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Split-ST-OFDM: Using Split Processing to Improve the Performance of Space-Time OFDM over Digital TV Channels Richard Demo Souza, Jo˜ao Luiz Rebelatto, Marcelo Eduardo Pellenz and Leonardo Silva Resende



Abstract A new space diversity scheme for frequency selective channels is proposed. Split-ST-OFDM makes use of split-processing to improve the performance of regular ST-OFDM. The novel approach is shown to be more general than the case where the Hadamard transform is used to explore the multipath diversity inherent to the frequency selective channel. Computer simulations show large gains of the proposed scheme over regular ST-OFDM for the case of terrestrial digital TV channels, at the expense of a very low additional computational complexity.



Index Terms MIMO Channels, Space Diversity, OFDM, Split Processing, Digital TV.



I. I NTRODUCTION Important results obtained by Telatar [1] and by Foschini and Gans [2] showed that the capacity of wireless systems can be largely increased with the use of multiple antennas. Besides this increased capacity, multiple antennas can also lead to increased robustness against fading, even without channel knowledge at the transmitter. Indeed, in [3], Tarokh et al proposed a transmission Richard
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scheme known as space-time coding (STC). In STCs, redundancy is introduced into the transmit streams both in space (across transmit antennas) and in time, leading to diversity and coding gains. STC for flat fading channels has been extensively analyzed, and it can essentially be divided into space-time trellis codes (STTC) [3], [4] and space-time block codes (STBC) [5], [6]. However, for high symbol rates where the transmission bandwidth becomes greater than the channel coherence bandwidth [7], the channel becomes frequency selective giving rise to intersymbol interference (ISI). Different equalization techniques that aim at mitigating this issue have been recently proposed and analyzed by numerous researchers. These techniques can also be classified as single-carrier, for instance [8]–[11], or multicarrier, as [12]–[15]. In [16] an extensive comparison among several of these techniques is drawn, where the conclusion is that in general single-carrier schemes may present better performance at the cost of an increased complexity. The complexity of single-carrier schemes grows rapidly with the delay spread [7]. Channels with large delay spreads are typical of many practical wireless systems, such as the terrestrial digital television. This is one of the reasons that multicarrier multiple-input multiple-output systems [17] are becoming more and more popular for novel wireless standards, where cost and computational complexity are relevant issues. However, typical space-diversity multicarrier schemes are not able to exploit multipath diversity at the same extension that single-carrier schemes may be [18]. One way to overcome this drawback is the use of a precoder. The main idea behind linear precoding for multicarrier transmission is to spread energy from a particular symbol not only on one subcarrier but onto several independently fading subcarriers at a time [19]. The optimal version of such a precoder is modulation dependent and complex valued [15], thus decreasing the system flexibility and increasing the computational complexity. In [20] the authors use the Hadamard transform as a low complexity precoder to improve the performance of space-time OFDM (ST-OFDM) [12], which by its turn is an extension of Alamouti’s scheme [5] to frequency selective channels and multicarrier transmission. However, the Hadamard transform can be shown to be a special case of the split linear transform [21], [22]. In this paper we present Split-ST-OFDM, which is a reduced complexity space-diversity multicarrier scheme, based on ST-OFDM [12] and split processing [22]. The proposed scheme is able to explore some of the multipath diversity inherent to the frequency selective channel December 15, 2006
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with a very small increase in computational complexity when compared with ST-OFDM. The split processing is modulation independent and can be implemented with a few additions and subtractions, retaining the system flexibility and imposing a small complexity increase. The contributions of this paper are: i) we show that the work in [20] can be seen as a particular case of Split-ST-OFDM, when the split linear transform matches the Hadamard transform; ii) we present a butterfly structure for the implementation of the split processing in Split-ST-OFDM which leads to a very simple and symmetrical hardware implementation; iii) simulation results considering typical terrestrial digital TV channels show a considerable performance improvement of Split-ST-OFDM over either ST-OFDM or OFDM with only one transmit antenna. This paper is organized as follows. In Section II we introduce the system model under consideration. In Section III we present the multicarrier space diversity scheme introduced in [12], while in Section IV we present the split processing. The novel multicarrier space diversity scheme which is the focus of this paper is introduced in Section V. Numerical results showing the system performance for the case of digital TV channels are shown in Section VI. Finally, we draw some concluding remarks in Section VII. II. S YSTEM M ODEL We consider a space-time coded wireless communication system employing Nt = 2 transmit and Nr receive antennas in a frequency selective Rayleigh fading environment1. The data symbols are space-time encoded only after serial to parallel (S/P) conversion, as will become clear in Sections III and V. Then, orthogonal frequency division multiplexing (OFDM) with Nc subcarriers is employed at each transmit antenna. A block diagram representation of the transmitter is shown in Figure 1. The FIR representation of the frequency selective channel from antenna i to j is given by hi,j = [hi,j (0) hi,j (1) . . . hi,j (D − 1)]t , where hi,j (d) are independent and identically distributed complex Gaussian random variables P 2 t with zero mean and variance σd2 , (D − 1) is the ISI length, D−1 d=0 σd = 1 and the superscript 1



It is possible to extend the proposed scheme for more than Nt = 2 transmit antennas. However, as will become clear after



Sections II and IV, an increase in the number of transmit antennas yields a higher decoding complexity, and reinforces the quasi-static constraint regarding the channel model. In this case, the channel would have to be static for a number of frames at least equal to the number of transmitting antennas. December 15, 2006
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denotes transposition. The fading coefficients, hi,j (d), are assumed to remain constant during two consecutive OFDM symbols, and then change independently from the previous realization. We assume that one channel realization may last for more than one OFDM symbol. The above FIR model is a good description of practical scenarios, such as the ones defined by wide transmission bandwidth and reduced mobility in a dense urban environment with no line of sight. In this case the channel is continuous in nature, and the radio propagation attenuation is the combination of path loss, shadowing and fading [23]. However, for the time scales of interest, the effects of path loss and shadowing are not relevant, and the fading can be modeled as a complex Gaussian variable. Thus, the absolute value of the complex fading amplitude follows a Rayleigh distribution. Moreover, according to [23], after proper design of the transmit and receive filters, and sampling faster than the Nyquist rate, this environment can be characterized by such a discrete-time model. Let Xkj = [xj0 (k) xj1 (k) · · · xjNc −1 (k)]t be the Nc × 1 vector of symbols received by the jth antenna at time slot k, which corresponds to the received data relative to the transmission of the Nc data symbols represented by U in Figure 1. We assume perfect carrier and timing synchronization at the receiver. Moreover, we also suppose that a cyclic prefix of length greater than (D − 1) has been inserted in the beginning of the OFDM symbol. Then, after removal of the cyclic prefix and the FFT operation, the signal received at the c-th subcarrier by the j-th antenna at time slot k, xjc (k), is given by # "r Nt X E S Hi,j (c) sic (k) + njc (k), xjc (k) = Nc × Nt i=1



(1)



where sic (k) is the c-th subcarrier component of the Nc ×1 vector Ski = [si0 (k) si1 (k) · · · siNc −1 (k)] representing the space-time encoded data transmitted from antenna i at time slot k; the input to the space-time encoder is the Nc × 1 symbol vector Uk = [u0 (k) u1 (k) · · · uNc −1 (k)]; ES is the average energy of the overall transmitted signal; njc (k) is the cth subcarrier component of the Nc × 1 vector Nkj of zero-mean complex white Gaussian noise with variance N0 /2 per dimension. Hi,j (c) is the frequency response of the subchannel from transmit antenna i to receive antenna j at the c-th subcarrier, and it is given by: Hi,j (c) =



D−1 X



hi,j (d)e−



j2πdc Nc



.



(2)



d=0
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III. ST-OFDM One of the first works to consider the junction of space-time block codes [5] and OFDM is the one published by Lee and Williams in [12], where the authors introduced the so called space-time OFDM (ST-OFDM). In this paper we will use ST-OFDM in conjunction with split-processing, thus we shall briefly introduce the ST-OFDM method in this section. In ST-OFDM, space-time encoding takes into account two consecutive outputs of the S/P converter. Let Sk and Sk+1 be the k-th and the k + 1-th outputs of the space-time encoder, respectively. Both Sk and Sk+1 are Nc × 1 vectors. Then, at the first time slot Sk feeds the OFDM modulator of the first transmit antenna, while Sk+1 feeds the OFDM modulator of the ∗ second transmit antenna. At the second time slot, −Sk+1 feeds the OFDM modulator of the first



antenna while Sk∗ feeds the OFDM modulator of the second transmit antenna. The superscript



∗



denotes complex conjugate. The space-time encoding of ST-OFDM is summarized in Table I. Following [12], now let H1 and H2 be Nc ×Nc diagonal matrices whose nonzero elements are the DFTs of channels h1,1 and h2,1 , respectively. Then, according to the definitions in Section II, where the channel is assumed to be constant over two OFDM symbols (time slots k and k + 1), the received vectors in the corresponding time slots can be written as Xk = H1 Sk + H2 Sk+1 + Nk



(3)



∗ Xk+1 = −H1 Sk+1 + H2 Sk∗ + Nk+1 ,



(4)



where Nk and Nk+1 are the noise vectors corresponding to each time slot. Using the assumption that the channel is perfectly known at the receiver site, and applying the same decoupling mechanism as in [5], the transmitted vectors can be estimated as ∗ Sbk = H∗1 Xk + H2 Xk+1



which is equivalent to



∗ Sbk+1 = H∗2 Xk − H1 Xk+1 ,



 ∗ Sbk = |H1 |2 + |H2 |2 Xk + H∗1 Nk + H2 Nk+1  ∗ Sbk+1 = |H1 |2 + |H2 |2 Xk+1 + H∗2 Nk − H1 Nk+1 . December 15, 2006
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It can be shown [12] that the above scheme achieves the same diversity level as a system with one transmit antenna and two receive antennas, where maximum ratio combining is done at the receiver. IV. S PLIT P ROCESSING Split processing has been successfully used in digital communications and adaptive signal processing. Examples can be found in blind equalization [24], channel estimation [25], narrowband beamforming [26], among others. Before we define the Split ST-OFDM in the next section, which is the focus of this paper, now we introduce the split processing as defined in [21], [22]. Consider a Nc × 1 vector S = [s0 s1 · · · sNc −1 ]t , where Nc = 2P is a power of two2 . The split processing of vector S can be viewed as a linear transformation denoted by S⊥ = T t S where S⊥ = [s⊥0 s⊥1 · · · s⊥Nc −1 ]t ,  CtaP × CtaP −1 ×   Ct × C t  sP aP −1 ×  t t T=  CaP × CsP −1×  ..  .  CtsP × CtsP −1 ×   I2P −p  and Csp =  −J2P −p



. . . ×Cta1



(9)



t



 . . . ×Cta1    t  , . . . ×Ca1   .. ..  . .  . . . ×Cts1 Nc ×Nc   I2P −p , Cap =  J2P −p



(10)



(11)



p = 1, 2, . . . , P , Ik is the k-th order identity matrix and Jk is the k-th order reflection matrix. It can be verified by direct substitution that T is a matrix of +1’s and −1’s, in which the inner product of any two distinct columns is zero. The columns of T can be permuted in order to re-arrange the order of the single parameters which compose S⊥ . Then, there are Nc ! possible permutations of T. One of them turns T into the Hadamard matrix of order Nc . Another very interesting linear transform is obtained making: 2



The split operation can be generalized for any integer Nc , but, for the sake of simplicity, we concentrate on Nc being a



power of two in this paper.



December 15, 2006



DRAFT







Csp = 



J



2P −p



−I2P −p











 and Cap = 



I



2P −p



J2P −p







.



(12)



Applying (12) to (10), we obtain a linear transformation of S with the butterfly structure depicted in Figure 2, for Nc = 8. The value of any butterfly state is defined as the sum of the values of each branch entering that state. If a branch is dashed it has the negative value of its starting state. Otherwise it has the same value as its starting state. Note that only 24 addition operations are necessary to perform the complete split processing for an eight samples sequence. Most important than that, no multiplication is required3 . V. S PLIT ST-OFDM In regular ST-OFDM [12] there is no coding across the subcarriers. Thus, if one subcarrier experiments deep fading on both antennas, then the data symbols transmitted through it may be seriously damaged. One way of increasing the robustness of ST-OFDM is to use a precoder such that the data symbol to be transmitted through one of the Nc subcarriers is composed by a linear combination of some or all the Nc symbols which are to be transmitted during that OFDM interval. The ideal precoding is a linear transformation defined in the complex field which is dependent of the modulation being used [15]. Another interesting way to define the precoder is to use the split processing. As can be seen in Figure 2, after the split processing, each sample (or vector component) carriers information of all the original samples. For instance, in Figure 2, where the split operation is performed in P = log 2Nc = 3 steps for Nc = 8 samples, s⊥0 is defined as s0 + s1 + s2 + s3 + s4 + s5 + s6 + s7 . In this paper we propose the inclusion of a split module after the ST-OFDM encoder, as shown in Figure 3. Thus, in Split-ST-OFDM, it is the split version S⊥ f the space-time encoded data S that feeds the OFDM modulators. At the receiver, after the OFDM demodulators, a reflected version of the butterfly in Figure 2 has to be implemented or, alternatively, the inverse of the linear transform used in (10). Moreover, the split module in Figure 3 does a scale reduction of Nc , so that the energy constraint is kept to Es . 3



It is important to note that the permutations of T would yield the same performance, but that some of them may have an



easier implementation, such as the one which corresponds to the butterfly structure.
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The effect of the split processing in exploring the multipath diversity inherent to the channel can be seen as follows. Since the split operation and the discrete Fourier transform, which is the core of the OFDM modulators, are linear operations, the order of the OFDM modulators and the Split module in Figure 3 can be exchanged. Thus, the equivalent channel seen by the output of the OFDM modulators can be written as the split version of the actual channel. Let Nc = 8, then the frequency response of the equivalent subchannel between transmit antenna 1 and the receive antenna at the first carrier, H1,1⊥ (0), is defined as follows:



H1,1⊥ (0) = H1,1 (0) + H1,1 (1) + H1,1 (2) + H1,1 (3) + H1,1 (4) + H1,1 (5) + H1,1 (6) + H1,1 (7). (13) Thus, even if the first subcarrier is in deep fading, so (n) can be successfully transmitted as long as the above combination does not yield another deep fading. If the channel coherence bandwidth [7] is smaller than the frequency separation of two subcarriers, say c1 and c2, then the corresponding subchannels, H1,1 (c1) and H1,1 (c2), will experience independent fading. Therefore, in such case the probability of H1,1⊥ (0) being in deep fading if H1,1 (0) is in deep fading turns out to be very low, since it is very likely that some of the other subchannels will not be experiencing deep fading at that moment. Thus, the Split-ST-OFDM scheme increases the system robustness by exploring the multipath diversity inherent to the channel. VI. N UMERICAL R ESULTS In this section we present some computer simulations to illustrate the performance of the proposed Split-ST-OFDM scheme. We also draw some analysis about the computational burden related to the split processing. A. Computer Simulations We investigate the performance of the Split-ST-OFDM scheme in terms of bit error rate (BER) versus Eb /N0 , where Eb is the energy per bit. In the following simulations the stopping criterion for each Eb /N0 value is the occurrence of 1000 bits in error. Moreover, in the simulations we always consider QPSK modulation and Nr = 1 receive antennas for the Split-ST-OFDM scheme. December 15, 2006



DRAFT



1) Achievable Diversity: One efficient way to illustrate the diversity level achieved by the proposed scheme is to compare its performance with that of a system employing one transmit antenna and maximum ratio combining among multiple receive antennas [7]. Figure 4 shows the BER versus Eb /N0 for the Split-ST-OFDM and four receivers employing regular OFDM and multiple receive antennas (ranging from Nr = 1 to Nr = 4), where in all cases we consider Nc = 64 subcarriers. The channel used in the simulations is a two-tap channel where σ02 = σ12 = 0.5. From the figure we can see that the slope of the BER versus Eb /N0 curve for the Split-ST-OFDM is the same as for the receiver employing one transmit antenna and four receive antennas (diversity level equal to 4). Therefore, the diversity level achieved by the Split-STOFDM scheme is of Nr × Nt × D=2 × 1 × 2=4, which confirms that the proposed method is able to explore the multipath diversity inherent to the channel. 2) Application to DTV Channels: Among many other standards, OFDM with only one transmit antenna is being used in both the European (DVB) and Japanese (ISDB) standards for digital television. Thus, we decided to analyze the performance of Split-ST-OFDM for the case of some typical terrestrial digital TV channels [27], whose power delay profiles are listed in Table II. From now on we consider Nc = 2048 subcarriers, which is supported by both DVB and ISDB standards. Figure 5 presents the BER versus Eb /N0 for the Split-ST-OFDM considering Channel Brazil A. In the figure we also present the BER for the cases of ST-OFDM [12], where Nt = 2 and Nr = 1, and for a regular OFDM link with Nt = 1 and Nr = 1. As we can see from the figure, there is a very large gain of Split-ST-OFDM over an OFDM transmitter without spatial diversity. Moreover, there is also a considerable gain over ST-OFDM, both in terms of BER as in terms of diversity level since the slope of the Split-ST-OFDM curve is larger than the slope of the ST-OFDM curve. Figures 6-9 show the BER versus Eb /N0 for three schemes, Split-ST-OFDM, ST-OFDM and OFDM without spatial diversity, for channels Brazil B-E in Table II. The relative performance between the three schemes is similar to the case of Channel Brazil A. Table III shows the gains of Split-ST-OFDM over ST-OFDM in the Eb /N0 required for achieving a BER of 10−5 , where we can see that the improvement of the Split-ST-OFDM scheme over the typical ST-OFDM ranges from 7.0 dB to 10.0 dB. Moreover, the improvement over an OFDM scheme with only one transmit antenna can be shown to be of more than 20 dB. December 15, 2006
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B. Complexity Analysis The considerably better performance of Split-ST-OFDM over typical ST-OFDM [12] comes at the expense of an increased computational complexity. However, this increase in the computational complexity is due only to additions and subtractions, as discussed in Section IV. Specifically, for a given number of carriers, Nc , the number Γas of arithmetic operations (additions and subtractions) required to implement the split processing is Γas = Nc × P,



(14)



where P = log2 Nc . In order to provide an exact estimate for the increase in complexity relative to the typical STOFDM scheme, it would be necessary to know the specifics of the implementation (specially with respect to the cost of a multiplication relative to the cost of an addition). However, it is possible to get an estimate if we consider that the FFT operation requires



Nc 2



×log2 Nc multiplications and



Nc × log2 Nc additions per OFDM symbol [28]. The operations related to the spatial diversity, eq. (5), consume another 2 × Nc multiplications and Nc additions. Neglecting other operations related to data detection, and supposing that each multiplication costs two equivalent additions, then the overall complexity for the regular ST-OFDM would be of 2 × Nc × log2 Nc + 5Nc additions. For the case of Nc = 2048, the overall complexity would be of 55,296 additions. For the Split-ST-OFDM the number of additional operations is of 22,528, which means an increase of about 40% in complexity. Note that such a moderate increase in complexity results in gains as large as 10.0 dB, as shown in Table III. VII. F INAL C OMMENTS A reduced complexity spatial diversity scheme for multipath MIMO channels were presented. Split-ST-OFDM was shown to improve the performance of regular ST-OFDM by the exploration of the multipath diversity inherent to the channel. Moreover, computer simulations showed large gains in performance for the case of typical terrestrial digital TV channels. Due to its small computational burden, Split-ST-OFDM qualifies as an interesting option for the next generation of digital TV standards.
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TABLE I ST-OFDM ENCODING .
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TABLE II P OWER D ELAY P ROFILES OF T YPICAL T ERRESTRIAL D IGITAL TV C HANNELS [27].



Channel Brazil A Delay (µs)



0



0.15



2.22



3.05



5.86



5.93



Power (dB)



0



−13.8



−16.2



−14.9



−13.6



−16.4



Channel Brazil B Delay (µs)



0



0.3



3.5



4.4



9.5



12.7



Power (dB)



0



−12



−4



−7



−15



−22



Channel Brazil C Delay (µs)



0



0.089



0.419



1.506



2.322



2.799



Power (dB)



−2.8



0



−3.8



−0.1



−2.5



−1.3



Channel Brazil D Delay (µs)



0



0.48



2.07



2.90



5.71



5.78



Power (dB)



−0.1



−3.8



−2.6



−1.3



0



−2.8



Channel Brazil E



December 15, 2006



Delay (µs)



0



1



2



Power (dB)



0



0



0



DRAFT



TABLE III I MPROVEMENT OF S PLIT-ST-OFDM OVER ST-OFDM ON THE REQUIRED Eb /N0
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Fig. 1. Transmitter of a space-time coded system with Nt = 2 transmit antennas and orthogonal frequency division multiplexing.
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Butterfly structure for the split operation with P = log 2Nc = 3 steps, where Nc = 8 samples. The dashed (solid)



lines represent the subtraction (addition) operation.
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Fig. 3.



Transmitter of the proposed Split-ST-OFDM scheme with Nt = 2 transmit antennas.
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Fig. 4.



Bit error rate (BER) versus Eb /N0 for Split-ST-OFDM (Nt = 2 and Nr = 1) and four regular OFDM links where



Nt = 1 and Nr = {1, 2, 3, 4} receive antennas over a two-tap channel.
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Fig. 5.



Bit error rate (BER) versus Eb /N0 for an OFDM link with only one transmit antenna, ST-OFDM, and the proposed



Split-ST-OFDM, for the case of channel Brazil A in Table II.
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Fig. 6.



Bit error rate (BER) versus Eb /N0 for an OFDM link with only one transmit antenna, ST-OFDM, and the proposed



Split-ST-OFDM, for the case of Channel Brazil B in Table II.
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Fig. 7.



Bit error rate (BER) versus Eb /N0 for an OFDM link with only one transmit antenna, ST-OFDM, and the proposed



Split-ST-OFDM, for the case of channel Brazil C in Table II.
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Fig. 8.



Bit error rate (BER) versus Eb /N0 for an OFDM link with only one transmit antenna, ST-OFDM, and the proposed



Split-ST-OFDM, for the case of channel Brazil D in Table II.
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Fig. 9.



Bit error rate (BER) versus Eb /N0 for an OFDM link with only one transmit antenna, ST-OFDM, and the proposed



Split-ST-OFDM, for the case of channel Brazil E in Table II.
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