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1. Introduction

SC-FDMA is the multiple-access scheme in uplink for LTE. Its main benefit compared to OFDM is its low PAPR, which is very important for the power amplifier (PA) efficiency of the mobile terminal. Transmit diversity based on Alamouti coding [1] is considered as a MIMO candidate for SC-FDMA performance evaluation [2]. The transmit diversity can be achieved through Alamouti coding over two transmit antennas and two SC-FDMA symbols or two subcarriers, of which the former is called STBC and the latter SFBC. However, the incorporation of transmit diversity with SC-FDMA may increase the PAPR and thus reduce the PA efficiency of the terminal. In this contribution, we evaluate the PAPR of different Space-Time/Space-Frequency coding and mapping schemes in SC-FDMA and conclude on the recommended schemes. 
2. PAPR comparison of SC-FDMA and OFDM

The diagram of the SC-FDMA is shown in Figure 1[3]. The difference between the SC-FDMA and the OFDM is that the SC-FDMA scheme has a DFT processing before subcarrier mapping. The spreading function of DFT make the scheme also called DFT-Spread OFDM. An important point is that the combination of the M-point DFT and N-point IDFT with zero padding generates the output signal of N-point IDFT to be regarded as some form of interpolated signal of the input of M-point DFT. So, the SC-FDMA signal is a single-carrier signal in nature, although with some increase of PAPR owing to the so-called interpolation. Figure 2 shows the CDF of PAPR of the SC-FDMA and OFDM under the conditions of N=1024, M=60 and 16QAM modulation. L denotes adjacent subcarrier spacing in case of distributed subcarrier mapping. From this figure, we can observe that the PAPR of the SC-FDMA is reduced by about 1.5 dB compared with that of OFDM.
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Figure 1 Transmitter structure of SC-FDMA
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Figure 2 Comparison of PAPR between SC-FDMA and OFDM

3. Space-Time Coding
3.1. Space-Time Coding and Mapping schemes

Two schemes of Space-Time Coding and Mapping are given in Figure 3 (a) and (b). In Figure 3 (a), space-time coding is made for the M-point DFT output such that in each group of M-point DFT output, every two adjacent symbols are Alamouti coded, e.g., S1 and S2, S3 and S4, and then the coded symbols are mapped to the two adjacent SC-FDMA symbols as shown in this figure. Figure 3 (b) shows another scheme named scheme II. In this scheme, space-time coding is made such that the symbols in one group of M-point DFT output are Alamouti coded with the corresponding symbols of the adjacent group of M-point DFT output, e.g., S1 and SM+1, S2 and SM+2, and so on, and then the coded symbols are mapped to two adjacent SC-FDMA symbols. Note that in scheme II, the space-time coding and mapping can be considered as a special Alamouti coding that is made for two symbol vectors, rather than two symbols and the output two coded symbol vectors are mapped to the two transmit antennas. It should be noted that in Figure 3 localized subcarrier mapping is given as an example, but the distributed subcarrier mapping is also applicable. 
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(a) Scheme I for Space-Time Coding and Mapping
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(b) Scheme II for Space-Time Coding and Mapping

Figure 3 Two schemes of Space-Time Coding and Mapping

3.2. Simulations of the PAPR

The simulation results for the PAPR of SC-FDMA with STC schemes I and II are shown in Figure 4 and Figure 5. Figure 4(a) and (b) shows the results with 16QAM for localized subcarrier mapping and distributed subcarrier mapping respectively. Figure 5 shows the results with QPSK. The subcarrier spacing in case of distributed mapping is set to 4 in the simulations. From these figures, we can observe that for both localized and distributed subcarrier mappings the PAPR of SC-FDMA with STC scheme II is lower than that of scheme I by about 1.0 dB and 1.4 dB for 16QAM and QPSK, respectively. 
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(a) localized mapping                                             (b) distributed mapping

Figure 4 CDF of PAPR for localized and distributed mapping with STC, 16QAM
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Figure 5 CDF of PAPR for localized and distributed mapping with STC, QPSK

4. Space-Frequency Coding

4.1. Space-Frequency Coding and Mapping schemes

Two schemes of Space-Frequency Coding and Mapping are given in Figure 6 (a) and (b). In Figure 6 (a), space-time coding and mapping is made for the M-point DFT output such that the original two successive symbols are mapped to two antennas and the two complex conjugates are also mapped to two antennas, e.g., S1 and –S2* are mapped to two adjacent subcarriers of one antenna and S2 and S1* are mapped to two adjacent subcarriers of another antenna. In Figure 6 (b), space-time coding and mapping is made such that the original symbols in each group of M-point DFT output are all mapped to the subcarriers of one antenna and the conjugates are all mapped to another antenna as shown in this figure, i.e., S1, S2, …, SM are mapped to one antenna and -S2*, S1* , -S4* , S3* , …, -SM* , SM-1* are mapped to the M subcarriers of another antenna. 
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(a) Scheme I for Space-Frequency Coding and Mapping
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(b) Scheme II for Space-Frequency Coding and Mapping

Figure 6 Two schemes of Space-Frequency Coding and Mapping

4.2. Simulations of the PAPR

The simulation results for the PAPR of SC-FDMA with SFC scheme I and II are shown in Figure 7 and Figure 8. Figure 7 (a) and (b) show the results with 16QAM for localized subcarrier mapping and distributed subcarrier mapping respectively. Figure 8 shows the results with QPSK. Note that in case of distributed subcarrier mapping, subcarrier-pair (constituted by two adjacent subcarriers) based distributed mapping is assumed considering the quasi-static requirement for the two subcarriers involved in the Alamouti coding. The spacing between two adjacent subcarrier pairs is set to 8 in simulations. From these figures, for localized subcarrier mapping, the PAPR of Tx1 with SFC scheme II is the same as that of SC-FDMA with single transmit antenna and is better than that of scheme I by about 1.0~1.4dB while the PAPR of Tx2 with SFC scheme II increases by about 0.4~0.5 dB over SC-FDMA with single antenna but still better than scheme I by about 0.6~0.9dB. For distributed subcarrier mapping based on subcarrier-pair mentioned above, the PAPRs of the two transmit antennas for scheme II are worse than the SC-FDMA with single antenna by about 0.9 dB but still better than scheme I by about 0.8 dB. 
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(a) Localized mapping                                    (b) Distributed mapping

Figure 7 CDF of PAPR for localized and distributed mapping with SFC, 16QAM
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(a) Localized mapping                                    (b) Distributed mapping

Figure 8 CDF of PAPR for localized and distributed mapping with SFC, QPSK

5. Conclusions

In the contribution, different Space-Time/Space-Frequency Coding and Mapping schemes of SC-FDMA are provided. The evaluation of PAPR of these schemes shows that different MIMO encoding and mapping schemes may have different PAPR levels in SC-FDMA system. For the Space-Time/Space-Frequency Coding and Mapping based on Alamouti coding, we recommend the scheme II provided in this contribution owing to its good PAPR property. 
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