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Universal filtered multi-carrier (UFMC) is being studied as the favourable waveforms 

supporting the visible light communication broadcasting systems. However, the UFMC 

system faces a serious performance degradation on the transmitter side due to its high peak-

to-average power ratio (PAPR). High PAPR of the signal is an analytical intention parameter 

for mobile networks, and it is necessary to minimize it as much as possible. This paper 

focuses on the PAPR reduction of the UFMC scheme. An efficient hybrid method of the 

PAPR reduction has been proposed and analysed through the Matlab™ simulation. The 

proposed hybrid scheme consists of a mixture of the selected-mapping method and the 

discrete Hartley transform precoding for a UFMC system (SLM-DHT-P-UFMC). The 

simulation results show that the proposed hybrid system has a better PAPR reduction 

performance compared to traditional SLM-UFMC and DHT-P-UFMC systems. Hence, 

SLM-DHT-P-UFMC is considered to be the suggested scheme in visible light 

communication broadcasting systems. 
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1. Introduction  

Visible light communication (VLC) systems use light-

emitting diodes (LEDs) to transmit data in the visible light 

spectrum. VLC is a preferable method for wireless data 

transmission in indoor environments, especially for low 

mobility and short-range applications [1]. A linear additive 

white gaussian noise (AWGN) channel is used for model-

ling VLC systems. An orthogonal frequency division 

multiplexing (OFDM) is a multi-carrier modulation 

scheme commonly used in 4G telecommunication systems 

such as long-term evolution (LTE). It suffers from some 

essential limitations including frequency leakage or high 

out-of-band due to using a rectangular pulse shape. The use 

of cyclic prefix (CP) leads to a failure in spectral efficiency 

and to the need for strict frequency and time synchro-

nization to maintain the carrier orthogonally, assuring a low 

level of intercarrier interference. To overcome these 

drawbacks, over the past few years different alternative 

candidate schemes have been intensively studied, such as 

universal filtered multi-currier (UFMC), generalized 

frequency division multiplexing (GFDM), and filter bank 

multi-carrier (FBMC) [2]. Basic designs for successive 

VLC systems are under consideration, two more multi-

carrier techniques. One of them is an FBMC technique. 

Compared to the OFDM modulation technique used in 

VLC systems, FBMC has fully isolated subcarriers by 

filtering, which decreases efficiency but increases 

robustness in synchronization errors. Another technique is 

UFMC and its performance analysis with OFDM under 

synchronization errors can be found in Ref. 3.  

While OFDM can be thought of as a multi-carrier 

technique that divides a carrier into subcarriers, on the other 

hand, UFMC divides a carrier into sub-bands with each 

sub-band being further divided into subcarriers. This 

grouping of subcarriers reduces the filter length compared 

to FBMC. In OFDM, all carriers are filtered while UFMC *Corresponding author at: islam.shalaby@hti.edu.eg 
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applies filtering for each sub-band, thereby reducing the 

side-lobe levels of the carriers outside the sub-band. The 

UFMC technique provides better performance against 

synchronization errors which has been compared with the 

OFDM scheme [4]. Technique using a single carrier to 

transmit overall data is called a single carrier modulation. 

Battery power consumption and range extensions are main 

goals of giving preference to this method. To achieve high 

spectral efficiency in the single carrier method, complex 

equalizers are required. On the other hand, a multi-carrier 

modulation transforms a wideband single carrier into 

several orthogonal subcarriers. Visible light communi-

cation systems are required for the multi-carrier modulation 

to increase data transmission [5]. The main purpose of this 

paper is not only to introduce and compare the best multi-

carrier waveforms candidate in general, but also to 

investigate a new hybrid technique consisting of a 

combination of the selected-mapping method and discrete 

Hartley transform precoding for the UFMC system (SLM-

DHT-P-UFMC) for PAPR reduction in the UFMC system. 

The rest of the paper is structured as follows: section 2 

reports a concise description of the OFDM system. A brief 

description of the UFMC system is presented in section 3. 

While PAPR is defined in section 4, section 5 shows a brief 

description of the proposed hybrid system. Then, in 

section 6, simulation results and discussion are introduced. 

Finally, a summary is reported in section 7. 

2. OFDM system 

Figure 1 shows the OFDM-based VLC system block 

diagram [6]. Firstly, a serial to parallel transformation is 

performed using a serial to parallel (S/P) conversion block 

in an OFDM system transmitter. Quadrature amplitude 

modulation (QAM) is performed on parallel data. Using an 

inverse fast Fourier (IFFT) processing which extracts a 

time domain signal from a frequency domain signal, the 

changed parallel QAM symbols are mapped to subcarriers. 

After IFFT, the parallel stream is converted into a serial 

stream by a parallel to serial (P/S) conversion block, then, 

a cyclic prefix (CP), being the copy of the symbol tail put 

at the beginning, is added providing a cyclic prefix block 

in order to eliminate the effect of inter-symbol interference 

(ISI). Finally, the LED is used for the visible light 

conversion. Optical channel is commonly used. At the 

receiver, a photodiode (PD) is used for bit conversion and 

the reversed operation to that of the transmitter of OFDM 

is performed.  

OFDM consists of the total number of 𝑁𝑠𝑐 channels 

with the carrier frequencies 𝑓0, 𝑓1, … . 𝑓𝑁𝑠𝑐−1 in which each 

transmitted FDM signal can be described as: 

 𝑋𝐾(𝑡) = 𝐴𝐾(𝑡)𝑒𝑗(𝜔𝐾𝑡+∅𝐾(𝑡)) , (1) 

where 𝐾 is the channel index from 0 to 𝑁𝑠𝑐−1, 𝐴𝐾(𝑡) is 

the amplitude of transmitted complex data at the 𝐾th 

channel, 𝜔𝑘 is the angular frequency, and ∅𝐾(𝑡) is the 

phase at 𝐾th channel. To simplify the equation, the pulse 

shape function is discarded. The combined FDM signal can 

be described as: 

 𝑋(𝑡) = ∑ 𝐴𝐾(𝑡)𝑒𝑗(𝜔𝐾𝑡+∅𝐾(𝑡))𝑁𝑆𝐶−1
𝐾=0 . (2) 

 The amplitude and phase of subcarriers depend on the 

frequency of that particular subcarrier, therefore it can be 

rewritten as: 

𝐴𝐾(𝑡) = 𝐴𝐾  
∅𝐾(𝑡) = ∅𝐾. 

 This allows rewriting the complex continuous OFDM 

signal as: 

 𝑋(𝑡) = ∑ 𝐴𝐾𝑒𝑗(𝜔𝐾𝑡+∅𝐾)𝑁𝑆𝐶−1
𝐾=0 . (3) 

 To evaluate the OFDM system performance, 

comparative simulation experiments are carried out using 

Matlab™ with system parameters seen in Table 1.  

Table 1. 

OFDM system parameters. 

Parameter Value 

Bits per subcarrier 4 

IFFT size 512 

Number of subcarriers 384 

Number of zeros 128 

Cyclic prefix 6.25% 

Raised cosine roll-off factor 0.2 

Raised cosine filter order 32 

3. UFMC system 

For the next VLC system, UFMC is one of the new 

modulation techniques that are being considered. It over-

comes some of disadvantages of modulation techniques 

 

Fig. 1. FDM based VLC system block diagram [6]. . 
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which are used in traditional VLC systems. Instead of using 

a cyclic prefix in OFDM [7], sub-filtering is used. Figure 2 

shows a UFMC-based VLC system block diagram and the 

data with a large number of input bits are converted into 

many sub-streams with a lower data rate. The full 

subcarriers band (N_sc) is split into sub-bands with a 

constant number of subcarriers for each sub-band. N IFFT 

points are performed for each sub-band, zeros are added for 

the unallocated carriers. Filtering processes are applied to 

each sub-band according to the filter length (L).  

The responses of the various sub-bands are summed up 

at the 2N-FFT of the receiver by padding with zeros to re-

cover data. To equalize the sub-band filtering, equalization 

per subcarrier is performed. Filtering results in a lower out-

of-band (OOB) power emission than OFDM [8,9], 

therefore UFMC is considered in the next VLC system. 

A key drawback of the UFMC is a large PAPR due to 

the in-phase addition in the IFFT. For a lower PAPR, a 

discrete Hartley transform (DHT) based on the UFMC 

precoding has been proposed in Ref. 10. New generalized 

precoding chirp for the UFMC system provides a 30% 

better PAPR [11]. 

To evaluate the performance of the UFMC-based VLC 

system, comparative simulation experiments using 

Matlab™ have been carried out with the system parameters 

displayed in Table 2.  

Table 2.  

UFMC system parameters. 

Parameter Value 

Bits per subcarrier 4 

IFFT size 512 

Number of subcarriers 384 

sub-band offset 64 

sub-band size 64 

Number of sub-bands 6 

Dolph-Chebyshev filter length 10 

Dolph-Chebyshev Side lobe attenuation 50 

4. Peak-to-average power ratio (PAPR) 

The ratio of the peak power to the average signal power 

is known as PAPR. To evaluate the performance of a PAPR 

reduction scheme, one of the most useful informative 

metrics is a complementary cumulative distribution 

function (CCDF): 

 𝑃𝐴𝑃𝑅 = 10 log10
𝑃𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑜𝑤𝑒𝑟
.  (4) 

 Both OFDM and UFMC signals consist of many 

individually modulated subcarriers which, when summed 

coherently, give a very high amplitude resulting in a high 

PAPR. PAPR is directly proportional to the subcarrier 

numbers. On the transmitter side, due to the high PAPR, 

the quiescent point (Q-point) of the amplifier is forced to 

enter the non-linear region resulting in degradation of the 

amplification process [12]. Low PAPR reduces the 

complexity of digital-to-analogue and analogue-to-digital 

converters. 

5. Proposed model 

Various methods of PAPR reduction have been 

proposed in literature. Some of them are partial transmit 

sequence (PTS), clipping and filtering, tone reservation 

(TR), companding, tone injection (TI), precoding tech-

niques, selected-mapping (SLM), or hybrid methods [13]. 

A comparative analysis of the combination of selected-

mapping (SLM) and discrete Hartley transform (DHT) is 

presented in this paper. 

5.1. Selected-mapping (SLM) 

The selective mapping method is a promising PAPR 

reduction technique. Multiplying every subcarrier by the 

phase rotation factor is the basic concept of this scheme. 

Phase rotation series is as follows:  

𝜃 = 𝜃𝑚(𝑚 = 0, 1, … … , 𝐾 − 1), expressed as: 

 𝜃𝑚 = 𝑒𝑗∅, ∅ ∈ [0, 2𝜋] , (5) 

where 𝐾 is the subcarrier number. After phase rotating, 

the mapping symbol 𝑋𝑚  becomes: 

 𝑋𝑚
𝑅 = 𝑋𝑚 × 𝜃𝑚 = 𝑋𝑚 𝑔𝑒𝑗∅. (6)  

Fig. 2. UFMC-based VLC system block diagram [7]. 
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Then, 𝑋𝑚
𝑅  is the feed input symbol in the UFMC scheme 

and has experience in processing the rest. In the SLM 

method, the important key is the selection of the phase 

rotation factor  𝜃𝑚 which has a large impact on the PAPR 

performance [14]. 

5.2. Discrete Hartly transform (DHT) 

Discrete Hartley transform (DHT) is a unitary change 

in which DHT transforms the real number sequences of 

𝑥0, 𝑥1,, 𝑥2,, … 𝑥𝑁−1 into a new sequence of real numbers of 

the same length 𝐻0, 𝐻1, 𝐻2, 𝐻3, … 𝐻𝑁−1. DHT can be 

defined as: 

 𝐻𝑘 = ∑ 𝑥𝑛[cos (
2𝜋𝑛𝑘

𝑁

𝑁−1
𝑛=0 ) + sin (

2𝜋𝑛𝑘

𝑁
)],  (7) 

 𝐻𝑘 = ∑ 𝑥(𝑛) ∙ cas(
2𝜋𝑛𝑘

𝑁

𝑁−1
𝑛=0 ),  (8) 

 where 𝑘 = 0, 1, … , 𝑁 − 1 and cas 𝜃 = cos 𝜃 + sin 𝜃. It 
is possible to define the DHT precoding matrix H of N × N 

size as: 

 𝐻 = [

ℎ00 ⋯ ⋯ ℎ0(𝑁−1)

⋮ ⋱ ⋱ ⋮
ℎ(𝑁−1)0 ⋯ ⋯ ℎ(𝑁−1)(𝑁−1)

], (9) 

 where:  

 ℎ𝑚,𝑛 = cas (
2𝜋𝑚𝑛

𝑁
). (10) 

𝑚 and 𝑛 are the integers from 0 to 𝑁−1. DHT matrix is 

invertible, thus, with the inverse of the DHT matrix, the 

original data can be obtained by a simple multiplication. 

6. Simulation results and discussion 

6.1. Channel system 

The communication channel model is one of the most 

significant factors determining the efficiency of VLC 

systems. The communication channel would often be flat, 

especially when a strong line-of-sight (LoS) propagation 

path is presented. Visible light components are used for 

both lighting and wireless data communication. 

Transmitted signal is modulated by differentiating the 

optical power which is known as intensity modulation 

(IM). Signal detection is demodulated in the receiver by 

direct detection (DD). A linear additive white gaussian 

noise (AWGN) channel is used to model VLC systems. In 

the receiver, PD collects photons and then converts them 

into the electric current 𝐼𝑃𝐷. The received optical power 

value is measured by: 

 𝑃𝑟 =
𝐼𝑃𝐷

𝑅𝑃𝐷
, (11) 

where 𝑅𝑃𝐷is the PD responsivity. 

The received power can be calculated using the optical 

wireless communication channel impulse response 𝐻𝑂𝑊𝐶   
by: 

 𝑃𝑟 =  𝑃𝑡𝐻𝑂𝑊𝐶 + 𝑁, (12) 

where 𝑃𝑡  is the transmitted optical power and 𝑁 is the 

AWGN.  

Matlab™ simulations have been used with the above 

mentioned OFDM and UFMC parameters and additionally 

with LED power of 20 Watts, PD area 𝐴𝑃𝐷 of 10−4 cm2, 

gain of optical filter and connectors of 1, and refractive 

index of a lens at a PD of 1.5. In this way the PAPR 

performance evaluation of the proposed VLC system using 

SLM-DHT-P-UFMC scheme can be investigated in detail.  

Figure 3 shows the proposed VLC system using the 

SLM-DHT-P-UFMC scheme block diagram for a high 

PAPR reduction. In VLC using the SLM-DHT-P-UFMC 

Fig. 3. Proposed SLM-DHT-P-UFMC scheme block diagram. 

 

 Fig. 3. Proposed SLM-DHT-P-UFMC scheme block diagram. 
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scheme, the main difference between the conventional 

VLC using UFMC, and the proposed model are two blocks, 

precoding SLM and DHT on the transmitter side and IDHT 

and ISLM on the receiver side. To reduce the high PAPR, 

a precoding matrix H of N×N dimension is applied to any 

SLM-QAM-based constellation symbols of size N. 

 Figure 4 shows CCDF vs. PAPR which means the PAPR 

probability is higher than the given PAPR0 value 

(Pr{PAPR>PAPR0}) for VLC-based UFMC, VLC-based 

DHT-P-UFMC, VLC-based SLM-UFMC, and VLC-based 

SLM-DHT-P-UFMC. It shows that for CCDF of 10−2, the 

PAPR is of 10.8 dB, 10.6 dB, and 10.2 dB for UFMC, 

SLM-UFMC and DHT-P-UFMC, respectively. On the 

other hand, PAPR of the proposed hybrid model is of 

9.9 dB. The proposed scheme can improve PAPR by 0.9 dB 

compared to the VLC-based UFMC scheme. 

 Figure 5 shows the power spectral density of OFDM, 

UFMC, and the proposed systems. It was observed that the 

spectra had a side lobe attenuation of −15 dB, −50 dB, and 

−55 dB, respectively. The result shows that the proposed 

scheme has the lower side lobe attenuation. This allows for 

a greater use of the spectrum allocated, leading to improved 

spectral efficiency. Thus, it is applicable to pack many 

frequency channels together without using guard bands. 

 Figure 6 shows BER performance vs. signal-to-noise 

ratio (SNR) of UFMC, DHT-P-UFMC, SLM-UFMC, and 

SLM-DHT-P-UFMC compared to OFDM. SNR needed for 

the BER of 10−3 is of 8.25 dB and 4.7 dB for OFDM and 

UFMC signals, respectively. Therefore, the UFMC 

technique improves SNR by 3.55 dB compared to the 

traditional VLC-based OFDM scheme.  

The proposed scheme has a slight enhancement in BER 

performance compared to different VLC-based UMFC 

techniques. 

7. Conclusions 

This paper reviews the modulation waveform that is 

performed in a 4G OFDM communication system and 

demonstrates the VLC-based UFMC for next generations 

of cellular networks. The VLC-based UFMC technique 

faces a severe performance degradation due to PAPR on 

the transmitter side. Thus, a new proposed scheme 

composed of SLM-UFMC and DHT-precoding methods 

yields SLM-DHT-P-UFMC which is used for the PAPR 

reduction.  

 

  Fig. 4. CCDF vs. PAPR 

 
 

 
 

 

 Fig. 5. Power spectral density performance. 

 

 
  Fig. 6. BER vs. SNR.  
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In the suggested scheme, the SLM method followed by 

precoding into the constellation symbols reduces the 

autocorrelation relationship between constellation symbols 

which decreases the extra in-phase in IFFT input 

sequences. The in-phase addition in IFFT input sequences 

produces high peaks samples power, thus reducing the 

autocorrelation relationship in IFFT input sequences which 

leads to decreasing in-phase additions, hence PAPR is 

reduced.   

Results show that the PAPR performance is improved 

by the proposed hybrid system compared to VLC-based 

SLM-UFMC and VLC-based DHT-UFMC. The VLC-

based SLM-DHT-P-UFMC scheme is considered to be the 

suggested scheme in the next generation of the wireless 

VLC communication systems. 
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