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Abstract—FBMC transmission system was proposed as an alternative approach to OFDM system since it has a higher spectral efficiency. One of the characteristics of FBMC is that the demodulated transmitted symbols are accompanied by interference terms caused by the neighboring transmitted data in time and frequency domain. The presence of this interference is an issue for the Maximum Likelihood (ML) implementation when we consider a Spatial Multiplexing MIMO system. In this paper, we will propose a new FBMC scheme and transmission strategy in order to avoid this interference term. This proposed scheme (called FFT-FBMC) transforms the FBMC system into an equivalent system as simple as OFDM. First, we will develop the FFTFBMC in the case of SISO configuration, and then, we extend its application to Spatial Multiplexing MIMO configuration with Maximum Likelihood detection.1



I.



INTRODUCTION



Orthogonal frequency division multiplexing with the cyclic prefix insertion (CP-OFDM) is the most widespread modulation among all the multi-carrier modulations, and this thanks to its simplicity and its robustness against multi-path fading using the cyclic prefix (CP). Nevertheless, this technique causes a loss of spectral efficiency due to the cyclic prefix. Furthermore, the CP-OFDM spectrum is not compact due to the large sidelobe levels resulting from the rectangular pulse. This leads us to insert null sub-carriers at frequency boundaries in order to avoid overlappings with neighboring systems. So it means a loss of spectral efficiency too. To avoid these drawbacks, filter bank multi-carrier (FBMC) was proposed as an alternative approach to multi-carrier OFDM [1]. In FBMC, there is no need to insert any guard interval. Furthermore, it uses a frequency well-localized pulse shaping, hence, it provides a higher spectral efficiency [2] [3]. Each sub-carrier is modulated with an Offset Quadrature Amplitude Modulation (OQAM) which consists in transmitting real and imaginary samples with a shift of half the symbol period between them. Because FBMC orthogonality conditions are considered in the real field, the data at the receiver side is carried only by the real (or imaginary) component of the signal and the imaginary (or real) part appears as an intrinsic interference term. Although the data is always orthogonal to the interference term, but this term of interference becomes a source of problems when combining FBMC with some MIMO techniques. 1 This



work has been carried out within the FP7 research project N211887, PHYDYAS.



In this paper, we consider the spatial multiplexing (SM) case, where the information is transmitted and received simultaneously over Nt transmit antennas and Nr receive antennas in order to increase the data rate. In the conventional OFDM case, maximum likelihood detection obtains a diversity order equal to the number of receive antennas [4]. In FBMC modulation, the presence of the interference terms is the main issue for the implementation of the maximum likelihood technique. In this work, we propose a novel FBMC scheme and transmission strategy in order to get rid of the interference term. The organization of the paper is as follows. A description of FBMC modulation is presented in section II, where we give a short overview of FBMC transmission over multipath channel. Then, in section III, we present our scheme called FFT-FBMC where we perform additional IFFT and FFT operations on each subcarrier, respectively, at the transmitter and receiver sides. We extend its application to the MIMO configuration. Simulation results are provided in section VI, where the performance comparisons between the proposed scheme and OFDM are carried out. Finally, discussion and concluding remarks are given in section VII. II. T HE FBMC M ODULATION We can write at the transmitter side the baseband equivalent of a discrete time FBMC signal as follows [2]: s[m] =



M −1 X X



2π



D



ak,n g[m − nM/2]ej M k(m− 2 ) ejφk,n



(1)



k=0 n∈Z



with M an even number of sub-carriers, D the delay term which depends on the length of the prototype filter g[m] and φk,n an additional phase term. The transmitted symbols ak,n are real-valued symbols. According to the principle of OQAM, the imaginary part of the QAM symbol is delayed with respect to the real part of the symbol by half a symbol period [5]. The real and imaginary parts are driven by the phase term φk,n given by: π (2) φk,n = φ0 + (n + k) − πnk 2 with φ0 can be arbitrarily chosen, here we set φ0 = 0. We can rewrite equation (1) in a simple manner: s[m] =



M −1 X X k=0 n∈Z



ak,n gk,n [m]



(3)



where gk,n [m] are the shifted versions of g[m] in time and frequency. In the case of no channel, the demodulated symbol over the k th sub-carrier and the nth instant is determined using the inner product of s[m] and gk,n [m]: rk0 ,n0 = hs, gk0 ,n0 i =



+∞ X



=



M −1 X X



(4)



ak,n gk,n [m]gk∗0 ,n0 [m].



m=−∞ k=0 n∈Z



From this equation, the transmit-receive impulse response can be derived assuming null data except at one time-frequency position (k0 , n0 ) where a unit impulse is applied. Then equation (4) becomes: +∞ X



rk0 ,n0 = =



m=−∞



(k,n)6=(k0 ,n0 )



s[m]gk∗0 ,n0 [m]



m=−∞ +∞ X



where hk0 ,n0 is the channel coefficient at subcarrier k 0 and time index n0 , Ik0 ,n0 is defined as an intrinsic interference and is written: m=∞ X X Ik0 ,n0 = hk,n ak,n gk,n [m]gk∗0 ,n0 [m], (8) According to the table (I), we note that most part of the energy is localized in a restricted set around the considered symbol. Consequently, we will assume that the intrinsic interference term depends only on this restricted set (denoted by Ωk,n ). Moreover, assuming that the channel is constant at least over this summation zone, we can write as in [6] the equation given by (9). According to the table (I) and because ak,n is real-valued, the intrinsic interference Iˆk0 ,n0 is pure imaginary. Thus, the demodulated signal can be given by: rk0 ,n0 ≈ hk0 ,n0 (ak0 ,n0 + juk0 ,n0 ) + nk0 ,n0 ,



gk0 ,n0 [m]gk∗0 ,n0 [m]



m=−∞ +∞ X



with uk0 ,n0 is a real-valued.



g[m − n0 M/2]g[m − n0 M/2]



III. T HE PROPOSED FFT-FBMC



m=−∞ 2π



0



D



(5)



By using the substitution of m by m + n0 M 2 and denoting ∆n = n0 − n0 , ∆k = k 0 − k0 , we obtain: +∞ X



2π



D



g[m]g[m − ∆nM/2]ej M ∆k( 2 −m)



m=−∞



(6)



jπ(∆k+k0 )∆n −j π 2 (∆k+∆n)



·e



e



We notice that the impulse response depends on ∆n and ∆k, but also on k0 . Indeed, according to the above equation, the sign of some impulse response coefficients depends on the parity of k0 . In this work, we essentially exploit this property. Several pulse shaping prototype filters g[m] can be used according to their properties. In this paper, we will consider the PHYDYAS prototype filter described in [3]. Numerical calculations of equation (6) yield the following table (for k0 odd): TABLE I PHYDYAS



k0 − 2 k0 − 1 k0 k0 + 1 k0 + 2



When combining FBMC with MIMO techniques such as STBC or SM-ML, the presence of the interference term uk0 ,n0 (which is a 2D-ISI) in equation (10) causes problems and makes the detection process from rk,n very hard if not impossible. We have proposed in [7] a suboptimal solution for ML detection based on interference estimation and cancelation, but the obtained performance was still so far from the optimum. We have proposed other schemes in [8] where we inserted null data in order to transform the 2D-ISI into a 1D-ISI, and then perform the Viterbi algorithm to recover the transmitted data. Simulation results showed that we could practically reach the OFDM performance, but with a higher complexity. In this section, we propose a modified FBMC system scheme in order to get rid completely of the intrinsic interference term and perform a classical ML detector with a slight complexity increase compared to OFDM. Let us denote the transmit-receive impulse response ob(k0 ) tained in equation (6) by f∆k,∆n . According to the table, we (k0 ) can consider that f∆k,∆n = 0 for ∆k ∈ / {−1, 0, 1}. So, we can split equation (4) into three terms, and write as follows:



REFERENCE COEFFICIENTS TABLE



n0 − 3 n0 − 2 0 0 0.043j −0.125j −0.067j 0 −0.043j −0.125j 0 0



SCHEME AND SYSTEM



MODEL



· ej M (k0 −k )(m− 2 ) ej(φk0 ,n0 −φk0 ,n0 ) .



rk0 ,n0 =



(10)



n0 − 1 n0 n0 + 1 n0 + 2 0 0 0 0 −0.206j 0.239j 0.206j −0.125j 0.564j 1 0.564j 0 0.206j 0.239j −0.206j −0.125j 0 0 0 0



n0 + 3 0 −0.043j −0.067j 0.043j 0



rk,n =



∆ X



(k)



f0,i ak,n−i +



i=−∆



|



{z



+



∆ X



|



rk0 ,n0 = hk0 ,n0 ak0 ,n0 + Ik0 ,n0 + nk0 ,n0 ,



(7)



i=−∆



|



tk



i=−∆



Let us consider the SISO FBMC transmission, when passing through radio channel and adding noise contribution nk0 ,n0 , equation (4) becomes:



}



∆ X



(k−1)



f−1,i ak−1,n−i {z



}



tk−1 (k+1)



ak+1,n−i



{z



}



f1,i



(11)



tk+1



where ak,n are the inputs of the FBMC modulator at the transmitter side on the k th subcarrier and the nth time instant, (k) fj,i are the FBMC impulse response coefficients in the timefrequency domain when the impulse is applied on the k th



µ ¶ ∞ X X rk0 ,n0 ≈ hk0 ,n0 ak0 ,n0 + ak,n gk,n [m]gk∗0 ,n0 [m] + nk0 ,n0 . (k,n)∈Ω



|



m=−∞



{z



(9)



}



Iˆk0 ,n0



2



(k−1)



(k)



Tk−1



1.6 1.4 1.2 0,n
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(k+1)



Yk,n = F0,n dk,n + F−1,n dk−1,n + F1,n dk+1,n | {z } | {z } | {z } Tk



odd subcarriers even subcarriers



1.8



|F(k) |



subcarrier, ∆ is the maximum response spread in time i.e. (k) i∈ / [−∆, ∆] ⇒ fj,i = 0. Now, we consider each term ti as a point-to-point multipath channel. So, as in conventional OFDM systems, we can overcome intersymbol interference (ISI) just by performing for each subcarrier an inverse discrete Fourier transform (IDFT) on blocks of length N at the transmitter side, and inserting a cyclic prefix of sufficient length (LCP ≥ 2∆). At the receiver side, for each subcarrier, the first LCP samples of each symbol block are discarded. Taking the discrete Fourier transform (DFT) of the remaining block, one can write: (12)
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where Yk,n = dk,n = (k) Fj,n



=



√1 N √1 N



PN −1 n0 =0



PN −1



yk,n0 e



Fig. 1. The magnitude of F0,n as a function of the time index n within a data block, for k even and odd.



−j2πnn0 N −j2πnn0



N n0 =0 ak,n0 e 0 P N2 −1 −j2πnn (k) fj,n0 e N n0 =− N 2



(k)



The two last terms Tk−1 and Tk+1 in equation (12) represent the intercarrier interference terms (ICI). According to (6), we have: (k) f0,∆n



+∞ X



=



(k+1)



(k−1)



when |F0,n | > 1, we have |F0,n | and |F0,n | are less than one, so when we transmit data in the frequency-time positions (k, n), we set the positions (k ± 1, n) to zero, and vice versa. This transmission strategy is depicted in Fig. 2.



π



g[m]g[m − ∆nM/2]e−j 2 ∆n ejπk∆n . (13)



m=−∞ (k)



So, as we have mentioned, f0,∆n depends on the parity of the subcarrier index k. Let us consider two adjacent subcarriers k and k + 1, we can write: (k+1)



f0,∆n =



+∞ X



π



g[m]g[m − nM/2]e−j 2 ∆n ejπk∆n ejπ∆n



m=−∞ (k)



Fig. 2.



= f0,∆n ejπ∆n



Taking the DFT of both members of this equation, we derive the following relationship: (k+1)



F0,n (k+1)



Data transmission strategy within a data block



(14)



(k)



(15)



= F0,n+ N 2



(k)



So, F0,n is the circularly shifted version of F0,n . In Fig. (k) 1, we can see the curve of F0,n in both cases of k even and odd. We have considered the block length N = 32. Regardless of the interference terms Tk−1 and Tk+1 , we remark that half of the symbols in each subcarrier are amplified but the rest are deeply faded; this yields a severe performance degradation. The solution that we propose is to transmit no data on the faded positions and double the modulation rate on the remaining positions to keep the same throughput. According to Fig. 1, we notice that



In this way, we get rid of the remaining intercarrier interference (ICI), and equation (12) becomes: ( (k) F0,n dk,n n ∈ Ω(k) Yk,n = (16) (k) (k) F−1,n dk−1,n + F1,n dk+1,n n∈ / Ω(k) where Ω(k) is the set of the time indices where we transmit useful data, clearly it depends on the parity of k, we have Ω(k) = {0, 1, ... N2 − 1} when k is odd, and { N2 , ...N − 1} when k is even. Thus, at the receiver side we consider only the positions where n ∈ Ω(k) to recover the transmitted symbols dk,n . In such a way, the equalization becomes easier since we have no intersymbol interference, and just one tap equalization is sufficient. In the presence of the radio channel, we assume that the channel is invariant during N multicarrier symbols. Taking



into account the presence of the noise term, we can rewrite equation (16), when n ∈ Ω(k) , as: (k)



Yk,n = hk,n F0,n dk,n + Γk,n



(17)



where Γk,n is the noise term at the output of FFT-FBMC demodulator, and hk,n is the channel coefficient. For the rest of the study, we consider (17) as the expression of the signal at the output of the demodulator. IV. G UARD INTERVAL REDUCTION The main drawbacks of the proposed scheme are, on the one hand, the additional delay introduced in the transmission since the data are processed by blocks of N multicarrier symbols. On the other hand, introducing a cyclic prefix in each subcarrier leads to a significant spectral efficiency loss. In order to make a fair comparison with the classical OFDM system, let us define Leq as the equivalent amount of the cyclic prefix length for the CP-OFDM systems. In the proposed FFTFBMC scheme, we insert M × LCP /2 symbol periods of redundancy for each M ×N/2 useful symbol periods, whereas OFDM cyclic redundancy equals to Leq symbol periods for each M useful symbol periods. Then, we conclude that: Leq =



M Lcp . N



(18)



Despite that the FBMC impulse response is spread over 15 time periods (∆ = 7), we can reduce the interval guard in order to decrease the spectral efficiency loss but at the expense of the performance degradation. In fact, reducing the guard interval causes an inter-symbol and inter-block interference. Clearly, the performance depends on the ratio between the signal and the interference power. (k) Since we know the values of f0,∆n , we can evaluate the signal-to-interference ratio (SIR) for each value of n ∈ Ω(k) and for the different values of LCP . In the following figure, the curves of the SIR as a function of n ∈ Ω(k) are depicted, which correspond for each different value of LCP .



The worst case is when there is no guard interval (LCP = 0), and we notice that the SIR is about 20 dB. So, even if we do not insert any guard interval, we can obtain almost the same performance as OFDM as long as the signal-to-noise ratio (SNR) is less than 20 dB. V. A PPLICATION TO THE MIMO



SYSTEM



Now, according to (17), the system model is equivalent to a classical OFDM one with an equivalent Rayleigh channel (k) hk,n F0,n and an equivalent noise Γk,n . In the case of a multiple antennas system (Nr × Nt ), we transmit complex (i) symbols dk,n at the ith transmit antenna and at a given timefrequency position (k, n) such that n ∈ Ω(k) . The signal at the j th receive antenna after demodulation is given by: (j)



(k)



Yk,n = F0,n



Nt X



(ji) (i)



(j)



hk,n dk,n + Γk,n ,



(19)



i=1 (ji)



where hk,n is the channel coefficient between transmit antenna ”i” and receive antenna ”j”. Finally, the matrix formulation of the system can be expressed as:  (1)   (11)   (1)   (1)  (1N ) Yk,n hk,n · · · hk,n t d Γ  .     k,n  k,n .. ..  .  ..  .  = F (k)  ..      . 0,n  . .  .    .  +  .. , (N 1) (N N ) (N ) (N ) (N ) hk,nr · · · hk,nr t Yk,nr dk,nt Γk,nr | {z } | {z } | {z } | {z } Yk,n



Hk,n



dk,n



Γk,n



(20)



which yields: (k)



Yk,n = F0,n Hk,n dk,n + Γk,n



(21)



Now since we have got rid of the interference terms caused by the FBMC modulation, we can apply the maximum likelihood (ML) detection in a straightforwardly manner. This ˆ k,n which minimizes consists just in searching the data vector d the Euclidean distance: ˆ k,n = argmin { kF (k) Hk,n d ˆ k,n − Yk,n k2 } d 0,n



(22)



ˆ k,n d



140



120



LCP=0



VI. S IMULATION RESULTS



LCP=2



In this section, we provide the simulation results concerning the proposed scheme for different values of LCP . Firstly, we show the performance in the case of SISO system with AWGN channel, and secondly in the case of 2x2 MIMO system with Rayleigh flat fading channels. The performance analysis is based on the BER assessment as a function of the SNR. The simulation parameters are as follows: • No coding scheme. • QPSK modulation. • Number of subcarriers M = 512. • Block length N = 32. It is clear that when LCP ≥ 2∆, we obtain optimum performance since there is no inter-symbol interference. In Fig. 4, we have considered the case of SISO with AWGN channel, and we depict the performance of FFT-FBMC scheme
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Fig. 3. The Signal-to-Interference ratio as a function of the time index n ∈ Ω(k) for different values of LCP .
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Performance of FFT-FBMC over AWGN SISO channel.



with LCP = 16, 2, and 0. We notice that according to the used prototype filter, we have ∆ = 7, so in the case of LCP = 16 we reach the optimum. We observe that for LCP = 16 and LCP = 2, we obtain the same performance which means finally that we do not need to insert a guard interval longer than 2, and as we can see in this figure, we obtain almost the same performance as OFDM. Regarding the case when no guard interval is inserted (LCP = 0), we remark a slight degradation with respect to OFDM in high SNR levels, we lose about 1 dB at BER = 10−4 . However, there is almost no difference between the curves as long as the SNR is less than 10 dB. In Fig. 5, we consider the 2x2 MIMO system with Rayleigh flat fading channels. We compare only the cases when LCP = 0 and LCP = 2 to OFDM case. We observe clearly that when 0
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Fig. 5. Performance of FFT-FBMC over MIMO and Rayleigh flat fading channels.



LCP = 2, we obtain the same performance as the OFDM. That means that LCP = 2 represents a good tradeoff between performance and spectral efficiency loss. However, even if we do not insert a guard interval, we obtain a satisfactory performance. According to equation (18), the equivalent CP



length for OFDM when LCP = 2 is 32 symbol periods which corresponds to M/16. VII. C ONCLUSION In this paper, we have proposed a new FBMC scheme (called FFT-FBMC) in order to get rid of the intrinsic interference which is an issue when we use the Maximum Likelihood detection in the Spatial Multiplexing MIMO context. The idea was to split the interference (which is a 2DISI) into two groups. The first one is the interference which comes from the adjacent subcarriers (ICI). The second one is the interference due to the symbols belonging to the same considered subcarrier, and we can consider this as a 1D-ISI. To overcome this last one, we have performed an IDFT and DFT on each subcarrier respectively at the transmitter and receiver sides inserting also a guard interval as in conventional OFDM system. On the other hand, we have exploited the fact that the impulse response coefficients depend on the parity of the considered subcarrier, and we applied the transmission strategy depicted in Fig. 2 in order to isolate the adjacent subcarriers and avoid the inter-carrier interference (ICI). In this way, the equivalent system became as simple as the OFDM case, and all MIMO techniques such as SM-ML can be applied in a straightforwardly manner. We have shown that inserting a guard interval on each subcarrier is a considerable drawback of the proposed scheme. So, we have proposed to reduce this guard interval and evaluate the corresponding performance degradation. Simulation results showed that we obtained almost the same performance as OFDM when we use the FFT-FBMC scheme with guard interval length LCP = 2, which corresponds to a small spectral efficiency loss. We should notice that even if we do not insert any guard interval (LCP = 0), we obtain a satisfactory performance with respect to OFDM, which can be considered as a good compromise for some applications. R EFERENCES [1] B. Le Floch, M. Alard and C. Berrou, ”Coded Orthogonal Frequency Division Multiplex”, Proceeding of the IEEE, Vol. 83, No. 6, Jun. 1995 [2] 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, May 2002 [3] M. G. Bellanger, ”Specification and design of a prototype filter for filter bank based multicarrier transmission,” in Proc. IEEE Int. Conf. Acoustics, Speech, and Signal Processing, Salt Lake City, USA, May 2001, pp. 24172420. [4] R.V. Nee, A.V. Zelst, and G. Awater, ”Maximum Likelihood Decoding in a Space Division Multiplexing System”, Vehicular Technology Conference Proceedings, 2000. VTC 2000-Spring Tokyo. 2000 IEEE 51st, vol. 1, pp. 6-10, May 2000 [5] M. Bellanger, ”Transmit diversity in multicarrier transmission using OQAM modulation”, Wireless Pervasive Computing, 2008. ISWPC 2008. 3rd International Symposium on, pp. 727-730, May 2008 [6] C. L´el´e, J.-P. Javaudin, R. Legouable, A. Skrzypczak, and P. Siohan, ”Estimation Methods for Preamble-Based OFDM/OQAM Modulations”, European Wireless ’07, April 2007. [7] R. Zakaria, D. Le Ruyet, and M. Bellanger, ”Maximum Likelihood Detection in spatial multiplexing with FBMC”, European Wireless Conference (EW ’10), pp. 1038-1041, April 2010. [8] R. Zakaria, D. Le Ruyet, ”On Maximum Likelihood MIMO Detection in QAM-FBMC Systems”, accepted to PIMRC’2010
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