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Abstract

The filter bank multi carrier with offset quadrature amplitude modulation (FBMC/OQAM) is developing multicarrier modulation technique used in next wireless communication system (5G). FBMC/OQAM supports high data rate and high bandwidth efficiency. However, one of the major drawbacks of FBMC system is high Peak to Average Power Ratio (PAPR) of the transmitted signal which causes serious degradation in performance of the system. Therefore, it is required to use a proper PAPR scheme at the transmitter to reduce the PAPR. In this paper, a hybrid scheme is investigated with the combination of precoding transform technique and Mu Law Companding technique to reduce PAPR in FBMC systems. Moreover, four precoding techniques are examined to find the best Precoding technique which can be used with Mu law companding. We assessed the discrete Hartley transform (DHT), the discrete cosine transform (DCT), the Discrete Sine Transform (DST) and the Walsh Hadamard transform(WHT) which are applied separately with Mu Companding. The numerical results verify that the FBMC systems with all Precoding technique combined with Mu law companding can improve PAPR performance of the signals greatly with the best results achieved when the combination scheme consists of the DST Precoding and Mu law companding for both PAPR and BER performance. 
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1. Introduction
Multicarrier techniques have been used to support high data rate transmission for wireless communication. The orthogonal frequency division multiplexing (OFDM) technique is one of the most types of multicarrier modulation scheme used for wireless communication, however, the use of cyclic prefix (CP) with the OFDM symbol causes reduced spectral efficiency and reduced performance of the system. To overcome these disadvantages of OFDM systems, the filter bank multi carrier with offset quadrature amplitude modulation (FBMC/OQAM) technique has been established as a potential candidate multicarrier modulation scheme for the fifth generation (5G) wireless communication to support a high spectral efficiency and high data rate [6][10]. The high peak-to-average power ratio (PAPR) issue has appeared in all sorts of multicarrier communication systems which causes serious degradation in performance of the system. Therefore, it is necessary to reduce it by using a proper reduction scheme at the transmitter.
In the literature, there have been several researchers focusing on the PAPR reduction of FBMC/OQAM systems [6-13].Active constellation extensions (ACE) with projection onto convex sets (POCS) are used to reduce PAPR in FBMC system but it reduced BER performance [6]. PAPR reduction schemes originated on Active Constellation Extension (ACE) and tone reservation (TR) is presented [7]. The PTS [8], SLM [9], Potency of trellis-based SLM [10] and Multi-Block Joint Optimization technique [11] are found to be effective in PAPR reduction. But they require additional processing and often an increased implementation complexity of the system. Clipping and filtering techniques improve the PAPR but they fail in BER [12], requiring advanced noise cancellation technique at the receiver
In [13], the authors utilized the sliding window algorithm to improve the tone reservation (TR) scheme and it is acceptable for the PAPR reduction of FBMC/OQAM signal. The advanced technique based on Sliding window tone reservation, the SW-TR, cancel the peaks of the FBMC/OQAM.
In [6], and [7], it has shown that the Mu -law companding schemes can reduce the PAPR in FBMC system better than the clipping approach but Mu -law transform still has a larger average power level and also still exhibits non-uniform distributions [8], and [9]
In this paper, we proposed PAPR reduction schemes for FBMC system by using the combination of  Precoding transform techniques and Mu-Law Companding technique. Therefore , we evaluate four types of  Precoding technique namely the discrete Hartley transform (DHT) , the discrete cosine transform (DCT), the Discrete Sine Transform (DST) and the Walsh Hadamard transform(WHT) which are applied separately to the proposed system with Mu companding to find the best combination scheme  to reduce the PAPR for FBMC.  The rest of paper is organized as follows: in section II, FBMC/OQAM system model is introduced,  in section III, the PAPR theory in FBMC system is described, then in section IV,  different Precoding transform techniques are explained, in section V Mu-law companding scheme is described, and in section VI the simulation results are presented. Last section VIII, concludes the paper
2. FBMC/OQAM System Model
In this section, the functions performed by the transmitter and receiver of the system will be mathematically modeled according to the system building blocks shown in Figure 1. The first function to be performed in the transmitter is to precode K QAM symbols in parallel. The output of the precoder will be phase rotated by multiples of pi/2 sequentially. The output signal vector is then transformed to the time domain by IFFT operation. The resulting K samples will be filtered by a filter bank for pulse shaping. The signal is then converted from parallel to serial form and compressed according to a standard compression law. The receiver performs the inverse operation to retrieve the QAM symbols from the received noisy and distorted signal. The inverse of the pulse shaping filter bank is a matched filter bank. 





In the proposed FBMC system the information symbols are processed with  is total subcarriers used in FBMC system and is time slots. FBMC/OQAM system is to transmit offset QAM symbols. The  complex QAM data symbol  with  subcarrier and  time slot can be  expressed as: 


                                                                        (1)






Where is the real part of the complex data symbol and  is its imaginary part. .To enable offset QAM modulation the real and imaginary parts of complex QAM symbols are separated and arranged in a matrix as follows:

                                      (2)



Where  denoted the transmitted QAM symbol, and  matrix can be rewritten to enable OQAM as follows


                              (3)


The Precoding transform is applied to each column of matrix , as 


                                                                            (4)






 Where is a precoding matrix which used to spread the energy of symbols over the subcarriers assigned to the user and is the  column of . 
 Precoding matrix can be written as 


                                                 (5)



 (we will discuss in next section ), is the  column of . In the OQAM, the phase offsets are introduced as 


                                                                                       (6)


Where  then the transmitted precoding FBMC transmitted signal is given as


                  (7)  


                                                   (8)
Where 

                                             (9)






Where, and is the  element of , and  is the impulse response of the prototype filter with coefficients  and the length of prototype filter as 


                                                                             (10)

The filter  must satisfy the orthogonal condition restricted to the real field


                                          (11)



Where is the Kronecker delta and stands for the real part.
We used the matrix form to describe the PolyPhase structure,  thus let us denote  the transmitted vector as 

                                       (12)
and the prototype filter coefficients vector as

                                             (13)
 then we can rewrite the equation of  Precoding FBMC/OQAM signal as 


                                                                  (14)






Where is K point IFFT matrix. In the above equation,, the baseband signal in frequency domain, is first transformed into the time domain by multiplying it with inverse FFT matrix  . Then multiplying it by PolyPhase filter .finally, We obtain the transmitted Precoding FBMC/OQAM signal by summing all pulse shaped sub-symbol vectors. Since  . Equation(14) can be put in the form


                                                           (15)


Then the precoding FBMC signalwill be fed to the companding block so the output of the companding is expressed as 


                                                                           (16)


Where is companding function which applied at end of  the transmitter side (explain in next section)
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 Fig. 1:  FBMC/OQAM system with Precoding transform  and Companding technique 





















 
















Then the discrete transmitted Precoding FBMC/OQMA system with companding transform is expressed as 


                                                          (17)
 Then the received signal can be written as 


                                                              (18)


Where  is a vector of the additive white Gaussian noise (AWGN) and * is the convolution operator, and is the channel impulse response for a particular channel realization.
 The recovered signal can be expressed as 


                                                                           (19)


Where is the de-companding Mu process, After the demodulation,  the received signal can be expressed as 


                                               (20)


                                                                  (21)


 is the  useful signal


                                                                 (22)
Where 
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By putting equ(19) in eq (18) we will get


                                  (24)



Since we recover the thanks to the real orthogonality then can be written as follows

Where is a linear combination of Gaussian random variables
 The Gaussian random variance can be expressed as



                          (25)


                                (26)
Where the normalization of the prototype filters implies 


                                                   (27)

Since the precoding matrix P is a unitary matrix and if there is no ISI and ICI the noise variance will not change neither after signal fed to FFT nor after the signal fed to the PolyPhase filter. 

finally after the de-precoding transform. the output symbol for the  time slot is given by 


                                                  (28)






Where the  is the de-precoding process at the receiver side,is FFT process,is a polyphase filter and  is the real part of OQAM transmitted symbols. To guarantee perfect reconstruction in FBMC, The combined response of the transmit filter and received filter must be Nyquist pulse thus we used the square root raised cosine (SRRC) filter to design a PolyPhase with length of filter  where the coefficients are real and symmetric such that 


                                                                        (29)

We chose the prototype filter, using SRRC filter where the frequency response of SRRC filter is defined by


           (30)
 Where   is symbol period and the symbol rate is. Where  is the roll-off Parameter  however, the impulse response of the SRRC ﬁlter in the continuous time domain is expressed as [11][12].


                                   (31)
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Fig.2:  The impulse responses of SRRC filter with various roll-off factors

Fig. 2 gives the SRRC representation with roll-off factor equal   and in frequency response, we observe that the SRRC prototype presents a signiﬁcant improvement compared to the rectangular window prototype in terms of frequency selectivity 



3. The Peak to Average Power Ratio (PAPR)

The Peak to Average Power Ratio (PAPR) of FBMC/OQAM signal is described as the ratio of the peak power of  to its average power. The PAPR of FBMC/OQAM transmitted signal can be written as [21]


                                         (32)


Where  expresses the expectation operation. Additionally, for the FBMC/OQAM signals, the complementary cumulative distribution function (CCDF) of PAPR giving the probability  that the PAPR is above several threshold levels can be expressed by [22]:

            (33)
4. Precoding Techniques
Before the FBMC modulation, each of data FBMC block is multiplied by a precoding matrix to the input symbols which is known as data-independent process of Precoding. The precoding technique is used to reduce the autocorrelation of the input sequence to reduce the peak to average power (PAPR) of FBMC signal and the results make the envelope almost constant. It also works with a random number of subcarriers and it can improve the BER performance of  FBMC signals.
However, there are some important conditions for using precoding matrix to reduce PAPR:

I. the precoding matrix must be an orthogonal matrix P by satisfying the condition   


                                                                       (34)



Where  means Hermitian transpose of the matrix P, and  means the identity matrix 
II. all singular values of Precoding matrix P must be equal to one to obtain minimum  BER 

4.1 Types of precoding  matrix 

We assessed four types of Precoding transforms which are applied to the system separably to measure the performance of each technique combined with Mu companding.

5.1.1  Discrete Cosine Transform (DCT)


Mathematically, the unitary Discrete Cosine Transform (DCT) of an input sequence  with length N is given by the following formula

              (35)


where the analysis window  can be expressed as: 

                                  (36)



Where is the input to the Precoding transform, is the output of precoding transform
4.1.2  The Walsh Hadamard transform

The Walsh Hadamard Transform (WHT) is a non-sinusoidal and can be implemented by a butterfly structure as in FFT. This means that applying WHT does not require the extensive increase in system complexity. WHT decomposes a signal into a set of basic functions. These functions are Walsh functions, which are square waves with values of +1 or -1 [17]. The proposed Hadamard transform scheme may reduce the occurrence of the high peaks comparing the original FBMC  system.. The kernel of WHT can be written as follows:

                                                                                       (35)  


                                                              (36)  

                                                                                                                                                               (37)

The output sequence of WHT can be written as:


                                                           (38)





Where   are Walsh functions,  is the input to the Precoding transform, is the output of precoding transform

4.1.3 The Discrete Sine Transform

The output sequence of a DST Precoding with length N can be written as 


                       (39)
   


Where is the input to the Precoding transform, is the output of precoding transform 

4.1.4 The Discrete Hartley Transform 

The output sequence of a DHT with length N can be written as 


     (40)



   For, Where is the input to the Precoding transform, is the output of precoding transform


5.  Non-Linear Companding Technique 

It is one of the most attractive schemes due to its good system performance, BER, low implementation complexity and absence of bandwidth expansion. This transform technique performs compression at the transmitter end after synthesis filter bank and expansion at the receiver end before the signal is fed to analysis filter. It uses a strict monotonically increasing function for companding.Therefore, the companded signal at the transmitter can be correctly recovered at the receiver using an inverse transform function. Companding increases the SNR when the input signal is low and therefore it reduces the effect of systems noise source
5.1 Mu law Companding Technique
Figure 3 shows the Mu-law compressor characteristics with different values of Mu ratio which is used to control the amount of companding in the FBMC signal. From the figure we can observe that when the MU ratio increases it results in more compression for the higher input values,  while if  Mu=1, no compression occurs.
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Fig 3: Mu-law compressor characteristics


The companding function applied to the end of the transmitter side is expressed by [21-22]


                              (41)

Where Mu parameter used to control the companding level applied to the signal. The inverse companding at the receiver is given by 


        (42)


Where  is receives signal, Mu is the ratio of companding, and sgn is a sign of signal.


6. Simulation Result
Extensive simulations are conducted to assess the performance of the proposed scheme. We designed the FBMC/OQAM with 256 subcarriers and oversampling factor L=4. In our design, the prototype filter is the square root raised cosine filter SRRC with roll factor of 0.5 and length of 4T. For the PAPR of FBMC hybrid schemes are implemented with different precoding techniques and Mu Law companding scheme. The simulation results were obtained by considering an Additive White Gaussian Noise (AWGN) channel. Fig 4 shows the flow chart of processes for FBMC/OQAM with Precoding and Companding. The simulation parameters for FBMC/OQAM system which is used to analyze the PAPR and BER performance of the proposed hybrid scheme is presented in Table I


Table 1
Simulation parameters of the proposed system

	Parameter 
	Value

	Total number of subcarriers
Data blocks
Modulation
Overlapping factor 
Roll factor
SNR range
Mu-ratio
	256
2000
OQAM
4
0.5
0-25
255



Input passed to Applying Precoding Matrix 
 
OQAM modulation 

Apply IFFT 
Polyphase filter 
Mu companding 
Calculate PAPR 
End
Start



















Fig. 4: Flow chart of proposed hybrid scheme

6.1 Performance in PAPR reduction

In FBMC/OQAM systems, the complementary cumulative distribution function (CCDF) is used to evaluate PAPR reduction performance, which denotes the probability that the PAPR exceeds a certain threshold. For a given threshold, a lower CCDF indicates better PAPR performance. We have applied 2000 random FBMC blocks to obtain the CCDFs of different signals.
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Fig.5 Illustrates the CCDFs of conventional FBMC/OQAM system and different Precoding transform techniques which are applied separately to the proposed scheme to assess the performance of each of them. Clearly, we observe that all precoding techniques have much lower PAPR than the conventional FBMC/OQAM  signal. For example, when CCDF =10-3, the PAPR for the conventional FBMC signals is 18.00 dB, whereas that of the DST precoding signal is 11.23  dB, with an improvement of 6.77 dB.  However, from Fig. 5 and Table II, we can observe that The DST  gives better performance than other precoding techniques

Table II
PAPR Reduction for FBMC/OQAM with
using different Precoding technique

	    Scheme 
	PAPR dB

	Conventional FBMC
FBMC with DHT Precoding  
FBMC with DCT Precoding 
FBMC with DST Precoding  
FBMC with WHT Precoding
	18.00
13.31
13.02
11.23
13.49
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Fig. 6:  FBMC/OQAM system with hybrid scheme consist from discrete Hartley transform (DHT) and Mu law Companding


Table III
PAPR Reduction for FBMC/OQAM with using 
Discrete Hartley transform and Mu law 

	    Scheme 
	PAPR dB

	Conventional FBMC
FBMC with Mu  Companding only
FBMC with DHT Precoding  only
FBMC with DHT  Precoding and Mu  Comp.
	18.00
7.74
13.31
3.45




Fig.6 Illustrates the CCDFs of conventional FBMC/OQAM signal, Mu Law companding signal, the Discrete Hartley Transform (DHT) Precoding signal, and Hybrid scheme consisting of the Discrete Hartley Transform (DHT) Precoding with Mu Law companding technique for reducing the PAPR in FBMC/OQAM system with companding factor  Mu =255.
Table III depicts the PAPR at CCDF= 10^-3 for the above-mentioned schemes in the figure. Clearly, from figure 6 and table III, we observe that, when we use the DHT Precoding with Mu-companding, The  PAPR appreciably improves. At clip rate of   , the PAPR is reduced to 3.45dB which is really an enormous improvement.

Table IV
 PAPR Reduction for FBMC/OQAM with using 
discrete Cosine transform (DCT) and Mu law Companding

	    Scheme 
	PAPR dB

	Conventional FBMC
FBMC with Mu Companding 
FBMC with DCT Precoding 
FBMC with DCT Precoding
	18.00
7.899
13.02
3.536
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Fig. 7 –FBMC/OQAM system  with hybrid scheme consist from discrete cosine transform and Mu law Companding


Fig.7 Illustrates the CCDFs of conventional FBMC/OQAM signal, Mu Law companding signal, the discrete cosine transform (DCT)  Precoding signal and Hybrid scheme consisting of the discrete cosine transform Precoding with Mu Law companding technique for reducing the PAPR in FBMC/OQAM system.
Table IV depicts the PAPR at CCDF= 10^-3 for the different schemes in Fig. 7. Clearly, from figure 7 and table IV, we observe that, when we use the DCT Precoding with Mu-companding, the  PAPR is improving. At clip rate of   , the PAPR is reduced to the 3.536 dB which is a considerable achievement. 
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Fig.8: FBMC/OQAM system with hybrid scheme consist from discrete sine transform and Companding

Fig.8 Illustrates the CCDFs of conventional FBMC/OQAM signal, Mu Law companding signal, the discrete sine transform (DST) Precoding signal, and Hybrid scheme consisting of the discrete sine transform (DST) Precoding with Mu Law companding technique for reducing the PAPR in FBMC/OQAM system.
Table V depicts the PAPR at CCDF= 10^-3 for the same schemes in Fig. 8. Clearly, from figure 8 and table V, we observe that when we used the DST Precoding with Mu-companding, the  PAPR  further improves. At clip rate of   , the PAPR is reduced to the 2.888 dB when is even better than the previous  techniques

Table V
 PAPR Reduction for FBMC/OQAM with using 
Discrete Sine Transform and Mu law Companding

	    Scheme
	PAPR dB

	Conventional FBMC
FBMC Mu  Companding only
FBMC with DST Precoding  only
FBMC with DST Precoding and Mu Comp.
	18.00
7.790
11.23
2.888
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Fig.9: FBMC/OQAM with hybrid scheme consist from Walsh Hadamard Transform and Companding


Table VI
PAPR Reduction for FBMC/OQAM with using 
Walsh Hadamard Transform and Mu law Companding

	    Scheme
	PAPR dB

	Conventional FBMC
FBMC with Mu Companding only
FBMC with WHT only
FBMC with WHT Precoding and Mu Comp.
	18.00
7.866   
13.49
3.807



Fig.9 Illustrates the CCDFs of conventional FBMC/OQAM signal, Mu Law companding signal, the Walsh Hadamard Transform (WHT) Precoding signal and Hybrid scheme consisting of the Walsh Hadamard Transform (WHT) Precoding with Mu Law companding technique to reduce the PAPR in FBMC/OQAM system.
Table VI depicts the PAPR at CCDF= 10^-3 for the different schemes. Clearly, from figure 9 and table VI, we observe that when we use the WHT Precoding with Mu-companding, The  PAPR improves. At clip rate of   , the PAPR is reduced to  3.807 dB which is worse than the DST plus the u law compression.
Fig.10 Illustrates the CCDFs of conventional FBMC/OQAM signal, and different hybrid schemes investigated to reduce PAPR.  
Table VII depicts the PAPR at CCDF= 10^-3 for the different schemes. Clearly, from figure 10 and table VII, we can observe that a hybrid scheme consisting of the Precoding with Mu-companding for reducing  PAPR in the FBMC system can be used to reduce the PAPR with the best result of PAPR reduction can be achieved when we use a combination of the DST with Mu Law companding. 


Table VII
PAPR Reduction for FBMC/OQAM with using 
Different Precoding  and Mu law Companding

	    Scheme
	PAPR dB

	Conventional FBMC
FBMC with DCT Precoding and Mu Comp.
FBMC with DST Precoding and Mu Comp.
FBMC with DHT Precoding and Mu Comp.
FBMC with WHT Precoding and Mu Comp.
	18.00
3.536
2.888
3.450
3.807
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Fig.10: FBMC/OQAM signal  with hybrid scheme consist from Different Precoding and Mu Law Companding
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Fig.11:  Bar Chart analysis of PAPR using different proposed schemes consist 


Fig. 11 shows the value of PAPR reduction in dB, which proves that for FBMC systems,  different  Precoding transform combined with Mu law companding can be used for effective PAPR reduction. We can observe that the combination of DHT with Mu law Companding can reduce the PAPR by approximately 14.55dB, the combination of DCT with Mu -Law Companding can reduce the PAPR by approximately 14.464dB, the combination of WHT with Mu law Companding can reduce the PAPR by approximately 14.193 dB and finally, the combination of DST with Mu law Companding can reduce the PAPR by approximately 15.112 dB.


6.2 BER performance 

Fig. 12 illustrates the BER of the proposed system as function of  signal to noise ratio for various schemes over an AWGN channel. We can observe that fortunately that the hybrid scheme based on the combination of DST and Mu-Law companding has better performance than other types of hybrid schemes. 
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Fig.12: BER Performance of FBMC/OQAM with various PAPR reduction techniques
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Fig. 13: Peak canceling signal of the conventional FBMC and Hybrid scheme consist from DST Precoding and Mu Comp.

Figure 13  illustrates that the time variations of the of the conventional FBMC signal are much larger than that of FBMC with Hybrid scheme from DST Precoding and Mu law Companding which demonstrates the effective PAPR reduction with such hybrid scheme.

7. Conclusion
In this paper, we analyzed the performance of FBMC/OQAM system in term of PAPR reduction by using some precoding techniques combined with Mu -Law companding. From our simulation, it is found that the hybrid techniques produced the lower PAPR compared to conventional FBMC/OQAM or when using precoding or Mu law companding technique separately.
Furthermore, hybrid scheme consisting from the DST precoding and Mu Law companding produced better results than other hybrid schemes. By using precoding technique there will be no signal degradation and no need for any side information to send to the receiver side 
Moreover, the BER performance of FBMC/OQAM slightly degrades with using the hybrid scheme of any sort of precoding and Mu-Law companding. The implementation complexity of the proposed technique is acceptable since it does not require any optimization from one FBMC block to the next. 

Further Research:

We intend to include the other types of precoding like zadoff Chu sequence and wavelet transform with other companding techniques as well as using precoding transform with SLM  technique.
References 
1. R. Nissel, S. Schwarz and M. Rupp, "Filter Bank Multicarrier Modulation Schemes for Future Mobile Communications," in IEEE Journal on Selected Areas in Communications, vol. 35, no. 8, pp. 1768-1782, Aug. 2017.doi: 10.1109/JSAC.2017.2710022
1. J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano, A. C. Soong, and J. C. Zhang, “What will 5G be?” IEEE Journal on Selected Areas in Communications, vol. 32, no. 6, pp. 1065–1082, 2014.
1. G. Wunder, P. Jung, M. Kasparick, T. Wild, F. Schaich, Y. Chen,S. Brink,  I. Gaspar, N. Michailow, A. Festag et al., “5GNOW: non-orthogonal, asynchronous waveforms for future mobile applications,”IEEE Communications Magazine, vol. 52, no. 2, pp. 97–105, 2014
1. P. Banelli, S. Buzzi, G. Colavolpe, A. Modenini, F. Rusek, and A. Ugolini, “Modulation formats and waveforms for 5G networks: Who will be the heir of OFDM?: An overview of alternative modulation schemes for improved spectral efﬁciency,” IEEE Signal Process. Mag., vol. 31, no. 6, pp. 80–93, 2014.
1. Shaheen, Imad A., et al. "Proposed New Schemes to Reduce PAPR for STBC MIMO FBMC systems." simulation 6.9 (2017).
1. Imad Ahmed Shaheen, Abdelhalim Zekry, Fatma Newagy and Reem Ibrahim, Egypt. "Combined DHT Precoding and A-Law Companding for PAPR Reduction in FBMC/OQAM signals." International Journal of Computing Academic Research (IJCAR) 6.Number 2 (2017): pp-31.
1. H. B¨olcskei, “Orthogonal frequency division multiplexing based on offset QAM,” in Advances in Gabor analysis. Springer, 2003, pp. 321–352.
1. B. Farhang-Boroujeny, “Filter bank multicarrier modulation: A wave-form candidate for 5G and beyond,” Advances in Electrical Engineering, vol. 2014, December 2014
1. M. G. Bellanger, “Speciﬁcation and design of a prototype ﬁlter for ﬁlter bank based multicarrier transmission,” in IEEE International Conference on Acoustics, Speech, and Signal Processing, vol. 4, 2001, pp. 2417–2420.
1. P. Siohan, C. Siclet, and N. Lacaille, “Analysis and design of OFDM/OQAM systems based on ﬁlterbank theory,” IEEE Transactions on Signal Processing, vol. 50, no. 5, pp. 1170–1183, 2002.
1. M. Fuhrwerk, J. Peissig, and M. Schellmann, “On the design of an FBMC based air interface enabling channel adaptive pulse shaping per sub-band,” in IEEE Signal Processing Conference (EUSIPCO), 2015, pp. 384–388.
1. M. Caus and A. I. P´erez-Neira, “Transmitter-receiver designs for highly frequency selective channels in MIMO FBMC systems,” IEEE Transactions on Signal Processing, vol. 60, no. 12, pp. 6519–6532, 2012.
1. S. Mirabbasi and K. Martin, “Design of prototype ﬁlter for near-perfect-reconstruction overlapped complex-modulated transmultiplexers,” in IEEE International Symposium on Circuits and Systems, 2002.
1. C. Y. Hsu and H. C. Liao, "PAPR reduction using the combination of precoding and Mu-Law companding techniques for OFDM systems," 2012 IEEE 11th International Conference on Signal Processing, Beijing, 2012, pp. 1-4
1. R. Chandrasekhar, M. Kamaraju, M. V. S. Sairam and G. T. Rao, "PAPR reduction using combination of precoding with Mu-Law companding technique for MIMO-OFDM systems," 2015 International Conference on Communications and Signal Processing (ICCSP), Melmaruvathur, 2015, pp. 0479-0483.
1. M. J. Hao and C. H. Lai, "Precoding for PAPR Reduction of OFDM Signals With Minimum Error Probability," in IEEE Transactions on Broadcasting, vol. 56, no. 1, pp. 120-128, March 2010. doi: 10.1109/TBC.2009.2034512
1. B. Farhang-Boroujeny, “OFDM versus filter bank multicarrier,”  IEEE Signal  Processing Mag., vol. 28, no. 3, pp. 92–112, May 2011.
1. S. A. Aburakhia, E. F. Badran and D. A. E. Mohamed, "Linear Companding Transform for the Reduction of Peak-to-Average Power Ratio of OFDM Signals," in IEEE Transactions on Broadcasting, vol. 55, no. 1, pp. 155-160, March 2009.
1. N. Varghese, J. Chunkath and V. S. Sheeba, "Peak-to-Average Power Ratio Reduction in FBMC-OQAM System," 2014 Fourth International Conference on Advances in Computing and Communications, Cochin, 2014, pp. 286-290.
1. B. Farhang-Boroujeny and C. H. (George) Yuen, “Cosine modulated and offset QAM ﬁlter bank multicarrier techniques: A continuous-ime prospect,” EURASIP Journal on Advances in Signal Processing, vol. 2010, pp. 1–17, 2010.
1. N. Raju and S. S. Pillai, "Companding and Pulse shaping technique for PAPR reduction in FBMC systems," 2015 International Conference on Control, Instrumentation, Communication and Computational Technologies (ICCICCT), Kumaracoil, 2015, pp. 89-93
1. N. Raju and S. S. Pillai, "Companding and Pulse shaping technique for PAPR reduction in FBMC systems," 2015 International Conference on Control, Instrumentation, Communication and Computational Technologies (ICCICCT), Kumaracoil, 2015, pp. 89-93.




oleObject45.bin

image45.wmf
H

K

F


oleObject46.bin

image46.wmf
m

G


oleObject47.bin

image47.wmf
m

mmmkm

b=JaJPa

=

%


oleObject48.bin

image48.wmf
2M1

H

mKmkm

m0

x[n]GFJPa

-

=

=

å


oleObject49.bin

image49.wmf
k

x


image2.png




oleObject50.bin

image50.wmf
S C{x}

[n]

[n]

=


oleObject51.bin

image51.wmf
C[]


oleObject52.bin

image52.wmf
r

[n]


oleObject53.bin

image53.wmf
y[n]


oleObject54.bin

image54.wmf
1

j

m

+


oleObject55.bin

image55.wmf
j

m


oleObject56.bin

image56.wmf
(1)

j

mk

-+-


oleObject57.bin

image57.wmf
(1)

j

m

-+


oleObject58.bin

image58.wmf
[]

xn


oleObject59.bin

image59.wmf
S

[n]


oleObject60.bin

image60.wmf
C{x[n]}


oleObject61.bin

image61.wmf
[]

gn


oleObject62.bin

image62.wmf
1,m

a

%


oleObject63.bin

image63.wmf
0,m

b


oleObject64.bin

image64.wmf
k-1,m

b


oleObject65.bin

image65.wmf
1,m

b


oleObject66.bin

image66.wmf
j

m

-


oleObject67.bin

image67.wmf
0,m

a

%


oleObject68.bin

image68.wmf
K

P


oleObject69.bin

image69.wmf
H

F

K


image4.wmf
K


oleObject70.bin

image70.wmf
0,m

a


oleObject71.bin

image71.wmf
1,m

a


oleObject72.bin

image72.wmf
k-1,m

a


oleObject73.bin

image73.wmf
1,m

ˆ

a


oleObject74.bin

image74.wmf
0,m

ˆ

a


oleObject1.bin

oleObject75.bin

image75.wmf
k-1,m

ˆ

a


oleObject76.bin

image76.wmf
1

]

C{}

[

y

n

-


oleObject77.bin

image77.wmf
[]

gn


oleObject78.bin

image78.wmf
F

K


oleObject79.bin

oleObject80.bin

image5.wmf
M


image79.wmf
1

j

mk

+-


oleObject81.bin

image510.wmf
r

[n]


oleObject810.bin

image520.wmf
y[n]


oleObject82.bin

image530.wmf
1

j

m

+


oleObject83.bin

image540.wmf
j

m


oleObject84.bin

oleObject2.bin

image550.wmf
(1)

j

mk

-+-


oleObject85.bin

image560.wmf
(1)

j

m

-+


oleObject86.bin

image570.wmf
[]

xn


oleObject87.bin

image580.wmf
S

[n]


oleObject88.bin

image590.wmf
C{x[n]}


oleObject89.bin

image6.wmf
k,m

s


image600.wmf
[]

gn


oleObject90.bin

image610.wmf
1,m

a

%


oleObject91.bin

image620.wmf
0,m

b


oleObject92.bin

image630.wmf
k-1,m

b


oleObject93.bin

image640.wmf
1,m

b


oleObject94.bin

oleObject3.bin

image650.wmf
j

m

-


oleObject95.bin

image660.wmf
0,m

a

%


oleObject96.bin

image670.wmf
K

P


oleObject97.bin

image680.wmf
H

F

K


oleObject98.bin

image690.wmf
0,m

a


oleObject99.bin

image7.wmf
kth


image700.wmf
1,m

a


oleObject100.bin

image710.wmf
k-1,m

a


oleObject101.bin

image720.wmf
1,m

ˆ

a


oleObject102.bin

image730.wmf
0,m

ˆ

a


oleObject103.bin

image740.wmf
k-1,m

ˆ

a


oleObject104.bin

oleObject4.bin

image750.wmf
1

]

C{}

[

y

n

-


oleObject105.bin

image760.wmf
[]

gn


oleObject106.bin

image770.wmf
F

K


oleObject107.bin

oleObject108.bin

image780.wmf
1

j

mk

+-


oleObject109.bin

image80.wmf
2M1

H

mKmkm

m0

s 

[n]CGFJPa

-

=

=

å


image8.wmf
mth


oleObject110.bin

image81.wmf
y[n]h[n]*s[n][n]

=+h


oleObject111.bin

image82.wmf
[]

n

h


oleObject112.bin

image83.wmf
[]

hn


oleObject113.bin

image84.wmf
1

r[n]C(y[n])

-

=


oleObject114.bin

image85.wmf
1

C

-


oleObject5.bin

oleObject115.bin

image86.wmf
L

*

k,mk,mk,m

n1

rg[n]r[n]|

=

ìü

=Â+h

íý

îþ

å


oleObject116.bin

image87.wmf
k,mk,mk,m

ˆ

rr{}

=+Âh


oleObject117.bin

image88.wmf
k,m

ˆ

wherer


oleObject118.bin

image89.wmf
k,mk,m

n

[n]g[n]

h=h

å


oleObject119.bin

image90.wmf
[

]

2

π

km

kn

j

K

,

g(nmK/2)KM  e

g[n]

-

=


image9.wmf
k,mk,m

RI

k,m

ssjs

=+


oleObject120.bin

image91.wmf
[

]

2

πk

k

n

n

j

K

,m

g(nmK/2)KM  e

[n]

h

-

=h

å


oleObject121.bin

image92.wmf
k,m 

a

%


oleObject122.bin

image93.wmf
k,m

h


oleObject123.bin

image94.wmf
,

km

h


oleObject124.bin

image95.wmf
[

]

K

L1m

2

k,m

K

nm

2

2

πkn

- j 

K

g(nmK/2)KM  e

[n]

-+

=

-

h=h

å


oleObject6.bin

oleObject125.bin

image96.wmf
[

]

k,m

K

L1m

2

222

K

nm

2

g(nmK/2)KM  =

-+

hhh

=

-

s=ss

å


oleObject126.bin

image97.wmf
[

]

K

L1m

2

K

nm

2

1

g(nmK/2)KM  =

-+

=

-

å


oleObject127.bin

image98.wmf
mth


oleObject128.bin

image99.wmf
1

{}

HH

mKmKm

aPCGFJ

-

=Â

)


oleObject129.bin

image100.wmf
H

K

P


image10.wmf
k,m

R

s


oleObject130.bin

image101.wmf
K

F


oleObject131.bin

image102.wmf
m

G


oleObject132.bin

image103.wmf
{}

H

mKm

GFJ

Â


oleObject133.bin

image104.wmf
LKM

=


oleObject134.bin

image105.wmf
g[n]g[KMn]

=-


oleObject7.bin

oleObject135.bin

image106.wmf
(

)

1r

         T                              

 for  0 f

2T

T

πT1r1r1r

gf 1cosf      for  f   

2r2T2T2T

1r

0                                 for f

2T

ì

-

ï

ï

££

ï

ï

ï

ï

ï

éù

ìü

--+

ïï

ï

ïïï

êú

=+-££

ííý

êú

ïïï

ïï

îþ

ëû

ï

ï

ï

ï

+

ï

³

ï

ï

ï

î


oleObject136.bin

image107.wmf
(

)

(

)

(

)

2

πt4rtπt

sin1r   cos1r

TTT

gt

πt4rt

1

TT

æöæö

÷÷

çç

-++

÷÷

çç

÷÷

çç

èøèø

=

æö

æö

÷

ç

÷

÷

ç

ç

-

÷

÷

ç

ç

÷

÷

ç

èø

ç

÷

èø


oleObject137.bin

image108.jpeg
amplitude
o o
> o

o
=

0.2

=——=SRRC r=1
=—SRRC r=0.5
Rectangular

AN

~NF | | | 1T

0.5 0 05 1 15
Normalized Time, t/TO





image109.wmf
[]

xn


oleObject138.bin

image110.wmf
{

}

{

}

2

10

2

Maxx[n]

PAPR10 log  dB

Ex[n]

=


oleObject139.bin

image11.wmf
k,m

I

s


image111.wmf
r

P


oleObject140.bin

image112.wmf
(

)

(

)

(

)

(

)

k

γ

r

CCDF

γPPAPRx[n]γ  11e       

-

=>=--


oleObject141.bin

image113.wmf
*

PPI

=


oleObject142.bin

image114.wmf
*

P


oleObject143.bin

image115.wmf
 I


oleObject144.bin

oleObject8.bin

image116.wmf
a

m


oleObject145.bin

image117.wmf
N

k

k0

π(2n1)k

yTacos       k1,2,..,1

2N

m

k

N

=

éù

+

êú

==¼-

êú

ëû

å


oleObject146.bin

image118.wmf
k

T


oleObject147.bin

image119.wmf
k

1

                            ,k1

N

T

2

                              ,2kN

N

ì

=

ï

ï

=

í

ï

££

ï

î


oleObject148.bin

image120.wmf
a

m


oleObject149.bin

image12.wmf
K,M

a


image121.wmf
k

y


oleObject150.bin

image122.wmf
[

]

1

H1

=


oleObject151.bin

image123.wmf
2

11

1

H

11

2

éù

êú

=

êú

-

ëû


oleObject152.bin

image124.wmf
NN

2

N

HH

1

H

HH

2N

N

N

éù

êú

=

êú

-

ëû


oleObject153.bin

image125.wmf
(

)

N1

0

k

m

k

1

y

N

aWALn,k

-

=

=

å


oleObject154.bin

oleObject9.bin

image126.wmf
k0,1,..,N1

=¼-


oleObject155.bin

image127.wmf
(

)

WAL ,i

n


oleObject156.bin

oleObject157.bin

image128.wmf
n

y


oleObject158.bin

image129.wmf
N1

Km

k0

kn

N+1

yasin

π           k1,2,..,N1

-

=

éù

êú

==¼-

êú

ëû

å


oleObject159.bin

oleObject160.bin

image13.wmf
K2M

´


image130.wmf
k

y


oleObject161.bin

image131.wmf
N1

km

k0

2

πnk2πnk

yacossink1,2,..,N1

NN

-

=

éù

êú

=+=¼-

êú

ëû

å


oleObject162.bin

oleObject163.bin

image132.wmf
k

y


oleObject164.bin

image133.tiff
normalized o/p

1
09
08
07
06
05
Mu=1
MU=10
o4 MU=50
MU=100
03 MU=255
MU=500
02 MU=700

01

0 01 02 03 04 05 06 07 08 09 1
normalized ifp




image134.wmf
(

)

(

)

(

)

x[n]

s[n]x[n]x[n]

ln(1Mu

= Csgn,

ln1Mu

+

=

+


oleObject165.bin

oleObject10.bin

image135.wmf
(

)

(

)

(

)

(

)

y[n]

1

1

=Fsgn1Mu1,

Mu

r[n]y[n]y[n]

-

æö

÷

ç

=+-

÷

ç

÷

ç

èø


oleObject166.bin

image136.wmf
r

k


oleObject167.bin

image137.jpeg
CCDF (Pr{PAPR>PAPRO])

10°

10°

== Convential FBMC

=== FBMC with DCT Precoding
e FBMC with DST Precoding
= FBMC with DHT Precoding
=== FBMC with WHT Precoding

8 10 12
PAPRO [dB]




image138.jpeg
CCDF (Pr{PAPR>PAPRO])

N I N\ ~N\
== Conventian| FBMC
=== FBMC with Mu Companding only
=== FBMC with DHT Precoding only
= FBMC with DHT Precoding and Mu Com.
107
102F
10°
0 2 4 6 8 10 12 14 16 18

PAPRO [dB]




image139.jpeg
CCDF (Pr[PAPR>PAPRO])

—

=== Conve

ntianl FBMC

= FBMC with Mu Companding only

= FBMC with DCT Precoding only
= FBMC with DCT Precoding and Mu Comp.

10°

6 8

10 12
PAPRO [dB]




image140.jpeg
CCDF (PrPAPR>PAPRO])

10°

AN\

~

=== Conventianl FBMC

e FBMC with Mu Companding
= FBMC with DST Precoding only

= FBMC with DST Precoding and Mu Comp.

10°

6 8 10 12
PAPRO [dB]

14




image141.jpeg
CCDF (Pr{PAPR>PAPRO])

10°

10°

X ~ ~

=== Conventianl FBMC

s FBMC with Mu Companding only

= FBMC with WHT Precoding only

= FBMC with WHT Precoding and Mu Companding

4 6 8 10 12 14 16 18
PAPRO [dB]




image142.jpeg
10°

i ¥

CCDF (Pr[PAPR>PAPRO])
N

10°

=== Convential FBMC

= FBMC with DCT Precoding and Mu Comp
== FBMC with DST Precoding and Mu Comp.
=== FBMC with DHT Precoding and Mu Comp.
=== FBMC with WHT Precoding and Mu Comp.

6 8 10 12 14 16 18
PAPRO [dB]




image14.wmf
A


image143.png
15.2

15

14.8

14.6

14.4

14.2

14

13.8

13.6

15.112

14.550

14.464

14.193

DHT

DCT

WHT

DST





image144.jpeg
.
mm

10

—&— Conventianl FBMC

—#—FBMC with DST Precoding and with Mu Comp.
—#*—FBMC with WHT Precoding and with Mu Comp.
—®¥—FBMC with DCT Precoding and with Mu Comp.
—#*—FBMC with DHT Precoding and with Mu Comp.

5 10 15 20
E, /N, (dB)

25




image145.jpeg
—— conventional FBMC





oleObject11.bin

image15.wmf
0,00,10,2M1

1,01,11,2M1

K1,0K1,1K1,M1

aaa

aaa

A

aaa

-

-

----

éù

êú

êú

=

êú

êú

êú

ëû

K

K

MMOM

K


oleObject12.bin

oleObject13.bin

image16.wmf
A


oleObject14.bin

image17.wmf
RIRI

0,00,00,2M-10,2M-1

RIRI

1,01,01,2M-11,2M-1

RIRI

k-1,0k-1,0k-1,2M-1k-1,2M-1

ssss

ssss

A

ssss

éù

êú

êú

=

êú

êú

êú

ëû

K

K

MMOMM

K


oleObject15.bin

image18.wmf
A


oleObject16.bin

image19.wmf
m

kKm

y=a=Pa,

%


oleObject17.bin

image20.wmf
K

P


oleObject18.bin

image21.wmf
K×K


oleObject19.bin

image22.wmf
m

a


oleObject20.bin

image23.wmf
mth


oleObject21.bin

image24.wmf
A


oleObject22.bin

image25.wmf
(

)

(

)

(

)

(

)

00

0K-1

10

1K-1

K

(K-1)0

K-1K-1

P……P

P……P

P=

P……P

éù

êú

êú

êú

êú

êú

ëû

MMM


oleObject23.bin

oleObject24.bin

oleObject25.bin

oleObject26.bin

image26.wmf
m

mm

b=Ja

%


oleObject27.bin

image27.wmf
11

m

J([,,.........,])

mmmk

diagjjj

++-

=


oleObject28.bin

image28.wmf
[

]

2

πkn

121

j

K

k,m

k0

0

 

   j ag(

[],

nmK/2) e

m

KM

km

x

M

n

K

--

=

+

=

=-

åå

%


oleObject29.bin

image29.wmf
k,m

K12M1

km

k,m

k0

m

 

0

x

 

[n]g[n

  j a

]

--

=

+

=

=

åå

%


oleObject30.bin

image30.wmf
[

]

2

π

km

kn

j

K

,

g(nmK/2)KM  e

g[n]

-

=


oleObject31.bin

image31.wmf
k,m 

a

%


oleObject32.bin

image32.wmf
kth


oleObject33.bin

image33.wmf
m

a

%


oleObject34.bin

image34.wmf
g[n]


oleObject35.bin

image35.wmf
KM


oleObject36.bin

image36.wmf
LKM1

=-


oleObject37.bin

image37.wmf
*

k,  k,mk,km,m

n

m

 g[n]g[n]

δδ 

+¥

¢¢¢

=-

¢

¥

ìü

Â=

íý

îþ

å


oleObject38.bin

image38.wmf
i,j

δ


oleObject39.bin

image39.wmf
 

Â


image1.png




oleObject40.bin

image40.wmf
T

x=[x[0], x[1], x[2],.........., x[KM-1]]


oleObject41.bin

image41.wmf
T

g=[g[0] , g[1] ,....., g[KM-1] ]


oleObject42.bin

image42.wmf
2M1

H

mKm

m0

x[n]GFb

-

=

=

å


oleObject43.bin

image43.wmf
H

K

F


oleObject44.bin

image44.wmf
m

b


image3.png




