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Abstract This paper focuses on a novel multicarrier modulation scheme called Filter Bank Multicarrier (FBMC). It has drawn 

significant attention in the cognitive radio (CR) community due to its extremely low Adjacent Channel Leakage Ratio (ACLR). 

Besides the advantageous spectral properties of FBMC, it also has some drawbacks which are to be resolved: the large 

Peak-to-Average Power Ratio (PAPR) of the transmitted signal makes it especially vulnerable against nonlinearities present in 

the transceiver chain; multipath channels with large delay spreads induce significant amount of inter-symbol interference (ISI), 

calling for complex channel equalization for acceptable Bit Error Rate (BER) performance. In this paper, these two problems 

are investigated and solutions are suggested. First, Orthogonal Frequency Division Multiplexing (OFDM) based PAPR 

reduction possibilities suitable for FBMC are introduced, then channel equalization schemes are discussed which enable 

efficient channel equalization with reduced BER compared to conventional techniques. 
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1. Introduction 

As the number of wireless communications users steadily 

increases, individual users need more and more bandwidth. 

However, the available frequency range is limited. Mitola attempts 

to resolve this contradiction in his paper published in 1999 [1], in 

which he introduces the concept of cognitive radio. In essence, CR 

is a secondary (opportunistic) wireless communication system, 

which intelligently and adaptively utilizes the selected frequency 

bands without disturbing the primary (incumbent) users of the 

respective frequencies. To meet this non-disturbance criterion, an 

opportunistic system must perform near-simultaneous detection of 

the transmission of incumbent systems and transmission of data in 

the momentarily unutilized bands [2]. The IEEE 802.22 norm aims 

to standardize systems operating on the basis of these principles 

[3]. 

As a general setting, it can be stated that the unlicensed 

frequency bands are becoming overcrowded and - in certain cases - 

the licensed frequency bands are under-utilized. This is especially 

the case for TV broadcast bands, where -- due to the 

analog-to-digital switchover -- a considerable amount of spectra is 

unused in many countries around the world. The switchover had 

first finished in the US in 2009. The trend will probably be 

followed by the UK by the end of 2012. Communication authorities 

in these countries are strongly encouraging the CR-based use of the 

under-utilized TV spectrum. The digital switchover has been 

started in Hungary as well, it is assumed to be completed by 2015, 

when all local analog terrestrial TV broadcast will cease. 

The physical layer of a CR communication system must fulfill 

special requirements. In cognitive radio scenarios one of the 

strictest requirements is posed on out-of-band radiation, for which 

different standardization bodies and organizations define slightly 

different limits. Ofcom (UK) sets a limit of -55 dB for the spectral 

mask, while FCC (USA) inquires a level of -51…-60 dB depending 

on the frequency band and ERO (Europe) sets a level of -45 dB. 

Orthogonal Frequency Division Multiplexing (OFDM) is one of 

the main candidates to be used in CR scenarios. This modulation is 

 



  

already used in various wireless telecommunication systems, such 

as DVB-T (digital terrestrial television), DAB (digital radio) and 

WLAN (wireless computer network). Modulation and 

demodulation of OFDM can be performed in a simple manner 

using Inverse Fast Fourier Transform (IFFT) and FFT respectively. 

Application of Cyclic Prefix (CP) enables channel equalization in 

the frequency domain. With the CP-OFDM scheme an ACLR level 

of -30…-35 dB can be achieved, which is not sufficient to meet the 

previously mentioned requirements. Using reserved tones and 

additional signal processing, the out-of-band radiation can be 

further reduced, as shown in [4]. FBMC is a family of multicarrier 

modulation with implicitly low ACLR that can satisfy the 

previously introduced requirements. Analytical results for the 

spectral density function and a comparison of FBMC and OFDM 

spectral leakage are presented in [6]. 

Although FBMC signals show favorable spectral behavior, they 

have some critical drawbacks, which are to be carefully 

investigated. First, FBMC signals are strongly sensitive to 

nonlinear distortions present in the transceiver chain, and the 

transmit signal shows high PAPR. These may lead to an increase in 

out-of-band radiation. To prevent this, digital signal pre-processing 

is required to reduce the PAPR, if the linear range of the transmitter 

amplifier is lower than the peak power of the transmitted signal. In 

this paper PAPR reduction techniques for FBMC signals are 

investigated. Large delay spreads in the transmission channel may 

lead to unwanted ISI leading to strong performance degradation if 

proper compensation is not implemented. The second part of the 

paper deals with equalization methods that may be applied to 

compensate channel impairments.   

The paper is structured as follows. The FBMC transceiver 

structure is introduced at the beginning. Then, in Section 2, a study 

of the statistic properties of the FBMC signal is given. In Section 3, 

PAPR reduction techniques are suggested, which may be applied to 

reduce the dynamic range of the transmit signal without spectral 

regrowth. Then in Section 4, channel equalization for FBMC is 

analyzed and solutions are given to minimize the performance 

degradation caused by ISI. Finally, in Section 5, the conclusions are 

drawn and future work is discussed. 

2. FBMC system model 

FBMC is a family of multicarrier modulation techniques where 

modulated prototype filters having an impulse response of 
0p  are 

applied. These filters fulfill the Nyquist property. Due to the 

advantageous properties of the prototype filter, the FBMC signal 

has better spectral efficiency than OFDM.  

The step-by-step operation of FBMC: first, binary information b 

is mapped using complex modulation alphabet A, where each 

modulation symbol represents M bits. With the use of offset-QAM 

modulation, the real and imaginary parts of the complex 

modulation symbol X are transmitted with a time offset of half a 

symbol duration. As a consequence of the filters impulse response 

the transmitted symbols overlap in the time domain, but the filters 

are constructed such a way that the symbols can be separated in the 

receiver. However, no CP can be used in FBMC systems to 

maintain the orthogonality of the filters. The modulated FBMC 

signal using N subcarriers can be expressed as 
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  and ]k[Xm
represents the 

modulation symbol of the kth subcarrier in the mth signaling time. 

The overlapping ratio K of the consecutive symbols depends on the 

length of the prototype filter. For the sake of simplicity the filter is 

designed with an impulse response of length KN samples, meaning 

that the symbol duration is stretched, but K symbols overlap in the 

time domain to maintain the original data rate. Eq. (1) can be 

implemented in a computationally efficient way using IFFT and a 

polyphase decomposition of the modulated prototype filters, where 

the two output signals are time staggered and added. The block 

diagram of the FBMC transmitter can be seen in Fig. 1. 

In the FBMC receiver a “destaggering” is applied to the received 

signal, and then it is split into two signal paths. Both paths are 

filtered separately with the same polyphase structure. After filtering, 

FFT is used to demodulate the real and imaginary parts of 

modulation symbols on the subcarriers. Phase compensation for the 

multipath channel must be performed in the time domain before 

destaggering, amplitude compensation is done before the decision 

is made on the received constellation symbols. A detailed 

description of the channel equalization is presented in [5].  

Figure 1. Block diagram of the FBMC transmitter. 

3. Nonlinearities 

A. Peak-to-Average Power Ratio and Power Spectrum 

Density 



  

In order to design the analog circuits of the transceiver chain, a 

deep knowledge of the statistical properties of the transmitted 

signal is to be obtained. Such investigation is especially important 

in case of the design of power amplifiers, which have to operate 

efficiently and linearly at the same time. 

The simplest technique to describe the dynamics of the 

transmission signal is to calculate the PAPR. The PAPR [dB] is 

defined as: 
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where ][nx  is the amplitude of the transmitted signal and 
xP  is 

the average power of the signal. 

The Complimentary Cumulative Density Function (CCDF) of 

the PAPR as a function of the number of subcarriers can be seen in 

Fig. 2. It can be observed that increasing the number of subcarriers 

also increases the PAPR.  

In the frequency domain, the effect of nonlinear distortion is 

reflected by the increased power density at the boundaries of the 

power spectrum density function (PSD) of the FBMC signal. 

 

Figure 2. CCDF of the PAPR for 1000 FBMC symbols in function of the 

subcarriers. 

Fig. 3 shows the PSD of an FBMC signal for various numbers of 

subcarriers. Increasing the number of subcarriers makes the PSD 

more compact and at the same time the PAPR increases. 

For comparison, the PSD of an FBMC signal is shown in Fig. 4 

for N = 1024 subcarriers applying an amplifier (soft limiter model) 

having different Input BackOff (IBO) values. As it can be seen with 

9 dB of IBO, the strict ACLR requirements cannot be met any more. 

By modeling the amplifier characteristics with Bessel functions, 

ACLR degradation can be predicted as shown in [6]. 

 

Figure 3. PSD of an FBMC signal with different number of subcarriers. 

 

Figure 4. PSD of the FBMC signal with N=1024 subcarriers in presence 

of nonlinear amplifiers with different IBOs. 

B. PAPR reduction methods 

With the reduction of the PAPR of the FBMC signal, the 

power amplifier can operate more efficiently and also the nonlinear 

distortion effects can be reduced. Only a few papers are dealing 

with this topic, namely [8, 9]. In this paper the focus is mainly on 

clipping-based techniques. 

a. Reducing the number of subcarriers 

The simplest idea for reducing the PAPR of the FBMC signal is to 

use less subcarriers, as shown in Fig. 2. The drawback of this 

method is that ACLR will increase (Fig. 3.), moreover, data rate is 

decreased. 

b. Clipping and filtering 

The second idea is also rather simple. It is based on clipping and 

refiltering, as presented in [10]. First, prior to transmission, the 

baseband complex samples of the transmitted FBMC signal are 

digitally clipped (phase is kept). Then the signal is normalized by 

the attenuation factor α in order to restore the original signal power 



  

and then it is demodulated. The attenuation factor α can be 

calculated as a function of the clipping threshold as given in [8]. 

After demodulation the nonlinear distortion terms of the data 

subcarriers are kept and the unused subcarriers are reset to 0. Then 

the subcarriers are remodulated. This might lead to a peak regrowth, 

but the PAPR can still be significantly reduced. The major 

drawback of clipping is that it introduces nonlinear distortion 

which can negatively affect the BER performance if it is not 

compensated in the receiver. Such iterative compensation technique 

applicable at the receiver side is presented in [11]. 

c. Clipping and filtering with data aided signal 

processing 

If the system performance is to be maintained without modifying 

the receiver structure, special signal processing must be applied to 

the distorted subcarriers. Two techniques are addressed here: Tone 

Reservation (TR) [12] and Active Constellation Extension (ACE) 

[13].  

Tone reservation allocates some of the subcarriers for carrying 

only nonlinear distortion terms, i.e. to reduce the PAPR of the 

transmitted signal. The disadvantage of the technique is the 

reduction of data rate.     

In the ACE technique the outer constellation points of the 

constellation alphabet A are allowed to grow dynamically outwards 

of the original constellation, while inner constellation points are 

restored to original, such that the PAPR of the signal is reduced. 

Possible extension regions are shown for 16-QAM in Fig. 5. The 

advantage of ACE is that it does not require the transmission of 

additional information, data rate remains unaltered, and the receiver 

algorithms can also remain the same. As a disadvantage, this 

method requires an increased power. Also, applying ACE for soft 

decision based detection is not possible, due to the uniquely 

distorted constellation points.  

 

Figure 5. Extension regions of the ACE technique for 16-QAM. 

TR and ACE can also be applied jointly leading to even better 

PAPR reduction performance, due to the fact that the two 

techniques operate independently of each other.  

The performance of the described PAPR reduction schemes can 

be seen in Fig. 6. 768 data subcarriers of the possible 1024 were 

modulated using 16-QAM. 10% of the subcarriers were reserved 

for the TR technique. One can observe that the lowest PAPR can be 

achieved using simple clipping and filtering. From the suggested 

PAPR reduction methods, the joint use of ACE and TR performs 

the best in terms of PAPR. It can also be concluded that ACE alone 

outperforms TR. 

Furthermore, TR and ACE with clipping can be applied in an 

iterative “modulation – clipping – demodulation – filtering & 

signal processing – remodulation” process for further improvement 

of the PAPR performance as presented in [8]. 

 
Figure 6. Comparison of the PAPR reduction schemes for FBMC signals. 

4. Channel equalization 

Another interesting topic of FBMC modulation implementation 

is the channel equalization. In [5] a subcarrier-based equalization is 

proposed which is similar to the Zero-Forcing (ZF) and Minimum 

Mean Square Error (MMSE) techniques known for OFDM systems. 

As long as the channel excess delay is short compared to the 

symbol length, the ZF-FBMC equalizer and ZF-OFDM equalizers 

perform similarly. 

On the other hand, if a multipath propagation channel with a 

longer delay spread (a length of 1/5 of the symbol duration) is 

chosen, the ZF-FBMC and MMSE-FBMC equalizer graphs tend to 

an error floor as it can be seen in Fig. 7. The performance can be 

improved further if the ISI is also taken into consideration as 

presented in [14]. A rather small additional gain in BER 

performance can be achieved if an averaging technique of the 

constellation symbols is applied [14]. 

To further enhance performance, an iterative decision feedback 

scheme can be applied as presented also in [14]. The basic idea is 

to regenerate some parts of the ideal transmitted signal based on the 



  

most reliable received constellation symbols. The reliable parts of 

the transmit signal are remodulated, filtered with the multipath 

channel and subtracted from the received signal before it is 

equalized and demodulated in order to suppress the ISI. The 

disadvantage of this iterative technique is that it introduces delay 

and it significantly increases the computational complexity of the 

receiver. The BER results of this iterative scheme can be observed 

in Fig. 7. 

For the simulations, 16-QAM was chosen for the 768 subcarriers 

of the possible 1024 and the channel profile C of the IEEE 802.22 

standard was applied. 

 

Figure 7. Comparison of the channel equalization schemes for FBMC. 

5. Conclusions 

In this paper, a novel multicarrier modulation scheme suitable 

for the needs of the CR systems is presented. FBMC can easily 

fulfill the spectral requirements of the strict spectral mask. First, 

the nonlinear effects were investigated, and solutions by means of 

PAPR reduction methods are given. In the second part of the paper, 

channel equalization techniques for FBMC suitable for multipath 

propagation channels having long delay spread are compared. 

These two research topics are key elements when applying FBMC 

technique for the physical layer of cognitive radio systems. 
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