘))
 (4) 

 

In Eqs. (1-4), x represents the signal in its vector form. 

In other words, power de-rating describes how HPA power 

reduction impacts system performance. Adjacent channel 

leakage ratio (ACLR) is the ratio of the mean power 

allocated to a given channel to the mean power assigned to 

an adjacent channel [54]. This ratio is caused by the 

nonlinearity of the HPA. It has been determined that an 

ACLR of 30dB is necessary for effective functioning in 
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LTE systems [55]. The HPA operation is worth 

introducing to provide context for the preceding topic.  

 𝑣𝑜(𝑡) = 𝐺1𝑣𝑖(𝑡) + 𝐺3𝑣𝑖
3(𝑡) (5) 

 

where G1 and G2 represent the linear and cubic gain, 

respectively, of the power amplifier's intended layout. A 

power amplifier's power de-rating is the amount of power 

cutback needed to fulfill the transmitting system's ACLR 

criteria. Thus, the nonlinearity source in the power 

amplifier, the primary cause for the ACLR, is revealed by 

the second term in the final equation. Assuming the final 

expression's input to the HPA contains two adjacent 

frequencies: 

 𝑥1,2(𝑘) = 𝐴1𝑒
𝑗𝜃1 + 𝐴2𝑒

𝑗𝜃2 (6) 

 

where 𝜃1 = 2𝜋𝑘
𝑎

𝑁
 and 𝜃2 = 2𝜋𝑘

𝑏

𝑁
 are the two sets of 

matching constellations point data, a and b are two nearby 

frequency indices. Finally, the formula for the two 

neighboring frequencies is 

 

 

𝑥1,2(𝑘) = 𝐺1[𝐴1𝑒
𝑗𝜃1 + 𝐴2𝑒

𝑗𝜃2]

+ 𝐺3[𝐴1𝑒
𝑗𝜃1

+ 𝐴2𝑒
𝑗𝜃2]

3
 

(7) 

Then adding a cube to the word leads to: 

 

𝑥1,2(𝑘) = 𝐺1[𝐴1𝑒
𝑗𝜃1 + 𝐴2𝑒

𝑗𝜃2]

+ 𝐺3[𝐴1
3𝑒𝑗3𝜃1

+ 𝐴2
3𝑒𝑗3𝜃2

+ 3𝐴1
2𝐴2𝑒

𝑗(2𝜃1+𝜃2)

+ 3𝐴1𝐴2
2𝑒𝑗(𝜃1+2𝜃2)] 

(8) 

 

The linear basic signal frequencies are denoted by the 

first phrase, while the nonlinear frequencies are denoted by 

the second. Therefore, in the final expression, the words 

3𝐴1
2𝐴2𝑒

𝑗(2𝜃1+𝜃2) + 3𝐴1𝐴2
2𝑒𝑗(𝜃1+2𝜃2)  , which do not take 

into account any other terms that could have an influence, 

are the major impetus to ACLR [56]. This intermodulation 

occurs because of the 2𝜃1 + 𝜃2 and 𝜃1 + 2𝜃2 frequencies 

generated by the cubic terms. In a nutshell: 

 

 

𝑥(𝑘)

= 𝐺1∑𝑋𝑛𝑒
𝑗2𝜋𝑘

𝑛
𝑁

𝑁−1

𝑛=0

+ 𝐺3∑(𝑋𝑛
3𝑒𝑗2𝜋𝑘

3𝑛
𝑁 + 𝑋𝑛+1

3 𝑒𝑗2𝜋𝑘
3𝑛+3
𝑁 )

𝑁−1

𝑛=0

+ 3𝐺3∑ ∑ (𝑋𝑛
2𝑋𝑛+𝑐𝑒

𝑗2𝜋𝑘
𝑛−𝑐
𝑁

𝑁−𝑛−1

𝑐=1

𝑁−1

𝑛=0

+ 𝑋𝑛𝑋𝑛+𝑐
2 𝑒𝑗2𝜋𝑘

𝑛+2𝑐
𝑁 ) 

(9) 

 

Using Eqs. (8-9), we find that the third intermodulation 

component is the true origin of ACLR. As a result, the 

cubic metric will provide more precise results for 

calculating the power back-off of power amplifiers than 

the PAPR measure would. 

The BER is the ratio of the number of errors (𝑁𝐸𝑟) to the 

total number of bits transported (𝑁𝑏𝑖𝑡𝑠 ) throughout the 

period under study ( 𝐵𝐸𝑅 = 𝑁𝐸𝑟/𝑁𝑏𝑖𝑡𝑠 ). It is often 

represented as a percentage but has no standard unit of 

measurement [57]. 

III. CALCULATIONS AND MODELLING 

A. Modeling the UFMC System 

Based on the original OFDM system, UFMC may be 

thought of as a more generalized OFDM. This OFDM 

scheme is under consideration: 

 𝑥(𝑘) =
1

√𝑁
∑𝑋(𝑛)𝑒𝑗2𝜋

𝑛𝑘
𝑁

𝑁−1

𝑛=0

 (10) 

The final formula contains the OFDM signal, denoted 

by x, as an IDFT of dimension N, with k denoting the time 

domain and n the frequency domain. Quadrature multi-

level amplitude modulation, often known as so-called M-

QAM mapping, generates a random value for X. 

Mathematically, CP-OFDM without the cyclic prefix may 

be produced by applying a filter to the whole band; take 

into account the matrix format of Eq. (10): 

 x = W ∙ X (11) 

where W is a NN IDFT matrix and N is the total number 

of subcarriers. When filter Eq. (12) is put into action, the 

resulting CP-OFDM is: 

 x = F ∙ W ∙ X (12) 

where F is the Toeplitz matrix of the finite impulse 

response (FIR) filter that performs the convolution across 

the N-subcarrier band. The UFMC system may be 

accessed if the whole band is split into R sub-bands [57]: 

 x =∑F𝑟  ∙ W𝑟 ∙ X𝑟

𝑅

𝑟=1

 (13) 

where the M-QAM symbol entries of Xr are first 

transformed into the time domain following the column of 

the IDFT matrix Wr that corresponds to the requested 

frequency subband r, the UFMC system shown in Fig. 2 is 

defined by the final statement. The finalized mapping 

strategy is then presented and incorporated into the UFMC 

platform. However, the filter length is very important for 

the system's architecture. For example, the system 

simplifies to FBMC if the filter length P1 and X includes 

a single M-QAM symbol. Doing the filtering procedure in 

blocks eliminates the drawbacks of FBMC and allows for 

greater leeway in terms of system design and performance. 

In LTE parlance, a block-wise allocation is made using a 

physical resource block (PRB). 
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B. Strategies for Lowering PAPR 

1) The SLM system based on the UFMC architecture 

One effective frequency-domain method for lowering 

PAPR in OFDM systems is the SLM procedure. The basic 

idea is to generate B duplicates of the M-QAM modulating 

data vector, blend them elementwise with phase rotational 

vectors to get B applicants, perform an IDFT on each 

applicant, and then choose the one with the lowest PAPR 

(as computed after the IDFT block). B phase rotation 

vectors must be orthogonal to each other, and the phase 

rotation vectors are selected such that element-wise 

multiplications of any two elements of the vector do not 

exhibit a periodic pattern [58]. That is, after including the 

phase rotation vector, 𝑋𝑟 in Eq. (14) looks like this: 

 X𝑟
𝑏 = p𝑏 × X𝑟 (14) 

where  

 

X𝑟
𝑏 =

[
 
 
 
 
𝑋𝑟,0
𝑏

𝑋𝑟,1
𝑏

⋮
𝑋𝑟,𝑁−1
𝑏 ]

 
 
 
 

, p𝑏 =

[
 
 
 
𝑝0
𝑏 0

0 𝑝1
𝑏

⋯ 0
⋯ 0

⋮ ⋮
0 0

⋱ 0
⋯ 𝑝𝑁−1

𝑏 ]
 
 
 

, X𝑟 = [

𝑋𝑟,0
𝑋𝑟,1
⋮

𝑋𝑟,𝑁−1

] 

(15) 

Additionally, b represents the p index of the stage 

rotational vector. Then, we can write down the UFMC-

based SLM as, 

 x𝑏 =∑F𝑟  ∙ W𝑟 ∙ [p
𝑏 × X𝑟]

𝑅

𝑟=1

 (16) 

or 

 x𝑏 =∑F𝑟  ∙ W𝑟 ∙ X𝑟
𝑏

𝑅

𝑟=1

 (17) 

To rephrase, because UFMC-based SLM is currently 

producing B applicants, the one with the lowest PAPR will 

be chosen for further transmission. Statistical difficulty in 

the situation shown in (17) above may be estimated as a 

regular CP-OFDM case [59].  For example, the CP-OFDM 

shares the same amount of complex multiplication and 

addition operations as the UFMC. This means that the total 

number of complex multiplications is: 

 𝜇 =
𝑁

2
log2(𝑁) 

(18) 

While we may express the total number of complicated 

additions as[59]: 

 𝛼 = 𝑁 log2(𝑁) (19) 

To rephrase, the SLM scheme, which represents the 

PAPR/CM reduction strategy, will lead to an increase in 

the total amount of complicated operations for 

multiplication proportional to B, the number of applicants: 

 𝜇𝑆𝐿𝑀 = 𝐵
𝑁

2
log2(𝑁) 

(20) 

To get the entire amount of SLM candidates, we use the 

following equation: 

 𝛼𝑆𝐿𝑀 = 𝐵𝑁 log2(𝑁) 
(21) 

The SLM approach, in contrast, is a stochastic method; 

as a result, the BER will be unaffected; the more serious 

computing difficulty is a price worth paying for the very 

intriguing results. However, for the data to be retrieved, 

SLM must provide additional details to the receiver. There 

are just a few pieces of supplementary data, and they may 

be deduced as follows: 

 𝛿 = log2(𝐵) 
(22) 

In other words, reducing the number of applicants 

simultaneously decreases computing complexity by 

reducing the number of bits reserved as side information. 

Therefore, limiting the pool of potential applicants might 

provide better outcomes. As a result, there is a trade-off 

between reduction efficiency and computational burden. 

2) System for compiling logarithmic laws using Data from 

the UFMC 

a) law commanding 

A linear portion of the compressor characteristic is used 

for low-level inputs, while a logarithmic portion is used for 

high-level inputs in this compacting technique. 

Characteristics of the A-law compressor for a range of A 

values. At the value A=1, the quantization is uniform, and 

the characteristic is linear (no compression). The 

beginning of an A-law is midrise. Therefore, it must have 

a value other than zero [60]. “A” has a useful value of 87.6 

in everyday situations. PCM telephone systems use the A-

law coding scheme [61]. The characteristic's linear portion 

corresponds to low-level inputs, while the logarithmic 

portion applies to high-level inputs. The primary drawback 

of OFDM and UFMC may be mitigated with this method. 

 
y(x)

=

{
 
 

 
 

y𝑚𝑎𝑥

𝐴|x|
xm2x
(1 + A)

sgn (x)

y𝑚𝑎𝑥  
[1 + log𝑒  [

𝐴|x|
xm2x

]]

(1 + loge A)
sgn (x)

0 <
|x|

x𝑚𝑎𝑥
≤
1

A
1

A
<

|x|

x𝑚𝑎𝑥
≤ 1

 

 

(23) 

where 

• X = Signal input. 

• Y = Final result or output signal. 

• Input sign (X) may be positive (+) or negative (-) 

values. 

• This is the absolute value of X, written as |X|. 
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• (Consultative Committee for International Telephony 

and Telegraphy) CCITT defines A as = 87.6. 

b) μ-law aggregation method 

The compression feature in -law expanding is non-

uniform; it has a linear portion for low-level inputs and an 

exponential portion for high-level inputs. The features of 

the -law compressor are shown for a range of values in Figs. 

5-15. The compressed level increases as it increases. 

Linearity (no reduction) in the characteristic is seen at =0, 

which is consistent with a uniform quantization. The root 

of -law is mid-tread. Consequently, its value is zero. "Has 

a practical value of 255[62]. 

Using the -Law encoding features, we may characterize 

the signal as: 

 

 𝑦(𝑥) = 𝑉
log(1 + 𝜇

|𝑥|
𝑉
)

log (1 + 𝜇)
sgn (𝑥) 

 

(24) 

where V represents the maximum amplitude of the signal 

and x represents its instantaneous amplitude. Simply said, 

decompression is Eq. (24), backward. While the resolution 

of big signals is reduced, the resolution of tiny signals is 

improved by compression. Since peaks occur less often, 

the impact of the quantization noise due to the loss in 

resolution of the peaks is quite minimal. The compression 

mechanism presented here works by boosting weaker 

signals while leaving stronger peaks alone [63]. 

 

 

Figure 3. The proposed Universal Filtered Multicarrier (UFMC) baseband transceiver. 

Fig. 3 depicts the suggested approach, which is a 

combination of SLM and companding methods. QAM 

(41.664256) keying technique is employed in this 

proposed approach to map the algorithm for the high data 

rate signal stream. The phase factors (4, 6, 8) are multiplied 

by the mapped signal at each subblock. Separate subblock 

signals are transformed into a single time-domain 

subblock UFMC signal. The -Law companding method is 

used to compress the subblock-UFMC signal. Finally, the 

best PAPR is chosen. Due to the lack of signal distortion 

introduced by the SLM mapping method, BER 

performance is not affected. But the complexity of the 

communication infrastructure is expected to grow. The 

companding method improves PAPR performance with 

little added complexity by amplifying the weak signal 

while dampening the strong one. The computational 

difficulty of μ-Law compression is said to vary with the 

encoding μ order.  

 𝜇𝑐𝑜𝑚𝑝𝑎𝑛𝑑𝑖𝑛𝑔  =
𝑁

2
log2(𝑁) (25) 

 

 𝛼𝑐𝑜𝑚𝑝𝑎𝑛𝑑𝑖𝑛𝑔 = 𝑁 log2(𝑁) (26) 

 

 μ𝑙𝑜𝑤 𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦 = log2(μ) (27) 

IV. RESULTS AND DISCUSSION 

In this paper, four different scenarios are presented, 

each of which is carried out in the order M of the 

constellation. Table I provides a quick overview of the 

simulation settings utilized in what follows. According to 

Table I, there are 20 PRBs, and each PRB has 14 

subcarriers, with QPSK, 16 QAM, 64 QAM, and 256 

QAM being used to modulate each subcarrier. This results 

in 2, 4, 6, and 8 binary bits being sent in each of the four 

cases. These settings are chosen in compliance with LTE 

specifications. In addition, there are 4, 6, and 8-PRVs in 

each possible outcome. To further lessen processing and 
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complexity, the value of the -law companding is set to 6. 

The results of the simulation using 4-PRV and QPSK 

mapping are shown in Fig. 4a-b. These values correspond 

to the first-line entries in Table III. 

The first case in Table III has a PRV of 4 and a 

modulation order of QPSK/4QAM. Fig. 4a shows that 

using the companding technique, the CCDF/CM is 

reduced from 7.375dB to 3.5dB using traditional UFMC 

and to 6.5dB and 3.375dB using CP-OFDM. The μ-law is 

6 orders. Surprisingly, frequency-time-domain CCDF/CM 

reduction method, as shown in Fig. 4a, SLM-companding 

was found the conventional UFMC and CP-OFDM reduce 

the CCDF/CM from 7.375dB to 3.875dB and 6.5dB and 

3.625dB, respectively. According to the BER result, as 

shown in Fig. 4b, the BER for the UFMC and CP-OFDM 

is increased when using the companding method. On the 

other hand, the BER for UFMC and CP-OFDM is 

decreased when using the SLM- companding technique 

due to the SLM being a distortion-less technique. Whereas 

the complexity of the system is increased due to the side 

information. 

TABLE III. SIMULATION PARAMETERS FOR SLM-Μ-LAW-CP-

ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING (OFDM), SLM-Μ-

LAW-UFMC, AND CONVENTIONAL CP-OFDM AS WELL AS UFMC 

N Size of 

IFFT 

No. of 

Subcarrier

s 

No. of 

PRB 

No. of 

PRV 

-μ-

law 

M 

Constellation 

Order 

512 14 20 
4, 6, 

and 8 
6 4 

512 14 20 
4, 6, 

and 8 
6 16 

512 14 20 
4, 6, 

and 8 
6 64 

512 14 20 
4, 6, 

and 8 
6 256 

 

 

 

Figure 4. The 4-QAM, 6-μ-law, and 4-PRV results of scenario 1.  

Figure 5. The 4-QAM, 6-μ-law, and 6-PRV results of scenario 1 

A. CCDF/CM                    B. BER 

A. CCDF/CM                              B. BER 
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Six PRV were used in a setting where four PRV were 

used for QPSK/4QAM. Fig. 5a shows that the CCDFCM 

for CP-OFDM is 6.5dB, whereas that of standard UFMC 

is 7.375 dB. The CCDF\CM for UFMC and CP-OFDM 

with the SLM-companding technique is reduced to 3.375 

dB and 3.125dB, with a reduction of 4dB and 3.375dB, 

respectively. At the same time, the performance for the 

companding does not change due to no change for the 

parameter related to the companding method. 

 For more accuracy in the result for the system, the BER 

performance is the same performance for μ-law-UFMC 

and SLM-μ-law UFMC as well as CCDF\CM performance. 

Mean that it could make the tard-off between the 

CCDF\CM performance, BER performance, and the 

complexity of the system.

 

Figure 6. The 4-QAM, 6-μ-law, and 8-PRV results of scenario 1. 

In the last case in the first scenario, the PRV order 

increased to 8. In Fig. 6a, the CCDF/CM for SLM-

companding UFMC and CP-OFDM   is reduced from 

6.125dB to 3.125dB and 5.875dB to 2.875dB, respectively. 

According to Fig. 6b, the BER SLM-companding UFMC 

and CP-OFDM had better performance when increasing 

the SNR. In conclusion, Table II together mentions the 

three cases for the first scenario results with those obtained. 

To be fair, the best optimization, according to Table IV, 

when using the QPSK /4QAM,6PRV, and 6 order μ-law 

companding.in addition, low complexity and suitable BER 

compare with other cases. 

TABLE IV. COMPILING UFMC AND CP-OFDM, SLM — LAW UFMC AND CP-OFDM, AND CONVENTIONAL UFMC AND CP-OFDM SIMULATION 

RESULTS FOR THE FIRST SCENARIO (QPSK/4-QAM) 

Waveform  No. of PRV 

CCDF/CM  

Before 

Reduction in dB 

CCDF/CM μ-law  

After Reduction in 

dB 

CCDF/CM SL- μ-law  

After Reduction in dB 

CCDF/CM μ-law 

Reduction in dB 

CCDF/CM SL- μ-

law Reduction in dB 

CP-OFDM  4 6.5 3.375 3.625 3.125 2.875 

UFMC  4 7.375 3.5 3.875 3.875 3.5 

CP-OFDM  6 6.5 3.125 3.125 3.375 3.375 

UFMC  6 7.375 3.375 3.375 4 4 

CP-OFDM  8 5.875 3.25 2.875 2.625 3 

UFMC  8 6.125 3.5 3.125 2.625 3 

 

Figure 7. The 16-QAM, 6-μ-law, and 4-PRV results of scenario 2 .

A. CCDF/CM                    B. BER 

A. CCDF/CM                    B. BER 

Journal of Communications, vol. 18, no. 9, September 2023

563



 

The increased modulation order to 16QAM with four 

PRV was used in the second scenario in both 5G 

waveforms. Both performance reduction of SLM-

companding UFMC and SLM-companding CP-OFDM 

were more efficient than the μ-law companding 

performance. The conventional UFMC and CP-OFDM 

reduce the CCDF/CM for SLM-companding shown in Fig. 

7a from 7.25dB to 4.625dB and 6.5dB to 4.25dB, 

respectively. On the other hand, in Fig. 7a, the SLM-

companding UFMC and CP-OFDM are reduced from 

7.25dB to 3.9dB and 6.5dB to 3.625 dB. Generally, the 

performance of reduction for UFMC when increasing the 

order of modulation is more efficient than the CP-OFDM 

in both techniques. According to Fig. 7b, the BER 

performance, when increasing the SNR, the UFMC better 

CP-OFDM. In addition, the UFMC is more suitable for the 

short burst, which means that the User is near the Base 

station. 

 

 

Figure 8. The 16-QAM, 6-μ-law, and 6-PRV results of scenario 2.  

 

Figure 9. The 16-QAM, 6-μ-law, and 8-PRV results of scenario 2  

 

 

Figure 10. The 64-QAM, 6-μ-law, and 4-PRV results of scenario 3.  

A. CCDF/CM                    B. BER 

A. CCDF/CM                    B. BER 

A. CCDF/CM                    B. BER 
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Figure 11. The 64-QAM, 6-μ-law, and 6-PRV results of scenario 3.  

 

Figure 12. The 64-QAM, 6-μ-law, and 8-PRV results of scenario 3.  

The simulation results for the last example in the second 

scenario are shown in Fig. 8a− Fig. 9a; this case uses 16-

QAM with 6-8-PRV for the CCDF/CM. Fig. 8a shows a 

reduction in noise floor from 7.25 dB to 3.375 dB for CM 

SLM-companding UFMC and from 6.5 dB to 3 dB for CP-

OFDM. Fig. 9a shows a reduction in noise from 7.25 dB 

to 3.375 dB and 6 dB to 2.875 dB when the PRV is raised. 

However, this does not affect the UFMC’s performance. 

Increasing the PRV count eventually reduces CM but at 

the expense of added complexity. The results of the second 

set of situations are compiled in Table V. Compared to CP-

OFDM, UFMC achieves superior performance reduction 

in both companding and SLM-companding. 

TABLE V. SIMULATION RESULTS OF THE SECOND SCENARIO (16-QAM), COMPANDING UFMC AND CP-OFDM, SLM-Μ-LAW UFMC, AND CP-

OFDM, AND CONVENTIONAL UFMC AND CP-OFDM 

Waveform  

No. 

of 

PRV 

CCDF/CM  

Before 

Reduction 

in dB 

CCDF/CM μ-law  

After Reduction in dB 

CCDF/CM SL- μ-law  

After Reduction in dB 

CCDF/CM μ-law   

Reduction in dB 

CCDF/CM SL- μ-law  

Reduction in dB 

CP-OFDM  4 6.5 4.25 3.625 2.25 2.875 

UFMC  4 7.25 4.625 3.9 2.625 3.35 

CP-OFDM  6 6.5 4.25 2.875 2.25 3.625 

UFMC  6 7.25 4.625 3.375 2.625 3.875 

CP-OFDM  8 6 4.25 2.875 1.75 3.125 

UFMC  8 7.25 4.625 3.375 2.625 3.875 

The third case provides a further improvement to the 

basebands-to-64-QAM mapping. In a broad sense, the 

importance of CM rose with the order of modulation. The 

achievement of the first case of this scenario is the 4-PRV 

which results in a CCDF/CM companding of UFMC and 

CP-OFDM as shown in Fig. 10a is 6.625dB to 4dB and 

5.875dB to 6.625 to 4.375dB, respectively. On the other 

hand, the SLM-companding technique for UFMC and CP-

OFDM reduces the CCDF/CM from 6.625dB to 4dB and 

3dB to 6.625 to 3.5dB, respectively. Eventually, the SL- μ-

law reduction is more efficient than the μ-law reduction 

with the UFMC waveform. According to Fig. 10b, the 

A. CCDF/CM                    B. BER 

A. CCDF/CM                    B. BER 
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worst performance of BER is the covenantal CP-OFDM, 

whereas the best BER performance is covenantal UFMC 

when increases the SNR. Fig. 11a and Fig. 12a show us 

clearly that when the modulation order is raised, so too 

must be the PRV. Fig. 11a demonstrates that the CM does 

not fare any better than the 4-PRV. Fig. 12a demonstrates 

how increasing the PRV results in a decrease in SLM-

companding UFMC and CP-OFDM from 6.625dB to 

3.75dB and from 5.875dB to 3.5dB, respectively. 

Table VI. The SLM-companding technique for UFMC 

and CP-OFDM in all cases in this scenario has more 

reduction in the CM. Moreover, the SLM-companding 

technique for UFMC has a better reduction than the SLM-

companding technique for CP-OFDM. 

TABLE VI. SIMULATION RESULTS OF THE SECOND SCENARIO (16-QAM), COMPANDING UFMC AND CP-OFDM, SLM-Μ-LAW UFMC, AND CP-

OFDM, AND CONVENTIONAL UFMC AND CP-OFDM 

Waveform  

No. 

of 

PR

V 

CCDF/CM  

Before Reduction in 

dB 

CCDF/CM μ-law  

After Reduction in 

dB 

CCDF/CM SL− μ− 

law  

After Reduction in dB 

CCDF/CM μ-

law   

Reduction in dB 

CCDF/CM SL− μ − 

law  

Reduction in dB 

CP−OFD

M  
4 5.875 4 3.5 1.875 2.375 

UFMC  4 6.625 4.375 3.75 2.25 2.875 

CP−OFD

M  
6 5.5 3.875 3 1.625 2.5 

UFMC  6 6.125 4.125 3.25 2 2.875 

CP−OFD

M  
8 5.375 3.75 2.75 1.625 2.625 

UFMC  8 5.875 4.125 3 1.75 2.875 

 

Figure 13. The 256-QAM, 6-μ-law, and 4-PRV results of scenario 4.  

 

Figure 14. The 256-QAM, 6-μ-law and 6-PRV results of scenario 4.  

A. CCDF/CM                    B. BER 

A. CCDF/CM                    B. BER 
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In the third and final case, the 256-QAM modulation 

order increased, allowing for the use of 4, 6, and 8-PRV 

with a 6 μ-law companding order. Figs. 13–15a 

demonstrates that the UFMC may be lowered by 2.75dB, 

2.75dB, and 3.375dB using the SLM-companding 

approach for 4-PRV, 6-PRV, and 8-PRV, respectively. 

However, as can be shown in Figs. 13–15, the UFMC is 

lowered by 2.25dB for 4-PRV, 1.875dB for 6-PRV, and 

2.25dB for 8-PRV when compared to the -law case. Figs. 

13–15a demonstrate that the CP-OFDM waveform is 

attenuated 2.75dB for 4-PRV, 2.375dB for 6-PRV, and 

2.125dB for 8-PRV using SLM-companding method and 

μ-law companding. Table VII and VII when. displays the 

final scenario's outcomes. 

 

Figure 15. The 256-QAM, 6-μ-law, and 8-PRV results of scenario 4.  

TABLE VII. SIMULATION RESULTS OF THE SECOND SCENARIO (16-QAM), COMPANDING UFMC AND CP-OFDM, SLM-Μ-LAW UFMC AND CP-

OFDM, AND CONVENTIONAL UFMC AND CP-OFDM.  

Waveform  

No. 

of 

PRV 

CCDF/CM  

Before Reduction in 

dB 

CCDF/CM μ-law  

After Reduction in 

dB 

CCDF/CM SL−  μ− 

law  

After Reduction in dB 

CCDF/CM μ− 

law   

Reduction in dB 

CCDF/CM SL−  μ− 

law  

Reduction in dB 

CP−OFDM  4 6 4 3.5 2 2.5 

UFMC  4 6.5 4.25 3.75 2.25 2.75 

CP−OFDM  6 5.625 3.75 3.25 1.875 2.375 

UFMC  6 6 4.125 3.25 1.875 2.75 

CP−OFDM  8 6.125 4 2.87 2.125 3.255 

UFMC  8 6.5 4.25 3.125 2.25 3.375 

 

 

TABLE VIII. PERCENTAGE CM REDUCTION COMPARISONS OF THE UFMC AND CP-OFDM FOR ALL SCENARIOS 

waveform  

No. 

of 

PRV 

CCDF/CM 

 μ − law  

Reduction in % 

(QPSK/4QAM) 

CCDF/CM 

SL− μ − law 

Reduction in % 

(QPSK/4QAM) 

CCDF/CM 

 μ − law  

Reduction 

in %  

(16-QAM) 

CCDF/CM 

SL− μ− 

law 

Reduction 

in % 

(16-QAM) 

CCDF/CM 

 μ− law  

Reduction 

in %  

(64-QAM) 

CCDF/CM 

SL− μ− 

law 

Reduction 

in % 

(64-QAM) 

CCDF/CM 

 μ − law  

Reduction 

in %  

(256 − 

QAM) 

CCDF/CM 

SL− μ− 

law 

Reduction 

in % 

(256-

QAM) 

CP-OFDM  4 48% 44% 35% 44% 32% 40% 33% 42% 

UFMC  4 53% 47% 36% 46% 34% 43% 35% 42% 

CP-OFDM  6 52% 52% 35% 54% 30% 45% 33% 42% 

UFMC  6 54% 54% 36% 53% 33% 47% 31% 46% 

CP-OFDM  8 45% 51% 29% 52% 30% 49% 35% 53% 

UFMC  8 43% 49% 36% 53% 30% 49% 35% 52% 

However, the number of multiplies and sums required 

to minimize the CM values is proportional to the IFFT size 

and the number of candidates. However, there is a trade-

off between the two factors. According to Table IX, the 

total number of multiplications performed in the situations 

ranged from 9219 for CP-OFDM or conventional UFMC 

to 18.435 for PRV SLM-companding -UFMC (using either 

6 or 8 PRV SLMs). To get the total number of additions, 

A. CCDF/CM                    B. BER 
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divide the sums given in Fig. 20-21. More candidates mean 

more supporting data, which adds to the burden. Where (22) 

specifies that the side information bits for a 4-PRV, 6-PRV, 

or 8-PRV are 2 and 3.

 
TABLE IX. PERCENTAGE CM REDUCTION COMPARISONS OF THE UFMC AND CP-OFDM FOR ALL SCENARIOS 

N B δ μ 
μSLM 

 companding 

α SLM 

 companding 

512 4 2 6 9219 18435 

512 6 3 6 13827 27651 

512 8 3 6 18435 36867 

Table X shows that in both the CP-OFDM and 

conventional UFMC cases, as well as the companding -

UFMC and companding -CP-OFDM cases, the total 

number of multiplication operations was 2307. To get the 

total number of additions, divide the sums given in Eqs. 

(24-25) by 2. The overhead companding μ also rises when 

the low order grows in quantity. According to Eq. (27), the 

lowest order bit value for μ is 6. 

TABLE X. CALCULATION OF THE COMPUTATIONAL COMPLEXITY OF THE COMPANDING UFMC 

N μ 
μ 

 companding 

α  

 companding 

512 6 2307 4611 

  

V. RECOMMENDATIONS FOR FUTURE WORK 

It is highly recommended that more research be carried 

out in the following areas. The proposed methods are 

validated on the OFDM and F-OFDM systems. It is 

encouraged to apply the proposed methods to the other 

waveform design candidates, such as FBMC and UFMC. 

Further research is required to take into account the effect 

of the transmitter filter on the computational complexity, 

which should be studied in depth. The proposed methods 

have been applied to the F-OFDM system as a waveform 

candidate for the next generation to evaluate the PAPR 

reduction performance, so it is recommended to apply 

these methods to the FBMC and UFMC candidates to 

study the PAPR performance and the complexity level for 

these systems. The provided approaches and algorithms 

are used to apply the explicit side information to the 

UFMC and CP-OFDM systems. As a result, the 

information that the receiver uses to reconstruct the initial 

data comes from the side information. The ancillary 

information causes a reduction in the efficiency of the 

transmission. As a result, it is strongly suggested that new 

techniques be developed to transmit multicarrier signals 

without including side information. The recommended 

approaches for encoding the supplementary information 

bits into the transmitting signals need to be developed 

further by future researchers.  

VI. CONCLUSION 

The hybrid approach reduces hardware and 

computational demands by combining SLM with 

companding in the frequency and time domains. Previous 

research has recommended using the SLM technique to 

lower PAPR/CM in the UFMC waveform. The SLM adds 

computational complexity to find candidates for B due to 

the multiple signal representation. In addition, side details 

must be transmitted, which decreases the average rate of 

effective transmission of messages. It is also indicated that 

by decreasing PAPR, the hybrid technique improves HPA 

's efficiency. This strategy is generalized to minimize 

PAPR by appending companding approaches such as μ-

law. In this study, the μ-law companded CM of the μ-law 

technique is 3.375dB in low modulation order (4QAM). 

Besides, the value is 2.25 dB in high modulation order 

(256 QAM) is reduced without escalating hardware 

complexity. Using selected mapping has the benefit of 

reducing the PAPR / CM capabilities without 

compromising the BER performance of the system. Thus, 

the reduction benefit may be enhanced with the rise in the 

number of PRV, but at the cost of high computational 

complexity. The results of the tests show that the CCDF / 

CM may be reduced by 4 dB with the help of SLM 

companding in a 6-PRV scenario where the mapping order 

is 4-QAM. A CM loss of 3.875 dB is achieved using 16-

QAM. In the end, 64-QAM achieves a CM reduction of 

2.875 dB, whereas 256-QAM achieves a CM reduction of 

3.375 dB. This study contributes by using the SLM-

companding approach to lower the CM for the UFMC 

waveform at the expense of the BER. The approach has the 

drawback of not taking into account contextual details. 

Using a Dummy Sequence Insertion (DSI) to make use of 

ancillary data during a data transfer is something to think 

about for future development. 
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