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1. Introduction
In LTE-Advanced, the possibility of having multiple transmit antennas/RF chains at the UE allows for MIMO techniques which could be employed for performance enhancement on the PUSCH. Among the open loop MIMO techniques, space-time block coding (STBC) has been considered as one of the most promising transmit diversity technologies if a need is identified for UL TxD [1]. It has been shown in [2][3] that STBC with proper symbol arrangement (e.g. STBC-II scheme) can keep very good PAPR property for the uplink SC-FDMA, while achieving a good link performance. 

Subsequently it was identified that in the current frame structure for uplink transmission, pairing of uplink data symbols is not always possible, so that the elegant Alamouti STBC code is not directly applicable [4]. As a result an alternative hybrid method has been proposed in [4], in which the unpaired symbols are transmitted with either spatial repetition or spatial multiplexing. However, as expected, the performance would be degraded due to a lack of diversity gain provided on these symbols. 
In this contribution, we propose an alternative STBC for SC-FDMA to address the unpaired symbol issue. The unpaired symbol will be treated together with the two preceding or succeeding symbols. We design a three-symbol transmit STBC scheme so as to achieve the full-diversity order and improve the performance for all symbols while retaining the good PAPR property of SC-FDMA. 

2. Three-Symbol STBC for SC-FDMA
To illustrate the proposed three-symbol STBC design, we use a simplified three-symbol model in Figure 1, followed by some details on the implementation aspects of this three-symbol STBC in SC-FDMA uplink afterwards. 
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Figure 1.  A simple model for three-symbol STBC transmission 
Three data symbols 
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 are transmitted in 3 consecutive time period on the 1st antenna. On the 2nd antenna, the transmitted symbols in the 3 time periods are simply 
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, and the parameter 
[image: image5.wmf]q

 is selected so that the three-symbol STBC can achieve full diversity with no PAPR increase. For example, 
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 can be set to 
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without loss of generality.  To illustrate that our simple STBC design can achieve full diversity, we stack the transmitted symbols on 2 antennas in a codeword matrix, 
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The STBC code is guaranteed to achieve full diversity as long as the codeword difference matrix
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 for 2 distinct codewords 
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 and 
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 is full-rank (rank 2) for all combinations of data symbols 
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[5]. It is easy to verify that in the earlier chosen value of 
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, the three-symbol STBC code achieves full diversity. It is noted that many other 
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 values are also possible, except for those values like 
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= 0 in which the full diversity condition above is not fulfilled.
Next, we will show how we can apply the three-symbol STBC design for SC-FDMA system and illustrate that it will keep the good PAPR property. 
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Figure 2.  Proposed three-symbol STBC transmission in Uplink SC-FDMA
Figure 2 is a simplified block diagram of a SC-FDMA system applying the proposed STBC design. The data packets to be transmitted are transformed into frequency domain first with an M-point FFT block. As there are 3 symbols available, the data packets are grouped into 3 blocks with size M each. The 3 blocks of data after FFT is denoted as 
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. The STBC coding block, together with the subsequent subcarrier mapping blocks, will map the 3 M symbols to a two-dimensional (in frequency and time domains) transmission matrix for each antenna. For example, an M-by-3 transmission matrix shown in (2) is for the 1st antenna in Figure 2, where the signal will be transmitted column by column, with each column on a group of allocated M contiguous subcarriers before passing through the N-point IFFT block.
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As for the 2nd antenna, the following is transmitted according the STBC design in (1), 
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(3)
As can be seen from the above description that the signal transmitted on the first antenna is the same as a single antenna system whereas that on the 2nd antenna is phase-rotated conjugates of the data transmitted on the 1st antenna. There is no change in terms of PAPR as in a SC-FDMA single antenna case. 

It is notable that this STBC design is not an orthogonal design like Alamouti code with linear complexity maximum likelihood STBC decoding. However, as this STBC design provides full diversity transmission, a simple non-linear decoding, such as an interference cancellation scheme with MMSE, can easily outperform other non-full diversity schemes. We will give simulation results to show the superior performance achieved by the STBC design with interference cancellation detection. It is notable that this interference cancellation is amongst the 3 transmitted symbols and it is not available for the hybrid scheme where the symbols are transmitted orthogonally. 
3. Simulations
We have conducted numerical simulations to evaluate the performance of the three-symbol STBC code based on (1). First, we run for 300 QPSK symbols data transmission for each one of 10000 2-transmit-1-receive channel realizations. 

The simulation results for the simple flat fading cases have been plotted in Figure 3. For comparison, we have included the performance of the hybrid transmission scheme [4], together with benchmark performance of single antenna transmission and Alamouti STBC transmission. As can be seen from Figure 3, the proposed STBC design has the same diversity order of 2 as the Alamouti code and it outperforms the hybrid transmission scheme, especially at high SNR. The performance gap between the proposed STBC and the benchmark Alamouti codes is due to the fact that Alamouti code is an orthogonal design with a higher coding gain whereas the proposed three-symbol STBC is non-orthogonal. Alamouti code is not applicable here however on the unpaired symbol. 
Figure 4 depicts the proposed STBC performance in SC-FDMA systems. The wireless channel simulated is a frequency selective fading channel with independent Rayleigh fading on each subcarrier.  A user is assumed to be allocated 16 subcarriers for transmission.  Again, we have included the performance of the hybrid transmission scheme with repetition for the 3rd symbol [4] for comparison. As seen from Figure 4, linear detection based on zero-forcing of the proposed STBC design will not perform better than the hybrid transmission scheme. This is because a zero-forcing detection can only achieve diversity order of one. The diversity gain provided by the proposed STBC can be seen when iterative interference cancellation scheme is used. The performance for the first five iterations has been shown in the figure. A substantial 10-dB gain over the hybrid transmission scheme can be seen around BER at 10-2 when there are 5 iterations.  Even with only single iteration, a significant 3-dB gain is achievable. The performance of the iterative detection can be further improved using MMSE detection if the noise variance is available. 
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Figure 3 Performance comparisons for three-symbol transmissions
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Figure 4 Performance comparisons for three-symbol transmissions in an SC-FDMA system
4. Conclusion
In this contribution, we propose the 3-symbol STBC transmission for the unpaired symbols in the Uplink SC-FDMA. The STBC design achieves full-rate full-diversity transmission and thus has superior performance. More importantly, it keeps the good PAPR property of the current SC-FDMA uplink. 
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