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I. I NTRODUCTION OFDM (Orthogonal Frequency Division Multiplexing) [1], [2] has been considered as a promising technology in the future wireless communications for its advantage of relatively high spectrum efficiency and immunity to the inter-symbol interference (ISI). As the data symbols are parallelized and transmitted on narrow subcarriers, the OFDM system suffers from frequency selective fading. Several improved schemes have been proposed to achieve diversity gain in frequency selective fading channels, such as Coded OFDM (COFDM), Multicarrier Code Division Multiple Access (MC-CDMA) [3]–[5], or OFDM Code-Division Multiplexing (OFDM-CDM) [6]. COFDM can achieve diversity gain and coding gain at the same time, but there is always a loss in spectral efficiency. The MC-CDMA system spreads the data symbols onto multiple tones according to the user-specific codes, and the signal of the different users can be multiplexed and transmitted on the same cluster of subcarriers. Though, the MC-CDMA system suffers from multiple access interference (MAI) and the diversity gain will be reduced when the system load is high [7]. In this paper, we propose a new scheme to multiplex the signal and transmit it on a group of orthogonal subcarriers. It’s called Multicarrier Convolutional Multiplexing (MCCM) system, in which the data symbols are spread onto several subcarriers in a convolutional manner. This system has the same spectrum efficiency with the conventional uncoded OFDM system using the same modulation. However, in frequency selective fading channel, the MCCM system can achieve significant diversity gain. As long as the spreading codes are well designed, the diversity order can be equal to the length of the codes, and there is no loss compared to the theoretical independent fading channel diversity with the maximum
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Abstract— A new multiplexing scheme with high diversity gain for multicarrier systems, which is called Multicarrier Convolutional Multiplexing (MCCM), is proposed. In this scheme the data symbols are spread onto several subcarriers by a convolutional spreader. Compared to the conventional OFDM (Orthogonal Frequency Division Multiplexing) system, the MCCM system using well designed spreading codes can achieve diversity with order equal to the length of the codes in frequency selective fading channels. A simple free distance searching algorithm is utilized to search the codes with the optimized performance. The best codes of length four are presented and their performance is evaluated by numerical simulations.
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The structure of the MCCM system



ratio combining (MRC) when the maximum likelihood (ML) detector is used. The rest of the paper is organized as follows. Section II introduces the system model and describes the new multiplexing scheme in detail. Section III discusses the performance of the proposed system in AWGN (Additive White Gaussian Noise) channel and in frequency selective fading channel. Section IV proposes a free distance searching algorithm and presents several good-performance codes. The numerical simulation results are presented in the following section. Finally, a conclusion is drawn in the last section. II. MCCM S YSTEM M ODEL The model of the MCCM system is illustrated in Fig. 1. At the transmitter, the data stream is mapped into symbols and then passed through a convolution spreader, which introduces inter-symbol interference in the stream. Then, after interleaving, the symbols are modulated onto orthogonal subcarriers by inverse fast Fourier transform (IFFT), and padded with cyclic prefix (CP) to resist the ISI, just as the conventional OFDM system does. Correspondingly, at the MCCM receiver, after the FFT operation, the symbols are deinterleaved and detected. And the information data is retrieved after the symbol demapper. The convolutional spreader can be implemented by a transversal filter, as is shown in Fig. 2. The complex valued coefficients on the taps form a spreading code. The output of the spreader is the summation of the delayed symbols multiplied by the spreading code. The data bits within a block is mapped into a symbol sequence of length L, which is denoted as S = [S1 , S2 , · · · , SL ]. The spreading code is denoted as C = [C1 , C2 , · · · , CN ], where N is the length of the spreading code. Then, the output
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TABLE I M INIMUM E UCLIDEAN D ISTANCE OF M ODULATIONS



S l-N+1 CN



X (l) Fig. 2.



Modulation



BPSK



QPSK



8PSK



16QAM



2 Dmin (Eb )



4



4



1.7574



1.6



where D2 (Xi , Xt ) is the squared Euclidean distance between Xi and Xt , i.e.,



The structure of the convolutional spreader



D2 (Xi , Xt ) = of the convolutional spreader can be expressed as X(l) =



N 



Cn Sl−n+1 , 0 < l ≤ L,



(1)



where Sl = 0 for l ≤ 0. For the simplicity of the analysis, we normalize the spreading codes, i.e., 2



|Cn | = 1.



(2)



n=1



The received symbol vector after the deinterleaver is Y = [Y (1), Y (2), · · · , Y (L)]. In AWGN channel, it can be expressed as Y (l) = X(l) + n(l), 0 < l ≤ L,



(3)



where n(l) is the additive complex Gaussian noise with mean zero and variance N0 . As for the frequency selective Rayleigh fading channel, as long as the CP is larger than the delay spread of the channel, and the interleaving block length is large enough, the fading on the subcarriers can be assumed to be flat and independent. We denote the fading coefficient on the l-th subcarrier as h(l), and the received symbols are Y (l) = h(l)X(l) + n(l), 0 < l ≤ L.



2



|Xi (l) − Xt (l)| .



(7)



l=1



n=1



N 



L 



(4)



As is shown in Fig. 2 and given in (1), the convolutional spreader introduces inter-symbol constraint, just as the convolutional code. So it can also be represented by a trellis diagram and a symbol block can be represented by a path in the trellis which starts from and ends in the all-zero state [8]. The maximum likelihood sequence estimation (MLSE) [8], [9] algorithm can be used to detect the symbol sequence. III. P ERFORMANCE OF THE MCCM SYSTEM A. AWGN channel When the symbol sequence Y is received after the deinterleaver, the ML detection of the symbols can be expressed as ˆ = arg max P (Y|X) . (5) X X



In AWGN channel, it’s well known that the pairwise error probability [12] between the symbol vectors Xi and Xt is   2 (X , X ) D i t , Pe (Xi → Xt ) = Q  (6) 2N0



Let Df2 ree be the free squared Euclidean distance in the trellis: (8) Df2 ree = min D2 (Xi , Xt ), i,t



where Xi and Xt are two symbol sequences whose paths diverge from any state and remerge at the same, or another state after one or more transitions. Due to the lack of the linearity, we cannot assume a certain sequence, such as the all-zero sequence, is transmitted to find the free distance, just as we do for the convolutional codes. Based on the principle of the union bound, the event error probability [12] at high signal-to-noise ratio (SNR) is well approximate by   Df2 ree , (9) Pe ≈ Pf Nf ree Q  2N0 where Pf is the probability that a sequence with distanceDf2 ree sequences is transmitted, and Nf ree is the average number of sequences with distance Df2 ree to the transmitted sequence. When evaluating the performance of the MCCM system in AWGN channel, we neglect the effect of the Pf and Nf ree , and regard Df2 ree as the dominating factor. It’s reasonable to compare the MCCM system with the conventional uncoded OFDM system using the same modulation. Since the OFDM system is interference free in AWGN channel, its performance is dominated by the minimum squared Euclidean distance in the constellation, which is denoted as 2 2 . The parameter Dmin of some common modulations is Dmin listed in Table I. (Eb in the table represents the average energy per bit.) If the Df2 ree of the MCCM system is less than the 2 Dmin of the corresponding OFDM system, the MCCM system is inferior to the OFDM system, and vise versa. However, as regard to the free squared Euclidean distance of the MCCM system, there is a proposition as follows. Proposition 1: The free squared Euclidean distance of the MCCM system is no larger than the minimum squared Euclidean distance of the base modulation, i.e., 2 . (10) Df2 ree ≤ Dmin Proof: In fact, we only need to proof that given any transmitted symbol sequence, there is always another sequence 2 to the correct one. Suppose S = that have distance Dmin  [S1 , S2 , · · · , SL ] is transmitted, and let S be different from S only in one position, say l0 . Denoting the output sequences of
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the convolutional spreader generated by S and S as X and  X respectively, then according to (1) we have      |Cl−l0 +1 (Sl0 − Sl0 )|, l0 ≤ l < l0 + N   X(l) − X (l) = 0, others. (11) By substituting (2) and (11) into (7), we get 







D2 (X, X ) = |Sl0 − Sl0 |2 . As



(12)







2 = min |Sl0 − Sl0 |2 , Dmin Sl0 ,Sl



(13)



0



according to (8), the free squared Euclidean distance is upper 2 . bounded by Dmin When the equality in (10) holds, the MCCM system performs asymptotically the same as the OFDM system in AWGN 2 channel. We call the spreading codes having Df2 ree = Dmin the Maximum Euclidean Distance (MED) codes. Note that for the MED codes, Pf in (9) equals to one. B. Rayleigh fading channel When the subcarriers of the MCCM system undergo independent and flat Rayleigh fading, as is described in the section II, the pairwise error event probability of confusing the transmitted symbol sequence Xi with another sequence Xt is upper bounded [10] by  −1  |X (l) − X (l)|2  i t Pe (Xi → Xt ) ≤ , (14)   4N0 l∈Gi,t



∆



where Gi,t = {l|1 ≤ l ≤ L, Xi (l) = Xt (l)}. Let Li,t = |Gi,t |, and  L1  i,t ∆ 2 2  |Xi (l) − Xt (l)| . (15) Dprod (Xi , Xt ) = l∈Gi,t



Li,t is the Hamming distance between Xi and Xt , and 2 (Xi , Xt ) can be called the product distance [11] beDprod tween the two sequences. Then (14) can be rewritten as  −Li,t 2 (Xi , Xt ) Dprod . (16) Pe (Xi → Xt ) ≤ 4N0 For the high SNR, the event error probability is dominated by the pairs of symbol sequences with the minimum Hamming distance in the event error, which is defined as the free Hamming distance: Lf ree = min Li,t . i,t



(17)



Furthermore, we define ∆



Df2 p =



min



(Xi ,Xt ):Li,t =Lf ree



2 Dprod (Xi , Xt )



(18)



as the minimum product distance of the pairs of sequences with Hamming distance Lf ree . Then, by the principle of the



union bound, the event error probability for high SNR can be approximated by  −Lf ree Df2 p   , (19) Pe ≈ Pf Nf ree 4N0 



where Pf is the probability that a sequence with Hamming  distance Lf ree is transmitted, and Nf ree is the average number of the distance-Lf ree sequences. As in the AWGN channel, we mainly consider the effect of   Lf ree and Df2 p , and neglect the effect of Pf and Nf ree when evaluating the performance of the MCCM system in frequency selective fading channels, since the former ones dominate the event error probability for high SNR. As is given in (19), the event error probability varies inversely with (Eb /N0 )Lf ree , so Lf ree is the diversity order of the system. Obviously, the free Hamming distance cannot be larger than the register length of the convolutional spreader, i.e., Lf ree ≤ N . When the spreading codes satisfy Lf ree = N , we call them the Maximum Hamming Distance (MHD) codes. Moreover, for the conventional OFDM system with diver2 be the minimum product distance of the OFDM sity, let Dmp system which has the same diversity order and spectrum 2 , there efficiency with the MCCM system. Then if Df2 p > Dmp is gain in performance relative to the conventional OFDM system with independent fading channel diversity of order Lf ree . Note that in order to the achieve diversity gain without loss in spectrum efficiency for the conventional OFDM system, other technologies must be employed, such as the space diversity. When the energy is uniformly distributed onto the P independent fading channels to achieve diversity gain, we have D2 2 (20) = min . Dmp P IV. D ESIGN OF THE S PREADING C ODES As discussed in the last section, in order to get the optimal MCCM system performance, we should maximize the free Euclidean distance Df2 ree in the AWGN channel, and the diversity order Lf ree , as well as the product distance Df2 p , in the frequency selective fading channel. Since the elements of the codes are complex valued, it’s quite difficult to find the optimal spreading codes. On the contrary, given a finite set of spreading codes, we can search for the best performance codes according to their parameters of Df2 ree , Lf ree , and Df2 p . This can be a scheme to design the spreading codes. A. Free Distance Searching Algorithm Due to the fact that the symbol sequences do not form a linear space, the distance property of the codes cannot be decided by assuming a specific sequence, like all-one sequence, is transmitted. Exhaustive search of the free distance by testing all of the possible transmitting sequence, and all state transition, is very time consuming. As the first step, a simple algorithm is proposed to check the distance property of spreading codes.
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TABLE II T HE S PREADING C ODES WITH N = 4 AND THEIR F REE S QUARED E UCLIDEAN D ISTANCES Df2 ree (Eb )



Spreading Ca : Cb : Cc : Cd :



TABLE III F REE H AMMING D ISTANCE AND P RODUCT D ISTANCE OF THE S PREADING C ODES Df2 p (Eb )



Lf ree



Spreading



Code



BPSK



QPSK



8PSK



Code



BPSK



QPSK



8PSK



BPSK



QPSK



8PSK



[1, 1, 1, 1] [1, −1, −1, −1] [1, −1, j, j] [1, j, −1, −j]



2 4 4 4



2 4 4 2



0.8787 1.7574 1.7574 0.8787



Ca Cb Cc Cd



2 3 4 4



2 3 4 2



2 3 4 2



1 1.5874 1 1



1 1.5874 1 1



0.4392 0.6975 0.4392 0.4392



The proposed searching algorithm is based on the well known Viterbi algorithm (VA) [13]. It’s known that VA is an ML algorithm that tests the metrices of all candidate sequences. As the path corresponding to a random symbol sequence that is long enough can almost definitely undergo all the possible state transition, if we detect the random sequence that is not infected with noise, we will find out the free distance, which is just the minimum metric of the competing branches at the nodes. The free distance searching algorithm is summarized as follows. Free Distance Searching Algorithm: • Generate a sufficiently long, e.g., 1000, random symbol sequence. Get the output sequence X of the convolutional spreader according to (1). • Pass X to the sequence detector. Initialize the distance register R with ∞. • Detect the sequence with the Viterbi algorithm. When choosing the survivor path at each stage, compare the metric of the incorrect path, denoted by M , with the value in the distance register. If M < R, set R = M . • When the detection is completed, R is the free distance. The proposed algorithm is suitable for both the free squared Euclidean Distance and the free Hamming distance. Its complexity is almost the same as the conventional Viterbi algorithm, except for the need of a distance register. Note that when searching for the free Hamming distance, the Euclidean distance is used for detection as usual, and the Hamming distance is the metric registered. If the algorithm is used for searching the product distance, it’s a little bit complicated. In this case, the Hamming distance should first be examined, and the minimum product distance for the corresponding Hamming distance is recorded. Of cause, we only care about the minimum product distance for the free Hamming distance. B. Spreading Codes for MCCM system It’s unrealistic to search the whole set of the possible spreading codes, because the set is infinite. In fact, the wholeset searching is also unnecessary, as it’s reasonable that the performance will not change dramatically when the spreading codes vary a little. In the following search, we confine the code symbols √ to be Cn ∈ {1, j, −1, −j} for 1 ≤ n ≤ N , where j = −1, and the normalization factor √1N to satisfy the condition (2) is neglected.



Taking N = 4 as the example, we first search the codes for the AWGN channel, where the free squared Euclidean distance is the dominating factor. After applying the proposed free distance searching algorithm to the codes with N = 4, we list some representative codes with their parameters Df2 ree 2 in Table II. Remember that Df2 ree is upper bounded by Dmin . Comparing Table II with Table I, we find that the codes except Ca are MED codes for BPSK, and Cb and Cc are MED codes for QPSK and 8PSK. In searching for the codes out of the all 64 codes with N = 4 and the first code symbols being 1 for BPSK modulation, 2 . They are we find that only two codes have Df2 ree < Dmin 2 Ca and [1, −1, 1, −1], both with Df ree = 2Eb . Though all the other 62 codes have the maximum Df2 ree , they also differ from each other in performance, because of the difference in parameters Pf and Nf in (9). Table II shows that a MED code for BPSK modulation is not necessary a MED code for high order modulation, such as QPSK, 8PSK. For example, Cd only has Df2 ree = 2Eb for QPSK, and Df2 ree = 0.8787Eb for 8PSK. So, compared 2 to the Dmin shown in Table I, there is 3dB loss for QPSK and 8PSK. On the other hand, Cb and Cc have no loss in Df2 ree . They are MED codes for all of the modulations, and are preferred in AWGN channel. As is derived in the last section, the free Hamming distance and the product distance are the two most important factors for the performance of the MCCM system in frequency selective fading channels. These parameters of the codes in Table II are provided in Table III. Obviously, the best codes in AWGN channel are not necessarily the best codes in the fading channel. For example, the MED code Cb only has Lf ree = 3. On the other hand, the code Cc has both the maximum free Euclidean distance and the maximum free Hamming distance for any modulation used. Also note that the code Cd is a MHD code for BPSK, but not for QPSK and 8PSK, where it only has 2-order diversity in frequency selective fading channels. In summary, the code Cc is the best code for all modulation types and both kinds of channels. The minimum product distances Df2 p of the codes are also provided in Table III. According to (20), we found that the MCCM system can have gain over the conventional OFDM system with the same spectrum efficiency and the same order of diversity. For example, the MCCM system with spreading
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code Cb can gain about 0.8dB relative to the OFDM system with the same diversity order. However, being a MHD code, Cc has no gain over the 4-order diversity OFDM system.



perform asymptotically the same as the OFDM systems with the same modulation. Since the Df2 ree of Ca is only one half 2 of Dmin for these modulations, it loses 3dB relative to the MED codes. The case is the same for Cd applied to 8PSK MCCM system. For BPSK modulation, the gap between the curves of Cd and the OFDM system can be attributed to the effect of Pf and Nf in (9), which is not taken into account when searching for the codes. Fig. 5 and Fig. 6 show the results for the frequency selective fading channel. The performance of the conventional modulation in independent Rayleigh fading channel with MRC is also shown in the figures. It can be seen that the diversity gain of the MCCM system is obvious. The diversity orders are interpreted as the slope of the BER-SNR curves in the log-log graph, which are in accordance with the parameters Lf ree given in Table III. It’s shown in the figures that the code Cc performs the best, and its curves are very close to the results of the independent MRC diversity with order four. So the code Cc is the optimum code both in AWGN channel and in frequency selective fading channel. Other codes simulated have loss in diversity gain, especially when the high order modulation is used. When comparing the performance of the MCCM system to that of the OFDM system with the same order of diversity, it can be found that Ca is 3dB worse than the counterpart 2-order diversity OFDM system. This is because its product 2 defined by (20). Cd distance Df2 p is the half of the Dmp applied to 8PSK MCCM systems also has the 3dB loss for the same reason. Besides, because the value of Df2 p for Cc 2 is the same as Dmp of the 4-order diversity OFDM system, this code has no loss in SNR. And interestingly, the code Cb can have about 0.8dB gain relative to the OFDM system with three-order diversity, as it has relatively high Df2 p . The performance of the uncoded OFDM-CDM system with 8PSK and length-four Walsh-Hadamard code is also shown in Fig. 6 for comparison. It’s obvious that it only achieves order-one diversity, thus is inferior to the proposed MCCM system.



V. S IMULATION R ESULTS



VI. C ONCLUSION



The performance of the proposed MCCM system is evaluated by numerical simulations, both in AWGN channel and frequency selective Rayleigh fading channel. The spreading codes for the system are those in Table II. We compare the MCCM system with the conventional OFDM system with the same spectrum efficiency by their bit error rate (BER). The power losses due to the cyclic prefix of both systems are not taken into account. For the situation of the frequency selective fading channel, the fading on each subcarriers is assumed to be flat and independent. And ideal channel estimation is used in the simulations, i.e., the fading coefficients are supposed to be known at the receiver. The comparison of the MCCM system and the conventional OFDM in AWGN channel is shown in Fig. 3 and Fig. 4, with BPSK and 8PSK respectively. As is predicted by the previous analysis, the MCCM systems with MED codes



In this paper, we propose a new multiplexing scheme used in multicarrier systems, which is called Multicarrier Convolutional Multiplexing (MCCM) system. In this system, data symbols are spread onto multiple subcarriers by convolutional spreader. The MCCM system can achieve significant diversity gain without loss of spectrum efficiency. In the MCCM system, the spreading codes have to be carefully designed. Since the free Euclidean distance determines the system performance in AWGN channel, and the free Hamming distance determines the diversity order in frequency selective fading channel, the two parameters can be used as the criterion to design the spreading codes. Moreover, the minimum product distance of the codes also plays an important role in fading channel. The best code in AWGN channel is not necessarily a good code in fading channel, and the best code for BPSK is not necessarily a good code for high order



0



10



−1



10



−2



BER



10



−3



10



−4



10



Theoretical MCCM, C



a



MCCM, Cb MCCM, C



−5



10



c



MCCM, Cd



−6



10



0



2



4



6 8 E / N (dB) b



Fig. 3.



10



12



14



0



Performance of the MCCM system with BPSK in AWGN channel



0



10



−1



10



−2



10



−3



BER



10



−4



10



OFDM MCCM, C



−5



10



MCCM, C −6



10



MCCM, C MCCM, C



−7



10



Fig. 4.



0



2



4



a b c d



6



8 10 Eb / N0 (dB)



12



14



16



18



Performance of the MCCM system with 8PSK in AWGN channel



638



This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the WCNC 2007 proceedings.



Only the MLSE algorithm is used for detection to the present, which is quite complex, especially when the spreading code is long and high order modulation is used. Some other reduced complexity algorithms, which have been studied in the decoding of the convolutional code and in the equalization to the ISI channel, may be applied in the MCCM system for practical use. Their impact on the system performance should be researched in the future.
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Fig. 5. Performance of the MCCM system with BPSK in frequency selective fading channel. The dotted lines are the theoretical performance of BPSK with independent MRC diversity of order 1, 2, 3, 4 from up to down. 0
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modulation. Fortunately, we have found several good codes for different modulations, both in AWGN channel and frequency selective fading channel, with the free distance searching algorithm proposed in this paper. And their performance is evaluated by numerical simulations.
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