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Abstract—Multi-carrier modulation and especially CP-OFDM is widely used nowadays in several radio communications. However, FBMC is a potential alternative to CP-OFDM since it does not require cyclic prefix, and thus, it has a higher spectral efficiency. One of the characteristics of FBMC is that the received data are accompanied by a two dimensional intersymbol interference term (2D ISI), which complicates MIMO techniques when combined with optimum detection. In this paper we consider the association of FBMC with the multiple-input multiple-output (MIMO) technique focusing on the spatial data multiplexing (SDM), and we investigate the use of Maximum Likelihood (ML) detection. We propose modified FBMC schemes based on inserting null data among QAM symbols to reduce, in this way, the overlapping of the symbols.1 Index Terms—Filter bank, FBMC, MIMO, Spatial multiplexing, SDM, Maximum likelihood, ML detection.



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, 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. 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 1 This work has been carried out within the FP7 research project N211887, PHYDYAS.
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source of problems when combining FBMC with some MIMO techniques. In this paper, we consider the space division multiplexing (SDM) 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 this context, the equalization based on the minimum mean square error (MMSE) criterion can be applied to filter bank multicarrier (FBMC) transmission systems as well as shown in [6]. It is proven that 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 to insert null data among QAM symbols (instead of OQAM) in order to transform the two-dimensional inter-symbol interference (2D ISI) into a one-dimensional inter-symbol interference (1D ISI). Then, we will perform the data detection using a Viterbi algorithm. 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 and MIMO channels. Then, in section III, we present our schemes introducing null data between QAM symbols, and thus, only one-dimensional inter-symbol interference remains, which can be treated using a Viterbi algorithm. Simulation results are provided in section IV, where the performance comparisons between the proposed receivers and detection algorithms are carried out. Finally, discussion and concluding remarks are given in section V. II. T HE OQAM-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 is an even number of sub-carriers, D is the delay term which depends on the length of the prototype filter g[m] and φk,n is an additional phase term. The transmitted symbols ak,n are real-valued symbols. Equation (1) can be written in



183



written:



a simpler manner: s[m] =



M −1 X X



ak,n gk,n [m],



Ik,n =



(2)



where gk,n [m] are the shifted versions of g[m] in time and frequency. When the transmitter and the receiver are connected back to back, the signal at the receiver output over the k th sub-carrier and the nth time instant is determined using the inner product of s[m] and gk,n [m]: +∞ X



∗ s[m]gk,n [m]



m=−∞



=



+∞ X



M −1 X



X



(3)



∗ ak′ ,n′ gk′ ,n′ [m]gk,n [m].



+∞ X



∗ gk′ ,n′ [m]gk,n [m]. (6)



m=−∞



According to the tables I and II, we note that most part of the energy is localized in a restricted set (shown in bold) around the considered symbol. Consequently, we will assume that the intrinsic interference term depends only on this restricted set except the central position (corresponding to the unity coefficient), and is denoted by Ωk,n . Moreover, assuming that the channel is constant at least over this summation zone, we can write as in [9] the equation given by (7). According to (4), and as ak′ ,n′ is real-valued, the intrinsic interference Iˆk,n is pure imaginary. Thus, the demodulated signal can be given by: rk,n ≈ hk,n (ak,n + juk,n ) + nk,n ,



m=−∞ k′ =0 n′ ∈Z



Several pulse shaping prototype filters g[m] can be used according to their properties. In this paper, we are interested in both pulse shape PHYDYAS and IOTA prototype filters, which are described, respectively, in [3] and [7]. The coefficients of their impulse responses in the time-frequency domain are illustrated in the table I and II:



(8)



where uk,n is a real-valued. In the case of multiple antennas (Nr ×Nt ), we transmit real (i) symbols ak,n at a given time-frequency position (k, n) and at the ith transmit antenna. So, after passing through the radio channel, we demodulate at the j th receive antenna: (j)



rk,n =



TABLE I PHYDYAS



hk′ ,n′ ak′ ,n′



(k′ ,n′ )6=(k,n)



k=0 n∈Z



rk,n = hs, gk,n i =



X



Nt X



(ji)



(i)



(i)



(j)



hk,n (ak,n + juk,n ) + nk,n ,



(9)



i=1



REFERENCE COEFFICIENTS TABLE



(ji)



k0 − 2 k0 − 1 k0 k0 + 1 k0 + 2



n0 − 3 n0 − 2 n0 − 1 n0 n0 + 1 n0 + 2 0 0 0 0 0 0 0.043j −0.125 −0.206j 0.239 0.206j −0.125 −0.067 0 0.564 1 0.564 0 −0.043j −0.125 0.206j 0.239 −0.206j −0.125 0 0 0 0 0 0



n0 + 3 0 −0.043j −0.067 0.043j 0



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 shown in equation (10), which yields: rk,n = Hk,n (ak,n + juk,n ) + nk,n



(11)



III. P ROPOSED MIMO SCHEMES USING QAM MODULATION (i)



TABLE II IOTA COEFFICIENTS TABLE n0 − 3 n0 − 2 n0 − 1 n0 n0 + 1 n0 + 2 n0 + 3 k0 − 2 0.0016 0 −0.0381 0 −0.0381 0 0.0016 k0 − 1 −0.0103j −0.0381 0.228j 0.4411 0.228j −0.0381 −0.0103j k0 −0.0182 0 0.4411 1 0.4411 0 -0.0182 k0 + 1 −0.0103j −0.0381 0.228j 0.4411 0.228j −0.0381 −0.0103j k0 + 2 0.0016 0 −0.0381 0 −0.0381 0 0.0016



The phase term φk,n in equation (1) guarantees and holds the real orthogonality condition: ½ X ¾ ∞ ∗ Re gk′ ,n′ [m]gk,n [m] = δk,k′ δn,n′ (4) m=−∞



Now, let us consider first the SISO FBMC transmission. When passing through the radio channel and adding noise contribution nk,n , equation (3) becomes: rk,n = hk,n ak,n + Ik,n + nk,n ,



(5)



where hk,n is the channel coefficient at subcarrier k and time index n, Ik,n is defined as an intrinsic interference and is



The interference term uk,n takes on values in a large discrete set in the range [−3, +3]. For maximum likelihood (ML) detection, the presence of the interference term in equation (11) is an issue, because it is a two-dimensional intersymbol interference. We have proposed in [10] a suboptimal solution for ML detection based on interference estimation and cancelation. In this section, we propose two novel FBMC schemes based on QAM modulation (instead of OQAM) in order to reduce the interference terms. Instead of transmitting realvalued symbols, we transmit complex valued symbols but alternated with null data. This leads to the same rate as OQAM-FBMC. Both proposed schemes differ in the manner of how to insert null data among the useful ones. The first scheme consists in transmitting QAM symbols only at odd (or even) time indices as described in table III. On the opposite, in the second scheme, data are transmitted only on odd (or even) subcarriers (Table IV). These two schemes are referred to, respectively, as V-QAM-FBMC and H-QAM-FBMC. First of all, we consider only the V-QAM-FBMC scheme. So now, we can assume that each symbol vector ck,n overlaps only with both its neighbors ck±1,n (other terms are



184



µ rk,n ≈hk,n ak,n +



X



∞ X



ak′ ,n′



m=−∞



(k′ ,n′ )∈Ωk,n



{z



|   (11) (1) rk,n h  .   k,n  .  =  ..  .   . (N 1) (N ) hk,nr rk,nr | {z } | 



rk,n



∗ gk′ ,n′ [m]gk,n [m]



¶



+ nk,n .



}



Iˆk,n



  (1)   (1)  (1N ) (1) hk,n t ak,n + juk,n n    k,n  .. ..   +  ..  . . .    .  (N N ) (N ) (N ) (N ) · · · hk,nr t ak,nt + juk,nt nk,nr {z }| {z } | {z } ··· .. .



ak,n +juk,n



Hk,n



(7)



(10)



nk,n



TABLE III V-QAM-FBMC n−1 0 0 0 0



k k+1 k+2 k+3



SCHEME ILLUSTRATION TABLE



n ck,n



n+1 0 0 0 0



ck+1,n ck+2,n ck+3,n



n+2 ck,n+2 ck+1,n+2 ck+2,n+2 ck+3,n+2



n+3 0 0 0 0



TABLE IV H-QAM-FBMC



k k+1 k+2 k+3



SCHEME ILLUSTRATION TABLE



n−2 ck,n−2 0



n−1 ck,n−1 0



n ck,n 0



n+1 ck,n+1 0



n+2 ck,n+2 0



ck+2,n−2 0



ck+2,n−1 0



ck+2,n 0



ck+2,n+1 0



ck+2,n+2 0



neglected). The demodulated symbol vector over the k th subcarrier and the nth instant can be written as: rk,n = Hk,n



1 X



αl,0 ck+l,n + nk,n



(12)



l=−1



According to this equation, the system can be considered as a set of independent sequences (for each integer value of n, rk,n is an independent sequence), and each sequence is filtered by a non causal digital filter, which can be expressed as an equivalent tapped delay line with 3 taps, as shown in Fig. 1. Thus, we have transformed the two-dimensional inter-symbol interference into a one-dimensional inter-symbol interference. Omitting the time index, let us denote, respectively, by c[k] and r[k] the transmitted and received sequence-vector with length M equals to the number of sub-carriers, α = [α−1,0 α0,0 α1,0 ], and Hk the channel matrix at the k th subcarrier. The optimal detection is to find the transmitted sequence ˆ c[k] among all possible ones, which satisfies the following criterion: °2 ¶ µM −1 ° 1 X X ° ° ° ˆ c[k] = argmin α[l]c[k +l]° °r[k]−Hk ° . (13) c



k=0



l=−1



To find the ML sequence, we shall apply the Viterbi



Fig. 1.



Equivalent tapped delay line with 3 taps



detection algorithm. According to Fig. 1, since we have two taps, and taking into account that c[k] are Nt -elements vectors with QPSK symbols, the total number of states is K = 16Nt denoted by S0 , ..., SK−1 . At each stage k, each transition branch is labeled by its corresponding input vector c[k + 1], thus, there are 4Nt transitions out of each state to 4Nt different states. The considered metric for a branch in the k th stage, and which transits from state Si = (c[k − 1], c[k]) to Sj = (c[k], c[k + 1]) is: ° °2 1 X ° ° ° . Mij (k) = ° r[k] − H α[l]c[k + l] (14) k ° ° l=−1



Denoting by Si the set of all possible states from which we can lead to Si , the accumulated metric ci (k) associated to each node (state) Si in the k th stage is defined as: ½ Á ¾ ci (k) = min cj (k − 1) + Mij (k) Sj ∈ Si . (15) j



Each node memorizes its parent node, so at the sequence end (k = M − 1), when choosing the node with the least accumulated metric, we can reconstitute the optimal path which fulfills equation (13). Unfortunately, such a detector suffers from high complexity. Indeed at each state, it has to calculate the accumulated metric defined in (15) K × 4Nt times, regardless of the other operations such as sorting. A reduced complexity version of the Viterbi detection algorithm is the M-algorithm [11], but it is suboptimal. It
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the whole transmitted power and the noise variance in each receive antenna. The simulation parameters that we have used are given by: • (2 × 2) MIMO system. • No coding scheme. • QPSK modulation. • Flat fading Rayleigh channels. • Number of subcarriers M = 512. • Frame length L = 32. Since the IOTA filter is symmetric in the time-frequency domain, we will obtain the same performance if we use either V-QAM-FBMC or H-QAM-FBMC scheme. So, for IOTA filter, we will consider only the V-QAM-FBMC, since it has the advantage of introducing no additional delay in the transmission system. 0



10



QAM/FBMC IOTA H−QAM/FBMC PHYDYAS OFDM/ML −1



10



−2



10 BER



retains only a limited number J ≤ K of nodes per step having the smallest accumulated metric (this number is also called the number of survivors). Since not all states are kept, the path which satisfies the criterion (13) may be lost. This event leads to a long stream of errors which is called an error event [12]. The error probability in M-algorithm depends on the number of survivors. To keep the probability of an error event as low as possible, the number of survivors should be increased. However, increasing J leads to higher complexity. So, J must be chosen in such way that it ensures a good trade-off between complexity and performance. Now, regarding the H-QAM-FBMC scheme, we consider a frame with a length of L multicarrier symbols. Thus, we obtain M/2 sequences with length L, and for each sequence we proceed in the same manner as we have done with VQAM-FBMC, applying either Viterbi or M-algorithm. The drawback of this scheme is the additional delay introduced in the transmission system. Both above proposed schemes are employed with either IOTA or PHYDYAS prototype filter. Since we consider that only the symbols located in a restricted set contribute on the interference term, residual interference will induce a BER floor effect. If we denote by Γ the position set of the neglected interference terms which corresponds to each scheme, we can evaluate the power of the residual interference as: X |αp,q |2 P =



−3



10



(p,q)∈Γ



−4



10



with αp,q = hgk,n , gk+p,n+q i are the coefficients given in tables II and I. The value of the residual interference power P depends on the considered scheme and prototype filter. The following table summarizes the numerical value of P according to the considered case:
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Fig. 2. Performance comparison between ML-OFDM and Viterbi-FBMC equalizer



TABLE V RESIDUAL INTERFERENCE POWER



IOTA PHYDYAS



V-QAM/FBMC −22 dB −12 dB



H-QAM/FBMC −22 dB −20.5 dB



It is clear that V-QAM/FBMC scheme with PHYDYAS prototype filter gives worse performance. This is due to the fact that PHYDYAS prototype filter is more spread in the time domain. This relatively high-level of the residual interference (−12 dB) stems essentially from the neglected coefficients at the time-frequency positions (k0 ± 1, n0 ± 2) of the table I. However, H-QAM/FBMC scheme is more appropriate to PHYDYAS prototype filter. IV.



SIMULATION RESULTS



In this section, we provide the simulation results concerning both proposed schemes with IOTA and PHYDYAS prototype filters. We shall compare their performance to the CP-OFDM one with ML detection. The system performance is assessed in terms of bit-error rate (BER) as a function of the signalto-noise ration (SNR) which is defined as the ratio between



In Fig. 2, we give the bit-error rate performance for OFDM/ML, V-QAM-FBMC with IOTA filter and H-QAMFBMC with PHYDYAS filter. We observe a slight performance gain of V-QAM/FBMC with IOTA compared to HQAM-FBMC with PHYDYAS. For low signal-to-noise ratio (SNR) levels, we notice that both considered schemes reach practically the OFDM performance, whereas they suffer from degradation in case of high SNR levels. As expected, this BER floor is due to the interference terms neglected and not taken into account. This degradation will not be important if we insert convolutional codes. As shown in the previous section, M-algorithm is proposed as a reduced complexity detection algorithm. Here, we consider the V-QAM-FBMC scheme with IOTA filter. The curves presented in Fig. 3. are obtained for a number of survivors J = 16, 8 and 4. With J = 16, we obtain practically the same performance as the Viterbi algorithm, whereas it has less complexity (16 kept branches instead of 256). When J = 8, we note a slight degradation for SNR less than 14 dB (about 1 dB at BER = 10−2 ). However, when J = 4, it is clear that
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Performance comparison between different values of J



the performance is much worse. We should note that even if J is small, the curves tend to reach FBMC/Viterbi performance at high SNR, and all of them converge to the same BER floor. V.



CONCLUSION



In this paper, we have described the main difficulty when we use ML detection with FBMC in MIMO system due to the presence of the two-dimensional inter-symbols interference (2D ISI). We have proposed modified FBMC schemes (VQAM-FBMC and H-QAM-FBMC), where we have inserted null data between the symbols, and transmit QAM symbols instead of OQAM to keep the same bit-rate. In such a way, we have transformed the system into a set of independent sequences with one-dimensional inter-symbol interference (1D ISI). These sequences are decoded using the Viterbi algorithm and its variants to reduce complexity. We have considered two different prototype filters (IOTA and PHYDYAS). V-QAM-FBMC scheme cannot be employed with PHYDYAS prototype filter because of the high residual interference power. Whereas, with IOTA filter, we can use either V-QAM-FBMC or H-QAM-FBMC scheme. The drawback of the last one is the processing delay introduced in the transmission system. So finally, we have considered only two configuration cases, H-QAM-FBMC with PHYDYAS filter, and V-QAM-FBMC with IOTA filter. When comparing these two schemes, we noticed that V-QAM-FBMC with IOTA gives almost the same performance than H-QAM-FBMC with PHYDYAS filter. Nevertheless, with both schemes, we can practically reach OFDM/ML performance especially in case of low SNR. We could obtain the same performance as Viterbi detection algorithm using M-algorithm with J=16 reducing, in this way, the complexity.
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