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ABSTRACT 

The 4G Long Term Evolution (LTE) cellular communication systems use the popular multicarrier 

waveformnamed orthogonal frequency division multiplexing (OFDM). Inthe case of huge number of 

users in 5G scenarios, OFDM maynot be suitable as it is likely to experience spectrum leakage. 

Inaddition, OFDM will require strict temporal and frequencysynchronization. OFDM also has a high 

peak to average powerratio (PAPR) causing nonlinearity in the transmitter poweramplifier. These 

limitations are likely to be overcome by applyingfiltering to the conventional OFDM system. Such a 

filtering basedOFDM technique is the filter bank multicarrier (FBMC)modulation. The spectral 

leakage problem in OFDM is reducedin FBMC by the use of pulse shaping principle. Moreover, 

theusers in FBMC do not need to be synchronized before they gainaccess to the uplink of the 

communication system. However,FBMC and conventional OFDM have not yet been compared 

interms of bit error rate (BER) performance in the combinedpresence of Nakagami fading, shadowing, 

path loss and channelnoise. This thesis presents the analytical expressions on the BER performance of 

OFDM as well as FBMC systems under Nakagami fading channels. Furthermore, this thesisprovides 

simulation results on the BERperformance of FBMC and OFDM considering these combinedchannel 

impairments. The comparison is also done in terms ofPAPR factor and complexity. Results indicate 

that FBMC and OFDM have comparable BER performance for the case of standalone channel noise. 

However, FBMC showssignificantly better BER performance than OFDM for thecombined presence 

of Nakagami fading, shadowing, path loss and channelnoise. On the other hand, for the 

casesconsidered, FBMC can be slightly inferior to OFDM in terms ofPAPR factor. In addition, FBMC 

is approximately ten time more complex than OFDM for a given subcarrier number. With these 

results, FBMC can be an attractive alternative for OFDM in future communication systems. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Historically, the requirement of increased data rate has fueled the need for the evolution of wireless 

cellular systems. Indeed, the necessity for higher data rates has been the principle driver to the present 

state-of-the-art tens of Mbit/s from 2G systems to 4G systems. This is determined by focusing on the 

physical (PHY) layer and specially on the modern modulation schemes. Furthermore, the transition 

such as the Gaussian minimum shift keying (GMSK) has been from binary modulations used in the 

2G GSM system, to quadrature-amplitude-modulation (QAM) schemes currently used in 4G systems 

with adaptively chosen cardinality. 

Unlike earlier generations of wireless systems, it is not only enough to increase data throughput but 

also the upcoming 5G systems have to provide a variety of services for emerging new applications. 

The main scenarios currently envisioned for 5G networks are shown in Fig 1.1. The plots of Fig. 1.1 

show the global monthly mobile data traffic by different types of medium presented in the Exabyte 

unit where 1 Exabyte is equivalent to 2
30

 gigabyte data [31]. 

 

Fig. 1.1. Global monthly mobile data traffic by type in Exabyte. 
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High data-rate wireless connectivity. Within a very short time, large amounts of data will be 

downloaded by the users; high-definition video streaming, 4K video are the typical application 

corresponding to this scenario which requires large spectral and energy efficient modulation schemes. 

Internet of Things (IoT). Up to one trillion devices are expected to be connected through the 5G 

network, enabling users to remotely control things such as cars, washing machines, air conditioners, 

lights, and so on. Likewise, energy, water and gas distribution companies will take advantage of 

connected smart meters in order to control their networks. These connected things will have quite 

limited processing capabilities and will have to transmit small amounts of data sporadically; thus will 

require a modulation scheme which is robust to time synchronization errors and can be suitable for 

short range communications. 

Tactile Internet This scenario refers to real-time cyber-physical tactile control experiments (such as 

remote control of drones and/or of rescue robots in emergency situations), and it requires a reliable 

and small latency communication service. The target latency is in the order of 1 ms, more than one 

order of magnitude shorter than the latency of current 4G systems. In order to achieve such an 

ambitious target, the PHY latency of future 5G networks should not exceed 200-300 μs. Other 

applications, such as different on-line games and vehicle-to-vehicle and vehicle-to-infrastructure 

communications, although not directly related to the concept of the tactile Internet, also can take 

advantage of the low latency requirements. 

Wireless Regional Area Networks (WRAN). It is expected that the generous throughput of 5G 

networks will also suit it to bringing Internet broadband access to sparsely populated areas that are not 

yet covered by wired technologies such as asymmetric digital subscriber line (ADSL) and fiber optics. 

In this scenario network devices will have very low mobility, so Doppler effects will be negligible, 

and also latency will not be a key requirement. In order to be able to meet the throughput demands of 

bandwidth-hungry residential users, the use of so-called “white spaces” – in other words frequency 

bands licensed to other services but actually not used – seems unavoidable. It is thus anticipated that 

the available frequency bands will not be contiguous, and cognitive-like opportunistic spectrum access 

is a viable option. Millimeter wave frequencies (larger than 20 GHz) also will be used. The 

modulation format of future 5G systems should thus be capable to efficiently exploit the fragmented 

and heterogeneous spectrum available in that system. 
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1.2 OFDM for Wireless 

Orthogonal frequency division multiplexing (OFDM) and orthogonal frequency division multiple 

access (OFDMA) are the modulation technique and the multiple access strategy utilized in long term 

evolution (LTE) 4G cellular network standards, respectively. OFDM and OFDMA are based on a 

multicarrier approach and succeeded code division multiple access, as employed in 3G networks, and 

which was mostly based on a single-carrier approach. Nonetheless, there are some key characteristics 

that make OFDM/OFDMA a less-than-perfect match for the above reference scenarios. First of all, 

OFDM is based on the use of rectangular pulses in the time domain, which leads to a slowly decaying 

behavior in the frequency domain; this makes OFDM unsuited for use in fragmented spectrum 

scenarios, where strict constraints on the out-of-band (OOB) levels are to be fulfilled. In 4G systems, 

OOB emissions are controlled by inserting null tones at the spectrum edges or, alternatively, by 

filtering the whole OFDM signal with a selective filter (this is usually known as filtered-OFDM). Both 

solutions unfortunately lead to a loss in spectral efficiency, since in the former case some of the 

available subcarriers are actually not modulated, while in the latter case we need a longer cyclic prefix 

to combat the time dispersion induced by the filtering operation. The need for a long cyclic prefix 

(CP) in heavy multipath environments is then another factor that degrades the system spectral 

efficiency. Likewise, the need for strict frequency and time synchronization among blocks and 

subcarriers in order to maintain orthogonality is a requirement that does not match well with the IoT 

scenario, wherein many devices have to access the channel with short data frames. Another key issue 

in the uplink of a cellular network is synchronization where in different mobile terminals transmit 

signals separately, and, then base station coordination is used in the downlink. Additionally, OFDM 

signals may create large peak-to-average-power ratio (PAPR) values, and this has a clear impact on 

the system energy efficiency. 

Based on the above considerations, a very active research track in the area of 5G systems has focused 

on the search for alternative modulation schemes which is capable to overcome the disadvantages of 

OFDM/OFDMA, and of supporting in an optimal way the emerging services and reference scenarios 

that we have discussed here. The main aim of this research activity is to look for modulation formats 

with low OOB emissions – so as to fully exploit the fragmented spectrum – and which do not require a 

strict orthogonality among subcarriers, so as to simplify synchronization and access procedures. 

1.3 Filter-bank Multicarrier 
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It is well-known in the concept of wireless communication that in the presence of multi-path channels, 

plain orthogonal multicarrier modulation formats are not able to maintain orthogonality due to ISI 

among consecutive multicarrier symbols. The traditional approach in OFDM to counter this issue is to 

introduce a CP longer than the time spread introduced by the channel. This enables the preservation of 

traditional transceiver implementations by IFFT and FFT operations, but introduces a time overhead in 

the communication, resulting into a loss of spectral efficiency. 

The approach used by FBMC to overcome this issue is keeping the symbol duration same, thereby no 

extra time is necessary for the transmission, and an additional filtering is used with overlapping among 

neighboring symbols in the time domain by using the filters in both transmitters and receivers in 

addition with FFT/IFFT blocks. This task is performed by filtering each output of the FFT by a 

frequency-shifted version of a low pass filter, that is known as “prototype” filter. This additional 

action of filtering, together with the IFFT/FFT operation, named a synthesis-analysis filter-bank 

structure. These prototype filters are used to reduce the ISI significantly.   

1.4 Bit Error Ratio, Computational Complexity, Peak to Average Power Ratio 

BER is the most common standard in the field of communication to measure the performance of the 

system. there may be some error in the received some error bits when data is transferred through a link 

due to various unintentional channel impairments. The rate of the bit error over the total transmitted 

bits is called BER. In this thesis, BER is the important metric to measure the performance in different 

channel conditions. 

Another important subject in the transmitter receiver sides of communication is computational 

complexity. Total number of multiplication and addition necessary to build up a system is the key 

measure of computational complexity. 

There are different types of linear power amplifiers in the transmitter side of any modern 

communication system. Linear region of operation is necessary in the linear power amplifier and to 

limit the linear region peak to average power ratio (PAPR) is a significant tool in the multicarrier 

modulation system. It is actually defined by ratio of the maximum power of the system to the average 

power of the system.  

1.5 Motivation of the thesis 

OFDM [1] is used as a multicarrier modulation technique for the existing 4th generation (4G) wireless 

cellular system. However, for the case of huge number of users in the 5th generation (5G) cellular 

communication [2], OFDM will experience spectrum leakage which can be quantified by the adjacent 
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channel leakage ratio (ACLR) [3]- [4]. In addition, OFDM will require strict temporal and frequency 

synchronization. OFDM also has a high peak to average power ratio (PAPR) causing nonlinearity in 

the transmitter power amplifier [5]- [6]. These limitations are likely to be overcome by applying 

filtering to the conventional OFDM system [7]-[8]. For this reason, there has been recent research on 

filtering based OFDM techniques, for example the FBMC [9] 10] modulation. The spectral leakage 

problem in OFDM has been reduced in FBMC by the use of pulse shaping principle [11] - [13]. In the 

multiuser context, the groups of sub-channels reserved to the users are spectrally separated by keeping 

an empty sub-channel in-between the sub-channel group. Therefore, the users in FBMC do not need to 

be synchronized before they gain access to the uplink of the communication system [14]. Although the 

filtering based OFDM and conventional OFDM have been compared in terms of several performance 

metrics [15], they have not yet been compared in terms of BER (BER) performance in the combined 

presence of channel impairments such as Nakagami fading, shadowing, path-loss, etc. This research 

evaluates the BER performance, PAPR and computational complexity aspects of filtering based 

OFDM techniques and finds appropriate parameters for the system. 

1.6 Contributions of the work  

The objective of the research is to find an appropriate filtering based OFDM that is suitable to 5G 

cellular communication. In this regard, the following contributions will be made: 

 Developing analytical expressions for the BER of OFDM and FBMC in the joint presence of channel 

noise and Nakagami fading. 

 Evaluating the performance of OFDM in the joint presence of path-loss, shadowing, and multipath 

fading such as Nakagami fading. 

 Evaluating the performance of FBMC in the joint presence of path-loss, shadowing, and multipath 

fading such as Nakagami fading. 

 Comparing the performance of OFDM and FBMC in terms of BER, peak to average power ratio (PAPR) 

and computational complexity. 

1.7 Chapter Outline 

The rest of the thesis is organized as follows. 

 

Chapter 2: Chapter two describes the OFDM and FBMC systems for Wireless Communication 

with their block diagram and mathematical expression. Different channel modeling 

and effects for wireless communication system are also discussed in this chapter. 
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Chapter 3: Chapter three reviews the literature regarding the different performance of FBMC 

system including the pioneering knowledge of FBMC.  

 

Chapter 4: Chapter four includes the different analytical expression of BER analysis of OFDM and 

FBMC. 

 

Chapter 5: Chapter five presents performance evaluation of FBMC in different performance 

measuring parameters. 

 

Chapter 6: Chapter six finally concludes the thesis conclusion with some closing remarks and 

directions of further research. 
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CHAPTER 2 

OFDM AND FBMC FOR WIRELESS COMMUNICATION  

2.1 Introduction 

OFDM is the exiting broadband multicarrier communications technology in 4G LTE system. 

Orthogonally of subcarrier signals are the sources of advantages for accepting it. However, in some 

applications like cognitive radio and in the uplink of multi-user multicarrier systems, where each user 

is using a subset of subcarrier, OFDM has some limitations. This chapter describes the OFDM and 

FBMC systems with proper figures and formulas.  

2.2 Orthogonal Frequency Division Multiplexing (OFDM) 

OFDM is a multicarrier modulation scheme similar to the frequency division multiplexing (FDM) 

concept. OFDM consists in partitioning a stream of information into several sub streams and then 

every sub streams are transmitted in parallel carried by different sub carrier where each subcarrier may 

use a specific and different modulation scheme. Due to the less information in same time period, each 

sub stream has much higher symbol time duration than the original stream (increases time 

approximately linearly with the increment of number of subcarriers). Thousands of subcarriers may 

contain a single OFDM signal.  

The larger duration of symbol time of each OFDM sub stream provides more immunity to the inter 

symbol interference (ISI) caused by the multipath propagation than the original stream due to the 

original stream is more likely that the symbol time duration is less than the channel delay spread. In 

addition, cyclic prefix (CP) insertion is the additional block in OFDM transmitter system to limit the 

ISI. 

The following figure shows the block diagram representation of OFDM, 
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Fig. 2.1. OFDM transmitter 

 

 

Fig. 2.2. OFDM receiver 

 

In Fig. 2.1, Input data sequences are converted from serial to parallel (denoted as S/P) and then 

modulated using different types of baseband modulation schemes such as Quaternary Phase Shift 

Keying (QPSK) or Quadrature Amplitude Modulation (QAM), those will be discussed in the 

following part of this chapter. After the baseband modulation, parallel data symbols are inserted to 

different subcarriers with the use of an inverse fast Fourier transform (IFFT) block. For the reduction 

of ISI, a CP is inserted to each OFDM block obtained from the output of the IFFT operation. Then the 

parallel data are serially converted (denoted as P/S). Next, the digital serial signal is converted to 

analog and then transformed to a higher frequency band using the up-conversion block for the long 

distance transmission. In Fig. 2.2, in the receiver side, the opposite operations to the transmitter are 

performed. The high frequency analog signal is converted into low frequency signal which is 

performed by the block down conversion. Next, analog to digital and serial to parallel operations are 

performed. The additional CP is then removed before the FFT operation. A frequency domain 

equalizer is used to compensate the channel effects [1-2]. Next, the subcarriers are de-mapped and 

demodulated, and the resultant signal is converted to serial form. The following expression presents a 

basic OFDM transmitted signal in complex notation [36]: 
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Where N  represents the number of OFDM subcarriers, 
kS  is the signal carried by the thk  subcarrier. 

During each OFDM period of timeT , a total of N  parallel symbols will be transmitted. The applied 

modulation scheme will define the number of bits transmitted per OFDM symbol. 

QPSK and QAM are the two modulation standard defined by the LTE. In QPSK modulation technique 

two bits per symbol are transmitted which are represented by 00,01,10,11. In QPSK, the carrier varies 

in four possible phase shifts, not frequency, to represent four possible symbols. On the other hand, 

QAM is a form of modulation which is widely used for radio communications for modulating data 

signals onto a carrier. It is widely used because this modulation scheme is more susceptible to errors 

than QPSK and better to provide more spectral efficiency. 

In QAM signal, there are two carriers shifted in phase by 90 degrees. They are modulated and the 

resultant output has both amplitude and phase variation. It has both amplitude and phase variation 

simultaneously. In multicarrier communication system, OFDM is the most familiar choice. To reduce 

the channel distortion, cyclic prefix is used in the OFDM system. In FBMC, this channel distortion 

issue is solved by the use of filters after the FFT/IFFT operation.  By the use of proper filters 

interference can only be occurred in the adjacent channel not in the non-adjacent channel. For this 

reason, FBMC is more advantageous in future high speed communication where the ICI problem also 

be solved due to the use of different filters for different subcarriers. Moreover, in the application of 

cognitive radio big side lobes problems in OFDM is main hindrance which is overcome in FBMC 

filters where the side lobes magnitudes are diminishing very sharply. For these reasons FBMC is 

considered for the replacement of OFDM in the future wireless communications.  

As mentioned earlier, FBMC is a multicarrier modulation scheme where in the transmitter and 

receiver side banks of filters are being used. Transmitter sides filter named by the synthesis filters and 

receiver side filters and known as analysis filters bank. There are two classes of FBMC are introduced 

by the digital subscriber line (DSL) namely, the filtered multi-tone (FMT) and another is the discrete 

wavelet multi-tone (DWMT) modulation. Cosine modulated multi-tone are used in the DWMT. 

Therefore, DWMT are known as cosine-modulated multi-tone (CMT). Vestigial sideband (VSB) 

modulation is used in CMT to send pulse amplitude modulation (PAM) symbols. For the application 

of DSL another FBMC method is used named Filtered multi-tone (FMT). In FMT, there are no 

overlapping between adjacent subcarriers. Therefore, in compare to the Staggered multitone (SMT) 

and CMT, FMT is less bandwidth efficient. Among the two classes of FBMC PAM based real values 
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signal transmission is a class of FBMC and the complex valued signal based quadrature amplitude 

modulation techniques is the other class of FBMC.  

2.3.1 Filtered Multi-tone (FMT) 

In FMT method, without overlapping among subcarrier is the key requirements of this method. 

Similarly, to the FDM technique FMT is the multicarrier modulation scheme based on the principle of 

FDM. To support the high data rate a number of wideband disjoint frequency is used in FMT and 

among the bands there are some band gap for the separation of different subcarrier, this is the major 

short coming of FMT method with respect to the bandwidth efficiency to increase the subcarrier 

number. The advantages of FMT method is ICI problem has not occurred because no overlaps 

between the adjacent subcarriers. In Fig. 2.3 shown the representation of FMT modulator, 

 

Fig. 2.3. FMT Modulator 

 

2.3.2 Cosine Modulated Multi-tone (CMT) 

 A set of vestigial side-band sub carrier channels is used for the transmission of real valued signal in 

CMT method Every subcarrier carries a stream of pulse amplitude modulated (PAM) symbols. 

Maximum bandwidth efficiency is achieved due to the overlapping of each subcarrier in the system. 

[42]. In CMT method, using the 2N number of subcarrier N complex symbols can be transmitted, 

where each carrier carries a real symbol. As it transmits only the real value of the signal it requires to 

partition the same bandwidth into double number of subcarrier to achieve the maximum data rate.  
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Fig. 2.4. Block diagram of CMT Modulator 

Fig. 2.4 shows the structure of a CMT MCM system. Here band limited input PAM symbols are 

generated by a synthesis filter bank to generate the vestigial sideband signals and then various 

frequency bands is used to modulate them. Vestigial sideband filtering is performed by a frequency 

shifted version of a low pass filter )(th , centered at Tf 2/   with impulse response 
t

T
j

eth 2)(



. A 

CMT system for the transmitted symbols sequence can be presented as in (2.2) [17] 

                                                     2.2 

 

Where ][nSk  are PAM symbols. The baseband-FBMC-CMT signals at the transmitter, )(tx , is 

obtained by (2.3) [17] according to the above block diagram, 

 

                               2.3 

 

2.3.3 Staggered modulated multitoned (SMT)  

SMT uses OQAM to modulate data. In such a system, a root-Nyquist filter is selected with symmetric 

impulse response for pulse-shaping at the transmitter and the receiver sides. In this transmission 

technique, a half symbol delay between the in-phase and quadrature-phase components is always 
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maintained of every QAM symbols, this makes it possible to achieve baud-rate spacing between 

adjacent subcarriers. The information symbols, which are free from ISI and ICI can be received 

successfully in this method without using the CP as needed in OFDM. For example, in SMT method, 

N  filters are faded by N  parallel data streams and there is always a half symbol duration, 2/T , 

between the in phase and quadrature phase components. The output of these filters is then modulated 

by T/1  space frequency separated by N  subcarriers. With this consideration, the basic FBMC signal 

can be expressed as (2.4) [5] 
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The expression in (2.4) can be rewritten as [12] 
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Where ][nS l
k

is the in-phase component, ][nS Q

k
is the quadrature component of the thk  subcarrier and 

thn  symbol and is defined by the following equations [13] 

 
2.6 

 
n

Q

k

Q

k nTtnStS )(][][   

here )(t is the delta function. 

Fig. 2.5 shows the simple block diagram of FBMC transmitter. Similar to the OFDM system, initial 

blocks are placed for the baseband modulation of digital data stream, and then the baseband signal is 

converted to another form by the OQAM preprocessing which is described in the later part of this 

chapter. After that paralleled data are faded by the filters and the filter coefficients are generated for 

different overlapping factors, K  shown in Table I. It can be noted that the FBMC systems usually use 

a prototype filter called ‘physical layer for dynamic spectrum access and cognitive radio’ 

(PHYDYAS). In this filter, the Nyquist criteria is satisfied by using the co-efficient of the frequency 

domain and by imposing the symmetry condition [23]. The PHYDYAS filter impulse response is 

given as 
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where ]21[
1

1

2



K-

w

wHKTA  is the normalization constant. Next, the frequency faded data are passed 

through the IFFT block. The serial data are then overlapped and summed before the up conversion is 

performed to transmit to the channel. Fig. 2.6 represents the receiver section of the FBMC system 

where the opposite operation takes place for recovering the data. The same frequency coefficients as 

used in the transmitter side are used to decode the signal in the original form.  

OQAM preprocessing and post processing are the necessary blocks which are actually required for the 

conversion from QAM to OQAM. In, complex symbols 
nkC ,

 are passed through two blocks according 

to their real and imaginary parts which generating two types of data: 
nkd 2,
 for the real part of complex 

symbol and 
12, nkd  for the imaginary part of the symbol. The sampling rate is doubled when complex 

to real conversion is performed. They are actually separated according to the odd/even number of 

index k . In OQAM post processing as shown in, the inverse operation is performed to convert OQAM 

to QAM. In this case, sampling rate is decreased by 2 when the real values are converted to complex 

symbols. 

 

 

Fig: 2.5. FBMC Transmitter 

 

Fig. 2.6. FBMC Receiver 
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Fig. 2.7. OQAM preprocessing 

 

 

Fig. 2.8. OQAM post processing 

2.3.4 PHYDYAS Prototype Filter Design 

5G communication has a project named Physical layer for dynamic spectrum access and cognitive 

radio (PHYDYAS) [22-23]. Most of the FBMC projects use the PHYDYAS filter as prototype filter 

which was first introduced by Bellanger. The basic requirement of filter is the Nyquist criteria which 

is satisfied by imposing the symmetry condition and maintaining the frequency coefficient properly. 

Nyquist theory based digital transmission has some conditions: the impulse response of the 

transmission filter should cross the zero axis of the symbol period at each of the integer multiple. The 

condition of half the symbol rate interprets the cut-off frequency in the frequency domain by the 

symmetry condition. Then, calculating the frequency co-efficient and imposing the symmetry 

condition are the method for designing the Nyquist filter [41]. 
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The global Nyquist filter is generally divides into two parts in the transmission systems, the 

transmitter and the receiver both use a half-Nyquist filter each. Then, by squaring the frequency co-

efficient, the symmetry condition is fulfilled. The half-Nyquist filter frequency coefficients of are 

calculated for K=2,3 and 4 are given in Table 2.1. 

Table 2.1. Filter co-efficient. 

K  H0  H1  H2  H3 σ2 (dB) 

2  1  2 / 2  -  -  -35 

3  1  0.911438  0.411438  -  -44 

4  1  0.971960  2 / 2  0.235147  -65 

 

In a communication system, the filter is divided into two parts.  [48]. The symmetry condition is 

fulfilled by the squaring the frequency co-efficients. For overlapping factor K=2, 3 and 4, Fig. 2.9. 

shows the frequency coefficients of the half Nyquist filter: 

 

Fig. 2.9. Prototype filter frequency coefficients and frequency response for K=4. 

In the frequency domain, there are 2K-1 pulses of filter response, as shown in Fig. 2.9 for K=4. Fig.2.9 

shows the continuous frequency response, which is calculated by the interpolation formula from the 

frequency coefficients for sampled signals which yields [42] 
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The PHYDYAS filter impulse response is given as [23] 
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where ]21[
1

1

2



K-

w

wHKTA  is the normalization constant. After the response of PHYDYAS filter, a 

highly selective filter has been obtained which nearly makes disappear the out-of-band ripples. Fig. 

2.10 shows the overlapping factor for FBMC by varying the values of K. The value of K is varied by 

2, 3 and 4 and their responses for normalized frequency and normalized amplitude are displayed. It is 

clear from the response that K=4 has very well response than the others.  

 

Fig. 2.10. FBMC overlapping factor response in K=2,3,4. 

In Fig. 2.11, OFDM and FBMC filter responses are compared. It is prominent from Fig. 2.11 that, 

FBMC has very small amplitude of side bands than the OFDM. So, ISI and ICI are removed by the 

use of prototype filters in FBMC system. 
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Fig. 2.11. OFDM and FBMC filter response. 

In Fig. 2. 12 and Fig. 2.13, three OFDM and FBMC signals are plotted to show the orthogonality of 

the signals. In OFDM, three signals are orthogonal to each other but they have very high side lobes 

which may create the ISI. But by the use of prototype filters three FBMC signals are almost separated 

with their response and their side lobes are also very small compared to the OFDM signal. The main 

lobes amplitude is very high and side lobes are diminishing sharply compared to the OFDM signal in 

FBMC signal. 
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Fig. 2.12 (a). Subcarrier response for three OFDM signal. 

 

Fig. 2.12 (b). Subcarrier response for three FBMC signal. 

 

It is shown in Fig.2.13 that, total filter length L=1024 for M=256 number of sub- channels and K=4. 
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Fig. 2.13. Time and amplitude response of the filter. 

After designing the prototype filter by the frequency shifts MK  times the filter bank is achieved as in 

the FFT case. Multiplication the prototype filter coefficients by Mkije /2  collect the filter co-efficient 

with index k , as described in section 2 for the FFT. Fig.2.14 shows the way for a section of the filter 

bank derivation. The spacing among the sub-carrier is unity and the frequency axis sub channel 

indexing is also unity. It is maintained at all time that the even index does not overlap each other. For 

this reason, it has impact on the system.  In fact, a particular sub-channel is overlapped in frequency 

with its adjacent channel only. 

 

Fig.2.14. Section of a filter bank based on the prototype with K=4 
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The importance of inter sub-channel interference frequency response is to decide the modulation 

scheme. The receiver filter of this sub-channel is overlapped with the transmitter filter of the adjacent 

sub-channel for a given sub channel which is in Fig.2.14.  The frequency coefficients of two 

neighboring sub-channels consider K-1 coefficients for the overlap concerns and interference filter 

frequency coefficients can be calculated easily. The symmetrical set of co-efficient afor K=4, are 

5.0;228553.0 231  HHH . 

As mentioned earlier, using the interpolation formula the interference frequency response is deduced 

which yields in equation (2.8). The interference filter frequency response of is shown in Fig.2.15 for K 

= 4.  The time domain impulse response is given from the interference filter by the inverse Fourier 

transform [43] 

T
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                                            2.10 

To dodge interference an important result is used to determine the types of modulation. The factor  

)/sin()/cos(2
2

TtjTte T

t
j




  is showing the symmetry of the frequency coefficients and, because 

of this factor, the zero axis at the integer multiples of the symbol period T  is crossed by the imaginary 

part of )(th  while the real part is crossing the zero axis at the odd multiples of T/2. The crossings of 

zero level are interleaved and this is the foundation of t the OQAM modulation described in a later 

section.  

 

Fig. 2.15. The frequency response of the interference filter is shown for K = 4. 
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Now, the squaring of those prototype filter frequency coefficients of the transmitter-receiver filter is 

the major consideration to design a complete system. The corresponding results are calculated by [23] 
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For K = 4 a Nyquist filter with its frequency response is displayed in Fig. 2.15. the “background 

noise” power another important parameter relating to the design of a prototype filter.is. Actually, non-

orthogonality creates this interference power among the neighboring channel which are residual. This 

is calculated, for example, to load all the sub-channels but one with unit power signals which is not 

correlated and to measure the signal power in the unloaded sub-channel. The amount of σ2 obtained for 

variation of overlapping factors K are shown in Table 2.1. The parameter is considered as important 

for designing the system due to it has effect on spectrum sensing and bit loading.  

2.4 Extending the FFT to implement the filter bank 

Filter bank implementation is a simple scheme presented in Fig. 2.1 and for the extended IFFT and 

FFT it is enough to modify it. 

In section 2.3, for the modulation of one subcarrier one input of IFFT takes a data element and by the 

use of overlapping factor K this data element is modulated by 2K-1 subcarriers in a filter bank system. 

This way of modulation can be proceeding in the following manner,  

 For the generation of all necessary carriers, KM size IFFT is utilized.  

 Multiplication of a specific data element )(mMdi
with  the filter frequency coefficients is performed 

first and then it  is 

fed with indices 1)1(,.......,1)1(  KiKi to the 2K-1 inputs of the IFFT. Practically, an 

operation is performed called the “weighted frequency spreading” of the data element for spreading 

over several inputs of IFFT. 

 

A block of KM samples of the IFFT output is generated for each input data set. For each set of input 

data, the output of the IFFT is and, since 1/M is the symbol rate, K consecutive outputs of IFFT is 
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overlapped in the time domain. Therefore, output of the filter bank is provided by the operation of an 

overlapping and summing, as depicted in Fig.9.  

 

Fig.2.16. Principle of the filter bank based transmitter implemented with IFFT extension 

Fig. 2.17 shows the details of the implementation for K = 4 of the overlapping factor. The figure 

 

Fig.2.17. Frequency spreading technique in the transmitter side. 

 

is shown that there is a separation among the sub-channels with indices i and i+2 and they are not 

overlapped. On the contrary, there is an overlapping with sub-channel i+1 with both and in that time 

requirement is orthogonality. This figure is explained by considering the IFFT real inputs for i and 

i+2, and for i+1 imaginary inputs, or the opposite.  
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In the receiver using the extended FFT and KM size is very successful implementation. In that case, 

overlapping occurs among the FFT input blocks, this process is performed by the classical sliding 

window situation. At the FFT output, using the weighted dispreading operation the data elements are 

recovery is performed which is presented in Fig. 2.18. in detail. In fact, in equation 2.13. rests of the 

data recovery property of the Nyquist filter frequency coefficients is shown  

1
1

21

1






K

Kk
kH

K
                                                                                2.13 

 

Fig.2.18. Frequency de-spreading technique in the receiver side. 

total delay of the system is calculated by the K multicarrier symbols or the KM times transmitted 

symbols after the back to back connection among the transmitter and receiver.  

Simplicity is the remarkable feature of this scheme given in Fig. 2.5. and Fig 2.6.  which are the 

complete opposition before the IFFT operation and after the FFT operation. In fact, the computational 

complexity is the key difference, due to the increment of size of the FFT from M to KM and now it is 

very important discussion about the reduction of this computational complexity.  As in the time 

domain overlapping occur with a large amount so it can possible to reduce the computational 

complexity in time domain. An efficient way for the reduction of this redundancy is known by the 

poly phase network FFT (PPN-FFT) scheme.   
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2.5 OQAM modulation 

Different modulation techniques can be utilized in the FBMC system for maintaining the separation 

among sub channels. If considering only the even index sub channels, then there is no overlapping and 

the higher requirement of bandwidth QAM modulation technique can be utilized. Moreover, to 

achieve the full speed of the technique, all sub channels should be utilized for a specific modulation in 

frequency domain overlapping among the adjacent sub channels.   

In section 2.3, two important aspects for the transmission system are explained, 1) there is a necessary 

of orthogonality of the sub channels to maintain the proper overlapping among sub carriers. This can 

be achieved by imposing the real values part of the QAM symbol in the even index and complex 

valued part in the odd index. But there is a limitation in capacity, there is a reduction of capacity of 

factor 2. This limitation can be overcome by the following way.  

2) There is a symmetry in the transmitter and receiver filters and they are identical. Impulse response 

of the sub channel interference filter of the imaginary part overlapped in the time domain at the 

symbol period integer multiple and the other multiples are for the real part of the impulse response. In 

section 2.4. described at the end of the section and interleaved time axis crossing.  Then, full capacity 

can be achieved by the following strategy: symbol rate should be doubled and alternatively use of sub 

channel for the real and imaginary part of the IFFT. In this way it differs from OFDM for transmitting 

complex symbols part separately. This scheme is designed after the consideration of the impulse 

response of the Cascade blocks of transmitter and receiver.  

Transmission system impulse response, the most significant part of the system is provided in Table 2.2 

considering the overlapping factor K=4 of the prototype filter. The sub channel spacing in the time 

domain is doubled than the time spacing which is T/2. Real value is contained in the index “i” of the 

sub channel and by padding zeros in the other index Nyquust criteria is satisfied. Putting the real and 

imaginary part alternately in the index “i-1” and “i+1” overlapping part is positioned.                                                                                     

 data can be transmitted on the real part of sub-channel i maintaining the sub-channel spacing rate, 

 Similarly, data can be transmitted on the imaginary part of sub-channel i at sub-channel spacing rate 

and with a unit time shift, 

 the similar scheme can be applied for transmission in the neighboring sub-channels i+1 and i-1, by 

interchanging the real and imaginary parts of the symbol.   
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This is the concept of the offset quadrature amplitude modulation (OQAM) and the word ‘offset’ is 

used for inversing the sub-channel spacing into time shifting on the real part and the imaginary part of 

a complex symbol.  

However, this modulation process is utilized in the single carrier modulation for improving the peak 

factor. Similar throughput is achieved in the recent multicarrier system by utilizing the QAM 

modulation in OFDM systems. There is no need of guard time in the offset concept 

                                           

Table 2.2: The impulse response of the transmission system 

time 

sub-

ch. 

p-4  p-3  p-2  p-1  p  p+1  p+2  p+3  p+4 

i-1  0.005  j 0.043  -0.125  -j0.206  0.239  j 0.206  -0.125  -j0.043  0.005 

i  0  -0.067  0  0.564  1  0.564  0  -0.067  0 

i+1  0.005  -j.043  -0.125  j 0.206  0.239  
-j 

0.206  
-0.125  j 0.043  0.005 

 

In Section 2.5, an approach of the extended FFT implementation is explained. The double data rate 

and M output samples of the consecutive blocks are overlapped in the transmitter. In addition, M/2 

samples of overlapping parts are added together. Similarly, M/2 sample slides are moved in the FFT 

window blocks instead of M samples.                          

There are two chains required for the PPN-FFT or double rate running of a single FFT block and Two 

devices of PPN as shown in Fig. 2.19 of transmitter. As explained earlier, the output samples of M are 

coming out and overlapped by M/2 from PPN 1, PPN2. For more clarification, the following figure 

2.19 is described in details,  
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Fig. 2.19. PPN IFFT for the transmitter 

At this stage, an important aspect of the OQAM modulation is very important, because this will have 

influence on some of the functions of the transmission system and, particularly, some applications of 

the MIMO concept.  

2.6 A survey on prototype filter for FBMC 

Prototype filters are the key components of FBMC systems. Different prototype filters are designed to 

fulfill the different purpose. According to the requirements, a large number of prototype filters are 

already designed. There are three major classification of prototype filters according to the expression 

and applications.  

 Time limited filters 

 Band limited filters 

 Localized filters 

2.6.1 Time limited filters: - The filters which have the finite time duration as name implies 

is called the time limited filters. As the time domain is limited of this filters, so the spectrum 

of such filters are infinite. As these filters has finite time co-efficient so it is easy to design in 

signal processing.   



Page 39 of 91 
 

a) Rectangular filter: - In time domain rectangular pulse shape and in frequency domain a sinc 

function is used to design the rectangular prototype filter. OFDM systems use this type of 

filter but it has high out of band radiation which causes the ISI. For overcoming this problem, 

cyclic prefix is added in OFDM system which require more bandwidth.  

b) Window based filter: - This prototype filters are designed based on the windowing 

techniques. Different side lobes characteristics based windowing techniques are popular in 

DSP. Hanning, Hamming, Blackman, Blackman-Harris are the popular windowing based 

techniques.  

c) Optimal Finite Duration Pulse/Prolate Filter: - Compensation of computational complexity is 

also the important consideration in the FBMC system. Truncation of side lobes can reduce the 

computational complexity that can also cause the error in the received bits. So, there is a 

tradeoff among the reduction of side lobes and the error tolerance. Optimal finite duration 

pulse or Prolate filter has the characteristics of this type truncation.  

d) Kaiser filter: - In these filters, Bessel function is used to deduce the characteristics required 

for the filtering action. Out of band radiation can minimize completely with the 

implementation of this filters. Stop band attenuation and side lobes attenuation can be 

controlled by a single parameter of these types of filters.  

e) PHYDYAS filter: - The idea of PHYDYAS prototype filter is originally shared by Bellanger and 

most of the FBMC projects are currently utilizing this filters as the prototype filters. Here, 

filters co-efficient are defined and the characteristics and filters co-efficient are calculated by 

satisfying the symmetry condition and the Nyquist criteria in frequency domain.  

2.6.2 Band-limited Filters: - These filters are characterized by finite bandwidth. However, 

they ideally require infinite time duration. Therefore, these filters are problematic with 

practical consideration. 

a) Raised Cosine Filter: - Raised-cosine filter is a Nyquist filter which is generally used. In this 

filter the time-frequency localization is controlled by a parameter called as the roll-off factor 

α. This filter become rectangular filter when α=0. Filter bandwidth is given by (1+ α)/T. 

b) Root Raised Cosine Filter: - Root raised cosine filter is commonly used in a transceiver to 

satisfy Nyquist criteria. This filter is designed from raised cosine filter. If PRC(f) is the 

frequency response of raised cosine filter and PRRC(f) is the frequency response of root raised 

cosine filter, then these two are related by PRC(f) = PRRC(f) PRRC(f). 

c) Half Cosine and Half Sinc Filters: - Half cosine filter is the RRC filter with α=1. This filter gives 

good time/frequency behavior. It is characterized by its small transition band with high 

attenuation in the stop band. 

2.6.3 Localized Filters: - Time-limited and band-limited filters are localized in only one 
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domain but localized filters consider both domain on an equal footing. So they these filters 

provide compactness in both time and frequency domains. These filters are like Gaussian 

pulse. 

a) Gaussian filter: - Its time and frequency behavior is similar. Frequency response of a 

Gaussian function is also another Gaussian function. αg is the control parameter in Gaussian 

filter. For αg =1 Gaussian filter is perfectly isotropic. 

b) Hermite pulse: - This filter is commonly used in literature to achieve localized pulse shapes 

in doubly dispersive channels. Tis filter is achieved from Hermite polynomial function Hn(t) 

with different order n. 

c) Isotropic Orthogonal Transform Algorithm (IOTA) filter: - The isotropic orthogonal 

transform algorithm (IOTA) filter maintain excellent localization property of Gaussian filter, 

and provide orthogonality to prevent ISI and ICI between neighboring symbols in 

time/frequency lattice. With these parameters, IOTA filter works as an optimal Nyquist filter 

in terms of time-frequency localization when we consider rectangular lattice.   

In Table 2.3 [42] describes the different filters with their mathematical model and 

corresponding comment regarding the filters. Basically those are digital filters and their 

frequency components are determined by their characteristics equations. All the filters are used 

in FBMC are Nyquist filters and in addition in transmitter and receiver side similar frequency 

co-efficients are utilized as synthesis and analysis filters. In the table, some of the filters co-

efficents are determined by not the mathematical model only but also by the different 

interpolation methods applied for deducing the frequency equations. 

Table 2.3. Comparison of Filters 

 

Filters Mathematical Model Comments 
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2.7 Channel Description 

Different channel impairments have been considered in this research. Additive white Gaussian noise 

channel, fading in the channel, shadowing and path-loss are among them. In the following, these 

impairments are described with their mathematical explanation. 

 

2.7.1. Additive White Gaussian Noise (AWGN) 

In a communication channel, the thermal noise is modelled based on the following assumptions:   

o this is additive type noise, i.e., the transmit signal and some noise are added in the received 

signal, this is the statistically independent of the signal, where the noise is statistically 

independent of the signal.  

o the noise is white type, i.e., power spectral density is flat for this type of noise, so time 

domain of the autocorrelation of the noise is zero for any non-zero time offset.  

o Gaussian distribution is followed in the noise samples.  

 

linear and time invariant channel is considered in most of the cases. The most basic results further 

consider that frequency non-selective is also considered. AWGN defined by a wide frequency range 

with respect to a signal in a communications channel is the statistically random radio noise. 

bandwidth. It also 

fulfills Nyquist 

criterion after 

matched filtering. 
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2.7.2. Path loss and shadowing 

Reliability of high speed communication channel have to face lots of challenges when the medium is 

wireless. It is generally considered as noise, interference and other impairments are added with the 

signal but the other severe challenges like error occurs due the movement of users and other dynamics 

are unpredictable. This chapter describes the variation of receive signal power variation over distance 

and shadowing effect. For the loss in propagation due to the travel of distance the transmit power is 

decaying, this concept is the path loss in the communication system. Generally, design procedure is 

the same for a given transmitter receiver distance but shadowing has not included in the concept of 

path loss. Shadowing occurs due to the obstacles between the transmitter and receiver that attenuate 

signal power through different ways for example absorption, reflection, scattering, and diffraction. 

Signal is blocked in the situation whenever the attenuation is large. For the traveling of the signal over 

long distances (100-1000 m) [40], received power variation occur due to path loss whereas it is varied 

due to shadowing effect and the effects depend on the condition indoor and outdoor as well as the size 

or depth of the barrier that creates shadow. As the variation in the transmit power and receive power is 

very high in the long distance communication so it is considered as large-scale propagation effects. 

 

Propagation path loss refers the different path loss occurred in between the transmitter and the receiver 

in the wireless communication channel. Path loss is considered as the prime factor for the analysis and 

designing of the channel of wireless communication system. Generally, the traveling way of the 

electromagnetic waves do not follow the line of sight due the different barriers as obstacle in the 

movement of the wave. Received signals phase and amplitude variation occurs due to the different 

reaching time in the different multipath channel occurs in the multipath propagation technique in 

wireless communication. This can be explained by the following property of the wave. 

o Reflection.  

o Diffraction.  

o Scattering.  

o Doppler effect.  

 

In terms of large scale propagation loss, path loss is the key loss usually expressed in dB scale is 

considered because of very small power at the transmitter and receiver side. In most of the references 

as path loss is referred by the equation 2.14 for the high frequency transmission [24], 
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)(log10.))(( 10 ddBdPL                                                          2.14 

Where,  is the floating intercepts in dB and  is the linear slope (e.g. average path loss component) 

in dB and d is the distance between transmitter in receiver in meter. Another term shadowing is used 

for the large-scale propagation loss which is defined by X  where σ is the standard deviation in dB 

scale. It is usually defined with the path loss by equation 2.15 [25], 

)())(()( dBdBdPLdBloss                                                      2.15 

 

 

Fig. 2.20. Path-loss versus distance curve 

In Fig. 2.20 path-loss versus distance curve is displayed. Here shadowing effect is varied with respect 

distance and path-loss is increased with the increment of the transmitter and receiver distance. . 

 

 

2.8. Multipath Propagation 

A propagation phenomenon of the radio signals in the wireless telecommunication is called multipath 

where the received signal has two or more paths from the same transmitter. multipath occurs due to 



Page 45 of 91 
 

the different reason such as ionosphere reflection, atmospheric ducting, and refraction, and reflection 

from different water bodies and objects such as the different trees, mountains and buildings. As a 

result, constructive and destructive interference occurs in the signal in addition with the phase shifting 

may also occur which may create error in the wireless system and may be severe that can create ISI. 

 

2.8.1 Multipath & Small-Scale Fading 

Fading and small scale fading is meant the amplitudes and phase fluctuations or the delay of the 

multipath propagation a short period or short travel distance of a radio signal. This problem may cause 

severe ISI in some situation as the large scale fading due to the propagation loss. 

 

2.8.2 Multipath Fading Effects 

In principle, the main multipath effects are the following 

 Signal strength rapid fluctuations over a small time interval or small distance travel. Doppler shifting of 

the different multipath signal creates the random frequency modulation  

 Propagation delays of different multipath are responsible for the echoes and time dispersion. Time 

dispersion or echoes caused by multipath propagation delays. 

 

2.8.3 Factors Influencing Fading 

There are different factors that influences the fading in the radio propagation channel. The followings 

are the well-known reason for this effect. 

The following physical factors effect as small-scale fading in the radio propagation channel: 

 Multipath propagation – A propagation phenomenon of the wireless channel where the receiving 

antenna received the same signal through two or more paths. As a result, different destructive and 

constructive interference occurred and phase shifting of the signal. 

 Speed of the mobile –the relative motion among the transmitter and receiver creates the frequency 

modulation of each multipath channel due to the speed of the mobile.  

 Speed of surrounding objects –There is a time varying Doppler shift on multipath components due to 

the motion of the objects of the radio channel. This effects dominate when the e surrounding objects 

changes at a greater rate than the mobile,      
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 Transmission Bandwidth of the signal – If the coherence bandwidth that means the multipath channel 

bandwidth is smaller the radio signal transmitted bandwidth then the received signal will be error.   

 

2.8.4 Types of Small-Scale Fading 

Bandwidth or the symbol period and the rms delay spread or Doppler spread are the major parameters 

that classified the type of fading in the wireless channel. including the two types of Fading due to the 

dispersive nature of the channel, there are four different class of fading.  

Flat Fading 

When the coherence bandwidth is larger than the transmitted signal bandwidth then this types of 

fading may be occurred. In the time domain, if the rms delay spread is less the symbol period in that 

situation flat fading is occurred. Symbolically, when the cs BB   , where sB is the signal bandwidth 

and cB is the coherence bandwidth. Also  

TsT                                                                          2.16 

Where sT  is the symbol period and T is the rms delay spread. In such a case, mobile channel has a 

constant gain and linear phase response over its bandwidth. 

 

 

Frequency Selective Fading 

In the mobile radio channel when the signal bandwidth is greater than the coherence bandwidth then 

the frequency selective fading is occurred oor equivalently the rms delay spread is larger than the 

symbols duration of the signal.  

cs BB                                                                       2.17 

and 

TsT                                                                      2.18 
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Multiple copies of the transmitted signal are obtained in the receiver, all are delayed in time and also 

attenuated. as a result, the channel introduces ISI. A channel is maintained the rule of thumb for 

creating flat fading is if  

1.0
s

T

T


                                                                   2.19 

Fast Fading 

In a fast fading channel, impulse response of the channel differs rapidly within the signal symbol 

duration.  Doppler spreading causes the signal undergoes frequency dispersion which lead to 

distortion. Therefore, a signal undergoes fast fading if  

cs TT                                                                   2.20 

Where cT  is the coherence time and 

Ds BB                                                                  2.21 

where DB  is the Doppler spread. Due to the fast fading transmission includes very low data rates. 

Slow Fading 

In such a channel, the channel impulse response changing rate is much less than the transmitted signal. 

The name slow implies the fading rate, which is almost constant for a single bit duration. Hence,   

cs TT                                                                     2.22 

and 

Ds BB                                                                   2.23 

Here it observes that, user velocity plays an important role for determining the fast or slow fading that 

signal experiences.  

Doppler Shift 

The Doppler shift (or Doppler effect) is the variation of a wave frequency or a movement of an 

observer relative to the source of the wave. In classical physics (waves in a medium), the relationship 

between the observed frequency f   and of the emitted frequency  is given by: 
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                                                                      2.24 

where v  is the  in the medium waves velocity, sv is the velocity of the source relative to the medium 

and rv  is the velocity of the receiver relative to the medium. 

, there is a slight modification of the above equation in mobile communication as the source (BS) is 

fixed and located at a remote elevated level from ground. the above equation can be slightly modified 

according to our convenience since The EM wave expected Doppler shift  then comes out to be 

o
r f

c

v
or 



rv
. A Cos  factor would also be multiplied  with the above factor due to the position of 

BS in the elevated place.  

 

2.9 Statistical models for multipath propagation 

There are many multipath models have been proposed for describing the resultant statistical nature of 

a practical mobile channel. To design and to reduce the effects of the channel different first order and 

second order equations are used to find out properly the channel model. Rayleigh and Rician are the 

very common statistical distribution for designing the channel. In Rayleigh there is no line of side path 

is considered and Rician distribution there is a line of side path.  Below, first order and second order 

statistical models are discussed 

2.9.1 NLoS Propagation: Rayleigh Fading Model 

If there is no LOS path between the transmitter and receiver, then the channel is considered as the 

Rayleigh fading channel. Let due to the presence of obstacles, there be two multipath signals S1 and 

S2 are received at two different time instants as a result. There can either be constructive or destructive 

interference between the two signals. Rayleigh distribution function is the key parameters for 

designing the Rayleigh fading channel. 

2.9.2 LoS Propagation: Rician Fading Model 

A direct LOS path is considered in the Rician Fading in addition to all the normal multipath.  

2.9.3 Generalized Model  

A generalization of the Rayleigh and Rician fading is the Nakagami distribution whose probability 

distribution function (PDF) is defined as [26-27], 
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Where, ( )m  is the Gamma function,    is the average signal power and m  is the fading factor 

which is always greater than or equal to 0.5.  

The plot for the distribution in different values of   and m in MATLAB is given in Fig. 2.21,  

 

Fig. 2.21. Nakagami fading distribution 
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CHAPTER 3 

LITERATURE REVIEW  

3.1 Introduction 

FBMC systems are a very emerging subclass of multicarrier (MC) systems. Similarly, to the frequency 

division multiplexing (FDM), dividing frequency spectrum into many narrow sub-channels is the lay 

principle of FBMC. To overcome the challenge of huge data from upcoming generation, in depth 

research on this field is now being attracted nowadays. This chapter will focus some of those including 

critical remarks and limitations of previous works. 

3.2 Literature review on FBMC 

A number of recent research works are highlighted on the development of FBMC modulation. As 

previously mentioned in this thesis, FBMC uses a bank of filters in the transmitter and the receiver. 

Synthesis filter bank are in the transmitter side and analysis filter bank are in the receiver side. In fact, 

the first concept of FBMC was developed earlier to OFDM. In the decade of 1960s, the idea of FBMC 

was first introduced by Chang who described the conditions required for signaling a parallel set of 

pulse amplitude modulated (PAM) symbols going through a bank of overlapping vestigial side-band 

(VSB) modulated filters [41-45]. One year later, another pioneering person in the field of FBMC 

named Saltzberg extended the idea of Chang and proved how the method could be modified for 

transmission of quadrature amplitude modulated (QAM) symbols. Saltzberg shows that the maximum 

spectral efficiency in FBMC system can be achieved if a half-symbol space delay between the in-

phase and the quadrature phase components of QAM symbols is maintained. Efficient digital 

implementation through polyphase structures of Saltzberg’s multicarrier system are first introduced by 

Bellanger and Daguet primarily [46-48]. This extends in 1980s when Hirosaki contributes on FBMC 

and proposes an efficient polyphase implementation for the Saltzberg method.  Saltzberg method is 

called OFDM based on offset QAM or OFDM-OQAM. The word offset is introduced from the fact 

that there is half symbol delay between the in-phase and quadrature component of each QAM symbol 

with respect to each other. This method is called staggered modulated multi-tone (SMT), where the 

word staggered comes due to the in-phase and quadrature phase components in each QAM symbols 

are time staggered. All words SMT, FBMC, OFDM-OQAM are essentially meaning the same 

technique of multicarrier modulation.  

On the other hand, very limited attention is shown to Chang’s method [41]. Some references only cite 

its existence without describing any details for instance, the work in [42]. In particular, Hirosaki works 
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for the equivalence among the both method of FBMC and showed in [43] that Chang’s and 

Saltzberg’s methods are equivalent, thus, an implementation for one can be applied to the other with a 

minor modification. Moreover, as noted earlier, a broaden literature in digital signal processing are 

given attention on a class of multicarrier systems that are referred to as DWMT. It is noted in [44] that 

DWMT uses the same analysis and synthesis filter banks as the cosine modulated filter banks (CMFB) 

[45]. CMFB, on the other hand, may be viewed as a reinvention of Chang’s method, with a very 

different application in mind [46]. In [47], it also introduces the shorter name cosine modulated 

multitone (CMT) to be replaced for DWMT and/or CMFB. In the 1990s the use of cosine modulated 

filter banks for data transmission was widely studied. 

In the early years of new century, OFDM-OQAM implementation is the very challenging research in 

the concept of communication. The work in [45], clearly describes the concept of FBMC and its 

difference with the OFDM system and gives some idea to develop the OFDM –OQAM system with 

some mathematical and block representation of FBMC. Similarly, [15-18] discuss about the 

implementation of FBMC system in different ways. On the other hand, in the beginning of the new 

century the wireless community begins to explore other advanced MCM techniques for use in 5G 

systems, with FBMC the most promising one. Based on the excellent time-frequency localization of 

advanced prototype filters, FBMC can be implemented with a side lobe that is as small as possible. 

This technique attracted much attention, from both the academia and industry, as demonstrated in the 

EU’s FP7 PHYDYAS project [10] and the IEEE 802.22 standard [48].  

In paralleled way, filter designing for FBMC system was going in similar way. In 2008/2009 this task 

was successfully completed by a project   of ICT PHYDYAS [41]. They design some filters for 

FBMC named PHYDYAS filter. The filter co-efficient are effective to the FBMC filters. After that, 

different performance metrics for FBMC are being discussed. Among them, spectral efficiency, peak 

to average power ratio, computational complexity, BER, amplifier linearity is noticeable. Different 

candidates for 5G are being investigated with FBMC, like OFDM, GFDM, UFDM, etc. 

The work in [1] shows that, different waveform candidates are compared in different aspects. In some 

cases, FBMC performs better than others and in some cases it performs worse than its counterpart 

Among the comparison of CP OFDM and FBMC, the power spectral efficiency (PSD) of both 

candidates are equal. But the robustness to asynchronous multi-user uplink transmission in FBMC is 

good. In addition, in FBMC the cyclic prefix is removed that increases the spectral efficiency of the 

system. In [1], there is no critical remarks about the BER performance of the different system. 
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It is shown in [2] that the best spectral containment is achieved in FBMC and it is insensitive to multi-

user interference. For short bursts, FBMC does not have good spectral efficiency. There is no 

comparison of BER performance in different channel impairments in [2]. 

The authors in [3] show the qualitative and quantitative comparison of different 5G waveform 

candidates. Block error rate (BLER), spectral efficiency, OOBE and tail overhead are the measuring 

parameters in [3]. To achieve high level of spectral efficiency in efficient MIMO transmission and in 

complex multipath fading channels, a high level of orthogonality in the complex field is the 

requirement in the 5G wireless communication. Allowing very few amount of ISI/ICI, higher order 

modulation may be used by the low complexity receiver. In BLER, OOBE, spectral efficiency and tail 

overhead filtering perform better than windowing techniques but it adds more complexity. Sharp 

transition of the stop band is another additional feature foe filtering which is in-efficient in windowing 

technique. 

In the study [4], basically the advantages and disadvantages of OFDM and FBMC system are 

discussed in this article including the different structures of FBMC system with their analytical 

explanation. In OFDM based uplink system, carrier synchronization is very much needed but in 

FBMC system there is no need to carrier synchronization due the separation of different carriers by the 

different synthesis filters. On the other hand, OFDM is very much sensitive with time and frequency 

variation of the channel because ISI/ICI may occur easily in the system, but FBMC is free of this 

problem because different filter separates the different subcarriers to transmit the signal. Finally, 

spectral efficiency is more elegant in FBMC system because no cyclic prefix is necessary in the 

system as needed in convention OFDM system. 

The work in [5] shows that FBMC –OQAM and OFDM are compared with the impact of nonlinear 

amplifier in frequency fat fading Rayleigh fading channel. BER expression is derived and described 

for the both OFDM and FBMC system in terms of nonlinear amplifier design. It is measured that BER 

performance for both of the systems are the same for channel estimation and equalization process 

when phase error is considered. 

The authors in [6] show that QAM modulated signal is transmitted with FBMC system without 

intrinsic interference. FBMC-QAM system performs better than CP-OFDM system but computation 

complexity is more than the FBMC-OQAM based system. Other filtering technique like analysis filter 

banks and synthesis filter banks are similar to the FBMC-OQAM system. Intrinsic interference is not 

occurred in the QAM based FBMC that will be more promising to design MIMO FBMC system. 
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In the work [7], similarly to [6] FBMC-QAM based system is proposed and interference mitigation, 

BER, computation complexity is reported. For AWGN channel, the proposed FBMC-QAM based 

system performs similar to the CP-OFDM system, but in interference mitigation FBMC-QAM 

outperforms CP-OFDM. Here end to end transfer function is designed for the equalizer. Different 

analytical expressions are calculated and designed to express the performance of the FBMC filters. 

The work in [8] compares CP-OFDM and FBMC-QAM in terms of BLER, spectral efficiency and 

PSD. Here different 5G waveform design techniques are explained with the block diagram and the 

steps to design the waveform. After that, FBMC-QAM shows better performance than CP-OFDM in 

terms of spectral efficiency and PSD. BLER is measured for different modulation schemes like QPSK, 

16-QAM and 64 QAM, and in all cases FBMC-QAM shows good performance.   

The work in [9] summarizes the different aspects regarding 5G technology. Here different ideas such 

as millimeter wave communication, internet of things, cellular concept of current 4G and previous 

wireless communication systems are discussed. Latency, high data rate and different network 

allocation with core network are also discussed. Here, design procedure and parameters are included to 

support high data rate and then channel impairments and pilot signal estimation technique are 

described.  

The authors in [10] show that 5G wireless communications system are surveyed in terms of capacity, 

data rate, spectral efficiency, latency, energy efficiency, and quality of service. Different 5G network 

architecture are explained with different aspects. In addition, with different small range 

communication like Wi-Fi, millimeter wave communication, small cell area concept and their future 

scope for next generation wireless communication are described. Among the different waveform 

candidates for 5G wireless communication, spectral efficiency and power spectral density of FBMC 

are better than OFDM. It is expected that the spectral efficiency will be almost double for the next 

generation downlink communication and this value will also increase in terms of uplink too. Different 

channel impairments are discussed and the performance of wireless communication is evaluated 

through mathematical analysis. 

In [11], 5G communication frequency bands are reviewed and explained. AWGN channel is primarily 

considered to conduct the research and then line of side (LOS) and non-line of side (NLOS) 

performance is measured in different frequency bands. Basically, in 5G communications there will be 

a lot of data to handle with the use of lot of nodes. For this reason, wide range of frequency bands will 

be necessary. Different band attenuation and absorption curves are clearly explained for 5G 

communication. High frequency signals like in the range of ten GHz to greater GHz known as 



Page 54 of 91 
 

millimeter wave (mmWave) signal will be the candidate of 5G generation wireless communication. 

Different analytical equations for high frequency signal including the shadowing effect are discussed. 

The performance for mmWave is also measured and recommended for 5G wireless communication 

system. 

The work in [12] shows pilot symbol based FBMC/OQAM fading channel estimation and equalization 

process. A new filtering technique named dual Kalman filter is addressed here for measuring 

performance of each pilot symbols. Auto regression, linear interpolation and other numerical methods 

are applied to estimate and reduce the BER and simulation results indicate the better performance for 

the least mean square and root least square error. Initially, this article discussed about the 

FBMC/OQAM system in block diagram and the analytical expressions for each block are presented. 

After that filter co-efficients are calculated using different techniques for choosing the optimum value 

of the filter. Different BER and SNR curves show the performance of the technique.  

In [13], OQAM based FBMC system are discussed for measuring the performance in the high data 

rate scenarios in terms of peak to average power ratio. Root cosine filter based FBMC is proposed 

here for the two types of PAPR reduction technique. First is square root companding technique 

(SQRT) and the modified version of previous technique rooting companding technique (RCT).. Here 

different roll factors which are called degree of companding are used to measure the performance in 

between 0.1 to 0.9. Lower the roll factor the CCDF value is lower. Here the performance of different 

technique expressed that, without companding the CCDF value is 10
-3

 when the threshold PAPR is 

17dB and after applying the different companding technique the PAPR value in between 6dB to 8dB 

for the same value of PAPR. The BER versus Eb/N0 figure indicates that, after companding BER 

performance is degraded and without companding at 10dB 10
-3

 BER can be achieved but after 

companding this value is very high. However, their proposed technique performed better than the 

conventional companding technique. 

In [14], out of emission of OQAM based FBMC is discussed. Inter channel interference and inter 

carrier interference are occurred due to this problem. Side lobe power need to be constrained and this 

is done by the optimizing the filter co-efficients with nearly perfect reconstruction condition (NPR). 

Simulation results are presented to ensure better performance than the windowing based technique to 

reduce the out band emission and to stop band power while there is no change of BER performance 

for change of filter co-efficient of improved filter. The BER and SNR curves measure the performance 

of FBMC OQAM systems in AWGN channel and 10
-3 

BER is achieved at 5dB of SNR. 
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The work in [15] shows the comparison results of different 5G waveform candidates such as OFDM, 

filtered OFDM, OQAM filtered OFDM, and FBMC in the common platform of spectral efficiency, 

BER, and prototype filter.  OFDM has a lot of advantage but it is less effective in terms of spectral 

efficiency and out of band emission. Orthogonality is another key factor that should be maintained in 

the OFDM system otherwise inter symbol interference may occur severely. In FBMC, complexity is 

the problem and PAPR is slightly higher than the OFDM system, but spectral efficiency, out of band 

emission, BER performance are outstanding for supporting the high data rate of next generation 

wireless communication. In the concept of MIMO, OFDM is performed better and easier than the 

FBMC, while intrinsic interference causes inert symbol interference in MIMO FBMC system. 

The authors in [16] present the complexity reduction technique for the trellis-based PAPR reduction of 

FBMC systems. Convention PAPR of FBMC system is high and almost 11 dB for the CCDF value of 

10
-3

. This high PAPR value can be reduced by the trellis-based PAPR reduction technique. While the 

complexity of the system is very high and with the compromise of small amount of PAPR, the 

complexity can be reduced up to 50%. Here different transmitter model blocks are presented for 

FBMC system and an additional structure is introduced to reduce the complexity of PAPR reduction 

technique. 

In the study of [17] it is discussed that FBMC is encountered by the intrinsic interference due to the 

presence of real symbol only whereas this problem may be reduced by the channel estimation method. 

Conventional channel estimation methods have some drawbacks and this may enhance the 

performance using the interference approximation method (IAM). In [17], IAM is used to measure the 

performance of FBMC system in different channels like IEEE 802.22, IEEE 802.11, Rayleigh and 

AWGN channels. The performance of IAM for FBMC is   BER of 10
-3

 at 5.125dB after the channel 

convolution code for 2048 subcarrier number with overlapping factor of 4. Root cosine filter is used 

with roll of factor 1 and QPSK modulation technique is considered. 

It is shown in [18] that a linearly processed filter-bank multicarrier (LP-FBMC) system applies faster 

than Nyquist signaling to eliminate residual intrinsic interferences. The FBMC transceiver is in a 

matrix form and then employs singular value decomposition-based linear in order to convert into 

parallel independent interference-free data from the overlapped FBMC data. The use of conventional 

multiple antenna configurations is enabled for this interference-free characteristic of the proposed LP-

FBMC system. Out-of-band emission performance of the proposed LP-FBMC system is noticeable to 

those FBMC-QAM and OFDM systems. Furthermore, in higher order modulation under time-varying 

channel and in multiuser uplink environment, the proposed LP-FBMC system outperforms the 

conventional FBMC-QAM in terms of BER performance.  
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The authors in [19] show that PAPR in FBMC-OQAM scheme is reduced by employing the Mu-law 

and A-law companding techniques. The work in [19], presents the tradeoff between PAPR reduction 

and BER performance of FBMC-OQAM using A-law and Mu-law companding techniques. 

Simulation results indicate a significant decrease in PAPR but increase in BER. Mu law has better 

performance in PAPR reduction technique however the A law has better performance in terms of 

BER. Both techniques have similar companding performance. A CCDF of 10
-3

 PAPR is achieved at 

17.87 dB for FBMC without reduction and this value is reduced to 10.55 dB and 7.38 dB for Mu law 

companding at Mu equal 25 and 255, respectively. For A law companding, these values are 10.88 and 

7.7dB for an equal 13 and 87.6 respectively. 

The work in [20] shows that the FBMC-OQAM system has a high PAPR. This work presents a 

solution that includes two separate components for the problem of high PAPR. The first solution is to 

minimize the PAPR of each data block and the second is to optimize each segment based on the 

preceding result. Similarly, in the conventional partial transmit sequence techniques, the new method 

employs some combinations of phase factors, thereby algorithm complexity is decreased reducing the 

PAPR. In addition, using the compressed sensing, sparse clipping signals are recovered, and the BER 

are measured based on sparsity level. Simulation are performed to confirm the reduction of PAPR and 

this is an effective alternative to reduce the high PAPR in FBMC-OQAM system. Similar to the 

previous references, without the clipping of the signal the BER performance is better than the clipping. 

Table 3.1 briefly expresses the different research work based on FBMC. Here various measurement 

results are shown for FBMC and other concurrent waveforms. Some research works describe the BER 

performance, PAPR, computational complexity, power spectral density, power amplifier non linearity, 

spectral efficiency, etc. It is necessary to compare all the performance and direction and information 

provided by the recent literature. Here in different waveforms mostly OQAM based FBMC is used but 

QAM based FBMC is also analyzed in some studies. Here the term 'yes' for complexity indicate that 

the analysis of computational complexity is carried out in that study. Similarly, 'yes' in PAPR, spectral 

efficiency, PSD, power amplifier nonlinearity, asynchronous, BER Performance, block error rate 

narrates the inclusion of analysis in that literature. On the other hand, the 'no' term mean there are no 

description about the term in that study. The BER performance measured in different studies is diverse 

and the channel used in most studies are AWGN and fading channels. 
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Table 3.1. Comparison in a nutshell. 

Ref 

no 

Modulation Comp

lexity 

PAPR Spectral 

Efficiency 

PSD Power 

amplifier 

Nonliniearity 

Asyncho

nous 

BER 

Perfor

mance 

Block 

error 

rate 

1 QAM  

yes 

 

yes yes yes no yes no no QAM, 

OQAM 

2 no yes yes yes no yes yes no no 

3 no no no yes yes no no no yes 

4 no yes no no no no no no no 

5 OQAM no no no no yes no yes no 

6 OQAM yes no yes yes no no yes no 

7 QAM no no no yes no no yes no 

8 QAM no no yes yes no no no yes 

9 OQAM yes yes yes yes No No No No 

10 OQAM yes no yes yes yes No No No 

11 OQAM no no yes no no no no yes 

12 QAM, 

OQAM 

yes no no yes no no yes no 

13 OQAM no yes no no no no yes no 

14 OQAM no no no no no no yes no 

15 OQAM no yes no no no no yes no 

16 OQAM no yes no no no no no no 

17 OQAM no yes no no no no yes no 

18 OQAM no no no yes no no yes No 

19 OQAM no yes no no no no yes No 

20 OQAM no yes no no no no yes No 
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CHAPTER 4 

BER ANALYSIS OF OFDM AND FBMC 

In this chapter, an analysis of BER is carried out for both OFDM and FBMC systems. In the field of 

communication, the BER is calculated using the probability and correlation among the transmitted and 

received signals. This chapter also introduces the basic concepts of probability of error as well as the 

complete relationship among SNR and BER for both of the systems. 

4.1 Detection 

It is already familiar in communication system that the signal is transmitted from a transmitter and 

then pass through a noisy channel and after that in the receiver, signal is received. In the meantime, 

signal is passed through different matched filters for different types of purpose. The matched filter 

usually reduces the signal in a single variable before the detection process starts. Different types of 

detection processes may be used in the receiver side, but the most common process is maximum 

likelihood detection. In statistics, maximum likelihood is a process of estimating the parameters of a 

statistical model in some pre-selected observations. It starts to compare the parameter in the given 

observation values that maximize the likelihood function. Fig. 4.1 can be the representation of 

detection process using maximum likelihood process [52]. 

 

Fig. 4.1. Basic detection process of the receiver 
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In equation 4.1, )(Tz  is the signal after the matched filter, 1H and 0H  are detected signals for 1 and 

0, 0  is the threshold value for detection. 

4.2 Probabilities Review 

Assume ]P[S0 , ]P[S1 are the priority probability before the transmission of symbol 0 and 1 

respectively. P[Z]  is the received signal probability. ]SP[Z 0/ and ]SP[Z 1/ are the conditional 

probability where received signal is Z  and transmitted signal are 0S  and 1S . ]SP[S 0/1 and 

]SP[S 1/0 are the wrong decision probability which are responsible for error. On the other hand, 

]SP[S 0/0  and ]SP[S 1/1 are the correct decision probability.  

4.2.1 Selection process of threshold value 

In the receiver side, Z  is known but the S  is unknown. For this reason, we need a threshold value to 

determine the received signal whether it is 1 or 0. This problem can be solved by the Bay’s theorem. It 

states that [52],  
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                                                    4.2 

This means that if received signal is positive, 1S  was sent, else 0S was sent 

 

Fig. 4.2. Distribution of different symbol. 
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Equation 4.3 is called likelihood ratio test. 

When the two signals, 0S and 1S are equally likely, i.e., ]P[S0 = ]P[S1  = 0.5, then the decision rule 

becomes, 

1

0

1

)
0

|(

)
1

|(
)(

H

H

szp

szp
zL




                                                             4.4 

This is called maximum likelihood ratio test. It also indicates that, the error probability of both 

symbols are same. 

Defining PDF for 0H and 
1H  as normally distributed [52], 
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where 0 is the zero mean standard deviation and 0a , 1a are the voltage levels of symbol 0 and 1 

respectively. 

putting these value in the above equation, 
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Simplifying equation 4.7, it becomes 
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Taking the ln in both sides equation 4.8 gives 
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Further simplifying the equation 4.9, results in 
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Hence, it can be written as, 
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and finally, it becomes 
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where z  is the minimum error criterion and 0  is optimum threshold. It also refers that, the average 

value of both the symbols 1 and 0. 

4.3 Probability of Error  

Error can occur in two ways, first, if we sent 1S  and 0S  is received and secondly, if we sent 1S  and 

0S  is received. The distribution curve of both cases is shown in Fig. 4.3. 

Mathematically, for the first case, when 1S  is sent and 0S  is received and error occurred [51], the 

following expressions are obtained, 
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where e  represents the error bit detection. 

 

Fig. 4.3. Distribution curve when 1 is transmitted and 0 is detected. 

 

In second case, when 0S  is sent and 1S  is received, the expressions become, 

 

 4.14 

dzszpseP

sePsHP







0
)|()|(

)|()|(

00

001





Page 63 of 91 
 

 

 

Fig. 4.4. Distribution curve when 0 is transmitted and 1 is detected. 

 

So, total probability of errors is the sum of both cases in equation 4.15, 
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If signals are equally probable, then equation 4.15 becomes 
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                                       4.16 

So, the probability of bit error 
BP , is the probability that an incorrect hypothesis has become wrong. 

Numerically, 
BP  is the area under the tail of either of the conditional distributions )( 1Szp or )( 0Szp

[51]. 
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It can be simplified as from equation 4.5 and 4.6,  
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 and putting this 4.18a can easily be expressed as  
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The above equation 4.18b cannot be evaluated in closed form. Hence it is represented as 
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where, )(xQ is called the complementary error function or co-error function and it is commonly used 

symbol for probability. It is defined by [51], 
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Another approximation for )(xQ for 3x  is as follows: 
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where 

0
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2
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x


  

Another important observation is that, for the minimum probability of error we need to maximize x. 

Again, 

0
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  squaring both sides the value of x will increase and right hand side will be, 

2
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aa 
                                                                       4.22 

It is defined the signal to noise ratio. As 01 aa  is difference among the voltage at time Tt  and 

squaring this it gives the power. Similarly, 
2

0 is the variance of the noise and expressed the noise 

power at zero mean. 
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now, we get,  
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Finally, it is seen that, probability of error is a function of error function which is basically the ratio of 

energy of bit to noise ratio. 

4.3.1 Probability of error of OFDM 

This section narrates the BER expressions of OFDM by first deriving the BER M-ary orthogonal 

PAM. For this it is considered that all amplitude levels are equally likely and error can occur only 

when the hypothesis be wrong. The probability of M-ary orthogonal PAM signal can be defined as 

follows [51]. 
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where M is the number of bits per symbol and avgE is the average energy in a symbol duration. 

If gE
 
is the energy of signal pulse )(tg then Euclidean distance between adjacent signal points is 

gEd 2 . So, avgE  can be expressed as [51], 

gavg EdME 22 )1(
6

1
                                                    4.26 
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Putting this value of avgE , this can be more generalized as 
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where bavangb TPE *
 
is the average bit energy and 0/ NE avgb  

is the SNR. 

In QAM, signal constellation has some advantages as it can be generated easily by using two PAM 

signal orthogonal. In the context of power, QAM signal requires less power than the same M-ary PAM 

and for those reason QAM is mostly used in M-ary modulation. In rectangular constellation system, 

where 
kM 2 and K  is an even number and it is the combination of two PAM signal carrier having 

2/2kM  signal points. So, the probability of error of QAM modulation can easily be calculated 

from the concept of PAM M-ary error calculation. 

Using equation 4.28 for the QAM system, the expressions of the BER of OFDM can be written as [44] 
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where 0/ NE avgb is the SNR. 

Equation 4.29 is the generalized expression for probability of error of OFDM. 

4.3.2 Probability of error of FBMC 

Probability of error of FBMC can be derived from the equation 4.29. In FBMC system, an additional 

filter is used in terms of rectangular filter of OFDM. It minimizes the side-lobes power for the best 

spectral containment. It can be factor of 0NE avgb . If the overall effect of the filter is considered as 

 , then, equation 4.29 becomes, 
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where   is the overall effect of FBMC filter in the probability of error in FBMC. The effect of the 

filter can be calculated by the different interpolation method of phase rotation among the real part and 

imaginary part of the FBMC symbols. 

4.3.3 BER analysis of OFDM for the Nakagami fading channel 

In chapter 2, Nakagami fading channel and expression of PDF for the Nakagami fading is given in 

equation 2.25. Using that equation and equation for probability of error of OFDM, it is possible to 

deduce the equation for OFDM signal BER expression for the Nakagami fading channel. From 2.25 

and 4.30, it can be, 
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Putting the value of OFDMQAMmP ,,  and )(P BER equation of OFDM signal will be, 
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where    is the smoothness factor that controls the transition of power from linear region to saturation 

region. 

c is the overall energy of the bit, 
2

d is the nonlinear distortion power of zero mean noise, 
2

w is 

the power of AWGN noise,   is the fading factor. (For Nakagami fading, it should be greater than or 

equal to 0.5.) 

4.3.4 BER analysis of FBMC for the Nakagami fading channel 

Recall that equation 2.25 and the equation 4.30, the BER analysis of FBMC is derived for the 

Nakagami fading channel. From [44], it can be written as, 
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After putting all values and simplifying equation 4.31 becomes 
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This equation 4.34 is the generalized expression for BER analysis of FBMC for the Nakagami fading 

channel. 
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CHAPTER 5 

PERFORMANCE EVALUATION ON FBMC  

In this chapter, performance evaluation of FBMC is carried out according to the measure of PAPR, 

BER, complexity in comparison to the performance of OFDM. Simulation results present the 

performance for both OFDM and FBMC systems. In addition, defining the PAPR, SNR, BER, 

complexity of the system will be described before analyzing the performance of FBMC system.  

5.1 PAPR of Multicarrier System 

An OFDM/FBMC signal containing thousands of subcarriers in the time domain can be calculated by 

the Central Limit Theorem to a Gaussian Waveform. In theory, an OFDM signal with a huge number 

of subcarriers have a higher PAPR than an OFDM signal with less because it is more likely to happen 

that all the signals corresponding to the OFDM subcarriers can contribute constructively to the overall 

OFDM signal. In conclusion, generally more subcarriers can result in a higher PAPR in the OFDM 

signal. 

PAPR results due to large dynamic range of OFDM/FBMC symbol waveforms. High PAPR in 

multicarrier system essentially occurs due to IFFT pre-processing (i.e., OFDM signal made of a 

number of independently modulated sub-carriers which can result a large peak when added up with 

same phases). Here, data symbols across sub-carriers add up to create high peak value signals. 

As long as signal swing is limited to dynamic or linear range, input and output is linearly related as 

displayed in Fig. 5.1 (i.e., around this mean; if the deviation of the voltage is small, then signal will 

still be confined to linear amplification range). But in multicarrier system, swing of instantaneous 

power is very high with respect to mean. So, it will cross over into the non-linear range where 

amplification is non-linear. As amplification is non-linear all the property of OFDM/FBMC is lost 

(i.e., orthogonality is lost), then there will be huge number of ICI. So, high PAPR in multicarrier 

system results in amplifier saturation, thus results to ISI. 
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Fig. 5.1. Amplifier characteristics 

 

5.1.1 Impact of PAPR on the system 

Generally, the radio system utilizes HPA in the transmitter side to achieve maximum output power 

efficiency. The operating area of HPA is normally at or near the saturation region. Moreover, the 

nonlinear characteristics of the HPA are very tender to the difference of the signal amplitudes. This 

difference in the IFFT signals amplitudes is huge with high PAPR. So, the high PAPR on the HPA 

will know intermodulation between different sub-carriers and interference into the systems. This 

interference decreases the BER performance. Moreover, this high PAPR results the amplifier for 

having huge back off power for linear amplification of the signal. This type of linear working 

amplifier has very poor power efficiency. 

Digital to Analog Converter (DAC) should have sufficient dynamic range to design the large peaks of 

the IFFT signals because of the high PAPR. Even though a high precision DAC supports high PAPR 

with low quantization noise but it is very costly. On the other hand, low precision DAC is cheaper and 

its quantization noise is high. 

For large number of OFDM/FBMC sub-carriers, signals maintain the Gaussian distribution. In such 

type of distribution, the average of the peak signal rarely constructs and uniform quantization by the 

Analog to Digital Converter (ADC) is not desirable. If clipping of the signal is performed, in-band 

distortion and out-of-band expansion (adjacent channel interference) will occur. The major 

consequence of a high PAPR are- 
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1. Increased complexity in the ADC and DAC. 

2. Reduced in efficiency of radio frequency (RF) amplifiers. 

5.1.2 Definition of PAPR 

The PAPR of a symbol can be formally described by the square of the peak amplitude divided by the 

mean power. In the discrete time domain, considering (n is a natural number) the time domain samples 

of a symbol, PAPR is equal to [16]:  
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5.1.3 Parameters influencing PAPR 

The upper bound on PAPR is worst case of PAPR which is derived as below [42]- 
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Equation 5.2 can be simplified by 
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Finally, it is found that,  
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Hence, equation above can be written as [42] 

          NPAPRupper                                                                 5.4                                                             
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The parameters that influence the PAPR are- 

1. The number of subcarriers N in OFDM system 

PAPR is directly proportional to the N as shown in equation (5.4). As N  increases, PAPR of 

OFDM system also increases and decreasing on N decreases PAPR but code rate also 

decreases. 

2. Modulation schemes 

Equation (5.4) shows that PAPR is linearly depends on constellation of modulation schemes ( 

 ). It is known that  is more for M-QAM than M-PSK. 

5.1.4 Distribution of PAPR 

Cumulative Distribution Function (CDF) is one of the most regularly used parameters to calculate the 

efficiency of any PAPR technique. Normally, the Complementary Cumulative Distribution Function 

(CCDF) is utilized instead of CDF which helps us to measure the probability that the PAPR of a 

certain data block exceeds the given threshold.  

By implementing the central limit theorem for a multi-carrier signal with a large number of sub-

carriers )(N , the real and imaginary part of the time domain signals consist a mean of zero and a 

variance of 0.5 and also use the Gaussian distribution. So, Rayleigh distribution is followed for the 

amplitude of the multi-carrier signal, where as a central chi-square distribution with two degrees of 

freedom is for the power distribution of the system. The CDF of the amplitude of a signal sample is 

given by equation 5.4 [16] 

)1()(
2zeZF                                                                                 5.4 

where, Z  is a magnitude of complex samples. 

The CCDF of the PAPR for non-oversampling data block is given by equation 5.4 

NZFzPAPRP )(1)(                                                                        5.5 

putting the value of )(ZF in equation 5.4 be [21], 

NzezPAPRP )1(1)(
2                                                                         5.5 

where, N is assumed to be a large number of sub-carriers. 
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The CCDF of the PAPR for oversampling data block is obtained by multiplying equation (5.5) with 

N and some constant )( , which is expressed as [20] 

NzezPAPRPCCDF )1(1)(
2                                               5.6                             

The CCDF is generally used to measure the bounds of the PAPR and as well as performance 

evaluation parameter for most of the PAPR reduction schemes. 

 

5.2 Average Signal-to-Noise Ratio (SNR)  

Signal-to-noise (SNR) is an important performance metric of a digital communication system. Most 

often this is measured at the output of the receiver and is thus directly relating to the data detection 

process itself. SNR stands for the power ratio between a signal that carryies the meaningful 

information and the associated background channel noise: 
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Where sP
 
average is signal power and nP  is average noise power, and A  is root mean square (RMS) 

amplitude for signal and noise (for example, typically, RMS voltage). Both signal and noise power (or 

amplitude) must be calculated at the same or equivalent points in a system, and within the same 

system bandwidth. Because many signals have a very wide dynamic range, SNRs are usually known 

in terms of the logarithmic decibel scale. In decibels, the SNR is, by definition, 10 times the logarithm 

of the power ratio. If the signal and the noise is calculated across the same impedance, then the SNR 

can be obtained by calculating 20 times the base-10 logarithm of the amplitude ratio [51]:  
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Ratio of information bit energy per symbol to noise power spectral density in decibels, specified as a 

scalar or vector. The information bit energy is the magnitude without considering the channel coding.  

5.2.1 Relation between 
0

NE
b

and SNR 

Let’s start with the basic equation and try to prove its authenticity.  
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Where,  

bR = bit rate in bits/second, bE  = Energy per bit in Joules/bit 

S  = Total Signal power in Watts 

It is already cleared from fundamental physics that Power = Energy/Time. Using SI units, lets verify 

the above equation. 
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Using unit simplification, 
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                                                              5.10 

and 5.10 can be rewritten as, 
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This verifies the power, energy relationship between S  and bE . Now, introducing the noise power 

oN in equation 

obo

b

NR

S

N

E

*
                                                                 5.12 

5.12 can be defined as, 
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                                                                  5.13 

This equation implies that the SNR will be more than 
o

b

N

E
by a factor of Rb (if Rb > 1bit/second) 

Increasing the data rate will improve the SNR; however , increasing bR  will also cause more noise and 

noise term also increases ( due to ISI – inter-symbol interference, since more bits are packed closer 

and sent through the channel). 

So, it cannot increase SNR  by simply increasing bR . It must strike a compromise between the data 

rate and the amount of noise of a receiver can handle. 
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Actually, 
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where B is the noise bandwidth. Here, it is considered a unity noise bandwidth (i.e. 1B ) for 

simplification. 

 

5.2.2 BER 

The performance of a system is measured by BER. It is calculated to measure the how much 

accurately the bits are received at the receiver end. However, there are many factors to affect this 

performance such as signal to noise ratio and distortion. The BER is the ratio of number of error bits 

to the total number of received bits. The conventional way to express the BER is ten to a negative 

number. For example, a transmission might have a BER of 10
-5

, meaning that on average, 1 out of 

every of 100,000 bits transmitted results an error. The BER is an indication of how often a packet or 

other data unit has to be retransmitted because of an error. If the BER is higher than typically 

considered for the system, it may indicate that a slower data rate would actually improve overall 

transmission time for a given amount of transmitted data since the BER might be reduced, lowering 

the number of packets that had to be resent. 

 

5.2.3 Simulations results for BER 

In different 4G LTE system it is found that the bandwidth 20MHz is used for the signal transmission. 

As in this simulation there is no direct variation to bandwidth but in the concept of fading it is clear 

that the bit duration is directly depend up or the bandwidth. The larger the bandwidth the time duration 

of a single bit will be shorter and that can increase the ISI. The subcarrier number is also the function 

of bandwidth. The subcarrier is spaced equally in the bandwidth after maintaining the orthogonality of 

each subcarrier. However, in the simulation it is already tested that, by varying the subcarrier number 

the BER does not change for OFDM and FBMC system. In this simulation different subcarrier has 

chosen for the diversity of different results. All the simulation results present in the thesis are 

generated for encoded scheme. In different literature of wireless communication, it is found that, the 

uncoded results for OFDM system. to compare and referring the literature in this thesis similar 

uncoded scheme is used.  
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Table 5.1. Simulations Parameters. 

Parameters OFDM System FBMC System 

Constellation size 4,16,64,256 QAM 4,16,64,256 QAM 

Subcarriers N  256, 512,1024 256, 512,1024 

CP length, 
cpL  0-25% N/A 

Filter type Rectangular PHYDYAS 

Overlapping factor, K  N/A 2,3,4 

Path loss, LP  floating intercept=75.85, 

average path loss 

component=10dB, 

Distance= 30m to 200m  

floating intercept=75.85, 

average path loss 

component=10dB, 

Distance= 30m to 200m  

Shadowing,   Log normal(σ=1-10) Log normal (σ=1-10) 

Fading, m  (fading factor 1) Nakagami  Nakagami 

 

In Fig. 5.2. overlapping factor of FBMC has measured in terms of BER. In the figure, it shows that, 

BER performance does not vary due to change of K=2, 3,4.  

In the following, the BER performance of OFDM is compared with that of FBMC by varying energy 

per bit to noise power spectral density, 
0

NE
b

Fig. 5.3 shows the BER versus 
0

NE
b

plots for FBMC 

for different constellation sizes and for different values of K . The plots show there is almost no 

impact of K  the value of on the BER performance. It can also be seen that for a given value of K, 

there is significant performance degradation with the increase in the constellation size. 
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Fig. 5.2. FBMC overlapping factor performance. 

 

 

Fig: 5.3. BER performance for different constellation sizes. 
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Fig. 5.4. BER comparison with different channel impairments. 

Fig. 5.4 shows the BER versus  0NEb  plots for OFDM and FBMC for 4-QAM. The plots are for 

different channel impairments including stand-alone AWGN, multipath fading, joint effects of path 

loss, shadowing and Nakagami fading (denoted in Fig. 5.4 as All Imp.). It is assumed that the effect of 

path loss is compensated in the system. It can be seen that for a given constellation size and for the case 

of AWGN, the FBMC and the OFDM systems have approximately the same power efficiency. This is 

in agreement with the results reported for AWGN in [28]. Fig. 5.4 also indicates that FBMC performs 

significantly better than OFDM in case of joint channel impairments. This means that compared to 

OFDM, FBMC is more robust to the combined effects of Nakagami fading, shadowing and path loss. 

Note that there is almost no difference when fading is the only impairment and when there are the joint 

impairments including fading. 

 

5.3 Computational Complexity 

Computational complexity in communication and signal processing is very important parameter in 

recent days. Number of multiplications and additions are the quantity to measure the complexity of the 
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system. In wireless communication, a lot of signal processing have to be done to enhance the system 

performance but there should be a consideration of complexity. In this section, computational 

complexity of both of the systems will be described. 

5.3.1 Signal Processing 

The number of real multiplications and additions for an N -point DFT/IDFT using an FFT Split-Radix 

algorithm is given by [1] 

4)3)((log 2  NNCFFT                                                5.15 

                                          5.16 

 

Respectively.  

At the transmitter of a CP-OFDM system, the total number of real multiplications and additions is 

only FFTC and FFTA . If we consider fN occupied subcarriers and the one-tap per-subcarrier 

channel equalizer, the complexity at the receiver is 

fFFT NNCtionsMultiplica 4)(                                                 5.17 

fFFT NNAAdditions 2)(                                                          5.18 

Consequently, the total number of real operations is given by [2] 

ffFFTOFDM NNNNCC 48)3)((log242 2                                5.19 

ffFFTOFDM NNNNAA 24)1)((log622 2                                5.20 

Both efficient transmitter and receiver structures of an FBMC system are composed of the filtering 

through M parallel polyphaser components working at twice the symbol rate, by an FFT/IFFT also 

working at twice the symbol rate and, at the receiver, by the linear equalizers also working in 2
T

, 

where T
1

 is the QAM symbol rate. At the transmitter the FFT has in its input pure real or pure 

imaginary symbols due to the OQAM modulation and for that reason the transform has a reduced 

complexity when compared to the case where all inputs are complex numbers. As a result, the number 

4)1)((log3 2  NNAFFT
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of real multiplications and additions needed to generate one complex output sample at the transmitter 

is given by [2] 

)(KN))(N/N(CSFB 14832log 2 
                                      5.21 

)1(48)1)2/(log(3  NKNNNASFB                                   5.22 

The receiver uses an FFT with complex inputs and outputs, resulting in a multiplication complexity 

equal to 

eqAFB LKNNNC 4)1(48)3)((log2 2                                           5.23 

where eqL  is the length of the equalizer. The number of real additions is in this case 

)1(48)1)(log(6  NKNNNAAFB
                                            5.24                                            

That said the total number of real multiplications and additions is 

fLeq

feqAFBSFBFBMC

NLKNNN

NLCCC

4)1(816)10)(log3(

4

2 



                                5.25                          

Similarly, total number real addition for FBMC is 

feq NLNKNNNA )24()1(816)12)(log9( 2                     5.26 

In this section, the formulas of a wireless communication system are given for the computational 

complexity of each part of our simplified model. Here the whole system is divided into three blocks: 

the channel encoder, the signal processing that includes the whole transmit and receive processing, 

and the channel decoder. The complexity of the channel encoder is considered negligible in this thesis. 

Next, consider the FBMC system complexity. In the case of FBMC, 1K  frequency domain samples 

are generated by each signal when the subcarrier signals are multiplied by one of the frequency 

domain coefficient of KN  length prototype filters. To get the time domain signals, overlapping is 

done after the KN  point IFFT operation. The following expression represents the computational 

complexity with the use of the Split Radix algorithm for IFFT operation 

  )1(883)(log2 2  KNKNKNKNC f
Tx
FBMC                            5.27 
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The reverse steps are performed in the receiver side, but the number of multiplications is increased for 

the employment of multi-tap equalizer as the equalizer is involved for each subcarrier. So, the total 

number of multiplications can be represented by using: 

  )1(1683)(log2 2  KNKNKNKNC f
Rx
FBMC                          5.28 

The complexity of OFDM and FBMC is shown in Fig. 5.5.  In both the systems, computational 

complexity mostly depends upon the number of subcarriers and their percentage of utilization. Here 

1024N  subcarriers are considered. Bar graphs 1 and 2 represent the number of multiplications when 

data are carried by 20% and 50% of the total subcarriers, respectively. In other words, for bar graph 1, 

0.2fN N  and for bar graph 2, 0.5fN N . Bar graph 3 represents the number of multiplications when 

all the subcarriers are employed for data transmission, i.e. fN N . It can be seen from bar 3 that when 

all the subcarriers carry data, the number of multiplications for FBMC is approximately 10 (ten) times 

greater than OFDM. It can also be seen from Fig. 5.5 that the complexity of FBMC is reduced when 

some subcarriers are remained unused. 

 

 

Fig. 5.5. Computational complexity of OFDM and FBMC 
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5.4 Peak to Average Power Ratio (PAPR) 

The value of the PAPR of the transmitted signal for both OFDM and FBMC systems can be defined as 

[19] 

22

10( ( )) 10log max{ ( ) } ( )dBPAPR x t x t x t 
  

                                               5.29 

where  )(tx  is the mean magnitude of the transmitted signal.  

 

Fig. 5.6. PAPR distribution for OFDM and FBMC. 

Fig. 5.6 shows the Complimentary Cumulative Distributive Functions (CCDF) as a function of PAPR 

distribution for OFDM and FBMC. In this simulation, constellation size 4 QAM considered in all 

cases and similarly the previous channel condition that is the joint presence of path-loss, shadowing 
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and Nakagami fading in addition with the stand-alone AWGN noise channel has considered. uncoded 

simulation performed to calculate the CCDF of OFDM and FBMC system. In both the systems, the 

PAPR is slightly increased with the increase of subcarrier numbers. At a CCDF of 10
-2 

and for a 

subcarrier number of 256N , the PAPR for OFDM is 8.9 dB while it is about 9.6 dB for FBMC.  

For 512N , the PAPR is increased by approximately 0.4 dB with respect to 256N  for both the 

systems. 

The power amplifier efficiency is an important issue in the FBMC system where the reducing the 

circuit linear region is dependent to the high PAPR value. In MCM system, all subcarriers may create 

a constructive interference which lead to a high PAPR in the transmitter side compared to the value of 

the average signal power. PAPR in the FBMC system is basically the ratio of the peak power to the 

average power of signal.  

The linearity of power amplifier is the key parameters in the transmitter side of a communication 

system. Operation point should be chosen in the linear region of the power amplifiers for the faithful 

amplification. If the operating point moves into the saturation region, then clipping of the signal may 

be occurred which may lead to the out of band distortion.  So, increasing the dynamic range of the 

power amplifier to keep the operating point in the linear region is very important which reduces 

efficiency and enhances the cost of the power amplifier. Therefore, a trade-off exists between 

efficiency and nonlinearity. For this reason, reduction of the PAPR value to improve the efficiency of 

the power amplifier is the key factor. 



CHAPTER 6 

CONCLUSIONS AND FUTURE WORKS  

6.1 Overview 

In the previous chapters of this thesis, the theoretical and simulated results for FBMC are 

presented and compared with the existing OFDM method. In this chapter, the summary of the 

contributions and possible future directions are presented. 

 

6.2 Contributions of the thesis 

This thesis contributes to the theoretical analysis of BER performance of OFDM and FBMC 

systems. Different expressions regarding the BER performance of FBMC and OFDM are 

introduced for the different channel conditions.  

This thesis also presents the simulations results for OFDM and PHYDYAS filter based 

FBMC techniques in the joint presence of path-loss, shadowing, and multipath fading along 

with AWGN. The effects of the number of subcarriers, constellation size are evaluated for 

FBMC. Results show that the BER performance is changed with the change in constellation 

size but does not change with subcarrier number.  

Furthermore, this thesis compares OFDM and FBMC in terms of computational complexity 

and PAPR. The complexity of FBMC is greater than OFDM. The PAPR for both the systems 

increases with the increasing number of subcarriers and results show the PAPR of FBMC is 

slightly greater than OFDM. 

6.3 Future Works 

This study is on a recent particular technology at its primary level. There are a lot of well-

established and supportive techniques associated to join with this technology. Some of the 

suggestions for future studies related to FBMC can be briefed as follows. 

Descriptions of various techniques and rules related to systems and their subsequent 

improvement are available in literature including the modeling approximations or 

assumptions. They only considered the individual presentations without considering the 
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whole scenarios or general purpose. If it is possible, those kinds of presentations must be 

reformulated and derived again, either without assumptions or with proper assumptions of the 

general kind. They must be re-constructed to measure their actual performance and to get a 

true and accurate scenario on the real situation. It is very important to have accurate insight 

and precise result on them. 

A lot of fundamental level work should be performed to build a more uniform and concrete 

foundation before switching into complex advance systems and configurations. Currently, 

there are many branches of FBMC, but only few of these are possible candidates for further 

improvements. These should be transparent and supported by both theoretical proofs as well 

as simulation results. As FBMC is one of the multicarrier technique and OFDM is the well-

established and implemented technology, in future there should be the improvements of 

OFDM to FBMC without changing the major changes in structure. 

Most of the existing studies are simulation based approaches. Many of their parameters, 

conditions and even theoretical presentations are not transparent for duplication or 

reconstruction again in order to improve with new developments on top of them. Those vague 

and ambiguous blocks and details must be cleared by subsequent analysis. Perfect theoretical 

analysis and procedure are necessary for further developments.  

In this study, the complexity of the FBMC system is very high compared to the OFDM. It 

might be possible to make a lower complexity FBMC system where the process can be 

originated from a receiver and the transmitter side. There is a tradeoff between the 

performance of the current multicarrier communication techniques and FBMC in the uplink 

side. That tradeoff should be properly overcome by developing the transmitter-receiver pair. 

Even though FBMC has some high-quality subcarrier filters, but filter designs and a simpler 

method of poly-phase implementation are always in demand to reduce the signal processing 

complexity. A future work can be done to design a set of filters where the result is more 

robust than existing filters when the system is running in multipath channel environment 

under asynchronous conditions with some Doppler frequency. Even different transmit and 

receive filters can be developed for this purpose concentrating on to whole performance of 

the system rather than individual components. 

After a strong base of FBMC in the basic systems and techniques, problems and 

developments, different angles and new avenues can be viewed for future developments like 
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MIMO in FBMC systems and the self-interference mitigation in the FBMC system among 

subcarriers. As the structure of FBMC system is more complex than the OFDM system, so it 

will be the more complex work to develop MIMO in FBMC system. But using the different 

signal processing techniques this work can be optimized using some modern techniques of 

MIMO system. 

In these studies, joint presence of multipath fading, path-loss and shadowing is considered 

but other impairments like sampling jitter is not considered. In future, more realistic channel 

can be considered to measure the performance. There are a number of PAPR reduction 

techniques available in OFDM systems, those can be applied to reduce the PAPR value in 

FBCM systems.  

6.4 Summary 

This thesis compares OFDM and FBMC in terms of BER performance, PAPR factor and 

computational complexity. Simulation results using MATLAB tool show that FBMC has 

approximately the same BER performance as OFDM when AWGN is the only impairment. 

However, compared to OFDM, FBMC is more robust to the joint impairments of Nakagami 

fading, shadowing, path loss and AWGN. For the cases considered, the PAPR values for 

FBMC is marginally greater than OFDM. Simulation results also show that for a given 

number of subcarriers, the complexity of FBMC can be 10 times greater than OFDM. The 

difference in complexity increases when larger number of subcarriers are used to carry data. 

Hence, FBMC has better BER performance than OFDM at the cost of increased complexity. 

In future, the performance of FBMC should be evaluated for large constellation sizes in the 

combined presence of Doppler frequency shift and other channel impairments. 
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