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Abstract 
 

This paper describes the aspects of multiple access for emerging (5G) Wireless Communication Systems. Orthogonal Frequency Division 

Multiplexing (OFDM) is best suited for fourth generation (4G) but it suffers from the problem of high Peak to Average Power Ratio 

(PAPR) & Side band leakage. Single carrier frequency division multiple access (SC-FDMA) has worked like an alternative to OFDMA 

only in the uplink process and PAPR was reduced. OFDM based 4G network is not capable of supporting diverse applications and these 

applications can be implemented by 5G.  High traffic requirements of 5G can be evaluated by using multiple access schemes, namely 

filter-bank multi-carrier (FBMC), universal-filtered multi-carrier (UFMC), generalized frequency-division multiplexing (GFDM). 

Comparison of PAPR reduction is done based on Complementary Cumulative Distribution Function (CCDF), for various multiple access 

5G waveforms. 
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1. Introduction 

Now-a-days in wireless communication  the demand for high data 

rate and  quality of  services is growing rapidly. The system 

designers need to adapt techniques that improve the provided QOS 

and minimizes the effect of delay spread & Doppler shift. The 4G 

cellular networks & LTE, was been optimized to provide high data 

rate and Band width to strictly synchronized devices like tablets 

and smart phones using Orthogonal Frequency Division 

Multiplexing (OFDM) technology. OFDM deals with the 

multicarrier modulation and can provide high data rate 

transmission along with bandwidth efficiency .It also combat 

multi-path fading with low implementation complexity. 

Although it has efficient implementation and robustness to 

channel delays, OFDM suffers from several drawbacks like high 

PAPR  and high out of band sidelobes .High PAPR increases the 

non-linear behavior of Power Amplifier thereby increases BER 

and in-band distortion.High out of band side lobes reduces the 

spectral efficiency of OFDM.OFDM  also cause time and 

frequency offsets and to overcome this it add Cyclic Prefix(CP)  to 

message signal  for synchronizing users but at the cost of spectral 

efficiency. 

To overcome  some of the above mentioned  drawbacks in 

OFDM,5G communication introduces new transmission schemes. 

Similar to 4G ,these new transmission schemes support huge 

number of users with high data rates but with low latency.This 

communication is also spectrally efficient by avoiding frequency 

and time offsets . 

The concept of Internet-of-Things (IoT) is  based on machine-to-

machine communications with high data rates and heavy traffic 

with  huge number of terminals therefore in near future 5G 

interface communication has to meet new requirements.This paper 

deeply investigates on most promising waveform candidates 

which are filtered versions of OFDM and signal is filtered on the 

basis of sub-band or sub-carrier.The transmitted signals are 

filtered on the basis of sub-carrier using GFDM and FBMC . 

FBMC is used to reduce signal sidelobes by using long frequency 

selective filters compared to OFDM,FBMC is a multicarrier 

technique which use per-subcarrier filtering. Anyway, by 

providing additional filtering in FBMC increases the 

implementation complexity and make it disadvantageous for short 

burst uplink communication . 

Universal filtered multi-carrier  is generalization of OFDM and 

FBMC modulation schemes. OFDM employs the total band  

filtration  and in  FBMC individual subcarriers are filtered .In 

UFMC a group of subcarriers (sub bands) are filtered and it 

reduces the filter length (when compared with FBMC) and 

provides sidelobe attenuation. UFMC  uses a   IFFT(full size 

inverse fast Fourier transform)  to generate each sub-band  before 

initially filtering the time-domain signal using band pass filters. 

UFMC improves protection of inter symbol interference (ISI)  by 

using special or unified stucture of the frames and  therefore it  

does not  have to use a cyclic prefix. 

 In GFDM,  filtering operation is done using a cyclic convolution, 

thereby avoiding filter tails and therefore  GFDM is more suitable 

for short bursts 
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2. Candidate Air Interfaces 

This section explains about 5G candidate waveforms for 

broadband communications and also explains about the operating 

principles based on transceiver schemes 

2.1 Filter Bank Multicarrier Transceiver 

 As shown in fig 1,it is used to explain operation of FBMC. It 

utilizes a prototype filter h(n) of length KN and using this it 

resolves the spectral containment complication of OFDM.The 

number of sub-carrier used is N and K is known as Overlapping 

filter.In time domain analysis of  FBMC each symbol will overlap 

with neighboring K symbols.Using Nyquist criterion,Inter-Symbol 

interfeotrence is eliminated. In frequency domain Nyquist filter is 

designed by 2K-1 symmetric samples[22].The full Nyquist filter is 

divided into two similar square root nyquist filters at transmitter 

and receiver.These two filters are prototype filters and the 

corresponding prototype filter h(n) is generated by using KN-point 

IFFT in frequency domain with a roll –off  β = 1.At the transmitter 

FBMC signal is generated as follows[23].OQAM symbols    ( ) 

are generated from  QAM symbols    ( ) for a kth subcarrier as 
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where n = 2l  and thus OQAM stream is defined at double  the 

QAM symbol rate. Transmission filter fk(m) is used for 

convolution, after up-sampling the stream    ( )) by a factor N/2. 

For a kth subcarrier 
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 At the transmitter FBMC baseband signal  ( )  is generated by 

the addition  of the filtered stream of each sub-carrier: 
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Assuming a perfect noiseless transmission channel, the received 

symbol at a given sub-channel index k0   and  time index n0   is  
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 where              is the transmultiplexer response.  At the 

receiver filter gk(m) is matched with the corresponding  

transmission filter fk(m). From the analysis of transmultiplexer we 

make a conclusion that  the process of filtering eliminates 

orthogonality between sub-carriers.At transceiver for even time 

imaginary part of impulse response crosses zero when the real part 

crosses zero for odd indexes.Thus from (1) OQAM process 

restores orthogonality for any specific sub-carrier since it 

generates alternating imaginary and real parts of QAM symbols 

and also alternates them between sub-carriers at same instant .At 

the receiver the down-sampling is performed by N/2 to maintain 

the same throughput.At the receiver OQAM demodulation is 

performed to generate the estimated QAM symbols       ( ).FIR 

equalizer is used at the receiver, to compensate multipath 

interference, before OQAM demodulation. Usage of OQAM 

makes FBMC  not suitable for MIMO techniques.This technique 

is also not used for short bursts due to long filter tail. 

2.2 GFDM 
 The working  convention of the GFDM transmitter and receiver is 

explained in Fig. 2.In this technique each subcarrier is filtered 

separately similar to FBMC.GFDM introduces time dimension in 

data blocks along with the frequency 

 
Figure 1: FBMC Transceiver 

 

dimension.A GFDM generates a symbol which contains M QAM 

symbols for each of N sub-carriers.therefore GFDM is similar as 

Single carrier system with equalization in frequency domain. A 

circular filter is used for each sub-carrier in GFDM and this 

technique avoids the long filter tails as in FBMC,The sub-carrier 

circular filter is defined as: 
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where  ̃ ( )  is a root-raised-Cosine (RRC) filter and MN is filter 

length.GFDM symbols N are up-sampled and spanning is 

implemented with  roll-off β < 1. The signal is unchanged before 

and after filtering due to circular filtering or  tail biting.Thus at the 

transmitter the GFDM generates a baseband signal expressed as: 
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 For a kth subcarrier set of M QAM symbols is given by   ( )  and 

sample index m = 0, ...,NM − 1 . 

At the receiver a CP is inserted in the signal to enable single-tap 

FDE.At receiver filtering of each sub-carrier demonstrates inter-

carrier-interference(ICI).This interference is handled at receiver  

by demodulation methods[5] namely matched filter, zero-forcing 

and (MMSE) minimum mean square error.  To trade-off between 

computational complexity and BER performance [5], this paper 

implements matched filter receiver along with interference 

cancellation algorithm.The receiver of GFDM implements same 

RRC filter as at the transmitter for filter matching, i.e.  ̃ ( )  ) = 

 ̃ ( )   
Interference appears due to neighbouring sub-carriers and  hence 

suppressed by using a double-sided serial interference cancellation 

(DSIC) scheme. DSIC  is an iterative scheme which estimates the 

interference z(i)(m) for each sub-carrier and this is  retrieved to the 

received signal y(m).After completion of iterations this scheme 

cleans all the sub-carriers and or every sub-iteration cleaning of 

each sub-carrier is implemented and is denoted by index i.The 

expected interference for ith    sub-iteration for kth sub-carrier is 

given by 
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where estimated symbols  ̂ ( )
  

( )
  are obtained by mapping of 

received symbols  ̂ ( )
  

( )
  to the constellation grid. Using the most 

new estimated data symbols,(k+1)th sub-carrier is cleaned.  BER 

of IC algorithm approaches to OFDM when simulated for J = 4  

full iterations and gain is unaltered after four iterations.This 

scheme cannot be applied directly for MIMO techniques. In tail 

biting scheme Spectral containment is degraded due to severe 

discontinuities between successive blocks . As stated in [16], to 

minimize out-of-band radiations.a MN-point RRC window is 

applied  for every GFDM block after inserting cyclic prefix. At the 

receiver robustness of multi-path channels is maintained by 

dropping last and first time slots of GFDM block(i.e. GS = 2 

guard symbols is inserted) by avoiding windowing compensation. 
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Figure 2: GFDM Transceiver 

2.3 Universal Filtered Multi Carrier 

The principle of operation of  UFMC transceiver can be explained 

by figure 3.The signal is filtered in this on a sub-band basis.The 

total bandwidth is divided into N sub-carriers and each sub-carrier 

is subdivided into  B sub-bands and orthogonality is maintained 

thereby avoiding OQAM scheme.UFMC allows reuse of legacy 

MIMO techniques.Each sub-band i is filtered by Dolph-

Chebyshev prototype filter fi(m) which is modulated around 

center frequency of the sub-band with a filter length LUFMC  and  a 

side lobe attenuation α. di(l) undergoes N-point IFFT and parallel 

to serial conversion to generate time –domain signal si(n) of ith  

sub-band .di(l)  vector is cluster of QAM images stacking ith sub-

band at time l [15]. The discrete baseband UFMC flag is gotten for 

each square of N QAM images by including all  filtered signals of 

each sub-band 
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     (   )                                           (8) 

 

where m = 0, ....,N + LUFMC − 1 samples.Each UFMC block 

introduces a guard interval of length LUFMC – 1 with zero padding. 

The time dispersion obtained from filters is compensated by guard 

interval.In severe multipath channel the time dispersion cannot be 

mitigated[27] if extra guard intervals in UFMC blocks is not 

introduced[15],[[16].However,for a block  span N + LUFMC + ZPL 

− 1 samples,  this paper proposes introduction of guard interval of 

length ZPL with zero padding(ZP) .Using a simple 1-tap FDE 

channel time dispersion is mitigated. 

 UFMC  receiver converts received serial data  to parallel  form 

and then a 2N-point FFT is applied on each UFMC symbol .All 

the N even sub-carriers are used for retrieve data since ICI is 

contained in all odd sub-carriers[26]. Final recovery of data 

symbols is obtained using 1-tap FDE. 

 

 
Figure 3: UFMC Transceiver 

3. Performance Comparison of Simulation 

Results 

Sensitivity of each candidate waveform to the non-linear behavior 

of power amplifier is obtained by the PAPR CCDF curves 

depicted in fig 4.These curves were obtained by conducting a 

simulation of around 100,000 multi-carrier symbols. The behavior 

of all candidates is very close to OFDM since all are multicarrier 

with equal number of sub-channels.From the simulation results we 

analyse that UFMC has a slightly higher PAPR than other 

waveforms.From simulations we also conclude that reduction of 

sub-carriers result in reduction of spectral containment and 

reduces spectral efficiency.In this paper we prove that GFDM is 

attractive with high number of sub-carriers. 

 
Figure 4: CCDF of Peak to Average Power Ratio 

4. Conclusion 

In this paper we have studied about several limitations of OFDM 

and how it can be improved with different types of candidate 

waveforms.These new waveforms were compared and studied 

based on future requirement of wireless communication.These 

waveforms were flexible in the design constraints of transmitter 

and receiver. The narrow bandwidth of FBMC make the prototype 

filter length greater than that of symbols and make it unsuitable 

for short burst applications.UFMC filter is relatively shorter 

compared to FBMC.Time synchronization sensitivity is more in 

UFMC.The non-orthogonality of GFDM provides pulse shaped 

subcarriers resulting in self created interference. 

 However an interference cancellation scheme at the receiver can 

improve the performance.Thus these new candidate waveforms in 

different schemes have the potential to provide future 

requirements of 5G replacing OFDM. 
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